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ABSTRACT

THE EFFECTS OF 3,4-DIHYDROXYBUTYL 1-PHOSPHONATE ON ESCHERICHIA 

COLI. A CORRELATION OF 3,4-DIHYDROXYBUTYL 1-PHOSPHONATE 

RESISTANCE WITH A DEFECT IN CARDIOLIPIN SYNTHESIS.

by

Yu-Wen Hwang

A d v i s o r :  P r o f e s s o r  B u r to n  E. Tropp  

E sc h e r  i c h i a  c o l i  t r e a t e d  f o r  1 h w i th  100 uM 

r a c - 3 , 4 - d i h y d r o x y b u t y l  1 - p h o s p h o n a t e  (DBP), a g l y c e r o l  

3 - p h o s p h a t e  a n a l o g ,  d i e  when s t o r e d  a t  5°C, w h e rea s  t h e  

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

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

was used  t o  i s o l a t e  m u ta n t s  t h a t  a r e  p a r t i a l l y  r e s i s t a n t  t o  

DBP. One such m u ta n t ,  s t r a i n  6204 ,  i s  c o n s t i t u t i v e  f o r  DBP 

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

r e s i s t a n c e ,  has  t h e  same d o u b l i n g  t im e  a s  t h e  p a r e n t  and i s  

s i m i l a r  to  th e  p a r e n t  s t r a i n  in  te rm s  o f  i n c o r p o r a t i o n  o f  

DBP i n t o  th e  l i p i d  f r a c t i o n .  G l y c e r o l  3 - p h o s p h a t e  and 

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

6204 and i t s  p a r e n t  were i d e n t i c a l  i n  te rm s  o f  DBP 

r e c o g n i t i o n .  The p a r e n t  s t r a i n  i s  k i l l e d  when i n c u b a t e d  in  

t h e  p r e s e n c e  o f  a c o m b i n a t i o n  o f  70 uM rac-DBP and 0.25% 

d e o x y c h o l a t e , w hereas  s t r a i n  6204 c o n t i n u e s  t o  grow, a l b e i t  

more s l o w l y ,  in t h e  p r e s e n c e s  o f  t h i s  c o m b i n a t i o n .  S t r a i n  

6204 can be d i s t i n g u i s h e d  from t h e  p a r e n t  s t r a i n  on a g a r  

p l a t e s  (low p h o s p h a t e  m in im a l  medium w i t h  g l u c u r o n a t e  a s  t h e  

s o l e  c a rb o n  so u rce )  c o n t a i n i n g  15 uM rac-DBP.



The i n s e r t i o n  o f  TnlO n e a r  t o  t h e  6204 m u t a t i o n  has  

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

e f f e c t s  a t t r i b u t e d  t o  s t r a i n  6204 a p p e a r  to  be due t o  a 

s i n g l e  m u t a t i o n .  G e n e t i c  a n a l y s i s  i n d i c a t e s  t h a t  TnlO, 

i n s e r t e d  n e a r  to  t h e  gene  r e s p o n s i b l e  f o r  DBP r e s i s t a n c e ,  

maps in  t h e  v i c i n i t y  o f  min 27 .  T h ree  f a c t o r  c r o s s e s  r e v e a l  

a gene  o r d e r  o f  hemA-Dbpr -TnlO (zch) - t r p . The o n ly  

gene  f o r  p h o s p h o g l y c e r i d e  m e ta b o l i s m ,  known t o  map in  t h i s  

r e g i o n ,  i s  t h e  gene  a s s o c i a t e d  w i th  c a r d i o l i p i n  s y n t h e t a s e ,  

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

f o r  DBP r e s i s t a n c e  maps in  o r  v e r y  n e a r  to  e l s . a n a l y s i s  o f  

t h e  l i p i d s  i s o l a t e d  from u n t r e a t e d  s t r a i n  6204 (and from 

each  o f  t h e  t r a n s d u c t a n t s  p r e p a r e d  by P l v i r  m ed ia te d  

t r a n s f e r  o f  D B P - r e s i s t a n c e  t o  w i ld  t y p e  s t r a i n s )  r e v e a l  t h a t  

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

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

r e s i s t a n c e  h a s  i t s  p r i m a r y  e f f e c t  on CL s y n t h e s i s .  To 

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

m u t a t i o n  were c o n s t r u c t e d  and examined f o r  r e s i s t a n c e  t o  

DBP. These  s t r a i n s  had g row th  p r o p e r t i e s  t h a t  were 

i d e n t i c a l  w i th  t h o s e  o f  s t r a i n  6204 .  Wild ty p e  and m u ta n t s  

d e f e c t i v e  in  CL s y n t h e s i s  were  t r e a t e d  w i th  DBP and 20 mM 

magnesium o r  c a l c i u m  c h l o r i d e .  S i m u l ta n e o u s  t r e a t m e n t  o f  

e i t h e r  c e l l  t y p e  w i th  DBP and d i v a l e n t  c a t i o n  n o t  o n ly  

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

marked s y n e r g i s t i c  g ro w th  i n h i b i t o r y  e f f e c t .
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INTRODUCTION

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 ,  h a s  a 

c e l l  e n v e l o p e  composed o f  t h r e e  d i s t i n c t  r e g i o n s  ( 1 ) .  The 

i n n e r  membrane i s  r e s p o n s i b l e  f o r  a c t i v e  t r a n s p o r t  ( 2 ) ,  

membrane b i o g e n e s i s  ( 3 ) ,  and e n e rg y  t r a n s d u c t i o n  ( 4 ) .  I t  

a l s o  p r e s e n t s  an o s m o t ic  b a r r i e r .  The p e r i p l a s m i c  s p a c e  i s  

t h e  r e g i o n  b e tw een  t h e  i n n e r  and o u t e r  membranes ( 1 ) .  The 

p e r i p l a s m i c  sp a c e  may c o n t a i n  20-40% o f  t h e  t o t a l  c e l l  mass 

( 5 ) .  In  a d d i t i o n  t o  t h e  c e l l  w a l l ,  a r i g i d  l a y e r  o f  

p e p t i d o g l y c a n  (6) , t h e  p e r i p l a s m i c  sp a c e  a l s o  c o n t a i n s  

h y d r o l y t i c  enzymes ( 7 ) ,  s p e c i f i c  b i n d i n g  p r o t e i n s  ( 8 , 9 ) ,  and 

membrane d e r i v e d  o l i g o s a c c h a r i d e s  (MDO) ( 1 0 ) .  The 

h y d r o l y t i c  enzymes c a t a l y z e  t h e  breakdown o f  l a r g e  m o le c u l e s  

i n t o  p r o d u c t s  t h a t  c a n  be t r a n s p o r t e d  i n t o  t h e  c e l l  ( 1 , 7 ) .  

The b i n d i n g  p r o t e i n s  a p p e a r  t o  p l a y  a p a r t  in  t h e  t r a n s p o r t  

p r o c e s s  and in  t h e  c h e m o t a c t i c  r e s p o n s e  to w a rd s  n u t r i e n t s  

( 8 , 9 ) .  MDO i s  b e l i e v e d  to  p a r t i c i p a t e  a s  an o s m o t ic  b u f f e r  

be tw een  t h e  c y to p l a s m  and t h e  o u t s i d e  e n v i r o n m e n t  ( 1 1 ) .  MDO 

s y n t h e s i s  i n c r e a s e s  when t h e  c e l l s  a r e  c u l t u r e d  in  medium o f  

low o s m o t ic  p r e s s u r e  ( 1 1 ) .  The o u t e r  membrane e n c a p s u l a t e s  

t h e  p e r i p l a s m i c  sp a c e  ( 1 , 1 2 ) .  The o u t e r  membrane i s  f i r m l y  

a n c h o re d  t o  t h e  u n d e r l y i n g  p e p t i d o g l y c a n  l a y e r  by a number 

o f  o u t e r  membrane p r o t e i n s  ( 1 3 ) ,  and t h i s  i s  t h e  membrane 

expo sed  t o  t h e  e n v i r o n m e n t .  The o u t e r  membrane p r o v i d e s  t h e  

c e l l  w i t h  a s e l e c t i v e  b a r r i e r  to  s u b s t a n c e s  w i th  m o l e c u l a r
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w e i g h t s  t h a t  a r e  l a r g e r  th a n  s e v e r a l  hu n d red  d a l t o n s  ( 1 4 ) .  

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

p o r e - f o r m i n g  p r o t e i n s ,  p o r i n s  ( 1 3 , 1 4 ) .  L i p o p o l y s a c c h a r i d e  

(L P S ) , t h e  major  s u r f a c e  a n t i g e n  o f  g ram -  n e g a t i v e  b a c t e r i a ,  

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

membrane (1 2 ) .  LPS i s  so a b u n d a n t  t h a t  i t  h a s  been  

e s t i m a t e d  t o  c o v e r  a b o u t  45% o f  t h e  s u r f a c e  o f  g r a m - n e g a t i v e  

b a c t e r i a  (1 5 ) .  Because  o f  t h e  h i g h  c o n t e n t  o f  h y d r o p h i l i c  

s u g a r  m o e i t i e s  in  LPS, i t  i s  c o n s i d e r e d  t o  a c t  a s  t h e  

p h y s i c a l  b a r r i e r  t o  e x c l u d e  h y d r o p h o b ic  compounds ( 1 6 , 1 7 ) .  

T h i s  p r o p e r t y  o f  LPS, t o g e t h e r  w i th  t h e  m o le c u l a r  s i e v i n g  

c h a r a c t e r  o f  t h e  o u t e r  membrane, may be t h e  r e a s o n  why t h e  

g r a m - n e g a t i v e  b a c t e r i a  a r e  r e s i s t a n t  t o  c e r t a i n  d y e s ,  

c h e m i c a l s ,  and a n t i b i o t i c s  ( 1 ) .  F u r t h e r m o r e ,  LPS h a s  been  

shown to  p l a y  an i m p o r t a n t  r o l e  in  t h e  b a c t e r i u m - h o s t  and 

b a c t e r i u m - p h a g e  i n t e r a c t i o n s  ( 1 7 , 1 8 ) .  The o u t e r  membrane 

p o s s e s s e s  many s p e c i f i c  r e c e p t o r s  and c h a n n e l s  f o r  n u t r i e n t  

u p t a k e .  Some o f  t h e  n u t r i e n t s  a r e  to o  l a r g e  t o  p e rm e a te  th e  

o u t e r  membrane ( 1 3 , 1 9 ) .  However, v a r i o u s  b i o l o g i c a l  a g e n t s ,  

such  a s  p h a g e s  and c o l i c i n s ,  a l s o  u t i l i z e  t h e  same pa thway 

t o  e n t e r  t h e  c e l l  ( 1 9 ) .  M oreover ,  t h e  o u t e r  membrane was 

found to  p l a y  an e s s e n t i a l  r o l e  in  c e l l u l a r  r e c o g n i t i o n  

d u r i n g  c o n j u g a t i o n  ( 2 0 ) .

The p h y s i c a l  s t r u c t u r e  o f  b o th  i n n e r  and o u t e r  membranes can  

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

o r  p a r t i a l l y  embedded p r o t e i n s  a s  d e p i c t e d  by t h e  f l u i d
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m o sa ic  model  o f  b i o l o g i c a l  membranes (2 1 ) .

P h o s p h o g l y c e r i d e s  a r e  m ajor  com ponen ts  o f  t h e  membrane. 

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

c o m p o s i t i o n s  o f  b o th  i n n e r  and o u t e r  membranes a r e  r a t h e r  

s i m i l a r  ( 1 2 , 2 2 ) .  E. c o l i  c o n t a i n s  o n l y  t h r e e  s t r u c t u r a l  

p h o s p h o g l y c e r i d e s :  p h o s p h a t i d y l e t h a m i n e  (PE), 

p h o s p h a t i d y l g l y c e r o l  (PG), and c a r d i o l i p i n  (CL). A l tho u gh  

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

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

r e l a t i v e l y  s im p le  sy s te m  f o r  e v a l u a t i n g  t h e  r e g u l a t i o n  o f  

p h o s p h o g l y c e r i d e  m e ta b o l i sm  and f o r  exam in ing  

p h o s p h o g l y c e r i d e  f u n c t i o n  ( 3 ) .  The m e t a b o l i c  p a th w ay s  which 

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

d i s c u s s e d  b r i e f l y  be low .

s n - G l y c e r o l  3 - p h o s p h a t e  (sn-G3P) i s  an o b l i g a t o r y  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  a l l  p h o s p h o g l y c e r i d e s  . I t  i s  an 

i n d i s p e n s a b l e  i n t e r m e d i a t e  f o r  no rm al  c e l l  g ro w th .  The 

m e ta b o l i sm  o f  G3P and r e l a t e d  compounds a r e  u n d e r  th e  

c o n t r o l  o f  g l p  r e g u l o n  ( 2 2 ) -  a sy s te m  w i t h  many o p e ro n s  

c o n t r o l l e d  by a s i n g l e  r e g u l a t o r .  The m e t a b o l i c  p a th w ay s  

which i n v o l v e  G3P and r e l a t e d  compounds a r e  summaried in  F ig  

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

which i s  coded by g l p R l o c u s  ( 2 2 ) .  (For t h e  map l o c a t i o n  o f  

each  l o c u s  on t h e  b a c t e r i a l  chromosome, s e e  F ig  1) A 

d e l e t i o n  o r  a m u t a t i o n  in  t h e  g l p R l o c u s  w i l l  l e a d  to  

c o n s t i t u t i v e  e x p r e s s i o n  o f  a l l  t h e  c o n t r o l l e d  o p e r o n s  ( 2 2 ) .
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In  t h e  E. c o l i  K12 s t r a i n ,  t h e  g l p  r e g u l o n  i s  i n d u c i b l e .

G3P a s  w e l l  a s  g l y c e r o l  c a n  in d u c e  t h e  e x p r e s s i o n  o f  a t  

l e a s t  s i x  d i f f e r e n t  g e n e s  (g rouped  i n t o  t h r e e  o p e ro n s )  in  

t h e  r e g u l o n :  glpA ( a n a e r o b i c  G3P d e h y d ro g e n ase )  , g l p D 

( a e r o b i c  G3P d e h y d r o g e n a s e ) , g l p F ( g l y c e r o l  f a c i l i t a t o r ) , 

g l p K ( g l y c e r o l  k i n a s e ) , g l p T (G3P permease)  , and t h e  

r e c e n t l y  i d e n t i f i e d  g l p Q ( g l y c e r o p h o s p h o d i e s t e r a s e )  ( 2 3 ) .  

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

r e q u i r e s  t h e  p r e s e n c e  o f  an a c t i v e  g l p K gene p r o d u c t -  

g l y c e r o l  k i n a s e  ( 2 2 ) .  G l y c e r o l  k i n a s e  c a t a l y z e s  t h e  

p h o s p h o r y l a t i o n  o f  g l y c e r o l  t o  G3P a t  t h e  e x pense  o f  ATP. 

T h e r e f o r e ,  i t  was assumed t h a t  t h e  t r u e  i n d u c e r  i s  G3P (2 2 ) .  

M oreover ,  f u n c t i o n a l  g l y c e r o l  k i n a s e  i s  r e q u i r e d  f o r  E. c o l i  

t o  grow on g l y c e r o l  a s  t h e  s o l e  c a r b o n  s o u r c e  ( 2 2 ) .  T h i s  

p o i n t s  t o  t h e  f a c t  t h a t  t h e  m e ta b o l i s m  o f  g l y c e r o l  m ust  go 

t h r o u g h  G3P under  no rm al  c o n d i t i o n s .  The t r a n s p o r t  o f  G3P 

in  i t s  i n t a c t  form i s  c a r r i e d  o u t  by t h e  G3P p e r m e a s e - t h e  

gene p r o d u c t  o f  t h e  g l p T l o c u s .  T h i s  sys tem  c a n  t r a n s p o r t  

v a r i o u s  G3P a n a l o g s  a s  w e l l  a s  p h o s p h a t e  and a r s e n a t e  

( 2 2 , 2 4 ) .  Among t h e  t r a n s p o r t e d  G3P a n a l o g s  a r e  f o s f o m y c in  

(2 5 ) ,  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  ( 2 6 ) ,  and 

3 , 4 - d i h y d r o x y b u t y 1 1 -  p h o s p h o n a te  (DBP) (27) ( s e e  b e l o w ) . 

E x c e p t  fo r  p h o s p h a t e ,  each  o f  t h e s e  compounds i s  t o x i c  to  

E. c o l i  and c a n  t h e r e f o r e  be  employed to  i s o l a t e  g l p T 

m u ta n t s  ( 2 4 , 2 5 , 2 7 ) .  The g l p D gene  c o d e s  f o r  a e r o b i c  G3P 

d e h y d ro g e n a s e .  T h i s  enzyme c a t a l y z e s  t h e  o x i d a t i o n  o f  G3P 

t o  d i h y d r o x y a c e t o n e  p h o s p h a t e  and i s  p r o b a b l y  t h e  m ajo r
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enzyme fo r  g e n e r a t i n g  g l y c o l y t i c  i n t e r m e d i a t e s  when t h e  c e l l  

i s  u s i n g  g l y c e r o l  o r  G3P a s  th e  s o l e  c a r b o n  s o u r c e  (2 2 ) .  

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

t o  grow on g l y c e r o l  o r  G3P a e r o b i c a l l y  b u t  a r e  a l s o  

i n h i b i t e d  by t h e  a d d i t i o n  o f  g l y c e r o l  o r  G3P when c u l t u r e d  

in  many d i f f e r e n t  media  ( 2 2 ) .  The i n h i b i t i o n  c o r r e l a t e s  

w i th  t h e  a p p e a r a n c e  o f  h ig h  i n t r a c e l l u l a r  G3P c o n c e n t r a t i o n s  

(2 2 ) .  G l y c e r o l  o r  G3P seems t o  c a u s e  t h e  d e p l e t i o n  o f  t h e  

i n t r a c e l l u l a r  ATP c o n c e n t r a t i o n  ( 2 8 ) .  However,  t h e  t a r g e t  

o f  G3P which l e a d s  t o  g rowth  s t a s i s  i s  s t i l l  unknown. The 

a d d i t i o n  o f  g l u c o s e  to  t h e  medium c a n  o f f s e t  the- i n h i b i t o r y  

phenomenon. T h i s  e f f e c t ,  a g a i n ,  i s  n o t  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  c a t a b o l i t e  r e p r e s s i o n  i s  n o t  i n v o lv e d  (2 9 ) .

The glpA gene co d es  for  the anaero b ic  G3P dehydrogenase (22) 

The gene product  o f  g l p A can o n ly  be induced under anaerob ic  

c o n d i t i o n s  and c e l l s  la ck in g  t h i s  enzyme can n o t  grow 

a n a e r o b i c a l l y  on e i t h e r  g l y c e r o l  or G3P as the  s o l e  carbon  

source  (2 2 ) .  Recent s t u d i e s  us ing  a g l p A - l a c  f u s i o n  s t r a i n  

(30) , rev e a le d  t h a t  the  e x p r e s s i o n  o f  glpA i n v o l v e s  another  

f a c t o r -  a p o s i t i v e  p l e i o t r o p i c  r e g u la t o r  coded by the fnr  

l o c u s  ( 3 0 , 3 1 ) .  The g l p T operon can be r e s o lv e d  in t o  two 

c i s t r o n s ,  g l p T and g l p Q (2 3 ) .  The p r o m o t e r - d i s t a l  q l p Q 

encodes a p e r ip la s m ic  p r o t e i n  which i s  not  r e q u ire d  for the  

a c t i v e  t r a n sp o r t  o f  G3P ( 2 3 ) .  The gene  produ ct  o f  th e  q l p Q 

l o c u s  i s  r e c e n t l y  demonstrated to  have a 

g ly c e r o p h o s p h o d ie s t e r a s e  a c t i v i t y  which h y d r o y lz e s  

g ly c e r o p h o s p h o d ie s t e r s  to  y i e l d  G3P and a l c o h o l  ( 2 3 ) .  The



enzyme e x h i b i t s  a b ro a d  s u b s t r a t e  s p e c i f i c i t y  w i th  r e s p e c t  

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

would a l l o w  t h e  c e l l  t o  c h a n n e l  a wide v a r i e t y  o f  

g l y c e r o p h o s p h o d i e s t e r s  i n t o  t h e  g l p  s y s te m .  E. c o l i  

p o s s e s s e s  a second  sy s tem  which c a n  t a k e  up G3P (3 2 ) .  T h i s  

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

u t i l i t i z a t i o n  (p h o ) r e g u l o n  (33) . A p p a r e n t l y ,  a t  l e a s t  two 

g e n e s  (A and B) and a few p e r i p l a s m i c  p r o t e i n s  a r e  

r e s p o n s i b l e  f o r  t h i s  a c t i v i t y  ( 3 2 , 3 4 ) .  D e s p i t e  t h e  f a c t  

t h a t  t h e  ugp s y s te m  h a s  a h i g h e r  a f f i n i t y  and e f f i c i e n c y  

t h a n  t h e  g l p T sy s te m  fo r  G3P t r a n s p o r t ,  G3P t r a n s p o r t e d  v i a  

t h i s  sy s te m  can  be  used  o n ly  a s  a p h o s p h a t e  s o u r c e  b u t  n o t  

a s  a c a r b o n  s o u r c e  (3 3 ) .  The ugp t r a n s p o r t  sy s te m  d o e s  n o t  

t r a n s p o r t  p h o s p h a t e  o r  fo s fo m y c in  ( 3 2 ) .  However, DBP i s  a 

s u b s t r a t e  f o r  t h i s  sy s te m  ( se e  below) ( 3 3 , 3 4 ) .

When E. c o l i  i s  c u l t u r e d  in  medium d e v o id  o f  g l y c e r o l  o r  

G3P, t h e  G3P r e q u i r e d  f o r  p h o s p h o g l y c e r i d e  s y n t h e s i s  c a n  be 

g e n e r a t e d  from d i h y d r o x y a c e t o n e  p h o s p h a t e  (DHAP). The gene  

p r o d u c t  o f  g p s A, G3P s y n t h e t a s e  ( b i o s y n t h e t i c  G3P 

d e h y d r o g e n a s e ) , c a t a l y z e s  t h i s  r e d u c t i o n  r e a c t i o n  (3 5 ) .  

M u tan ts  l a c k i n g  an a c t i v e  g p s A gene p r o d u c t  a r e  a u x o t r o p h i c  

f o r  g l y c e r o l  o r  G3P ( 3 6 , 3 7 ) .  T h i s  i n d i c a t e s  t h a t  G3P 

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

i n t r a c e l l u l a r  G3P. M oreover ,  G3P s y n t h e t a s e  p r o b a b l y  p l a y s  

a v i t a l  r o l e  in  r e g u l a t i n g  th e  c o n c e n t r a t i o n  o f  t h e  

p o t e n t i a l l y  h a rm f u l  b u t  i n d i s p e n s a b l e  i n t e r m e d i a t e ,  G3P, by
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a p r o d u c t  feed b ack  i n h i b i t i o n  mechanism ( 3 8 , 3 9 ) .  T h i s  

enzyme h a s  a K^ f o r  G3P o f  0 .0 5  mM ( 3 8 ) .  Compared to  

t h e  v a l u e  o f  0 . 2 - 0 . 3  mM o f  n o rm al  i n t r a c e l l u l a r  G3P 

c o n c e n t r a t i o n  (4 0 ) ,  t h i s  s u g g e s t s  t h a t  e v e n  when c e l l s  grown 

on media  w i t h o u t  exogenous  g l y c e r o l  o r  G3P, t h e  G3P 

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

t h e  f e e d b ac k  i n h i b i t i o n  i s  e x t r e m e l y  t i g h t  a s  e v i d e n t  from 

t h e  f a c t  t h a t  a s t r a i n  t h a t  o v e r p r o d u c e s  G3P s y n t h e t a s e  by 

6 0 - f o l d  s t i l l  can  n o t  s u p p r e s s  t h e  r e q u i r e m e n t  o f  t h e  p l s B 

m u ta n t  ( s e e  below) f o r  g l y c e r o l  o r  G3P (4 1 ) .

The p a thw ays  t h a t  l e a d  t o  s y n t h e s i s  o f  v a r i o u s  

p h o s p h o g l y c e r i d e s  a r e  summaried i n  F ig  3 .  G3P 

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

p h o s p h o l i p i d  s y n t h e s i s  ( 4 2 ) -  t h e  e s t e r  i f i c a t i o n  on G3P w i t h  

one f a t t y  a c i d .  The p r o d u c t ,  l y s o p h o s p h a t i c  a c i d ,  i s  

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

s e p a r a t e  enzyme ( 4 3 ) .  The p l s B gene  which  en co d e s  t h e  

G 3 P - a c y l t r a n s f e r a s e  h a s  b een  c lo n e d  ( 4 4 , 4 5 ) .  The p u r i f i e d  

enzyme h a s  been  shown to  c a t a l y z e  t h e  c o n v e r s i o n  o f  G3P t o  

l y s o p h o s p h a t i d i c  a c id  ( 4 2 ) .  R e c e n t l y ,  two k i n e t i c a l l y  

d i s t i n g u i s h a b l e  a c t i v i t i e s  o f  G3P a c y l t r a n s f e r a s e  have  been  

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

acyl-CoA a s  t h e  a c y l  donor  (46) . One o f  t h e  a c t i v i t i e s  c a n  

be a c c o u n te d  f o r  by t h e  p r o d u c t  o f  p l s B g e n e ,  and t h e  o t h e r  

may be t h e  l y s o p h o s p h a t i d i c  a c y l t r a n s f e r a s e .  However,  t h i s  

rem a in s  t o  be d e m o n s t r a t e d .  A c e l l  c a r r y i n g  a p l s B



m u t a t i o n ,  which e n co d e s  f o r  an enzyme w i th  a 1 0 - f o l d  h i g h e r  

Km f o r  G3P, i s  a u x o t r o p h i c  f o r  g l y c e r o l  o r  G3P (3 7 ) .  

R e v e r t a n t s  o f  p l s B m u ta n t s  t h a t  a r e  a b l e  t o  grow in  t h e  

a b s e n c e  o f  g l y c e r o l  o r  G3P a p p e a r  t o  f a l l  i n t o  two 

c a t e g o r i e s  ( 3 9 , 4 7 ) :  t r u e  r e v e r t a n t s  in  which  t h e

a c y l t r a n s f e r a s e  r e v e r t s  t o  w i ld  t y p e  p r o p e r t i e s  and 

p s e u d o r e v e r t a n t s  which map a t  g p s A r a t h e r  t h a n  p l s B ( 3 9 ) .

In  t h e  l a t t e r  c a s e ,  i t  was d i s c o v e r e d  t h a t  t h e  m u t a t i o n  in  

g p sA r e l i e v e d  th e  enzyme from i n h i b i t i o n  by G3P. The 

r e s i s t a n c e  o f  t h e  G3P s y n t h e t a s e  t o  f e e d b a c k  i n h i b i t i o n  

r e s u l t s  in  a 1 0 - f o l d  i n c r e a s e  in  t h e  i n t r a c e l l u l a r  G3P 

c o n c e n t r a t i o n .  C o n s e q u e n t ly ,  i t  p h e n o t y p i c a l l y  s u p p r e s s e s  

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

t h e  no rm al  s t a t e  ( 3 9 ) .  A ga in ,  t h i s  p o i n t s  t o  t h e  im p o r t a n c e  

o f  G3P s y n t h e t a s e  i n  c o n t r o l l i n g  t h e  i n t r a c e l l u l a r  G3P 

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

The p h o s p h a t i d i c  a c i d  (PA) r e q u i r e d  f o r  s y n t h e s i s  o f  

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

C D P - d ig ly c e r id e  a t  t h e  expen se  o f  CTP ( 4 8 ) .  T h i s  r e a c t i o n  

i s  c a t a l y z e d  by C D P -d ig ly c e rd e  s y n t h e t a s e -  t h e  g en e  p r o d u c t  

o f  t h e  c d s  l o c u s  (4 9 ) .  The grow th  o f  one  c l a s s  o f  c d s  

m u ta n t s  i s  h i g h l y  s e n s i t i v e  to  a l k a l i n e  pH ( 4 9 ) .  When 

c u l t u r e s  o f  t h e  m u ta n t  a r e  s h i f t e d  from pH7 t o  p H 8 .5 ,  t h e  

de novo s y n t h e s i s  o f  v a r i o u s  m e t a b o l i c  dow ns tream  

p h o s p h o l i p i d s  (PE,PG and CL) a r e  i n h i b i t e d  a b r u p t l y .  

C o n c o m i t a n t ly ,  th e  PA l e v e l  g o e s  u p ,  t h e  l i p o n u c l e o t i d e  p o o l
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g o e s  down, and t h e  c e l l  l o s e s  i t s  v i a b i l i t y .  The 

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

t h a t  t h e  s y n t h e s i s  o f  v a r i o u s  p h o s p h o l i p i d s  must  go th ro u g h  

C D P - d i g l y c e r i d e .  S i m i l a r  t o  t h e  p l s B r e v e r s i o n  e x p e r i m e n t ,  

t h e  a l k a l i n e  r e s i s t a n t  c e l l s  o f  c d s  a l s o  f a l l  i n  two 

c l a s s e s :  t h e  t r u e  r e v e r t a n t s  and c e l l s  w i th  a n o v e l  

s u p p r e s s o r  m u t a t i o n  (c d s S) which maps a t  a p o s i t i o n  u n l i n k e d  

t o  c d s  (5 0 ) .  I n  v i t r o  enzyme a s s a y s  i n d i c a t e  t h a t  t h e  c d s S 

gene  s u p p r e s s e s  t h e  pH s e n s i t i v i t y  by s t a b i l i z i n g  t h e  

r e s i d u a l  C D P - d ig l y c e r i d e  s y n t h e t a s e  a c t i v i t y  when t h e  c d s  

m u ta n t  i s  grown a t  a n o n p e r m i s s i v e  pH (5 0 ) .  However,  th e  

b i o c h e m i s t r y  o f  c d s - c d s S i n t e r a c t i o n  r e m a in s  t o  be 

e s t a b l i s h e d .

C D P - d ig ly c e r id e  i s  t h e  common 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  

p h o s p h a t i d y l s e r i n e  (P S ) ,  PE, PG, and CL. PS s y n t h e t a s e  

c a t a l y z e s  t h e  s y n t h e s i s  o f  PS f rom C D P - d ig l y c e r i d e  and 

s e r i n e  (5 1 ) .  PS n o r m a l ly  d o e s  n o t  a c c u m u la t e  in  t h e  c e l l .

I t  i s  d e c a r b o x y l a t e d  t o  y i e l d  PE by a s e p a r a t e  enzyme- PS 

d e c a r b o x y l a s e  ( 5 1 , 5 2 ) .  PE i s  t h e  p r e d o m in a n t  p h o s p h o l i p i d  

in  E. c o l i . A p p ro x im a te ly  75-85% t h e  t o t a l  E. c o l i  l i p i d s  

a r e  PE under  no rm al  g row th  c o n d i t i o n  ( 3 ) .  C D P - d ig l y c e r i d e  

can  a l s o  be used  t o  s y n t h e s i z e  v a r i o u s  a n i o n i c  

p h o s p h o g l y c e r i d e s .  P h o s p h a t i d y l g l y c e r o l  p h o s p h a t e  (PGP) i s  

t h e  f i r s t  p r o d u c t  in  t h e  pa thw ay t o  a n i o n i c  p h o s p h o l i p i d s .  

The r e a c t i o n  i s  c a t a l y z e d  by PGP s y n t h e t a s e  and i t  r e q u i r e s  

a m o le cu le  o f  G3P a s  t h e  c o s u b s t r a t e  (5 3 ) .  The p h o s p h a t e
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g ro u p  on PGP i s  s u b s e q u e n t l y  c l e a v e d  by PGP p h o s p h a t a s e  t o  

y i e l d  PG ( 5 4 ) .  CL s y n t h e t a s e  c a t a l y z e s  t h e  l a s t  s t e p  in  t h e  

s y n t h e t i c  pa thw ay by c a t a l y z i n g  t h e  c o n d e n s a t i o n  o f  two 

m o l e c u l e s  o f  PG i n t o  one  m o le c u le  o f  CL and g l y c e r o l  a t  no 

e n e r g y  c o s t  ( 5 5 ) .  N o rm a l ly ,  E. c o l i  membrane c o n t a i n s  

10-20% o f  PG and 5-15% o f  CL b u t  no a p p r e c i a b l e  amount o f  

PGP ( 3 ) .  However,  t h e  c o n t e n t  o f  CL i s  h i g h l y  d e p e n d e n t  on 

t h e  g row th  c o n d i t i o n .  When c e l l  c u l t u r e s  n e a r  th e  

s t a t i o n a r y  p h a s e  o r  g row th  s t a s i s  ( c a u s e d  by c a r b o n  s o u r c e  

d e p l e t i o n ) , t h e  amount o f  CL t e n d s  t o  be  h i g h e r  ( 5 6 ) .  CL 

was a l s o  r e p o r t e d  t o  be  a c c u m u la te d  d u r i n g  t h e  g l y c e r o l  o r  

G3P s t a r v a t i o n  o f  p l s B s t r a i n s  (5 7 ) .

PS s y n t h e t a s e  i s  encoded  by t h e  p s s  l o c u s  ( 5 8 ) .  S i n c e  PS 

s y n t h e t a s e  i s  an e s s e n t i a l  enzyme and t h e  i s o l a t i o n  o f  PS 

a u x o t r o p h s  i s  i m p r a c t i c a l ,  p s s  m u t a t i o n s  c an  o n ly  be 

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

more a n i o n i c  p h o s p h o g l y c e r i d e s  ( a b o u t  3 t im e s )  and l e s s  PE 

t h a n  p s s  c e l l  even  a t  p e r m i s s i v e  t e m p e r a t u r e s  ( 5 9 ) .

T h is  i s  p r o b a b l y  t h e  c a u s e  f o r  t h e  h y p e r s e n s i t i v e  p h e n o ty p e  

o f  p s s  m u ta n t  t o  c e r t a i n  a n t i b i o t i c s  ( 5 9 ) .  When c u l t u r e d  a t  

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

i s  f u r t h e r  r e d u c e d  and t h e  c e l l  a c c u m u l a t e s  enorm ous am ounts  

o f  a n i o n i c  p h o s p h o g l y c e r  i d e s ,  e s p e c i a l l y  CL ( 6 0 , 6 1 ) .  The 

growth  i n h i b i t i o n  o f  p s s  m u ta n t s  a t  n o n p e r m i s s i v e  

t e m p e r a t u r e  c a n  be  s u p p r e s s e d  by add in g  c a t i o n s ,
x p  i o

p a r t i c u l a r l y ,  d i v a l e n t  c a t i o n s  (Mg o r  Ca ) t o  t h e
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+ 2 +2medium. However, n e i t h e r  Mg nor  Ca r e s t o r e s  t h e  

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

s t r a i n  ( 6 0 ,6 1 ) .  I t  h a s  been  s u g g e s t e d  t h a t  t h e  p o s i t i v e l y -  

c h a r g e d  io n s  may s t a b i l i z e  t h e  membrane o f  p s s  c e l l s  which 

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

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

gene h a s  r e c e n t l y  been  i d e n t i f i e d  ( 6 2 ) .  The g e n e ,  p s s R, 

maps a t  a d i s c r e t e  l o c a t i o n  f rom p s s  l o c u s  ( 6 2 ) .  When 

m u t a t e d ,  p s s R c a u s e s  5 - f o l d  i n d u c t i o n  o f  PS s y n t h e t a s e .  The 

amount o f  PS and PE a r e  h a r d l y  i n c r e a s e d  in  s t r a i n s  t h a t  

o v e rp r o d u c e  PS s y n t h e t a s e  ( 6 3 ) .  Thus ,  i t  w i l l  be e x t r e m e l y  

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

g en e .

The psd l o c u s  i s  t h e  s t r u c t u r a l  gen e  f o r  PS d e c a r b o x y l a s e

(6 4 ) .  S t r a i n s  c a r r y i n g  t h e  psd  m u t a t i o n  a r e  

t e m p e r a t u r e - s e n s i t i v e  f o r  g row th  and a c c u m u la t e  l a r g e  

amounts  o f  PS a t  n o n - p e r m i s s i v e  t e m p e r a t u r e s  ( 6 4 ) .  PS, 

n o r m a l ly  p r e s e n t  in  n e g l i g i b l e  am o u n ts ,  c an  r e p l a c e  80% o f  

t h e  PE in  t h i s  c a s e .  However, t h e  r a t i o  o f  "PE+PS" t o  

"PG+CL" re m a in s  c o n s t a n t  ( 6 4 ) .  S i m i l a r  t o  t h e  e f f e c t  o f  

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

have been  r e p o r t e d  t o  p h e n o t y p i c a l l y  s u p p r e s s  t h e  grow th  

i n h i b i t i o n  o f  some psd  c e l l 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

(65) .
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Colony a u t o r a d i o g r a p h y  was u sed  t o  i s o l a t e  m u ta n t s  d e f e c t i v e  

in  PGP s y n t h e t a s e - t h e  p g s A m u t a t i o n  ( 6 6 ) .  A l th o u g h  c e l l  

e x t r a c t s  o f  p g s A m u ta n t s  have  a v e r y  low PGP s y n t h e t a s e  

a c t i v i t y ,  t h e  m u ta n t  c o n t i n u e s  t o  s y n t h e s i z e  PG, and do es  

n o t  have  grow th  p ro b le m s  ( 6 6 ) .  The p g s B m u t a t i o n ,  mapping 

a t  a d i s t i n c t  s i t e ,  was i s o l a t e d  a s  a second  s t e p  m u t a t i o n  

o f  t h e  p g sA s t r a i n  ( 6 7 , 6 8 ) .  The p g s B l e s i o n  by i t s e l f  h a s  

no e f f e c t  on t h e  s y n t h e s i s  o f  PG and d o e s  n o t  i n t e r f e r e  w i th  

t h e  grow th  o f  c e l l s  ( 6 7 , 6 8 ) .  However, m u ta n t s  h a r b o r i n g  

b o th  p g s A and p g s B a r e  u n a b le  to  s y n t h e s i z e  PG which  in  t u r n  

l e a d s  t o  g row th  a r r e s t  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  

( 6 7 , 6 8 ) .  In  a d d i t i o n ,  th e  d o u b le  m u ta n t  a c c u m u l a t e s  two 

n o v e l  g l y c o l i p i d s ,  X and Y, a t  n o n - p e r m i s s i v e  t e m p e r a t u r e s  

( c e l l s  c a r r y i n g  p g s B a lo n e  o n ly  b u i l d  up X) ( 6 7 , 6 8 ) .  X and 

Y a r e  b e l i e v e d  t o  be p r e c u r s o r  f o r  LPS (6 9 ) .  T h e r e f o r e ,  i t  

i s  p o s s i b l e  t h a t  p g s B i s  i n v o lv e d  in  t h e  s y n t h e s i s  o f  LPS 

( 7 0 ) .  The c h e m ic a l  s t r u c t u r e  o f  X and Y have  r e c e n t l y  been  

e l u c i d a t e d  ( 7 0 ) .  However,  t h e  n a t u r e  o f  t h e  p g s B gene  and 

t h e  i n t e r a c t i o n  be tw een  PGP s y n t h e t a s e  and LPS a r e  o b s c u r e .

At l e a s t  two enzymes a r e  in v o lv e d  in  c a t a l y z i n g  th e  

d e p h o s p h o r y l a t i o n  o f  PGP. They a r e  encoded  by t h e  pgpA and 

pgpB g e n e s  ( 7 1 ) .  The pgpA gene  p r o d u c t  a p p e a r s  t o  be 

s p e c i f i c  fo r  PGP w h i l e  th e  pgpB gene  p r o d u c t  a l s o  r e c o g n i z e s  

l y s o p h o s p h a t i d i c  a c i d  and p h o s p h a t i d i c  a c i d  ( 7 1 ) .  However, 

s t r a i n s  h a r b o r i n g  b o th  pgpA and pgpB m u t a t i o n s  a r e  n o t  

c o n d i t i o n a l l y  l e t h a l  and c o n t i n u e  t o  s y n t h e s i z e  PG.
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However, PGP d o e s  a c c u m u la t e  in  h i g h e r  th a n  n o rm a l  amounts  

in  t h e  d o ub le  m u ta n t s  (71) . The f a c t  t h a t  t h e  d o u b le  m u tan t  

m a i n t a i n s  a no rm al  l e v e l  o f  PG may be due t o  t h e  e x i s t e n c e  

o f  a n o t h e r  p h o s p h a t a s e  w i th  t h e  a b i l i t y  t o  c l e a v e  PGP o r  to  

t h e  f a c t  t h a t  t h e  pgpA and pgpB m u t a t i o n s  a r e  l e a k y .

A m u t a t i o n  in  CL s y n t h e t a s e ,  e l s , was i s o l a t e d  by b r u t e  

f o r c e  from t h e  c o l l e c 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 e  c e l l s  

which had been  h e a v i l y  m u ta g e n iz e d  ( 7 2 ) .  The e l s  gene d o e s  

n o t  c o n f e r  any o b s e r v a b l e  p h e n o ty p e  upon t h e  c e l l  e x c e p t  

f o r  t h e  i n a b i l i t y  t o  s y n t h e s i z e  CL ( 7 2 ) .  T h u s ,  i t  a p p e a r s  

t h a t  CL s y n t h e t a s e  i s  d i s p e n s a b l e .  C e l l s  w i t h  a m u t a t i o n  in  

e l s  have a s l i g h t l y  h i g h e r  c o n t e n t  o f  PG which  may r e s u l t  

from t h e  r ed u c ed  t u r n o v e r  r a t e  o f  PG (7 2 ) .

PE i s  r e l a t i v e l y  s t a b l e  w h e rea s  PG and CL a r e  c o n s t a n t l y  

t u r n i n g  ov e r  in  g row ing  c e l l s  ( 7 3 , 7 4 ) .  MDO (75) and 

l i p o p r o t e i n  (76) a r e  two l i k e l y  c a n d i d a t e s  which  may r e q u i r e  

PG o r  CL f o r  s y n t h e s i s .  MDO c o n t a i n s  an u n u s u a l  

g l y c e r o p h o s p h a t e  m o e i t y ,  s n - g l y c e r o l  1 - p h o s p h a t e  (sn-G lP)  

( 7 5 , 7 7 ) .  The g l y c e r o p h o s p h a t e  h e a d g r o u p s  on PG have  th e  

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

e x p e r i m e n t s  u s i n g  s n -  [2 -  H] g l y c e r o l - 3 -  

[ P ] - p h o s p h a t e  s u g g e s t  t h a t  PG i s  a p r e c u r s o r  o f  t h e  

sn-G lP  g ro u p s  in  MDO ( 7 5 ) .  S i n c e  m u ta n t s  t h a t  b lo c k  MDO 

s y n t h e s i s  e x h i b i t  v e ry  l i t t l e  t u r n o v e r  o f  PG, t h e  t r a n s f e r  

o f  t h e  sn-G lP  from PG t o  MDO m ust  a c c o u n t  f o r  t h e  m a j o r i t y
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o f  PG t u r n o v e r  ( 7 4 , 7 8 ) .  The l a c k  o f  MDO s y n t h e s i s  d o e s  n o t  

p r e v e n t  c e l l  g row th  ( 7 4 , 7 8 ) .  A p p a r e n t l y ,  MDO i s  n o t  an 

e s s e n t i a l  e le m e n t  f o r  c e l l s  u nd e r  n o rm al  l a b o r a t o r y  

c o n d i t i o n s .  Moreover ,  t h e  t u r n o v e r  o f  PG can  be enhanced  i f  

t h e  c e l l s  a r e  c u l t u r e d  on medium o f  low o s m o l a r i t y  (7 9 ) .  

R e c e n t l y ,  t h e  r a t e  o f  s y n t h e s i s  o f  MDO h a s  b een  d e m o n s t r a t e d  

t o  be c o r r e l a t e d  w i th  t h e  o s m o l a r i t y  o f  t h e  media  ( 1 1 ) .  

A ga in ,  t h i s  f i n d i n g  i s  c o n s i s t e n t  w i th  t h e  n o t i o n  t h a t  t h e  

g l y c e r o p h o s p h a t e  m o e i ty  on MDO i s  d e r i v e d  from PG. S in c e  

t h e  amount o f  MDO i s  n o t  s t r i k i n g l y  r e d u c e d  in  e l s  m u ta n t s ,  

t h i s  r e s u l t  s u g g e s t s  t h a t  CL i s  p r o b a b l y  o n l y  a minor 

c o n t r i b u t o r  o f  t h e  g l y c e r o l p h o s p h a t e  m o e i ty  ( 3 ) .

1 , 2 - D i a c y l g l y c e r i d e  i s  p ro d u c e d  a s  t h e  b y - p r o d u c t  o f  t h e  

t r a n s f e r  o f  sn -G lP  from PG t o  MDO ( 8 0 ) .  E. c o l i  can 

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

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

membrane bound k i n a s e ,  d i g l y c e r i d e  k i n a s e ,  which  i s  t h e  gene 

p r o d u c t  o f  t h e  dgk l o c u s  (8 0 ) .  C e l l s  h a r b o r i n g  t h e  dgk 

m u ta t i o n  a r e  n o t  c o n d i t i o n a l  l e t h a l .  However,  t h e  m u ta n t s  

do n o t  grow w e l l  on medium o f  low o s m o l a r i t y  ( 8 0 ) .  In  

a d d i t i o n ,  c e l l s  can  be induced  t o  a c c u m u la t e  l a r g e  amounts  

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

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

(8 1 ) .  S i n c e  d i g l y c e r i d e  i s  n o t  formed a s  p a r t  o f  t h e  

b i o s y n t h e t i c  p a th w ay ,  th e  d i g l y c e r i d e  k i n a s e  c y c l e  may o n ly  

have a s a l v a g e  r o l e .
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The slow b u t  c o n t i n u o u s  t u r n o v e r  o f  PG and CL o b s e r v e d  

d u r i n g  t h e  p e r i o d  when MDO i s  n o t  b e in g  formed de novo m ig h t  

be a t t r i b u t e d  t o  th e  t r a n s f e r  o f  t h e  d i g l y c e r i d e  m o e i ty  from 

p h o s p h o g l y c e r i d e s  t o  l i p o p r o t e i n  ( 8 2 ) .  M ature  l i p o p r o t e i n  

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

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

v i a  a t h i o e t h e r  l i n k a g e  ( 7 6 ) .  The d i g l y c e r i d e  m o d i f i c a t i o n  

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

s i g n a l  s e q u e n c e  o f  l i p o p r o t e i n  ( 8 3 ) .  However,  i t  seems t h a t  

c e l l s  a r e  a b l e  t o  s u r v i v e  w i t h o u t  l i p o p r o t e i n  ( 8 4 ) .  A no the r  

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

p h o s p h a t i d y l  m o ie ty  t o  o t h e r  m o l e c u l e s .  PG h a s  been  

r e p o r t e d  t o  be c o n v e r t e d  t o  PE and t h i s  c o n v e r s i o n  i s  s e r i n e  

d e p e n d e n t  in  s e r i n e  a u x o t r o p h i c  s t r a i n s  ( 8 5 ) .  However,  i t s  

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

y e t  c e r t a i n .

As e v i d e n t  from t h e  above  d i s c u s s i o n ,  much o f  o u r  c u r r e n t  

knowledge in  t h e  f i e l d  o f  p h o s p h o l i p i d  m e ta b o l i s m  h a s  come 

from g e n e t i c  and b i o c h e m i c a l  s t u d i e s .  D e s p i t e  t h e i r  p ro v e n  

v a l u e  in  o t h e r  b i o c h e m i c a l  a r e a s ,  d r u g s  hav e  p l a y e d  a 

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

m e ta b o l i sm  and f u n c t i o n .  3 , 4 - D i h y d r o x y b u t y l  1 -p h o s p h o n a te  

(DBP), t h e  p h o sp h o n ic  a c i d  i s o s t e r e  o f  G3P, h a s  b e en  used  in  

t h i s  l a b o r a t o r y  t o  exam ine  t h e  p a th w ay s  i n v o l v e d  in  

m e ta b o l i sm  o f  G3P. The a n a lo g  h a s  a m e th y le n e  g ro u p  in 

p l a c e  o f  t h e  oxygen m o le c u le  i n  t h e  p h o s p h o e s t e r  bond ( 8 6 ) .
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T h i s  m o d i f i c a t i o n  d o es  n o t  r e s u l t  in  a s i g n i f i c a n t  change  in  

e i t h e r  t h e  shape  o r  s i z e  o f  t h e  a n a lo g  a s  compared t o  G3P 

( 8 6 ) .  However, t h e s e  two compounds s t i l l  p o s s e s s  enough 

d i f f e r e n c e s  so t h a t  t h e y  c a n  be  d i s t i n g u i s h e d .  For  exam ple ,  

t h e  m e th y le n e  g ro up  i s  d e v o id  o f  u n p a i r e d  e l e c t r o n s  w h e rea s  

t h e  oxygen in  G3P h a s  two such  p a i r s .  I f  e l e c t r o n s  n e a r  t h e  

p h o s p h a t e  a r e  i m p o r t a n t  in  e n z y m a t i c  r e a c t i o n s ,  t h e  a n a lo g  

m ig h t  be e x p e c t e d  to  b e h av e  d i f f e r e n t l y  from i t s  n a t u r a l  

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

DBP i n h i b i t s  t h e  g row th  o f  E. c o l i  s t r a i n s  which a r e  a b l e  to  

a c t i v e l y  t r a n s p o r t  i t .  I n  a d d i t i o n  t o  t h e  g l p T and ugp 

sy s te m s  ( 2 7 , 3 3 ) ,  t h e  uhp s y s te m  ( u t i l i z a t i o n  o f  h e xo se  

p h o s p h a te )  can  a l s o  t r a n s p o r t  DBP ( 8 7 , 8 8 ) .  S in c e  DBP i s  n o t  

an i n d u c e r  f o r  t h e  g l p  r e g u l o n ,  m u t a t i o n s  in  t h e  q l p R l o c u s  

a r e  r e q u i r e d  to  m a i n t a i n  a s u f f i c i e n t  i n f l u x  o f  DBP t o  e x e r t  

i t s  e f f e c t .  T r a n s p o r t  o f  DBP by t h e  ugp and uhp t r a n s p o r t  

sy s te m s  have  n o t  been  c a r e f u l l y  s t u d i e d .  These  sy s te m s  

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

t h e  a n a l o g .  DBP s h a r e s  t h e  same i n t r a c e l l u l a r  p o o l  w i t h  G3P 

(2 7 ) .  T h e r e f o r e ,  G3P can  c a u s e  c o u n t e r f l o w  o f  

i n t r a c e l l u l a r  DBP ( 2 7 , 8 9 , 9 0 ) .  However,  t h e  growth  

i n h i b i t i o n  c a u s e d  by DBP can  n o t  be  o f f s e t  by ad d in g  g l u c o s e  

t o  t h e  medium ( 9 1 ) .  T h i s  i n d i c a t e s  t h a t  t h e  grow th  s t a s i s  

induced  by DBP and G3P p r o b a b l y  have  d i f f e r e n t  m echanism s.  

F u r t h e r m o r e ,  DBP e x e r t s  i t s  e f f e c t  r e g a r d l e s s  o f  t h e  

e x i s t e n c e  o f  t h e  c a t a b o l i c  G3P d e h y d ro g e n a s e  (g l p D ) . In
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f a c t ,  s t r a i n s  t h a t  p o s s e s s  an  a c t i v e  g l p D g e n e  p r o d u c t  a r e  

more s e n s i t i v e  t o  DBP t h a n  s t r a i n s  w i t h o u t  i t  ( 8 9 ) .  

P re su m a b ly ,  t h i s  may be  due t o  t h e  f a c t  t h a t  s t r a i n s  

d e f e c t i v e  in  t h e  g l p D l o c u s  a r e  l i k e l y  t o  hav e  a h i g h e r  

i n t r a c e l l u l a r  G3P c o n c e n t r a t i o n .

At 30 uM, rac-DBP h a s  o n ly  a s l i g h t  g ro w th  i n h i b i t o r y  e f f e c t  

upon s t r a i n  8 ,  a s t r a i n  t h a t  i s  g l p R and g l p D, b u t  c a u s e s  an 

imm edia te  50% d e c r e a s e  in  t h e  r a t e  o f  PG s y n t h e s i s  and a 

d e l a y e d  b u t  a lm o s t  e q u a l l y  p ro n o u n ce d  i n h i b i t i o n  in  t h e  r a t e  

o f  PE s y n t h e s i s  ( 9 1 , 9 2 ) .  A n a l y s e s  o f  t h e  t o t a l  PG, PE, and 

CL c o n t e n t  o f  c e l l s  t r e a t e d  w i th  30 uM rac-DBP f o r  1 h 

r e v e a l e d  norm al  amounts  o f  CL and s l i g h t l y  be low  norm al  

amounts o f  PE (9 2 ) .  However,  t h e  PG c o n t e n t  i s  d r a s t i c a l l y  

r e d u c e d ,  p r o b a b l y  due t o  t h e  c o n t i n u e d  t u r n o v e r  o f  p re fo rm e d  

PG and t o  th e  i n h i b i t i o n  o f  new s y n t h e s i s  ( 3 , 9 2 ) .  N e i t h e r  

th e  i n t r a c e l l u l a r  n u c l e o t i d e  t r i p h o s p h a t e  p o o l  s i z e  nor  th e  

r a t e  o f  m ac rom olecu le  s y n t h e s i s  i s  m a rk e d ly  a f f e c t e d  by th e  

a d d i t i o n  o f  30 uM rac-DBP t o  a c u l t u r e  o f  s t r a i n  8 

( 9 2 , 9 3 , 9 4 ) .  In  v i t r o  e x a m in a t io n  o f  enzymes which d i r e c t l y  

i n v o lv e  G3P a s  t h e  s u b s t r a t e ,  r e v e a l e d  t h a t  DBP i s  an 

i n h i b i t o r  o f  G3P s y n t h e t a s e  (K^ =0 .042  mM) and a 

c o m p e t i t i v e  s u b s t r a t e  o f  PGP s y n t h e t a s e  (Km =0 .450  mM;

=0.740 mM) b u t  i s  n o t  r e c o g n i z e d  by e i t h e r  t h e  

c a t a b o l i c  G3P d e h y d ro g e n a s e  o r  G3P a c y l t r a n s f e r a s e  ( 9 5 ) .  

T h e r e f o r e ,  i t  i s  r a t h e r  c l e a r  t h a t  t h e  i n  v i t r o  i n h i b i t i o n  

o f  PG s y n t h e s i s  o b t a i n e d  i s  due t o  t h e  a n a l o g ' s  i n h i b i t i o n
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o f  PGP s y n t h e t a s e .  H o w e v e r , i t  i s  n o t  c e r t a i n  why DBP 

i n h i b i t s  t h e  s y n t h e s i s  o f  PE. S in c e  DBP d o e s  n o t  i n t e r a c t  

w i th  PS s y n t h e t a s e ,  t h e  l i k e l y  t a r g e t  t h e n  becomes t h e  G3P 

s y n t h e t a s e .  I t  i s  p o s s i b l e  t h a t  t h e  i n h i b i t i o n  o f  G3P 

s y n t h e t a s e  by DBP r e d u c e s  t h e  r a t e  o f  G3P f o r m a t i o n  which 

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

In  a d d i t i o n ,  a n o v e l  l i p i d ,  t h e  p h o s p h o n ic  a c i d  a n a lo g  o f  

PGP, i s  formed in  c e l l s  t r e a t e d  w i th  DBP ( 9 0 ) .  T h i s  r e s u l t  

i s  n o t  o n ly  c o n s i s t e n t  w i th  t h e  in  v i t r o  PGP s y n t h e t a s e  

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

p h o s p h a t a s e  a c t i v i t i e s  (71) can n o t  r e c o g n i z e  t h e  PGP 

a n a l o g .

R e c e n t l y ,  a p r e v i o u s l y  unknown w a t e r  s o l u b l e  DBP m e t a b o l i t e  

was d i s c o v e r e d  (8 9 ) .  The o b s e r v a t i o n  t h a t  t h i s  s u b s t a n c e  

can  be  l a b e l e d  by [1 ,2-^Hl-DBP b u t  n o t  by
3

[3-  H]-DBP s u g g e s t s  t h a t  t h e  s u b s t a n c e  p r o b a b l y  

o r i g i n a t e d  from DBP by a d e h y d ro g e n a s e  r e a c t i o n  a c t i n g  on 

th e  c a r b o n - 3 .  The d e h y d ro g e n a s e  c a n  n o t  be t h e  gene  p r o d u c t  

encoded by g l p D l o c u s  b e c a u s e  DBP i s  n o t  a s u b s t r a t e  f o r  t h e  

c a t a b o l i c  G3P d e h y d ro g e n a s e  and s t r a i n  8 s y n t h e s i z e s  t h e  

s u b s t a n c e  a f t e r  e x p o s u r e  t o  DBP (8 9 ) .  The s u b s t a n c e  h a s  n o t  

y e t  been  i d e n t i f i e d .

The m u l t i p l e  f a t e s  o f  DBP d o e s  r a i s e  a q u e s t i o n  a s  w h e th e r  

growth  i n i b i t i o n  i s  due  t o  a d i r e c t  e f f e c t  o f  t h e  a n a lo g  on 

p h o s p h o g l y c e r i d e  m e ta b o l i s m  o r  some o t h e r  e f f e c t  c a u s e d  by
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i t s  m e t a b o l i t e s .  In  o r d e r  t o  d e t e r m i n e  t h e  p r i m a r y  s i t e  o f  

DBP a c t i o n ,  m u ta n t s  t h a t  a r e  r e s i s t a n t  t o  DBP s h o u l d  be v e ry  

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

p a r t i a l l y  DBP r e s i s t a n t  m u ta n t  and p r e s e n t  g e n e t i c  and 

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

due  t o  a s i n g l e  m u t a t i o n  in  t h e  e l s  g e n e .



MATERIALS AND METHODS

CHEMICALS: r a c - 3 , 4  - D ih y d ro x y  [3—3H1 b u t y l
O

1 - p h o s p h o n a te  ( [  H]-DBP) and u n l a b e l e d  rac-DBP were 

s y n t h e s i z e d  a s  p r e v i o u s l y  d e s c r i b e d  ( 9 6 ) .  E t h y l  methane  

s u l f o n a t e ,  s n - g l y c e r o l  3 - p h o s p h a t e  ( s n - G 3 P ) , a d e n i n e ,  

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

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

d e o x y c h o l a t e ,  sodium g l u c u r o n a t e ,  l a c t o s e ,  m a l t o s e ,  

g a l a c t o s e ,  g l u c o s e ,  6 - a m i n o l e v u l i n i c  a c i d ,  fo s fo m y c in  

(d i so d iu m  s a l t ) ,  t r  i s  (hydroxyme t h y l )  aminomethane ( t r i s ) ,  

t r i e t h a n o l a m i n e - H C l ,  and s t r e p t o m y c i n  were p u r c h a s e d  from 

th e  Sigma Chemica l  C o . , S t .  L o u i s ,  MO. T r y p to n e ,  y e a s t  

e x t r a c t ,  and a g a r  were p r o d u c t s  o f  D i f c o  L a b . , D e t r o i t ,

Mich. G e l a t i n  was o b t a i n e d  from N u t r i t i o n a l  B io c h e m ic a l s  

C o r p o r a t i o n ,  C l e v e l a n d ,  OH. M i c r o b i a l  s u s c e p t i b i l i t y  t e s t  

d i s k s  were p r o d u c t s  o f  BBL L a b . , C o c k e y s v i l l e ,  Md. Sodium 

[ 1 - 14C 1 - a c e t a t e  and [U-14C]-G3P were  p u r c h a s e d  from 

New E ngland  N u c le a r  C o r p . ,  B o s to n ,  Mass. Membrane f i l t e r s  

( ty p e  HAWP; p o r e  s i z e  0.45um) were o b t a i n e d  from t h e  

M i l l i p o r e  C o r p . , B e d f o r d ,  Mass. Whatman 3 MM c h ro m a to g ra p h y  

pap e r  and s i l i c a  g e l  lo a d e d  p a p e r  (SG81) were p u r c h a s e d  from 

S c i e n t i f i c  P r o d u c t s ,  E d i s o n ,  NJ. A l l  o t h e r  c h e m i c a l s  were 

r e a g e n t  g r a d e .



2.1

BACTERIAL STRAINS AND CULTURE CONDITIONS: The min im al

medium (GL medium) used  was t h a t  o f  Garen and L e v i n t h a l  (97) 

s u p p le m e n te d  w i th  c a r b o n  s o u r c e s  a t  0.4%. The media u sed  

a r e  a s  f o l l o w s ;  CH medium -  1% c a s e i n  h y d r o l y s a t e  (pH 7 .4 )  

and 0.5% NaCl;  L medium -  1% t r y p t o n e ,  0.5% y e a s t  e x t r a c t  

and 0.5% NaCl;  A b r o t h  -  1% t r y p t o n e  and 0.5% NaCl; Aym 

medium -  A b r o t h  , 0.2% m a l t o s e ,  and 0.01% y e a s t  e x t r a c t .

TMG b u f f e r  (pH 7 .4 )  c o n t a i n e d  t r i s  b a s e  1 .2 1  g ,  MgSO^

1 .20  g ,  and g e l a t i n  0 . lg  p e r  l i t e r .  S a l i n e  s o l u t i o n  

c o n t a i n e d  0.85% NaCl. Atop a g a r  and A p l a t e s  each  

c o n t a i n e d  x b r o t h  p l u s  10 mM MgSC>4 . In  a d d i t i o n ,  th e  

fo rm er  was s o l i d i f i e d  w i th  0.65% and t h e  l a t t e r  w i th  1% 

a g a r .  A l l  o t h e r  t y p e s  o f  a g a r  p l a t e  were s o l i d i f i e d  w i th  

1.5% a g a r .  Each r e q u i r e d  amino a c i d  and a d e n i n e  were 

s u p p l i e d  a t  a c o n c e n t r a t i o n  o f  0 . 5  mM. 6 - A m i n o l e v u l i n i c  

a c i d  was added t o  a f i n a l  c o n c e n t r a t i o n  o f  40 u g /m l .  

Fos fom ycin  was u sed  a t  c o n c e n t r a t i o n  o f  15 u g /m l .  Because  

o f  i n s t a b i l i t y  upon h e a t i n g ,  t h e  f o l l o w i n g  compounds were 

s t e r i l i z e d  by f i l t r a t i o n ;  a d e n i n e ,  ^ - a m i n o l e v u l i n i c  a c i d ,  

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

U n le s s  o t h e r w i s e  s t a t e d ,  b a c t e r i a  were c u l t u r e d  a t  37 °C, 

and c e l l  g row th  and v i a b i l i t y  were m o n i to r e d  a s  p r e v i o u s l y  

d e s c r i b e d  ( 9 1 , 9 4 ) .  The s u s c e p t i b i l i t y  t o  a n t i b i o t i c s  was 

d e te r m in e d  a s  f o l l o w s ;  one  h a l f  ml o f  c e l l s  a t  100 K l e t t  

U n i t s  (KU) were d i s t r i b u t e d  e v e n l y  on a L p l a t e  w i th  s t e r i l e  

c o t t o n  swab and a l lo w e d  t o  d r y  a t  37°C f o r  20-30  min. 

A n t i b i o t i c  d i s k s  were th e n  p l a c e d  on t h e  s u r f a c e  o f  t h e
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p l a t e .  The s i z e  o f  t h e  i n h i b i t o r y  zone  o f  e ac h  a n t i b i o t i c  

was m easu re d  a f t e r  an  o v e r n i g h t  i n c u b a t i o n  a t  37 °C. The 

b a c t e r i a l  and v i r a l  s t r a i n s  u se d  a r e  l i s t e d  in  T ab le  1.

THE MEASUREMENT OF DBP TRANSPORT AND INCORPORATIION: The

method used  f o r  t h e  DBP t r a n s p o r t  a s s a y  was a m o d i f i c a t i o n  

o f  t h a t  p r e v i o u s l y  d e s c r i b e d  ( 2 7 ) .  C e l l s  c u l t u r e d  in  CH 

medium were c o l l e c t e d  a t  e a r l y  s t a t i o n a r y  p h a se  by 

c e n t r i f u g a t i o n ,  w ashed ,  and r e s u s p e n d e d  a t  a d e n s i t y  o f  100 

KU i n  GL medium l a c k i n g  a c a r b o n  s o u r c e .  Uptake  was
•3

i n i t i a t e d  by t h e  a d d i t i o n  o f  50 u l  o f  [ H]-DBP ( sp .  a c t .

30 uC i /um ole )  t o  1 ml o f  c e l l  s u s p e n s i o n  a t  room 

t e m p e r a t u r e .  A f t e r  1 and 5 min o f  a e r a t i o n  (200 c y c l e s  p e r  

m i n ) , 100 u l  s a m p le s  were w i thd raw n  and 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  (0 .4 5  urn p o r e  s i z e ) .  The f i l t e r s  were 

washed once  w i th  1 ml o f  s a l i n e  and t h e n  d r i e d  u nd e r  a 

h e a t i n g  lamp. The r a d i o a c t i v i t y  r e t a i n e d  on t h e  f i l t e r s  was 

m easured  in  an  I s o c a p  300 s c i n t i l l a t i o n  c o u n t e r .

To m easure  t h e  i n c o r p o r a t i o n  o f  DBP i n t o  t h e  l i p i d  and 

m a c ro m o le c u la r  f r a c t i o n s ,  1 ml o f  b a c t e r i a l  c u l t u r e  a t  15-20 

KU was i n c u b a t e d  w i th  1 uCi o f  [3-^H|-DBP ( s p .  a c t .  30 

uC i /u m o le j  f o r  1 h .  At t h e  end o f  t h e  i n c u b a t i o n ,  an 0 . 1  ml 

sample  o f  l a b e l e d  c u l t u r e  was p i p e t e d  o n t o  a Whatman 3 MM 

p a p e r  s q u a r e .  The p a p e r  was d r i e d  u n d e r  a h e a t i n g  lamp 

b e f o r e  i t  was washed w i th  t r i c h l o r o a c e t i c  a c i d  (TCA) by t h e  

p r o c e d u r e  o f  van  d e r  Bosch and V a g e lo s  ( 9 8 ) .  The washing
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p r o c e s s e s  were p e r fo rm e d  i n c l u d i n g  once  w i th  10% TCA f o r  30 

min,  t w i c e  w i th  5% TCA (each  f o r  15 m i n ) , and once  w i th  1% 

TCA f o r  30 min.  TCA m ust  be k e p t  i c y - c o l d  t h r o u g h o u t  t h e  

w ash ing  p e r i o d .  The p a p e r  was d r i e d  u n d e r  a h e a t i n g  lamp 

and t h e  r a d i o a c t i v i t y  on t h e  p a p e r  was m easured  by l i q u i d  

s c i n t i l l a t i o n  c o u n t i n g  in  P a t t e r s o n - G r e e n e  s o l u t i o n  ( 9 9 ) .

The re m a in in g  0 .9  ml o f  l a b e l e d  c u l t u r e  was t r e a t e d  t o  

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

o f  Ames (1 0 0 ) .  The method i s  o u t l i n e d  be low .  To 0 .9  ml o f  

c u l t u r e ,  3 .5  ml o f  c h l o r o f o r m : m e t h a n o l  (1 :2 )  m ix t u r e  were 

added .  The e x t r a c t  was t h e n  s e p a r a t e d  i n t o  c h lo r o f o r m  and 

w a te r  l a y e r s  by a d d in g  c h l o r o f o r m  and w a t e r ,  each  o f  1 ml. 

The r e s u l t i n g  c h lo r o f o r m  e x t r a c t  ( p l u s  t h e  i n t e r f a c e )  was 

washed once  w i th  1 ml o f  2 M MgCl2 , on ce  w i th  1 ml o f  1 

mM o f  DBP, and tw ic e  w i th  1 ml o f  w a t e r .  A f t e r  t h e  l a s t  

w a sh in g ,  enough o f  m e th a n o l  ( a b o u t  1 .5  ml) was added t o  form 

one p h a s e .  The e x t r a c t  was d r i e d  by b low ing  a i r  b e f o r e  i t s  

r a d i o a c t i v i t y  was m easured  in  t h e  t o l u e n e  based  

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

p a p e r  and in  t h e  c h l o r o f o r m  f r a c t i o n s  were c o n s i d e r e d  a s  an 

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

m a c ro m o le cu le s  t o g e t h e r  and l i p i d s  a l o n e ,  r e s p e c t i v e l y .

ASSAY OF G3P SYNTHETASE AND PGP SYNTHETASE: The c r u d e

e x t r a c t  o f  G3P s y n t h e t a s e  was p r e p a r e d  a s  f o l l o w s ;  2 g ram s ,  

wet w e i g h t ,  o f  d e s i r e d  s t r a i n  was su sp en d e d  in  20 ml o f  10 

mM t r i e t h a n o l a m i n e - H C l  b u f f e r ,  pH 7 . 5 ,  c o n t a i n i n g  2 mM
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b e t a - m e r c a p t o e t h a n o l .  C e l l s  were d i s r u p t e d  by f i v e  30 sec  

b u r s t s  w i th  a B ran son  model  W140D s o n i f i e r  a t  a s e t t i n g  o f  

8 .  C e l l  d e b r i s  was removed by c e n t r i f u g a t i o n  a t  8000 x g 

f o r  15 min. The s u p e r n a t a n t  was u sed  w i t h o u t  f u r t h e r  

p u r i f i c a t i o n  f o r  t h e  G3P s y n t h e t a s e  a s s a y .  The a s s a y s  were 

p e r f o r m e d  a t  30 °C e x a c t l y  a s  p r e v i o u s l y  d e s c r i b e d  ( 9 5 ) .

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

enzyme a s s a y  were p e r f o r m e d  e x a c t l y  a s  p r e v i o u s l y  d e s c r i b e d  

( 9 5 ) .  However,  t h e  r e a c t i o n  was m o n i to r e d  by m e a su r in g  th e  

c o n v e r t i o n  o f  ["^C]-G3P o r  [^H]-DBP i n t o  

T C A - p r e c i p i t a t e d  r a t h e r  t h a n  c h l o r o f o r m - e x t r a c t a b l e  

m a t e r i a l .  At t h e  end o f  t h e  10 min r e a c t i o n  p e r i o d  a t  

37 °C,  an 0 . 1  ml r e a c t i o n  m ix t u r e  was p i p e t e d  on Whatman 3 

MM p a p e r  s q u a r e  and t r e a t e d  a s  d e s c r i b e d  above ( s e e  DBP 

i n c o r p o r a t i o n ) . The r a d i o a c t i v i t y  r e t a i n e d  on t h e  p a p e r  was 

used  a s  an  i n d i c a t i o n  o f  G3P o r  DBP which  had been  

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

LIPID ANALYSIS: B a c t e r i a l  c u l t u r e s  (5 m l ) , in  t h e  l a t e  log

p h a s e ,  were i n c u b a te d  w i th  5 uCi o f  [ l - ^ C ]  - a c e t a t e  

( sp .  a c t .  500 uCi /um ole)  f o r  1 h .  The c e l l s  were c o l l e c t e d  

by c e n t r i f u g a t i o n ,  and r e s u s p e n d e d  in  1 ml o f  w a t e r .  C e l l s  

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

d e s c r i b e d  above ( se e  DBP i n c o r p o r a t i o n ) .  S i n c e  i t  was found 

t h a t  t h e  ad d in g  o f  m e th a n o l  a t  t h e  end o f  t h e  e x t r a c t i o n  to  

form one p h a se  somehow i n t e r f e r e s  w i th  t h e  c h r o m a to g r a p h ic
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s e p a r a t i o n ,  t h i s  s t e p  was o m i t t e d .  C e l l  d e b r i s  was removed 

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

was d r i e d  un d e r  a s t r e a m  o f  n i t r o g e n  g a s  and r e d i s s o l v e d  in  

a s m a l l  volume o f  c h l o r o f o r m r m e t h a n o l  (1 :1 )  m i x t u r e .  B e f o re  

s p o t t i n g ,  t h e  s i l c a  g e l  im p r e g n a t e d  p a p e r  (Whatman SG81) was 

h e a t e d  f o r  40 min a t  110 °C .  A c h l o r o f o r m : m e t h a n o l : a c e t i c  

a c i d  ( 6 5 : 2 5 :8 )  s o l v e n t  sy s te m  was u sed  t o  d e v e lo p  th e  

ch ro m a to g ram .  R a d i o a c t i v e  l i p i d s  were d e t e c t e d  by u s in g  a 

P a c k a r d  Chromatogram S c a n n e r  model 7 2 2 0 /7 2 2 1 .  The o r d e r  o f  

l i p i d  m i g r a t i o n  was t h e  same a s  t h a t  o b t a i n e d  on s i l i c a  g e l  

t h i n  l a y e r  p l a t e s .  The v a l u e s  a r e  a s  f o l l o w s :  PE,

0 . 6 9 ;  PG, 0 . 7 8 ;  and CL, 0 . 8 7 .  The m ethods  used  t o  p r e p a r e  

and c h ro m a to g r a p h  t h e  l a b e l e d  l i p i d  in  t h e  e x p e r i m e n t s  

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

m e ta b o l i s m  were  t h e  same a s  t h o s e  d e s c r i b e d  above e x c e p t  

t h a t  t h e  c u l t u r e s  were  i n  t h e  e a r l y  r a t h e r  th a n  l a t e  log  

p h a s e .

MUTANT ISOLATION: E. c o l i  s t r a i n  7 - 1  was m u ta g e n iz e d  w i th

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

(1 0 2 ) .  C e l l s  were c u l t u r e d  t o  40-50  KU i n  L medium, 

c o l l e c t e d  by c e n t r i f u g a t i o n ,  washed,  and r e s u s p e n d e d  in  h a l f • 

o f  t h e  o r i g i n a l  volume o f  GL medium w i t h o u t  a c a r b o n  s o u r c e .  

The m u ta g e n e s i s  was c a r r i e d  o u t  by a d d in g  2 ml o f  t h e  

r e s u s p e n d e d  c e l l s  t o  a m ix t u r e  c o n t a i n i n g  0 .4  ml o f  e t h y l  

methane  s u l f o n a t e  and 7 .6  ml o f  GL medium th e n  v i g o r o u s l y  

s h a k in g  f o r  5 min a t  37 ° C .  Mutagen was removed by
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c e n t r i f u g a t i o n  and r e s u s p e n s i o n  b e f o r e  t h e  m u ta g en iz ed  c e l l s  

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

medium. The n e x t  m o rn in g ,  t h e  c e l l s  were d i l u t e d  i n t o  f r e s h  

CH medium and c u l t u r e d  u n t i l  t h e  t u r b i d i t y  r e a c h e d  15 KU.

At t h i s  s t a g e ,  rac-DBP was added t o  a f i n a l  c o n c e n t r a t i o n  o f  

100 uM and t h e  c u l t u r e  i n c u b a t e d  f o r  an a d d i t i o n a l  h o u r .

The DBP t r e a t e d  c e l l s  were t h e n  s t o r e d  a t  5 °C f o r  

a p p r o x i m a t e l y  6 weeks d u r i n g  which t im e  DBP t r e a t e d  c e l l s  

l o s t  v i a b i l i t y  w h e re a s  u n t r e a t e d  c e l l s  d i d  n o t  (Fig 5 ) .  The 

s u r v i v i n g  c e l l s  from DBP-cold t r e a t m e n t  were c u l t u r e d  in  

f r e s h  CH medium and t h e  DBP-cold s t o r a g e  was r e p e a t e d .

C e l l s  t h a t  p r e v i o u s l y  had b een  ex p o sed  t o  t h e  same t r e a t m e n t  

showed much h i g h e r  v i a b i l i t y  t h a n  t h e  u n t r e a t e d  c e l l s  (Fig 

6 ) .  To r u l e  o u t  t r a n s p o r t  n e g a t i v e  m u t a n t s ,  c e l l s  s u r v i v i n g  

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

use  G3P a s  t h e  s o l e  c a r b o n  s o u r c e  and f o r  s e n s i t i v i t y  to  

fo s fo m y c in  (15 u g / m l ) .  C e l l s  t h a t  a p p e a re d  t o  r e t a i n  t h e  

G3P t r a n s p o r t  sy s te m  were  a s s a y e d  f o r  DBP u p t a k e .

I n d i v i d u a l  s u r v i v o r s  t h a t  e x h i b i t e d  norm al  DBP t r a n s p o r t  

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

w i th  100 uM rac-DBP f o r  1 h a t  37 0 C. As e x p e c t e d ,  t h e  

s u r v i v a l  r a t e s  f o r  most  c e l l s  were c o n s i d e r a b l y  h i g h e r  th a n  

t h a t  o b s e r v e d  f o r  t h e  p a r e n t  s t r a i n .  S t r a i n  6204 was c h o se n  

f o r  f u r t h e r  s t u d y .

GENETIC TECHNIQUES: C o n j u g a t i o n  mapping by g r a d i e n t

t r a n s m i s s i o n  was p e r fo rm 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
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M i l l e r  (1 0 2 ) .  Donor (Hfr s t r a i n )  was mixed w i th  r e c i p i e n t  

(F s t r a i n )  in  a r a t i o  o f  a p p r o x i m a t e l y  1 : 2 0 .  Each c e l l  was 

i n  t h e  e x p o n e n t i a l  p h a s e  o f  g ro w th  a t  a b o u t  30 KU. The 

c e l l s  were a l lo w e d  to  mate f o r  90 min a t  37 °C w i th  g e n t l e  

s h a k i n g  (60 c y c l e s  p e r  m i n ) . A f t e r  a p p r o p r i a t e  d i l u t i o n ,  

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

t h a t  i n h e r i t e d  an e a r l y  m arker  f rom t h e  donor  s t r a i n  (Table  

5 ) .  C o u n t e r s e l e c t i o n  a g a i n s t  d o n o r  s t r a i n  was a c c o m p l i sh e d  

by u s i n g  s e l e c t i o n  p l a t e s  t h a t  c o n t a i n e d  100 u g /m l  o f  

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

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

m ark e r  c o t r a n s f e r  was d e t e r m i n e d  (T ab le  5 ) .

P l v i r  phage  l y s a t e s  were  p r e p a r e d  e i t h e r  by t h e  s t a n d a r d  

s o f t  t o p  a g a r  method (102) o r  t h e  q u i c k  method.  In  t h e  

q u i c k  m ethod ,  0 . 5  ml o f  an o v e r n i g h t  c u l t u r e  o f  donor  s t r a i n  

were d i l u t e d  i n t o  10 ml o f  L medium c o n t a i n i n g  10 mM 

CaCl2 and th e n  a e r a t e d  u n t i l  t h e  c u l t u r e  r e a c h e d  40 KU.

At t h i s  s t a g e ,  0 . 2 - 0 . 3  ml o f  a good P l v i r  l y s a t e  (p fu  >
g

1x10 p e r  ml) was added t o  t h e  c u l t u r e  and a e r a t i o n  

c o n t i n u e d .  The c u l t u r e s  were c o m p l e t e l y  l y s e d  w i t h i n  2-3  h. 

Any s u r v i v i n g  c e l l s  in  t h e  l y s a t e  were s t e r i l i z e d  by add in g  

a few d r o p s  o f  c h l o r o f o r m  and v i g o r o u s l y  s h a k i n g .  C e l l  

d e b r i s  was removed by c e n t r i f u g a t i o n  and l y s a t e s  were s t o r e d  

o v e r  a d ro p  o f  c h l o r o f o r m  a t  5 °C.  The P l v i r  l y s a t e s  were 

t i t e r e d  by f o l l o w i n g  a m o d i f i e d  p r o c e d u r e  o f  M i l l e r  (1 0 2 ) .  

C e l l s  c u l t u r e d  in  L medium t o  l a t e  log  p h a se  ( a b o u t  100 KU)
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were  c o l l e c t e d  by c e n t r i f u g a t i o n ,  and r e s u s p e n d e d  in  a 

s o l u t i o n  c o n t a i n i n g  10 mM e ac h  o f  MgSO^ and C a C ^ .

A sample  o f  0 . 1  ml o f  r e s u s p e n d e d  c e l l s  was mixed w i th  0 . 1  

ml o f  p r o p e r l y  d i l u t e d  phag e  ( s e v e r a l  p a r a l l e l  e x p e r i m e n t s  

were c a r r i e d  o u t ,  e ach  w i th  a d i f f e r e n t  phage  d i l u t i o n ) .

The phage  were a l l o w e d  t o  a d s o r b  f o r  20 min a t  37 °C p r i o r  

t o  t h e  a d d i t i o n  o f  2 . 5  ml L to p  a g a r  ( k e p t  a t  45 0 C ) . The 

e n t i r e  tu b e  c o n t a i n i n g ,  t o p  a g a r  and i n f e c t e d  b a c t e r i a ,  was 

p l a t e d  on an  L p l a t e  su p p le m e n te d  w i th  10 mM C a C ^ .

The p l a t e s  were i n c u b a t e d  f o r  o v e r n i g h t  a t  37°C. Each 

p l a q u e  t h a t  a p p e a re d  on t h e  p l a t e  was c o n s i d e r e d  t o  be  one 

p l a q u e  fo rm ing  u n i t  ( p f u ) . T y p i c a l  l y s a t e s  have  a t i t e r  o f
g

10 p f u / m l  or  h i g h e r .  W hi le ,  t h e  q u i c k  method s a v e s  

t im e ,  i t  h a s  a t e n d e n c y  t o  y i e l d  a lower  t i t e r  l y s a t e .  I t  

i s ,  t h e r e f o r e ,  n o t  recommended i f  t h e  l y s a t e  i s  t o  be u sed  

t o  o b t a i n  a l a r g e  number o f  t r a n s d u c t a n t s .  P l v i r  

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

d e s c r i b e d  f o r  t i t e r i n g  o f  P l v i r  phage  d e s c r i b e d  above e x c e p t  

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

c e l l s  used  in  t h e  t r a n s d u c t i o n  e x p e r i m e n t s  were 10-20 f o l d  

h i g h e r  th a n  t h a t  used  t o  o b t a i n  t h e  t i t e r ,  . i . e .  t h e  volume 

o f  r e c i p i e n t  c e l l s  u sed  was 1-2 ml. The m u l t i p l i c i t y  o f  

i n f e c t i o n  was a lw ay s  1 : 1 .  In  a d d i t i o n ,  t h e  f r e e  p h a g e s  in  

th e  t r a n s d u c i n g  m i x t u r e s  were removed by c e n t r i f u g a t i o n  

a f t e r  phage  a d s o r p t i o n .  I f  p h e n o t y p i c  s e g g r g a t i o n  was n o t  

r e q u i r e d ,  t h e  p e l l e t s  were  r e s u s p e n d e d  i n t o  1-2 ml o f  s a l i n e  

s o l u t i o n  c o n t a i n i n g  20 mM c i t r a t e  t h e n  p l a t e d  d i r e c t l y  o n t o
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s e l e c t i o n  p l a t e s .  I f  p h e n o t y p i c  s e g r e g a t i o n  was r e q u i r e d ,  

t h e  p e l l e t s  were r e s u s p e n d e d  and i n c u b a t e d  in  t h e  same 

volume o f  L b r o t h  c o n t a i n i n g  20 mM o f  c i t r a t e .  At t h e  end 

o f  a 60 min p e r i o d  a t  37 ° C ,  t h e  t r a n s d u c e d  c e l l s  were 

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

m in im a l  medium b e f o r e  p l a t i n g  i f  rem ova l  o f  a n u t r i e n t  was 

n e c e s s a r y  f o r  s e l e c t i o n .  Top a g a r  was n o t  u se d  in  t h e  

t r a n s d u c t i o n  t h r o u g h o u t  t h i s  s t u d y .  P l v i r  phage  s to c k  was 

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

t o  any o f  t h e  s t r a i n s  u se d  in  t h i s  s t u d y  t o  a v o id  p o s s i b l e  

g e n e t i c  c o m p l i c a t i o n s .  Whenever n e ed ed ,  t h e  P l v i r  s t o c k  was 

t h e n  used  t o  i n f e c t  t h e  donor  s t r a i n  in  o r d e r  t o  p r e p a r e  t h e  

P l v i r  l y s a t e .

The s p e c i a l  phage  v e c t o r ,  A NK370 (Table  1) , was i n t r o d u c e d  

i n t o  E. c o l i  c e l l s  t o  c o n s t r u c t  a random TnlO i n s e r t i o n  

p o o l .  The phage  A NK370 c a r r i e s  m u t a t i o n s  t h a t  b lo c k  phage  

r e p l i c a t i o n  ( o u g a ) , i n t e g r a t i o n  (b221 d e l e t i o n ) , r e p r e s s i o n  

( c I : : T n l O ) ,  and i t  i s  w i ld  ty p e  f o r  t h e  N gene  ( 1 0 2 , 1 0 3 ) .  

T h e r e f o r e ,  t h i s  phage  c an  n e i t h e r  i n t e r g r a t e  i n t o  t h e  

b a c t e r i a l  chromosome nor  m a i n t a i n  i t s e l f  a s  an au to no m ou s ly  

r e p l i c a t i n g  p l a s m id  ( 1 0 2 , 1 0 3 ) .  In  a d d i t i o n ,  t h e  

R e c -m ed ia te d  g e n e r a l  r e c o m b i n a t i o n  (104) i s  i n o p e r a t i v e  

b e c a u s e  o f  t h e  a t t a c h m e n t  s i t e  d e l e t i o n  on t h e  A NK370.

Under t h e s e  c o n d i t i o n s ,  T e t r c o l o n i e s ,  t h a t  a p p e a re d  

a f t e r  i n f e c t i o n  o f  a s u p p r e s s o r - f r e e  E. c o l i  s t r a i n  w i th  A 

NK370, must  a c q u i r e  TnlO th r o u g h  an i l l e g i t i m a t e  p a th w a y -
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t h e  t r a n s p o s i t i o n  o f  TnlO from X p ha g e  t o  t h e  b a c t e r i a l  

chromosome. Each c e l l  o b t a i n e d  in  t h i s  way r e p r e s e n t s  an 

i n d e p e n d e n t  t r a n s p o s i t i o n  e v e n t  in  which a TnlO was i n s e r t e d  

a t  a p a r t i c u l a r  s i t e  on t h e  chromosome. I f  t h e  number o f  

i n d e p e n d e n t  T e t r c e l l s  i s  l a r g e  enough ,  i t  i s  p o s s i b l e  

t o  o b t a i n  a p o o l  o f  c e l l s  in  which TnlO i s  i n s e r t e d  n e a r  

each  o f  t h e  b a c t e r i a l  g e n e s .  The TnlO can  th e n  be m o b i l i z e d  

and u se d  t o  t r a n s d u c e  any b a c t e r i a l  s t r a i n  by g e n e r a l i z e d  

t r a n s d u c t i o n  m e d ia te d  by P l v i r  phage .

As s t a t e d  ab o v e ,  X NK370 c o n t a i n s  an ouga  m u t a t i o n  i n  o r d e r  

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

Thus,  XNK370 must  be p r o p a g a t e d  on a s t r a i n  c a r r y i n g  a 

s u p p r e s s o r  m u t a t i o n  t o  s u p p o r t  phage  r e p l i c a t i o n .  However, 

d u r i n g  t h e  phage  r e p l i c a t i o n ,  o+ r e v e r t a n t s  o f  X NK370 

a r e  c o n s t a n t l y  a p p e a r i n g .  The o+ r e v e r s i o n  w i l l  commit 

t h e  ph a g e  t o  l y t i c  g rowth  (due t o  c I : : T n l O )  even on 

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

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

T h e r e f o r e ,  X NK370 l y s a t e  s t o c k  h a s  t o  be  p r e p a r e d  from 

p u r i f i e d  p l a q u e s .  The p r o c e d u r e s  f o r  p r e p a r i n g  XNK370 

l y s a t e  and c o n s t r u c t i n g  TnlO random i n s e r t i o n  p o o l s  were 

m o d i f i e d  from t h e  d e s c r i b e d  methods ( 1 0 5 ,1 0 6 ) .

Lambda p l a q u e s  were p r e p a r e d  a s  f o l l o w s :  The h o s t  c e l l ,

LE392, was c u l t u r e d  in  X ym medium t o  a b o u t  100 KU. A t e n t h  

ml o f  h o s t  c u l t u r e  was mixed w i th  0 . 1  ml o f  a p p r o p r i a t e l y
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d i l u t e d  \  NK370 (phage was d i l u t e d  in  TMG b u f f e r  t o  a b o u t  

1000 p f u /m l )  and i n c u b a t e d  f o r  20 min a t  37 0 C t o  a l l o w  

phag e  a d s o r p t i o n .  A f t e r  a d s o r p t i o n ,  2 .5  ml o f  A to p  a g a r  

( k e p t  a t  45 °C) was a d d e d ,  t h e  m ix t u r e  v o r t e x e d ,  and t h e n  

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

37 0 C f o r  8 -12  h.

Lambda l y s a t e  s to c k  was p r e p a r e d  a s  f o l l o w s :  S t r a i n  LE392 

was c u l t u r e d  in  Aym medium w i t h o u t  s h a k in g  o v e r n i g h t  t o  

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

i n o c u l a t e d  i n t o  8 ml o f  A b r o t h  p l u s  a f i n a l  c o n c e n t r a t i o n  

o f  10 mM MgSO^ and a e r a t e d  a t  37 °C  f o r  1 h . An 0 .6  ml 

sample o f  s u b c u l t u r e d  LE392 was p l a c e d  i n t o  one t e s t  tu b e  

and 2-3  p l a q u e s  o f  A NK370 were added .  The p l a q u e s  c a n  be 

c u t  and p i c k e d  by u s i n g  a s t e r i l e  s p a t u l a .  They s h o u ld  be 

l e s s  t h a n  12 h o l d .  The i n f e c t e d  c e l l s  were i n c u b a t e d  f o r  

20 min a t  37 °C t o  p e r m i t  phage  a d s o r p t i o n .  A 7 .5  ml sample  

o f  A t o p  a g a r  ( k e p t  a t  45 0 C) was added t o  t h e  t e s t  t u b e  

which was t h e n  v o r t e x e d  and d i s t r i b u t e d  o n to  3 f r e s h  

p l a t e s .  The p l a t e s  were i n c u b a t e d  a t  37 °C f o r  6 -8  h .  A l l  

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

t e s t  t u b e .  The s u r f a c e  o f  each  p l a t e  was washed w i th  1 .5  ml 

TMG b u f f e r  and th e n  combined w i th  t h e  t o p  a g a r  t h a t  had been  

s c r a p e d  o f f .  A few d r o p s  o f  c h l o r o f o r m  were added p r i o r  t o  

v i g o r o u s l y  v o r t e x i n g  f o r  30 s e c .  The m i x t u r e  was a l l o w e d  t o  

s t a n d  a t  room t e m p e r a t u r e  f o r  10 min. The c e l l  d e b r i s  was 

removed by c e n t r i f u g a t i o n  (5000 x g ,  10 min) and t h e
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s u p e r n a t a n t  was sa v ed  in  a s t e r i l e  v i a l  o v e r  a d r o p  o f  

c h l o r o f o r m  and s t o r e d  a t  4 ° C .  The l y s a t e  was t i t e r e d  on 

s t r a i n  LE392 by t h e  same p r o c e d u r e s  a s  d e s c r i b e d  in  th e  

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

a l s o  t i t e r e d  on s t r a i n  Hfr3000 t o  d e t e r m i n e  t h e  f r e q u e n c y  o f  

o+ r e v e r t a n t .  The t i t e r  on s t r a i n  LE392 sh o u ld  be a t  

l e a s t  l x l O ^  p f u / m l  and 5 o r d e r s  o f  m ag n i tu d e  h i g h e r  

t h a n  on Hfr3000 .

The c o n s t r u c t i o n  o f  TnlO random i n s e r t i o n  p o o l  was c a r r i e d  

o u t  by i n f e c t i n g  s t r a i n  Hfr3000 o r  HW22 w i th  XNK370. The
IT 6f r e q u e n c y  o f  i s o l a t i n g  t h e  T e t  i s  a b o u t  one p e r  10

7
t o  10 X NK370 p h a g es  u s e d .  The f o l l o w i n g  p r o c e d u r e s  

y i e l d e d  more t h a n  10^ T e t r c e l l s .  The h o s t  c e l l  

were c u l t u r e d  in  X ym medium w i t h o u t  s h a k in g  o v e r n i g h t  t o  

s t a t i o n a r y  p h a s e .  The c e l l s  were h a r v e s t e d  by 

c e n t r i f u g a t i o n  (100 ml t o t a l ,  10 ml each  i n t o  10 t e s t  t u b e s )  

and re s u sp e n d e d  in  1 /20 o f  t h e  o r i g i n a l  volume o f  Xym 

medium c o n t a i n i n g  10 mM MgSO^. X NK370, a t  a 

m u l t i p l i c i t y  o f  i n f e c t i o n  o f  0 . 2 ,  were added t o  e a c h  tu b e  

and t h e  i n f e c t e d  c e l l s  were i n c u b a t e d  a t  37 °C f o r  50 min. 

Samples o f  0 .2  ml o f  t h e  i n f e c t e d  c e l l s  were p l a t e d  d i r e c t l y  

o n to  t e t r a c y c l i n e  p l a t e s  (L p l a t e s  c o n t a i n e d  20 u g /m l  o f  

t e t r a c y c l i n e  and 0 .0 02 5  M o f  p y r o p h o s p h a t e ) .  The p l a t e s  

were i n c u b a te d  o v e r n i g h t  a t  37 °C.
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T e t r a c y c l i n e  r e s i s t a n t  c e l l s  t h a t  a p p e a r e d  on t h e  p l a t e s  t h e  

n e x t  day  were c o l l e c t e d  a s  f o l l o w s :  1 ml s a l i n e  c o n t a i n i n g

20 mM o f  c i t r a t e  was added t o  each  p l a t e .  The c o l o n i e s  were 

su s p e n d e d  w i th  a s t e r i l e  s p r e a d i n g  r o d .  The c e l l  

s u s p e n s i o n s  were p o o l e d  i n t o  a s i n g l e  t e s t  t u b e  by u s in g  

s t e r i l e  P a s t e u r  p i p e t s .  The c o l l e c t e d  c e l l s  were  washed by 

c e n t r i f u g a t i o n  and r e s u s p e n d e d  in  s a l i n e  c o n t a i n i n g  20 mM 

c i t r a t e .  The washing  p r o c e s s  was r e p e a t e d  a t  l e a s t  t h r e e  

t i m e s .  A t e n t h  ml o f  t h e  washed c e l l s  were  i n o c u l a t e d  i n t o  

10 ml L b r o t h  c o n t a i n i n g  20 u g /m l  o f  t e t r a c y c l i n e  and 20 mM 

o f  c i t r a t e .  The c e l l s  were i n c u b a t e d  a t  37 °C u n t i l  t h e y  

r e a c h e d  log  p h a s e .  The c e l l s  were  t h e n  washed t w i c e ,  and 

r e s u s p e n d e d  in  L b r o t h  w i t h o u t  c i t r a t e .  C e l l s  a t  t h i s  s t a g e  

were  e i t h e r  used  t o  p r e p a r e  P l v i r  l y s a t e  o r  s t o r e d  in  t h e  

f r e e z e r .

STRAIN CONSTRUCTION: The p r o c e d u r e s  u se d  t o  c o n s t r u c t

s t r a i n s  HW10 (g l p R z h e : : T n l 0 ) ,  HWll (g l p R g l p D z h e : : T n l 0 ) ,  

HW21 (g l p R g l p D z h e : : T n l 0  A”) ,  and HW22 (g l p R X") a r e  

summarized in  C h a r t  1. To f a c i l i t a t e  g e n e t i c  m a n i p u l a t i o n s ,  

i t  was n e c e s s a r y  t o  i n s e r t  a TnlO i n t o  a p o s i t i o n  n e a r  t h e  

m u t a t i o n  t h a t  e n a b l e s  s t r a i n  6204 t o  s u r v i v e  c o l d  s t o r a g e .  

B e f o re  t h i s  c o u ld  be a c c o m p l i s h e d  i t  was n e c e s s a r y  t o  

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

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

HW22 which m ee ts  t h e s e  r e q u i r e m e n t s  was c o n s t r u c t e d  from 

s t r a i n  Hfr3000 by t a k i n g  a d v a n ta g e  o f  t h e  f a c t  t h a t  g l p R and
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g l p D a r e  a d j a c e n t  (22) (F ig  1 ) .  A TnlO random i n s e r t i o n  

p o o l  was g e n e r a t e d  by i n f e c t i n g  s t r a i n  Hfr3000 w i t h  * NK370. 

A P l v i r  l y s a t e  o f  t h e  p o o le d  T e t r c e l l s  was used  t o  

t r a n s d u c e  s t r a i n  8 .  C e l l s  were s e l e c t e d  t h a t  were r e s i s t a n t  

t o  t e t r a c y c l i n e  and a b l e  t o  u se  G3P a s  t h e  s o l e  c a r b o n  

s o u r c e .  S t r a i n  HW10, which m ee ts  t h e s e  r e q u i r e m e n t s  and i s  

c o n s t i t u t i v e  f o r  t h e  G3P t r a n s p o r t  sy s te m  ( a s s a y e d  by DBP 

u p t a k e ) , was i n f e c t e d  w i th  P l v i r ,  and t h e  l y s a t e  was u sed  to  

t r a n s d u c e  s t r a i n  8 .  S t r a i n  HWll was i s o l a t e d  a s  a T e t r

t r a n s d u c t a n t  t h a t  i s  u n a b le  to  u se  G3P a s  th e  s o l e  c a r b o n

s o u r c e .  A P l v i r  l y s a t e  o f  HWll was u sed  t o  t r a n s d u c e  s t r a i n  

Hfr3000 t o  o b t a i n  s t r a i n  HW21, a T e t r g l p R g l p D 

t r a n s d u c t a n t .  a P l v i r  l y s a t e  o f  s t r a i n  7 was t h e n  used  t o

t r a n s d u c e  s t r a i n  HW21, and c e l l s  were s e l e c t e d  f o r  t h e

a b i l i t y  t o  grow on G3P a s  th e  s o l e  c a r b o n  s o u r c e .  S t r a i n  

HW22 i s  a s t r a i n  t h a t  l o s t  i t s  t e t r a c y c l i n e  r e s i s t a n c e  in  

c o n c o m i ta n c e  w i th  g a i n i n g  t h e  a b i l i t y  t o  u s e  G3P a s  t h e  s o l e  

c a r b o n  s o u r c e .

The c o n s t r u c t i o n  o f  s t r a i n  HW31 (g l p R Dbpr  z c h : :T n lO )  i s  

summarized in  C h a r t  2 .  S t r a i n  HW22 was i n f e c t e d  w i th  A NK370 

t o  g e n e r a t e  a random TnlO i n s e r t i o n  p o o l .  A p p ro x im a te ly  

20 ,000  T e t r c e l l s  were p o o le d  (HW22 T e t r  P o o l ) .  A 

P l v i r  l y s a t e ,  o b t a i n e d  from t h e  HW22 T e t r p o o l ,  was u sed  

to  t r a n s d u c e  s t r a i n  6204 t o  T e t r . A p p ro x im a te ly  20 ,0 0 0  

T e t r c o l o n i e s  were p o o le d  (6204 T e t r p o o l )  . A P l v i r  

l y s a t e  o b t a i n e d  from t h e  6204 T e t r p o o l  was used  t o



t r a n s d u c e  s t r a i n  7 - 1 .  A ga in ,  20 ,0 00  T e t r c o l o n i e s  were 

p o o l e d  (7 -1  T e t r p o o l ) . The 7 - 1  T e t r p o o l  was 

c u l t u r e d  in  CH medium and t r e a t e d  w i th  a c o m b i n a t i o n  o f  70 

uM rac-DBP and 0.25% d e o x y c h o l a t e .  T h i s  c o m b in a t io n  i s  

b a c t e r i c i d a l  t o  s t r a i n  7 -1  b u t  n o t  t o  s t r a i n  6204 (see  

R e s u l t s ) . S u r v i v o r s  were t e s t e d  f o r  t h e  a b i l i t y  t o  form 

c o l o n i e s  on p l a t e s  c o n t a i n i n g  GL medium w i th  g l u c u r o n a t e  a s  

t h e  s o l e  c a r b o n  s o u r c e  and 15 uM rac-DBP. A l th o u g h  t h i s  

s e l e c t i o n  t e c h n i q u e  i s  somewhat l e a k y ,  a s  a g e n e r a l  r u l e ,  I 

have  o b s e r v e d  t h a t  s t r a i n  6204 i s  a b l e  t o  form c o l o n i e s  on 

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

a p p e a re d  to  have  t h e  6204 p h e n o ty p e  were t e s t e d  f o r  t h e i r  

a b i l i t y  to  s u r v i v e  in  t h e  c o l d  a f t e r  1 h i n c u b a t i o n  w i th  100 

uM rac-DBP and a l s o  f o r  t h e i r  a b i l i t y  t o  grow in  t h e  

p r e s e n c e  o f  70 uM rac-DBP and 0.25% d e o x y c h o l a t e .

P re su m a b ly ,  c e l l s  w i th  t h e  6204 p h e n o ty p e  o b t a i n e d  from t h e  

7 -1  T e t r p o o l  s h o u ld  have TnlO i n s e r t e d  n e a r  t h e  

Dbpr m u t a t i o n .  The c l o s e n e s s  o f  TnlO t o  t h e  Dbpr 

l o c u s  was v e r i f i e d  by P l v i r  t r a n s d u c t i o n  w i th  Dbpr 

T e t r c e l l s  a s  d o n o r s  and s t r a i n  7 -1  a s  t h e  r e c i p i e n t .

In  such  t r a n s d u c t i o n s ,  t e t r a c y c l i n e  r e s i s t a n c e  was a lw ay s  

used  f o r  s e l e c t i o n ,  and T e t r c e l l s  were  t h e n  t e s t e d  f o r  

DBP s e n s i t i v i t y  a s  d e s c r i b e d  abo v e .  S t r a i n  HW31, a s t r a i n  

in  which t h e  c l o s e n e s s  o f  Dbpr and T e t r was 

c o n f i r m e d ,  was s e l e c t e d  f o r  f u r t h e r  s t u d y .
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The c o n s t r u c t i o n  o f  s t r a i n  HW35 (g l p R g l p D z c h : : T n l O ) ,  HW36 

(g l p R g l p D Dbpr z c h : : T n l O ) ,  HW41 (HfrH z c h : : T n l O ) ,  HW42 

(HfrC z c h : : T n l O ) ,  and HW43 (HfrB7 z c h : :T n lO )  a r e  summarized 

in  C h a r t  2 .  A P l v i r  l y s a t e  o f  s t r a i n  HW31 was u se d  to  

t r a n s d u c e  s t r a i n  8.  T e t r 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  DBP s e n s i t i v i t y  on G L - s u c c i n a t e  medium 

c o n t a i n i n g  30 uM rac-DBP. S t r a i n  HW35 i s  a DBP s e n s i t i v e  

s t r a i n ,  HW36 i s  a DBP r e s i s t a n t  s t r a i n .  The same l y s a t e  was 

used  t o  t r a n s f e r  TnlO i n s e r t e d  n e a r  Dbpr t o  d i f f e r e n t  

Hfr  s t r a i n s .  T r a n s d u c t i o n  o f  s t r a i n s  CSH62, KL226, and 

KL208 in  t h i s  f a s h i o n  y i e l d e d  T e t r s t r a i n s  HW41, HW42, 

and HW43, r e s p e c t i v e l y .

The c o n s t r u c t i o n  o f  s t r a i n s  HW50 (g l p R g l p D t r p  z c h : :T n lO )

and HW60 (g l p R g l p D hemA z c h : :T n lO )  a r e  o u t l i n e d  in  C h a r t

3.  A P l v i r  l y s a t e  o f  HW31 was used  t o  t r a n s f e r  TnlO t o

s t r a i n  S370, and a b o u t  300 T e t r t r a n s d u c t a n t s  were

p o o le d  (S370 T e t r p o o l ) . A P l v i r  l y s a t e  o f  t h e  S370

T e t r p o o l  was used  to  c o n v e r t  s t r a i n  8 t o  t e t r a c y c l i n e

r e s i s t a n c e .  I n d i v i d u a l  t r a n s d u c t a n t s  were t e s t e d  f o r  a

t r y p t o p h a n  r e q u i r e m e n t .  S t r a i n  HW50 i s  a T e t r ,

t r y p t o p h a n  r e q u i r i n g  d e r i v a t i v e  o f  s t r a i n  8 .  To c o n s t r u c t

s t r a i n  HW60, t h e  S370 T e t r p o o l  was p r e s c r e e n e d  f o r

s t r a i n s  t h a t  r e q u i r e  6 - a m i n o l e v u l i n i c  a c i d .  A few o f  t h e  
£

T e t  , 6 - a m i n o l e v u l i n i c  a c i d  r e q u i r i n g  t r a n s d u c t a n t s  o f  

S370 were p o o le d  and i n f e c t e d  w i th  P l v i r .  The l y s a t e  t h u s  

o b t a i n e d  was used  t o  c o n v e r t  s t r a i n  8 t o  HW60. I f
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t e t r a c y c l i n e  and 6 - a m i n o l e v u l i n i c  a c i d  a r e  t o  be  u sed  

t o g e t h e r  a s  in  th e  c a s e  o f  s e l e c t i n g  s t r a i n  HW60, i t  i s  

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

f r e s h .

The c o n s t r u c t i o n  o f  HW51 (g l p R g l p D Dbpr ) , HW53 (g l p R 

Dbpr ) , HW55 (g l p R e l s ) , HW56 (glpR) r QC104 (g l p R g l p D) , 

and QC120 (g l p R g l p D e l s ) QC120 a r e  summarized in  C h a r t  3.  

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  was used  t o  t r a n s f e r  Dbpr 

from s t r a i n  6204 t o  s t r a i n  HW50 t o  y i e l d  HW51. I n i t i a l  

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

th e  a b s e n c e  o f  t r y p t o p h a n ,  was f o l lo w e d  by s c r e e n i n g  on 

G L - s u c c i n a t e  medium p l a t e s  c o n t a i n i n g  30 uM rac-DBP. Most 

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

r e s i s t a n c e .  S t r a i n  HW51 i s  one such  t r a n s d u c t a n t .  S t r a i n  

HW50 was a l s o  used  t o  c o n s t r u c t  s t r a i n s  QC104 and QC120 in  a 

s i m i l a r  f a s h i o n .  However,  in  t h i s  c a s e ,  s t r a i n  T1GP (e l s ) 

s e r v e d  a s  t h e  d o n o r ,  and t h e  t r a n s d u c t a n t s  were s c r e e n e d  f o r  

th e  a b s e n c e  o f  CL by p h o s p h o g l y c e r i d e  a n a l y s i s .  The 

g l p D+ a l l e l e  o f  s t r a i n  7 was i n t r o d u c e d  i n t o  s t r a i n s  

HW51, QC104, and QC120 by 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  to  

y i e l d  s t r a i n s  HW53, HW55, and HW56, r e s p e c t i v e l y .  These  

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

use  G3P a s  t h e  s o l e  c a r b o n  s o u r c e .

LYOPHILIZATION OF BACTERIA: The f o l l o w i n g  p r o c e d u r e s  o f

l y o p h i l i z a t i o n  were u sed  f o r  long t e rm  b a c t e r i a  s t o r a g e .



S t r i p s  ( a b o u t  6 mm x 18 mm) o f  Whatman 3 MM f i l t e r  p a p e r

were c u t  t o  f i t  i n t o  Wheaton 1 ml c e n t r a l l y  c o n s t r i c t e d

a m p u les  (1 0 .5  x 67 mm). The s t r a i n  numbers o f  t h e  s t o c k  to

be l y o p h i l i z e d  and d a t e  were w r i t t e n  on t h e  f i l t e r  p a p e r

w i th  a p e n c i l  b e f o r e  t h e  s t r i p s  were p l a c e d  in  t h e  a m p u les .  

The c o t t o n - p l u g g e d  am pu les  were a u t o c l a v e d .  The s t r a i n s  t o  

be s t o r e d  were s t r e a k e d  on t h e  L p l a t e s  w i th  a t o o t h p i c k  and 

i n c u b a t e d  o v e r n i g h t  a t  37 °C ( f o r  hemA s t r a i n s ,  th e  

su p p le m e n t  o f  6 - a m i n o l e v u l i n i c  a c i d  must  be  added t o  t h e  

m edium ). The f u l l y  grown b a c t e r i a  were t r a n s f e r r e d  by means 

o f  a s t e r i l e  i n o c u l a t i o n  lo o p  and r e s u s p e n d e d  in  an 0 . 5  ml 

s o l u t i o n  c o n t a i n i n g  5% g l u c o s e  and 5% D i f c o  n u t r i e n t  b r o t h  

(made up by m ix ing  e q u a l  amounts  o f  t h e  two 10% s to c k

s o l u t i o n ) . A few d r o p s  o f  t h e  c e l l  s u s p e n s i o n  were added  to

t h e  l a b e l e d  s t r i p s  o f  f i l t e r  p a p e r  w i th  a s t e r i l e  P a s t e u r  

p i p e t t e .  The p a p e r  s h o u ld  be s a t u r a t e d ,  b u t  t h e r e  s h o u ld  

n o t  be e x c e s s  l i q u i d  in  t h e  a m p u les .  A f t e r  t h e  p r e s s u r e  in 

t h e  l y o p h i l i z e r  ( V i r t i s  U n i t r a p  I I )  r e a c h e d  t o  25-30

m i l l i t o r r ,  am pules  were a t t a c h e d  t o  t h e  sy s te m  t h r o u g h  drum

m a n i f o l d s  by u s i n g  No. 2 r u b b e r  s t o p p e r s  a s  a d a p t e r s .  A f t e r  

a l l  t h e  am pules  (2 t o  3 a t  a t ime)  were i n  p l a c e  and t h e  

p r e s s u r e  have  a g a i n  been  red u c ed  t o  25-30 m i l l i t o r r ,  t h e  

am pules  were s e a l e d  o f f  w i th  an o x y g e n - g a s ,  s i n g l e - j e t  

t o r c h .  The f lam e  must  be a p p l i e d  e v e n l y  a round  t h e  

c o n s t r i c t e d  r e g i o n  o f  ampule .  The s e a l e d  am pu les  were 

s t o r e d  a t  t h e  -20 °C in  t h e  f r e e z e r .



RESULTS

A l th o u g h  s t r a i n  8 was u sed  in  most o f  t h e  p r e v i o u s  

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

p h y s i o l o g y ,  s t r a i n  7 -1  a p p e a re d  t o  o f f e r  two m ajor  

a d v a n t a g e s  f o r  th e  p r e s e n t  i n v e s t i g a t i o n .  S t r a i n  7 -1  i s  

c o n s t i t u t i v e  fo r  th e  h e x o se  p h o s p h a t e  t r a n s p o r t  sy s te m  and 

f o r  G3P d e h y d ro g e n ase  b u t  i s  o t h e r w i s e  i s o g e n i c  w i th  s t r a i n  

8 .  F i r s t ,  a s  i s  e v i d e n t  from F ig  4A, 70 uM rac-DBP i n h i b i t s  

t h e  g row th  o f  s t r a i n  7 -1  c u l t u r e d  in  CH medium; w h e re a s  t h e  

grow th  o f  s t r a i n  8 i s  n o t  a f f e c t e d  by t h e s e  c o n d i t i o n s  ( 8 9 ) .  

The c o n s t i t u t i v e l y  p ro d u c e d  c a t a b o l i c  G3P d e h y d ro g e n a s e  o f  

s t r a i n  7 -1  p r o b a b l y  k e e p s  t h e  i n t r a c e l l u l a r  G3P 

c o n c e n t r a t i o n  much lower  in  t h i s  s t r a i n  t h a n  i t  i s  in  s t r a i n  

8 . S i n c e  t h e  p r e s e n c e  o f  G3P o f f s e t s  t h e  g row th  i n h i b i t o r y  

e f f e c t s  o f  DBP ( 8 9 , 9 0 ) ,  s t r a i n  7 - 1  would be e x p e c t e d  t o  be 

more s e n s i t i v e  to  DBP t h a n  i s  s t r a i n  3 .  The p r e s e n c e  o f  t h e  

hexose  p h o s p h a t e  t r a n s p o r t  sy s te m  d o e s  n o t  a c c o u n t  f o r  t h e  

d i f f e r e n c e  in  s e n s i t i v i t y  ( s e e  b e lo w ) .  The second r e a s o n  

f o r  work ing  w i th  s t r a i n  7 -1  i s  t h a t  i t  c a n  u se  G3P a s  t h e  

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

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

t r a n s p o r t  sys tem  p r o v i d e s  an a l t e r n a t e  r o u t e  f o r  DBP u p t a k e  

(88) and i t s  p r e s e n c e  was deemed t o  be  d e s i r a b l e  t o  h e l p  

e l i m i n a t e  t r a n s p o r t  m u ta n t s .  However, in  t h e  c o u r s e  o f  t h i s  

s t u d y  i t  was d i s c o v e r e d  t h a t  w h i l e  t h i s  r a t i o n a l e  a p p l i e s  t o
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h ig h  c o n c e n t r a t i o n s  o f  DBP i t  d o e s  n o t  a p p ly  t o  

c o n c e n t r a t i o n s  bee low  100 uM. S i n c e ,  r e v e r t a n t s  o f  s t r a i n  

7 -1  t h a t  have  r e g a i n e d  i n d u c i b l e  c o n t r o l  o f  g l p  r e g u l o n  

would be e x p e c te d  to  be  r e s i s t a n t  t o  DBP, i t  was s t i l l  

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

p r e l i m i n a r y  s c r e e n i n g  on G3P and f o s fo m y c in .

The d i r e c t  a p p ro a c h  t o  t h e  i s o l a t i o n  o f  DBP r e s i s t a n t  

m u t a n t s ,  m u ta g e n e s i s  fo l lo w e d  by t h e  i s o l a t i o n  o f  c o l o n i e s  

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

o f  DBP y i e l d e d  o n ly  t r a n s p o r t  m u ta n t s .  P r e v i o u s  work from 

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

by DBP was d e p e n d e n t  upon a f u n c t i o n a l  t r a n s p o r t  sy s te m  (27) 

and p r o b a b l y  i n v o l v e s  m u l t i p l e  i n t r a c e l l u l a r  t a r g e t s  ( 9 5 ) .  

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

c o m p l e t e ly  r e s i s t a n t  t o  h ig h  c o n c e n t r a t i o n s  o f  DBP in  a 

s i n g l e  s t e p  w i l l  be  e x t r e m e l y  low e x c e p t  f o r  t h e  m u t a t i o n  in  

t h e  t r a n s p o r t  sy s te m .  F u r t h e r m o r e ,  a t  low c o n c e n t r a t i o n s ,  

DBP does  n o t  c a u s e  c o m p le te  i n h i b i t i o n  o f  c e l l  g row th  in  th e  

medium used  even though  t r e a t e d  c e l l s  e x h i b i t  a marked 

change  in  p h o s p h o g l y c e r i d e  m e ta b o l i sm  ( 9 1 , 9 2 ) .  T h i s  l a c k  o f  

p h e n o ty p e  p r e v e n t s  t h e  s e l e c t i o n  o f  r e s i s t a n t  m u ta n t s  by 

u s in g  a low c o n c e n t r a t i o n  o f  DBP i n  t h e  a b s e n c e  o f  o t h e r  

s e l e c t i v e  p r e s s u r e .  S i n c e  E. c o l i  d i d  n o t  e v o l v e  t o  s u r v i v e  

in  t h e  medium used  in  th e  l a b o r a t o r y ,  t h e  f a i l u r e  t o  d e t e c t  

an e f f e c t  o f  DBP on g ro w th  in  s y n t h e t i c  medium u n d e r  

l a b o r a t o r y  c o n d i t i o n s  sh o u ld  n o t  have  b een  to o  s u r p r i s i n g .
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In  th e  l i g h t  o f  t h e  marked change  in  p h o s p h o g l y c e r i d e  

c o m p o s i t i o n  c a u se d  by t h e  a d m i n i s t r a t i o n  o f  low 

c o n c e n t r a t i o n s  o f  DBP, i t  was o f  i n t e r e s t  t o  examine  t h e  

e f f e c t  o f  DBP on E. c o l i  u nd e r  e n v i r o n m e n t a l  s t r e s s e s  t o  

which t h e  b a c t e r i a  m ig h t  o r d i n a r i l y  be s u b j e c t e d .  Whereas 

E. c o l i  must  be a b l e  t o  s u r v i v e  in  t h e  c o l d ,  i t  was found 

t h a t  E. c o l i  s t r a i n  7 - 1 ,  t r e a t e d  w i th  100 uM rac-DBP f o r  1 h 

a t  3 7 °C, d i e  when s t o r e d  a t  5°C. As e x p e c t e d ,  u n t r e a t e d  

c e l l s  a r e  r e l a t i v e l y  u n a f f e c t e d  by s t o r a g e  in  t h e  c o l d  (Fig 

5 ) .  The d i f f e r e n t i a l  k i l l i n g  a f t e r  s e v e r a l  weeks in  t h e  

c o ld  s u g g e s t s  t h e  p o s s i b i l i t y  o f  u s i n g  DBP and c o l d  in  

c o m b in a t io n  a s  a c o n d i t i o n  f o r  s e l e c t i n g  m u ta n t s  in  one  o f  

t h e  DBP t a r g e t s .

The d e t a i l s  o f  t h e  i s o l a t i o n  o f  DBP r e s i s t a n t  m u ta n t s  by 

u s in g  t h e  DBP-cold a p p ro a c h  a r e  d e s c r i b e d  in  t h e  M a t e r i a l s  

and Methods s e c t i o n .  B r i e f l y ,  s t r a i n  7 - 1  was m u ta g e n i z e d ,  

i n c u b a te d  in  CH medium in  t h e  p r e s e n c e  o f  100 uM rac-DBP,  

and th en  s t o r e d  in  t h e  c o l d .  S u r v i v o r s  a f t e r  6 weeks o f  

c o ld  s t o r a g e  were s u b j e c t e d  t o  t h e  same t r e a t m e n t  a g a i n .  

C e l l s  t h a t  s u r v i v e d  a f t e r  two c y c l e s  o f  DBP-cold s e l e c t i o n ,  

d e m o n s t r a t e d  t o  have  norm al  t r a n s p o r t  p r o p e r t i e s ,  were 

e v a l u a t e d  fo r  c o ld  s e n s i t i v i t y  a f t e r  i n c u b a t i o n  w i th  100 uM 

rac-DBP f o r  1 h a t  37 °C. As e x p e c t e d ,  t h e  s u r v i v a l  r a t e  

f o r  most c e l l s  was c o n s i d e r a b l y  h i g h e r  th a n  t h a t  f o r  t h e  

p a r e n t  s t r a i n .  S t r a i n  6204 was c h o se n  f o r  f u r t h e r  s t u d y  

b ecause  i t  i s  c o n s t i t u t i v e  f o r  DBP t r a n s p o r t  (T ab le  2 ) ,
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e x h i b i t s  a p a r t i c u l a r l y  h ig h  d e g r e e  o f  r e s i s t a n c e  to  

DBP-cold t r e a t m e n t  (Fig  7 ) ,  and h a s  t h e  same d o u b l i n g  t im e  

a s  t h e  p a r e n t  s t r a i n  in  t h e  v a r i o u s  media  t e s t e d .  The 

a b i l i t y  o f  DBP t o  i n h i b i t  l i p i d  s y n t h e s i s  (T ab le  3) and t o  

be i n c o r p o r a t e d  i n t o  t h e  l i p i d  f r a c t i o n  (F ig  8) o f  s t r a i n  

6204 and o f  t h e  p a r e n t  s t r a i n  was com pared .  No major  

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

Km and v a u e s  f o r  DBP and G3P o f  PGP s y n t h e t a s e  

and t h e  a p p a r e n t  o f  DBP f o r  G3P s y n t h e t a s e  i s o l a t e d  

from s t r a i n  6204 and t h e  p a r e n t  s t r a i n  were exam ined .  I n  

a g re e m e n t  w i th  t h e  above in  v i v o  f i n d i n g s ,  t h e  r e s u l t s  

(T ab le  4) s u g g e s t  t h a t  t h e  k i n e t i c  p a r a m e t e r s  i n  b o th  

s t r a i n s  a r e  v e ry  s i m i l a r .  However,  t h e  amount o f  DBP 

i n c o r p o r a t e d  i n t o  t h e  m a c ro m o le c u la r  f r a c t i o n  ( i n c l u d i n g  

l i p i d )  a s  m easured  by t r i c h l o r o a c e t i c  a c i d  p r e c i p i t a t i o n  was 

c o n s i s t e n t l y  lower  in  s t r a i n  6204 th a n  in  t h e  p a r e n t  s t r a i n  

(Fig 9 ) .  The s u s c e p t i b i l i t y  o f  t h e  p a r e n t  s t r a i n  and s t r a i n  

6204 to  v a r i o u s  a n t i b i o t i c s  was t e s t e d  (T ab le  5 ) .  E x c e p t  

f o r  r i f a m p i n ,  t o  which s t r a i n  6204 i s  a b o u t  t w i c e  a s  

s e n s i t i v e  a s  t h e  p a r e n t  s t r a i n  ( ju d g e d  by t h e  a r e a  o f  t h e  

zone o f  i n h i b i t i o n ) , t h e  r e s u l t s  were l a r g e l y  s i m i l a r  in  

b o th  s t r a i n s .  I t  was d i s c o v e r e d  t h a t  s t r a i n  6204 i s  

h y p e r s e n s i t i v e  to  a l k a l i n e  pH. When c u l t u r e d  in  CH medium, 

pH 8 . 8 ,  s t r a i n  6204 h as  a much l o n g e r  l a g  p h a s e  and s lo w e r  

grow th  r a t e  th a n  t h e  p a r e n t  s t r a i n  (F ig  1 0 ) .  A l th o u g h  t h e  

d o u b l in g  t ime o f  s t r a i n  6204 i s  a f f e c t e d  c o n s i d e r a b l y  l e s s  

by 30-300 uM rac-DBP t h a n  t h a t  o f  t h e  p a r e n t  s t r a i n ,  t h e
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g ro w th  o f  each  s t r a i n  i s  c o m p l e t e l y  i n h i b i t e d  by 1 mM 

rac-DBP in  CH medium (F ig  11) .

The c o ld  s t o r a g e  s e l e c t i o n  t e c h n i q u e  r e q u i r e s  su ch  a long 

p e r i o d  o f  t im e  t h a t  i t  was n o t  p r a c t i c a l  f o r  g e n e t i c  

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

can  be used  t o  d i f f e r e n t i a t e  s t r a i n  6204 from t h e  p a r e n t  

s t r a i n  were s o u g h t .  As m ig h t  be  e x p e c t e d  o f  an e n t e r i c  

b a c t e r i a ,  E. c o l i  grows q u i t e  w e l l  in  t h e  p r e s e n c e  o f  t h e  

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

rac-DBP a s  low a s  30 uM k i l l  s t r a i n  8 c u l t u r e d  in  

G L - s u c c in a t e  medium c o n t a i n i n g  0.25% d e o x y c h o l a t e  ( 8 9 ) .  The 

s y n e r g i s t i c  e f f e c t  was a p p l i e d  t o  s t r a i n  7 -1  c u l t u r e d  in  CH 

medium. While  rac-DBP a t  70 uM i s  b a c t e r i o s t a t i c  t o  s t r a i n  

7 - 1 ,  s i m u l t a n e o u s  t r e a t m e n t  o f  c e l l s  w i th  70 uM rac-DBP and 

0.25% d e o x y c h o l a t e  d oes  c a u s e  a l o s s  o f  v i a b i l i t y  (F ig  4 ) .  

I n t e r e s t i n g l y ,  s t r a i n  6204,  a m u ta n t  i s o l a t e d  by t h e  

DBP-cold method, was shown to  have  a l s o  become r e s i s t a n t  t o  

t h e  c o m b in a t io n  o f  DBP and d e o x y c h o l a t e  (F ig  1 2 ) .

The c o ld  s e n s i t i v i t y  and s y n e r g i s t i c  e f f e c t s ,  e v i d e n t  in  

l i q u i d  medium, do n o t  t r a n s l a t e  t o  a g a r  p l a t e s  and i t  was 

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

a d i s t i n c t i o n  t o  be made be tw een  s t r a i n  7 -1  and 6204 on a g a r  

p l a t e s .  V a r io u s  media were t r i e d  in  an a t t e m p t  t o  a c h i e v e  

t h i s  g o a l .  S t r a i n  7 -1  i s  c o n s i d e r a b l y  more s e n s i t i v e  t o  DBP 

th a n  s t r a i n  6204 when c u l t u r e d  in  GL medium c o n t a i n i n g
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g l u c u r o n a t e  as  t h e  s o l e  c a r b o n  s o u r c e .  At 70 uM, rac-DBP i s  

b a c t e r i c i d a l  t o  s t r a i n  7 -1  c u l t u r e d  in  t h e  GL- g l u c u r o n a t e  

medium, w he reas  s t r a i n  6204 c o n t i n u e s  t o  grow (F ig  1 3 ) .  

F u r t h e r m o r e ,  t h e  p a r e n t  s t r a i n  d o e s  n o t  form c o l o n i e s  on 

a g a r  p l a t e s  c o n t a i n i n g  G L - g l u c u r o n a t e  p l u s  15 uM rac-DBP, 

w h e rea s  s t r a i n  6204 d o e s .

B ecause  th e  ra n g e  o f  DBP c o n c e n t r a t i o n s  t h a t  p e r m i t  

s e l e c t i o n  on G L - g l u c u r o n a t e  p l a t e s  i s  n a r ro w ,  t h e  c a r b o n  

s o u r c e  i s  c r i t i c a l ,  and t h e  method i s  somewhat l e a k y ,  i t  was 

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

6204 p h e n o ty p e  by P l v i r  phage  b a s e d  on t h e  above s e l e c t i v e  

c o n d i t i o n s .  I t  was t h e r e f o r e  n e c e s s a r y  t o  i n s e r t  a 

t r a n s p o s o n  (107) n e a r  t h e  Dbpr  g e n e .  In  t h e o r y ,  th e  

u t i l i z a t i o n  o f  t r a n s p o s o n  o f f e r s  two a d v a n t a g e s .  F i r s t ,  i t  

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

t r a n s d u c e d  o f  t r a n s f e r r i n g  a m arker  from donor  t o  r e c i p i e n t  

s t r a i n  i s  a b o u t  10-  ̂ (1 0 8 ) ,  w h e r e a s ,  t h e  f r e q u e n c y  o f  

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

h i g h e r  t h a n  10- ^ (1 0 9 ) .  Second ,  s i n c e  t h e  t r a n s p o s o n  

and t h e  d e s i r e d  gene  a r e  v e r y  c l o s e  t o  each  o t h e r ,  t h e y  can  

be t r e a t e d  a s  an  e n t i t y  and t h e  t r a n s p o s o n  c a n  be used  

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

T h e r e f o r e ,  i t  becomes p o s s i b l e  t o  d i r e c t l y  s e l e c t  Dbpr 

t r a n s d u c t a n t s  by combin ing  t h e  above  s e l e c t i o n  methods (DBP 

p l u s  d e o x y c h l o r a t e ,  DBP in  g l u c u r o n a t e  medium) and 

t r a n s p o s o n  t e c h n i q u e s .  A t t e m p t s  t o  i n s e r t  a t r a n s p o s o n  TnlO
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( c a r r y i n g  th e  t e t r a c y c l i n e  r e s i s t a n t  gene)  (107) n e a r  t h e  

Dbpr gene  by s t a r t i n g  w i th  a random TnlO i n s e r t i o n  p o o l  

c o n s t r u c t e d  on Hfr3000 ( f o r  g e n o t y p e s  o f  s t r a i n ,  see  T a b le  

1) were u n s u c c e s s f u l .  The f a i l u r e  o f  t h i s  a p p ro a c h  was due 

t o  a v e ry  h ig h  b a ck g ro u n d  i n t e r f e r e n c e  by t r a n s p o r t  n e g a t i v e  

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

f o r  t h e  g l p  r e g u l o n  from s t r a i n  H f r3 0 0 0 .  The hexose  

p h o s p h a t e  t r a n s p o r t  sy s te m  was n o t  s u f f i c i e n t l y  a c t i v e  a t  

t h e  r e l a t i v e l y  low c o n c e n t r a t i o n  o f  DBP u se d  in  t h e  

s e l e c t i o n  p r o c e d u r e s .  S t r a i n  HW22 (g l p R \ ~ )  was c o n s t r u c t e d  

t o  a v o id  t h i s  p ro b le m  ( s e e  M a t e r i a l s  and Methods s e c t i o n ) .

A few s t r a i n s  t h a t  have  TnlO i n s e r t e d  n e a r  t h e  Dbpr 

m u ta t i o n  were i s o l a t e d  by t h e  p r o c e d u r e s  d e s c r i b e d  in  t h e  

M a t e r i a l s  and Methods s e c t i o n .  One o f  t h e s e  s t r a i n s ,  HW31 

was s t u d i e d  more c a r e f u l l y .  A P l v i r  l y s a t e  p r e p a r e d  from 

s t r a i n  HW31 was used  t o  t r a n s d u c e  s t r a i n  7 - 1 .  A p p ro x im a te ly  

60% o f  t h e  t r a n s d u c t a n t s  s e l e c t e d  f o r  T e t r were  found t o  

have  a l s o  b een  c o n v e r t e d  t o  t h e  6204 p h e n o ty p e  a s  ju d g ed  by 

th e  a b i l i t y  t o  form c o l o n i e s  on a g a r  p l a t e s  c o n t a i n i n g  

G L - g lu c u r o n a te  medium p l u s  15 uM rac-DBP. I n d i v i d u a l  

c o l o n i e s  were t h e n  t e s t e d  f o r  t h e  a b i l i t y  t o  grow in  t h e  

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

t h e  c o ld  a f t e r  DBP t r e a t m e n t .  These  t h r e e  p r o p e r t i e s  a r e  

c o t r a n s d u c e d  w i th  a f r e q u e n c y  o f  100% s u g g e s t i n g  t h a t  t h e y  

a r e  a l l  c a u s e d  by t h e  same m u t a t i o n a l  e v e n t .  M oreover ,  

s t r a i n  HW31 e x h i b i t s  t h e  same p a t t e r n s  o f  s u s c e p t i b i l i t y  

toward v a r i o u s  a n t i b i o t i c s  (T ab le  5) and h y p e r s e n s i t i v i t y  to  

a l k a l i n e  pH (Fig 10) a s  d o e s  s t r a i n  6204.
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To t e s t  w he ther  th e  Dbpr m u t a t i o n  i s  c a p a b l e  o f  b e in g  

e x p r e s s e d  in  o t h e r  g e n e t i c  b a c k g r o u n d s ,  f o r  example  s t r a i n  

8, a P l v i r  t r a n s d u c t i o n  e x p e r i m e n t  was c a r r i e d  o u t  u s in g  

s t r a i n  HW31 a s  t h e  donor  and s t r a i n  8 a s  t h e  r e c i p i e n t ,

T e t r t r a n s d u c t a n t s  were s e l e c t e d .  A l th o u g h  s t r a i n  3 

d o e s  n o t  grow on p l a t e s  c o n t a i n i n g  G L - g l u c u r o n a t e  o r  

s u c c i n a t e  media in  t h e  p r e s e n c e  o f  30-50  uM rac-DBP, 

a p p r o x i m a t e l y  60% o f  t h e  T e t r t r a n s d u c t a n t s  s e l e c t e d  

were a b l e  t o  do so .  S t r a i n  HW36, a Dbpr d e r i v a t i v e  o f  

s t r a i n  8 ,  c o n t i n u e s  t o  grow in  G L - s u c c i n a t e  medium 

c o n t a i n i n g  0 .3  mM rac-DBP. S t r a i n  HW35, l a c k i n g  t h e  

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

to  s t r a i n  HW36, i s  u n a b le  t o  grow in  t h i s  medium (Fig  1 4 ) .  

The s e n s i t i v i t i e s  o f  s t r a i n s  HW35 and HW36 t o  DBP in  

G L - g lu c u r o n a t e  were a l s o  com pared .  F ig  15 c l e a r l y  shows 

s t r a i n  HW36 i s  much more r e s i s t a n t  t o  DBP t h a n  i s  s t r a i n  

HW3 5.

S in c e  t h e  TnlO i s  v e ry  c l o s e  to  t h e  Dbpr l o c u s ,  knowing 

th e  p o s i t i o n  o f  t h e  TnlO on t h e  E. c o l i  chromosome m ig h t  be 

an i m p o r t a n t  s t e p  toward  u n d e r s t a n d i n g  t h e  n a t u r e  o f  t h e  

Dbpr m u t a t i o n .  In  o r d e r  t o  d e t e r m i n e  t h e  map l o c a t i o n  

o f  TnlO i n s e r t e d  n e a r  to  Dbpr , t h e  t e t r a c y c l i n e  

r e s i s t a n c e  o f  s t r a i n  HW31 was t r a n s f e r r e d  t o  v a r i o u s  Hfr 

s t r a i n s  by P l v i r -  m e id a te d  t r a n s d u c t i o n .  The r e s u l t i n g  

T e t r Hfr s t r a i n s ,  b e a r i n g  a TnlO i n s e r t i o n  a t  t h e  same 

s i t e  a s  in  HW31, were mated w i th  s u i t a b l e  F " s t r a i n s .



R e co m b in a t io n  d a t a ,  o b t a i n e d  from t h e  c o n j u g a t i o n  o f  HW41 

(HfrH) and HW42 (HfrC) w i th  R477, s u g g e s t  t h a t  TnlO m ig h t  be 

l o c a t e d  be tw een  t h e  o r i g i n  o f  HfrC and h i s  (T ab le  6 and F ig  

1 ) .  F u r t h e r m o r e ,  when HW43 (HfrB7) was mated w i th  s t r a i n  

CSH57, t h e  t r a n s f e r  o f  TnlO was found t o  be  c l o s e l y  

a s s o c i a t e d  w i th  t h e  t r p  o p e ro n  (T ab le  6 ) .  The p r o x i m i t y  o f  

TnlO t o  th e  t r p  o p e ro n  was c o n f i r m e d  by t r a n s d u c t i o n .  When
1" 4*s t r a i n  HW31 (T e t  t r p  ) was u se d  a s  t h e  donor  and 

s t r a i n  CSH57 ( t r p ) a s  t h e  r e c i p i e n t ,  63 o f  t h e  72 

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  found t o  be 

t r p + a l s o .  I n  c o n t r a s t ,  a s i m i l a r  e x p e r i m e n t  u s i n g  HW11 

(z h e : :T n lO  t r p + ) a s  t h e  donor  r e v e a l e d  t h a t  none o f  t h e  

45 T e t c t r a n s d u c t a n t s  t e s t e d  were t r p * .  The l o c a t i o n  

o f  Dbpr and TnlO r e l a t i v e  to  two n e i g h b o r i n g  m a r k e r s ,  

hemA and t r p  were d e te r m i n e d  by t h r e e  f a c t o r  c r o s s e s .

Because  t h e  Dbpr p h e n o ty p e  can  o n ly  be  d e t e c t e d  in  a 

g l p R b a c k g ro u n d ,  i t  was f i r s t  n e c e s s a r y  t o  c o n s t r u c t  s t r a i n s  

HW50 (g l p R g l p D t r p  z c h : :T n lO )  and HW60 (g l p R g l p D hemA 

z c h : :T n lO )  a s  d e s c r i b e d  in  M a t e r i a l s  and Methods.  S t r a i n s  

HW50 and HW60 were u sed  a s  r e c i p i e n t s  and s t r a i n  6204
C  “f*(Dbp t r p  hemA ) a s  t h e  donor  f o r

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 .  HW50 and HW60 t r a n s d u c t a n t s  

were s e l e c t e d  t h a t  no l o n g e r  r e q u i r e  t r y p t o p h a n  and 

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

t h e n  s c o r e d  f o r  t h e  a b i l i t y  t o  grow on G L - s u c c i n a t e  p l a t e s  

c o n t a i n i n g  30 uM rac-DBP and on L p l a t e s  c o n t a i n i n g  25 ug /m l  

o f  t e t r a c y c l i n e .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e
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summarized in  T ab le  7 and F ig  16A. The o r d e r  o f  t h e  m a r k e r s  

i s  hemA-Dbpr - T n l O ( z c h ) - t r p .

The e l s  gene i s  t h e  o n ly  gene  known t o  code  f o r  an enzyme 

in v o lv e d  in  p h o s p h o g l y c e r i d e  m e ta b o l i s m  t h a t  maps in  t h e  

r e g i o n  b e tw een  hemA and t r p  (1 1 0 ) .  We t h e r e f o r e  examined 

w h e th e r  s t r a i n  6204 s y n t h e s i z e s  CL. L i p i d  e x t r a c t e d  from 

[ 1 - ^ C ]  - a c e t a t e  l a b e l e d  s t r a i n  7 -1  was compared w i th  

t h a t  o b t a i n e d  from s t r a i n  6204.  The r e s u l t s  o f  t h e  l i p i d  

a n a l y s i s  shown in  F ig  17 c l e a r l y  i n d i c a t e  t h a t  s t r a i n  6204 

e i t h e r  d o e s  n o t  c o n t a i n  CL o r  h a s  so l i t t l e  o f  t h i s  

p h o s p h o g l l y c e r i d e  t h a t  i t  c a n n o t  be d e t e c t e d  by t h e  method 

u s e d .  E x p e r im e n t s  were p e r fo rm e d  t o  d e t e r m i n e  w h e th e r  

r e s i s t a n c e  t o  DBP c o u ld  be  c o r r e l a t e d  w i th  an a b s e n c e  o f  CL. 

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  was u se d  t o  t r a n s f e r  DBP 

r e s i s t a n c e  from s t r a i n  6204 t o  s t r a i n  HW50. The 

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

s e l e c t e d  t r a n s d u c t a n t s  t h a t  were  a b l e  t o  grow on 

G L - s u c c in a t e  p l a t e s  c o n t a i n i n g  30 uM rac-DBP was e xam ined .

In  each  c a s e  t h e  DBP r e s i s t a n t  t r a n s d u c t a n t  was found t o  be 

u n a b le  to  s y n t h e s i z e  CL.

Because  th e  g e n e t i c  and b i o c h e m i c a l  e v i d e n c e  s u g g e s t s  t h a t  

DBP r e s i s t a n c e  i s  r e l a t e d  to  t h e  g e n e  r e s p o n s i b l e  f o r  

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

a c e l l  b e a r i n g  th e  e l s  m u t a t i o n  i s o l a t e d  by P l u s c h k e  e t .  a l .  

(72) i s  r e s i s t a n t  t o  DBP. In  o r d e r  t o  examine  t h i s
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p o s s i b i l i t y ,  s t r a i n  QC120 was c o n s t r u c t e d  by t r a n s f e r r i n g  

t h e  e l s  m u t a t i o n  o f  s t r a i n  T1GP t o  s t r a i n  HW50, a s t r a i n  

w i th  a g l p R b a c k g ro u n d .  S i n c e  t h e  DBP r e s i s t a n t  p h e n o ty p e  

was o r i g i n a l l y  c h a r a c t e r i z e d  in  b a c t e r i a  h a v in g  an a c t i v e  

c a t a b o l i c  G3P d e h y d r o g e n a s e ,  s t r a i n s  QC120 (g l p R g l p D e l s ) 

and QC104 (g l p R g l p D) were c o n v e r t e d  t o  s t r a i n s  HW55 (g l p R 

e l s ) and HW56 (g l p R) , r e s p e c t i v e l y  ( s e e  M a t e r i a l s  and 

Mehtods s e c t i o n ) . S t r a i n  HW55 i s  i n d i s t i n g u i s h a b l e  from 

s t r a i n  6204 based  upon t h e  o b s e r v a t i o n s  t h a t  i t  ( i )  r e m a in s  

v i a b l e  in t h e  c o ld  a f t e r  i n c u b a t i o n  in  CH medium c o n t a i n i n g  

100 uM rac-DBP f o r  1 h (Fig 1 8 ) ,  ( i i )  c o n t i n u e s  t o  grow in  

CH medium c o n t a i n i n g  70 uM rac-DBP and 0.25% d e o x y c h o l a t e  

(Fig 19) , and ( i i i )  i s  a b l e  t o  grow in  G L - g lu c u r o n a t e  

medium c o n t a i n i n g  70 uM rac-DBP (Fig  2 0 ) .  I n  c o n t r a s t ,  

s t r a i n  HW56 e x h i b i t s  t h e  same s e n s i t i v i t y  t o  DBP a s  was 

e v i d e n t  in  s t r a i n  7 .  M oreover ,  s t r a i n  h a r b o r i n g  e l s  

m u t a t i o n  (HW55) i s  n o rm al  in  a b i l i t y  t o  i n c o r p o r a t e  DBP i n t o  

l i p i d  f r a c t i o n  b u t  lower  in  a b i l i t y  t o  i n c o r p o r a t e  DBP i n t o  

TCA p r e c i p i t a t e d  m a t e r i a l s  (Fig  8 ) a s  compared t o  s t r a i n  7 .  

T h is  i s  s i m i l a r  to  s t r a i n  6204.

The p o s i t i o n  o f  e l s  r e l a t i v e  t o  TnlO ( i n  t h e  zch l o c a t i o n )  

and t r p  was mapped by a t h r e e  f a c t o r  c r o s s .  A P l v i r  l y s a t e  

o f  s t r a i n  HW55 was u se d  to  c o n v e r t  s t r a i n  HW50 t o  t r y p t o p h a n  

in d e p e n d e n c e .  Two u n s e l e c t e d  t r a i t s ,  e l s  and T e t r , were 

th e n  s c o r e d .  In  t h i s  c a s e ,  d e t e c t i o n  o f  t h e  e l s  m u t a t i o n  was 

ba sed  upon th e  a b i l i t y  o f  m u ta n t  c e l l s  t o  form c o l o n i e s  on
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G L - s u c c i n a t e  p l a t e s  c o n t a i n i n g  30 uM rac-DBP. The r e s u l t s  

o f  t h i s  c r o s s ,  summarized in  T a b le  3 and F ig  16B, i n d i c a t e  

t h a t  gene  o r d e r  i s  e l s  ( s c o r e d  a s  D B P - r e s i s t a n c e ) - T n l O ( z c h ) -  

t r p . In  a p a r a l l e l  e x p e r i m e n t ,  when a P l v i r  l y s a t e  o f  

s t r a i n  HW56 was u sed  t o  c o n v e r t  HW50 t o  t r y p t o p h a n  

in d e p e n d e n c e ,  none o f  t h e  t r a n s d u c t a n t s  were a b l e  to  grow on 

G L - s u c c i n a t e  p l a t e s  c o n t a i n i n g  30 uM rac-DBP (T ab le  8 ) .  The 

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

50%. These  r e s u l t s  a r e  v e ry  s i m i l a r  t o  t h o s e  o b t a i n e d  from 

t h e  c r o s s  b e tw een  s t r a i n s  6204 and HW50 (see  T a b le  7 and Fig  

16) and s u g g e s t  t h a t  t h e  m u t a t i o n  in  s t r a i n  6204 r e s p o n s i b l e  

f o r  DBP r e s i s t a n c e  e i t h e r  l i e s  w i t h i n  t h e  s t r u c t u r a l  gene 

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

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

o b t a i n e d  (49%) i s  s l i g h t l y  h i g h e r  th a n  t h e  one (35%) 

r e p o r t e d  by P l u s c h k e  e t .  a l .  ( 7 2 ) .

The e f f e c t  o f  DBP on p h o s p h o g l y c e r i d e  s y n t h e s i s  in  s t r a i n s  

HW53, HW55 and HW56 c u l t u r e d  in  CH medium was s t u d i e d .

C e l l s  were p r e t r e a t e d  w i th  30 uM rac-DBP f o r  20 min p r i o r  to  

t h e  a d d i t i o n  o f  l a b e l e d  a c e t a t e .  The r e l a t i v e  

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

from t h e  peak  a r e a s  o f  t h e  r a d i o s c a n  o f  t h e  ch rom atog ram  

(Fig 2 1 ) ,  a r e  p r e s e n t e d  in  T ab le  9. I t  i s  e v i d e n t  t h a t  DBP 

e x e r t s  t h e  same 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  in  each  

s t r a i n ,  d e s p i t e  t h e  f a c t  t h a t  DBP h a s  much l e s s  e f f e c t  on 

t h e  growth  o f  HW53 and HW55 th a n  i t  d o e s  on HW56. H ighe r
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c o n c e n t r a t i o n s  o f  DBP c a u se  ev en  g r e a t e r  i n h i b i t i o n  o f  PG 

f o r m a t i o n .

The a d d i t i o n  o f  magnesium c a t i o n s  t o  t e m p e r a t u r e - s e n s i t i v e  

p h o s p h a t i d y l s e r i n e  s y n t h e t a s e  (p s s ) and p h o s p h a t i d y l s e r i n e  

d e c a r b o x y l a s e  (p s d ) m u ta n t s  c u l t u r e d  a t  n o n p e r m i s s i v e  

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

may be due t o  a s t a b i l i z a t i o n  o f  t h e  membranes c o n t a i n i n g  

e x c e s s  a n i o n i c  l i p i d s  ( 6 0 , 6 1 , 6 5 ) .  S i n c e  DBP t r e a t m e n t  l e a d s  

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

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

p h o s p h a t e ,  t h e  p o s s i b i l i t y  was c o n s i d e r e d  t h a t  magnesium or  

c a l c i u m  c h l o r i d e  c o u ld  o f f s e t  t h e  e f f e c t  o f  DBP. However, 

a s  e v i d e n t  from F ig  22 ,  t h e  a d d i t i o n  o f  20 mM magnesium 

c h l o r i d e  t o  DBP t r e a t e d  c u l t u r e s  f a i l e d  t o  o f f s e t  t h e  e f f e c t  

o f  DBP b u t  i n s t e a d  had a s y n e r g i s t i c  g ro w th  i n h i b i t o r y  

e f f e c t  on b o t h  s t r a i n s  HW55 (e l s ) and HW56 (c l s +) . Thus 

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

seem t o  have  any e f f e c t .  The a d d i t i o n  o f  20 mM c a l c i u m  

c h l o r i d e  c a u s e s  t h e  same ty p e  o f  g row th  i n h i b i t o r y  e f f e c t  a s  

d oes  t h e  a d d i t i o n  o f  magnesium c h l o r i d e  (F ig  2 3 ) .
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DISCUSSION

E. c o l i , t r e a t e d  w i th  low c o n c e n t r a t i o n s  o f  DBP, e x h i b i t s  

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

s l i g h t  c h a n g e s  in  d o u b l in g  t im e .  T h i s  sh o u ld  n o t  have  been  

to o  s u r p r i s i n g  b e c a u s e  E. c o l i  d i d  n o t  e v o l v e  t o  s u r v i v e  in  

th e  s y n t h e t i c  medium used  in  t h e  l a b o r a t o r y .  C e r t a i n  

e n v i r o n m e n t a l  c o n d i t i o n s  t o  which E. c o l i  a r e  o r d i n a r i l y  

exposed  a r e  q u i t e  l e t h a l  t o  b a c t e r i a  t r e a t e d  w i t h  low 

c o n c e n t r a t i o n s  o f  DBP. E. c o l i  n o r m a l ly  grow v e r y  w e l l  in  

t h e  p r e s e n s e  o f  0.25% d e o x y c h o l a t e .  However, t h i s  b i l e  s a l t  

i s  q u i t e  d e l e t e r i o u s  t o  c e l l s  t h a t  a r e  i n c u b a t e d  in t h e  

p r e s e n c e  o f  low c o n c e n t r a t i o n s  o f  DBP (F ig  4 ) .  F u r t h e r m o r e ,  

s t r a i n  7 - 1  i n c u b a t e d  in  t h e  p r e s e n c e  o f  100 uM rac-DBP f o r  1 

h d i e  when s t o r e d  a t  5°C, w h e rea s  u n t r e a t e d  c e l l s  rem ain  

v i a b l e  (F ig  5 ) .  These  e f f e c t s  s u g g e s t  t h a t  DBP t r e a t m e n t  i s  

c a u s i n g  a major  change  in  membrane s t r u c t u r e .  A s i n g l e  

m u ta t io n  found in  s t r a i n  6204 p e r m i t s  i t  t o  r e s i s t  t h e  

e f f e c t  o f  DBP under  t h e s e  e n v i r o n m e n t a l  s t r e s s e s  (Fig 7 , 1 2 ) .  

The m u ta t i o n  d o e s  n o t  a f f e c t  t h e  i n c o r p o r a t i o n  o f  DBP i n t o  

t h e  p h o s p h o g l y c e r i d e  f r a c t i o n  (Fig  8 ) o r  t h e  a b i l i t y  o f  PGP 

and G3P s y n t h e t a s e s  t o  r e c o g n i z e  DBP (T ab le  4 ) .  F u r t h e r m o r e ,  

t o t a l  l i p i d  s y n t h e s i s  in  s t r a i n  6204 i s  j u s t  a s  s e n s i t i v e  to  

t h e  p r e s e n c e  o f  DBP a s  i s  t h a t  o f  t h e  p a r e n t  s t r a i n  (T ab le  

3, 8 ) .  However,  t h e  i n c o r p o r a t i o n  o f  DBP i n t o  t h e  

m ac ro m o le cu la r  f r a c t i o n  i s  c o n s i s t e n t l y  low er  i n  s t r a i n  6204
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t h a n  in  t h e  p a r e n t  s t r a i n  (Fig  9 ) .  TnlO h a s  been  i n s e r t e d  

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

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

D B P -deo x ycho la te  and DBP-cold s t o r a g e  e f f e c t s  a r e  c a u s e d  by 

t h e  same g e n e .

E x p e r im e n t s  were p e r f o r m e d  t o  map th e  l o c a t i o n  o f  TnlO, 

i n s e r t e d  n e a r  t h e  Dbpr  m u t a t i o n ,  a s  w e l l  a s  t h e  m u t a t i o n  

i t s e l f .  These  e x p e r i m e n t s  s u g g e s t  t h a t  t h e  m u t a t i o n  maps in  

o r  v e r y  n e a r  e l s , a gene  a s s o c i a t e d  w i th  CL f o r m a t i o n  (Fig  

1 6 ) .  C o n s i s t e n t  w i th  t h i s  n o t i o n ,  s t r a i n  6204 d o e s  n o t  form 

CL (Fig 1 7 ) .  F u r t h e r m o r e ,  Dbpr t r a n s d u c t a n t s  o f  s t r a i n  

7 a r e  a l s o  u n a b le  t o  s y n t h e s i z e  CL, and a s t r a i n  c o n s t r u c t e d  

w i th  an a u t h e n t i c  e l s  l e s i o n  h a s  t h e  same r e s i s t a n c e  t o  DBP 

a s  d o e s  s t r a i n  6204 (Fig  1 8 , 1 9 , 2 0 ) .

I t  i s  n o t  a t  a l l  c l e a r  why t h e  a b s e n c e  o f  CL sh o u ld  e n a b l e  

th e  c e l l s  t o  have  enhanced  r e s i s t a n c e  t o  DBP. T h ree  among 

t h e  many p o s s i b l e  e x p l a n a t i o n s  w i l l  be b r i e f l y  c o n s i d e r e d .  

F i r s t ,  i t  i s  p o s s i b l e  t h a t  t h e  a c c u m u l a t i o n  o f  b o th  CL and 

t h e  PGP a n a lo g  (90) m ig h t  c r e a t e  a membrane l i p i d  b i l a y e r  

t h a t  i s  t o o  a n i o n i c  in  c h a r a c t e r  t o  p e r m i t  no rm al  f u n c t i o n .  

In  t h i s  c a s e ,  t h e  a b s e n c e  o f  CL m ig h t  h e l p  t o  com pensa te  f o r  

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

a n a lo g  o f  PGP. I n  a r e l a t e d  s i t u a t i o n ,  t h e  a c c u m u l a t i o n  o f  

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

m u ta n t s  r e s u l t s  in  g row th  i n h i b i t i o n  a t  n o n p e r m i s s iv e
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r e s t r i c t i v e  t e m p e r a t u r e  c a n  be s u p p r e s s e d  by i n c r e a s i n g  th e  

c o n c e n t r a t i o n  o f  magnesium and c a l c i u m  c a t i o n s  ( 6 0 , 6 1 , 6 5 ) .  

However, t h e  a d d i t i o n  o f  c a t i o n s  d o e s  n o t  r e s t o r e  th e  

c e l l u l a r  p h o s p h o g l y c e r i d e  c o m p o s i t i o n  t o  no rm al  ( 6 0 , 6 1 , 6 5 ) .  

T h e r e f o r e ,  t h e  e f f e c t  o f  magnesium and c a l c i u m  c a t i o n s  on 

t h e  g row th  o f  D B P - t r e a t e d  c e l l s  was e xam ined .  C o n t r a r y  to  

e x p e c t a t i o n ,  t h e  a d d i t i o n  o f  e i t h e r  20 mM magnesium or  

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

DBP r e g a r d l e s s  o f  t h e  e l s  g e n o ty p e  (F ig  2 2 , 2 3 ) .  T h i s  seems 

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

r e s p o n s i b l e  f o r  t h e  g ro w th  i n h i b i t o r y  e f f e c t  o b s e r v e d .  

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

r e s u l t i n g  from DBP t r e a t m e n t  r a i s e  t h e  p h a se  t r a n s i t i o n  

t e m p e r a t u r e  o f  t h e  b a c t e r i a l  membrane. C e l l s  do n o t  grow a t  

t e m p e r a t u r e s  be low t h e  p h a s e  t r a n s i t i o n  t e m p e r a t u r e  o f  t h e i r  

membranes ( 1 1 1 ) . Membranes i s o l a t e d  from E. c o l i  l a c k i n g  CL 

s y n t h e t a s e  have  been  shown t o  have  a low er  p h a se  t r a n s i t i o n  

t e m p e r a t u r e  th a n  do membranes i s o l a t e d  from w i ld  ty p e  c e l l s  

(1 1 2 ) .  T h i s  h a s  been  a t t r i b u t e d  t o  t h e  c o m p e n sa to ry  

i n c r e m e n t  in  amount o f  PG due t o  t h e  d e f e c t  in  CL 

s y n t h e t a s e .  PG h a s  a much lower p h a se  t r a n s i t i o n  

t e m p e r a t u r e  t h a n  CL which  l e a d s  t o  an  o v e r a l l  l o w e r in g  in 

membrane p h a se  t r a n s i t i o n  t e m p e r a t u r e  (1 1 2 ) .  I f  DBP 

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

b a c t e r i a l  membranes t h e n  t h e  a b s e n c e  o f  CL m ig h t  o f f e r  some 

a d v a n t a g e s .  The f a c t  t h a t  w i ld  ty p e  c e l l s  t r e a t e d  w i th  DBP
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t o  a  DBP-induced change  in  membrane f l u i d i t y .  I n  t h i s  

r e g a r d ,  i t  sh o u ld  be n o t e d  t h a t  d i v a l e n t  c a t i o n s  i n c r e a s e  

t h e  p h a s e  t r a n s i t i o n  t e m p e r a t u r e  o f  membranes made o f  

s y n t h e t i c  PG (1 1 3 ) .  I f  t h i s  i s  a l s o  t r u e  f o r  membranes 

c o n t a i n i n g  t h e  a n a lo g  o f  PGP in  p l a c e  o f  PG t h e n  a c h an g e  in 

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

o b s e r v e d  when d i v a l e n t  i o n s  a r e  added  t o  DBP t r e a t e d  c e l l s .  

F u r t h e r  work i s  r e q u i r e d  t o  e s t a b l i s h  a c o r r e l a t i o n  be tw een  

DBP r e l a t e d  growth  phenomena and membrane f l u i d i t y .  T h i r d ,  

i t  i s  p o s s i b l e  t h a t  a c e r t a i n  amount o f  PG in  t h e  membrane 

i s  e s s e n t i a l  f o r  no rm al  c e l l  f u n c t i o n .  I n  a d d i t i o n  t o  i t s  

r o l e  a s  a membrane com ponen t ,  PG i s  a l s o  a p r e c u r s o r  f o r  CL 

( 5 5 ) ,  l i p o p r o t e i n  ( 8 2 ) ,  and MDO ( 7 5 , 8 1 ) .  T h e r e f o r e ,  in  

c e l l s  t r e a t e d  w i th  DBP, a d e f e c t  in  CL s y n t h e t a s e  may p e r m i t  

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

p r o d u c t s .  C e l l s  w i th  a e l s  m u t a t i o n  do indeed  have  a s lo w e r  

r a t e  o f  PG t u r n o v e r  ( 7 2 ) .  However,  i t  i s  d i f f i c u l t  t o  see  

why c h a n n e l i n g  t h e  PG t o  l i p o p r o t e i n  o r  m em b ran e -d e r iv ed  

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

c e l l  g ro w th .  M u tan ts  t h a t  e i t h e r  s y n t h e s i z e  a l i p o p r o t e i n  

d e v o id  o f  c o v a l e n t l y  bound l i p i d  o r  t h a t  a r e  u n a b le  to  

s y n t h e s i z e  l i p o p r o t e i n  a p p e a r  to  be a b l e  to  grow ( 8 4 , 1 1 4 ) .  

MDO h a s  r e c e n t l y  b een  i m p l i c a t e d  in  o s m o t ic  a d a p t a t i o n  ( 1 1 ) ,  

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

growth  ( 7 8 , 8 1 ) .  Numerous membrane- bound enzymes depend on 

t h e  i n t e r a c t i o n  o f  s p e c i f i c  p h o s p h o l i p i d s  f o r  t h e i r  a c t i v i t y
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( 1 1 5 ) .  I n  p a r t i c u l a r ,  t h e  p h o s p h o e n o l p y r u v a t e -  s u g a r  

p h o s p h o t r a n s f e r a s e  s y s te m  was r e p o r t e d  t o  r e q u i r e  PG (1 1 6 ) .  

P e r h a p s  a d e f e c t  i n  CL s y n t h e t a s e  e n a b l e s  t h e  c e l l s  to  

r e t a i n  a c r i t i c a l  membrane c o n c e n t r a t i o n  o f  PG t o  i n t e r a c t  

w i t h  enzymes and t r a n s p o r t  sy s te m s  t h a t  r e q u i r e  i t .  The 

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

o n ly  o n e s  t h a t  m ig h t  be  p u t  fo rw a rd  to  e x p l a i n  why m u ta n t s  

w i th  a d e f e c t  in  CL s y n t h e t a s e  e x h i b i t  en han ced  r e s i s t a n c e  

t o  DBP.

The f a c t  t h a t  d e o x y c h o l a t e  a c t s  s y n e r g i s t i c a l l y  w i th  DBP 

s u g g e s t s  t h a t  DBP t r e a t m e n t  a l t e r s  t h e  o u t e r  membrane o f  t h e  

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

n e g a t i v e  b a c t e r i a  i n d i c a t e  t h a t  c e r t a i n  m u ta n t s  o f  t h e  gen us  

S a lm o n e l l a  which have  d e f e c t i v e  l i p o p o l y c a c c h a r i d e s  a r e  

q u i t e  s e n s i t i v e  t o  d e o x y c h o l a t e  ( 1 1 7 , 1 1 8 ) .

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

o u t e r  l e a f l e t  o f  t h e  o u t e r  membrane o f  g ram -  n e g a t i v e  

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

compounds and d e t e r g e n t s  ( 1 6 , 1 7 ) .  DBP may a f f e c t  t h e  

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

o u t e r  membrane o r  some o t h e r  a s p e c t s  o f  o u t e r  membrane 

s t r u c t u r e .  F u r t h e r  work i s  n e c e s s a r y  in  o r d e r  to  

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

membrane o f  t h e  g r a m - n e g a t i v e  b a c t e r i a .  Any e x p l a n a t i o n  o f  

why d e o x y c h o l a t e  a c t s  s y n e r g i s t i c a l l y  w i t h  DBP m ust  a l s o  

a c c o u n t  f o r  t h e  f a c t  t h a t  c e l l s  w i th  a l e s i o n  in  e l s  do n o t  

e x h i b i t  t h i s  e f f e c t .
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A l th o u g h  many q u e s t i o n s  have  b een  r a i s e d  by t h e  o b s e r v a t i o n  

t h a t  c e l l s  w i th  a d e f e c t  in  CL s y n t h e s i s  e x h i b i t  enhanced  

r e s i s t a n c e  to  DBP, a few a p p l i c a t i o n s  o f  t h i s  knowledge  a r e  

e v i d e n t .  DBP can  be  u se d  t o  s c r e e n  f o r  t h e  e l s  m u t a t i o n  

which  i s  o t h e r w i s e  s i l e n t .  T h i s  c o u ld  h e l p  one t o  s tu d y  th e  

r e g u l a t i o n  o f  e l s  gene  e x p r e s s i o n  or  e n a b l e  one t o  c l o n e  t h e  

e l s  g e n e .  In  a d d i t i o n ,  by r a i s i n g  t h e  l e v e l  o f  DBP i t  i s  

p o s s i b l e  to  have  c e l l s  c o n t i n u e  t o  d i v i d e  d e s p i t e  t h e  f a c t  

t h a t  t h e  membranes a r e  d e v o id  o f  CL and n e a r l y  d e v o id  o f  PG. 

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

c o m p le te  r e s i s t a n c e  t o  DBP. At DBP c o n c e n t r a t i o n s  g r e a t e r  

t h a n  1 mM, s t r a i n s  c a r r y i n g  t h e  e l s  m u t a t i o n  a r e  s t i l l  

c o m p l e t e l y  i n h i b i t e d  (F ig  1 1 ) .  N e v e r t h e l e s s ,  s t r a i n s  

h a r b o r i n g  t h e  e l s  m u t a t i o n  s h o u ld  be b e t t e r  s t a r t i n g  s t r a i n s  

t h a n  t h e  w i ld  t y p e  t o  i s o l a t e  m u ta n t s  r e s i s t a n t  t o  h ig h  

c o n c e n t r a t i o n s  o f  DBP. The a v a i l a b i l i t y  o f  such  m u ta n t s  

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

DBP a c t i o n .

\



Chart 1 Pedigrees of strains HW10, HWll, HW21, and HW22

H f r 3 0 0 0

H f r 3 0 0 0

X NK370

(X- . ) ---------1 --------► H f r 3 0 0 0  T e t r  p o o l
s e l e c t  T e t r

8 ( g l p R  g l p D ) -----------—--------------^  HW10 ( g l p R z h e : : T n l O )
s e l e c t  T e t r , i
G3P+ , a n d  g l p R P I

8 ( g l p R g l p D ) -------------------------- ► HW11 (g l p R g l p D  z h e :  : T n l O )
s e l e c t  T e t r , 
a n d  G3P~

HW11

L
( x ) iP

s e l e c t  T e t r , 
G3P , a n d  g l p R

>-HW21 (g l p R  g l p D  z h e : : T n l O  \  )

P I

s e l e c t  G3P'  
a n d  T e t s

->H W 22 (gJjoR *"



Chart 2 Pedigrees of strains HW31, HW35, HW36, HW41, HW42, and HW43

XNK370

HW22 ( X")   — ’ ------------ ► HW22 T e t r  p o o l
s e l e c t  T e t r  I

I P i
6 2 0 4  ( D b p r ) ——----------------- - >  6 2 0 4  T e t r  p o o l

s e l e c t  T e t

7 _ 1  ----------1 ----------- p. 7 - i  T e t r

'  i
p o o l

s e l e c t  T e t r  |
s e l e c t  D b p r

HW31. (g l p R D b p r  z c h : : T n l O ) .

HW31 ( g l p R  D b p r  z c h : : T n l O )

lP18 (g l p R g l p D ) ------------------- i ------►HW35 ( g l p R  g l p D  z c h :  : T n l O )
s e l e c t  T e t r , HW36 ( g l p R  g l p D  D b p r  z c h : : T n l O )  
a n d  D b p r

HW31 (g l p R  D b p r  z c h : : T n l O )

I P i
CSH62 ( H f r H ) ------------------- 1 ------ ^ 1 ^ 4 1  ( H f r H  z c h : : T n l O )
KL226 ( H f r C )  s e l e c t  T e t r  HW42 ( H f r C  z c h : : T n l O )
KL208 ( H f r B 7 )  HW43 ( H f r B 7  z c h : : T n l O )



Chart 3 Pedigrees of strains HW50, HW51, HW53, HW55, HW5G, HW60, QC104, and QC120

S 3 7 0

HW50

HW50

HW31 ( z c h : : T n l O )

(hemA t r p ) i i i — >
s e l e c t  T e t r

S 3 7 0  T e t r  p o o l -

8 (g l p R  g l p D)

s e l e c t  hemA 

8 ( g l p R  g l p D )

P I

s e l e c t  T e t r , 
a n d  T r p '

s e l e c t  T e t r , 
a n d  hemA

->-HW50 (g l p R g l p D  t r p  z c h : : T n l O )

> S 3 7 0  T e t r  hemA p o o l

HW60 (g l p R  g l p D hemA z c h : : T n l O )

S 3 7 0  T e t J

u-L  ►!

CT\O

6 2 0 4  ( D b p r ) 7

I P i  I P I
~-- ► HW51 ( g l p R g l p D  D b p r ) --- * ---------------► nw53 (g l p R D b p r )

s e l e c t  T r p  , s e l e c t  G3P
T e t s » a n d  D b p r

T1GP ( e l s )  7

1 “  1 i ______ w n r l n 4  ( n i n n  n l n n l  ________▼
P I

 ^ Q C 1 0 4  (g l p R g l p D) ------------X----------------- ►HW56 (g l p R )
s e l e c t  T r p + , QC120 ( g l p R  q l p D e l s  ) s e l e c t  G3P+ HW55 ( g l p R  e l s ) 
T e t s , a n d  e l s
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F i g u r e  1. L i s t  o f  g e n e t i c  m ark e r s  r e l e v a n t  t o  t h i s  s t u d y .

Gene Map
Symbol (min) Gene p r o d u c t  o r  p h e n o t y p i c  t r a i t

cds 4 C D P - d ig l y c e r i d e  s y n t h e t a s e
cdsS 68 s u p p r e s s o r  f o r  cds m u t a t i o n
e l s 27 c a r d i o l i p i n  s y n t h e t a s e
dgk 92 d i g l y c e r i d e  k i n a s e
f n r 29 r e g u l a t o r y  gene f o r  n i t r i t e  and  n i t r a t e  

r e d u c t a s e ,  h y d ro g e n a se
g a l 17 g a l a c t o s e  f e r m e n t a t i o n
glpA 49 a n a e r o b i c  G3P d e h y d ro g e n a s e
g i p D 75 a e r o b i c  G3P d e h y d ro g e n a s e
g ip F 88 f a c i l i t a t e d  d i f f u s i o n  o f  g l y c e r o l
gipK 88 g l y c e r o l  k i n a s e
glpQ 49 g l y c e r o p h o s p h o d i e s t e r a s e
glpR 75 r e g u l a t o r y  gene o f  g l p  r e g u l o n
g lpT 49 G3P pe rm ease
gpsA 81 b i o s y n t h e t i c  G3P d e h y d ro g e n a s e
hemA 27 6- a m i n o l e v u l i n a t e  s y n t h e t a s e
h i s 44 b i o s y n t h e s i s  o f  h i s t i d i n e
l a c 8 l a c t o s e  f e r m e n t a t i o n
l e u 2 b i o s y n t h e s i s  o f  l e u c i n e
pgpA 10 PGP p h o s p h a t a s e
pgpB 28 PGP p h o s p h a t a s e  a c t i v i t y
pgsA 42 PGP s y n t h e t a s e
pgsB 4 l i p o p o l y s a c c h a r i d e  s y n t h e s i s
p l sB 92 G3P a c y l t r a n s f e r a s e
Psd 95 PS d e c a r b o x y l a s e
p s s 56 PS s y n t h e t a s e
pssR 84 r e g u l a t o r y  gene o f  p s s  l o c u s
purE 12 b i o s y n t h e s i s  o f  a d e n in e
rpsL 73 r i b o s o m a l  p r o t e i n  S1 2 ; 

s t r e p t o m y c i n  r e s i s t a n c e
t h r 0 b i o s y n t h e s i s  o f  t h r e o n i n e
t r p 28 b i o s y n t h e s i s  o f  t r y p t o p h a n
ugpA 76 G3P t r a n s p o r t  sy s tem
uqpB 76 b i n d i n g  p r o t e i n  o f  G3P t r a n s p o r t  sy s te m
uhp 82 h e x o se  p h o s p h a t e  u t i l i z a t i o n  sy s te m

The o r i g i n  and d i r e c t i o n  o f  chromosome t r a n s f e r  by each  
o f  t h e  t h r e e  H f r  s t r a i n s  u se d  i n  c o n j u g a t i o n a l  mapping 
a r e  i n d i c a t e d  by t h e  a r row  h e a d s .
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FIG I
thr  l e upsd cds pqsB
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F i g u r e  2. G l y c e r o l  3 - p h o s p h a t e  m e ta b o l i s m  i n  E. c o l i

•OUTER MEMBRANE 

-INNER MEMBRANE-

f a c i l i t a t e d  
d i f f u s i o n ( g lp F ) 

g l y c e r o l ^ --------------------------- ► g ly c e r o l

g l y c e r o l  k i n a s e ( qlpK)

G3P«
p e r m e a s e ( g l p T )

-> G3P

ugp sys tem

g ly c e r o p h o s p h o -  
d i e s t e r a s e

(alEQ)

G3P0R

a e r o b ic  
deh y d ro g e n a se (g lpD)

anaerobic  
d e h yd rog en a se (glpA)

G3P s y n t h e t a s e ( qpsA)

DHAP

p h o s p h o l i p i d
s y n t h e s i s

CYTOPLASM

PERIPLASMIC SPACE

MEDIUM

DHAP: d i h y d r o x y a c e t o n e  p h o s p h a te  
G 3 P 0 R : g ly c e r o p h o s p h o d ie r t e r
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F i g u r e  3. B i o s y n t h e s i s  o f  membrane p h o s p h o l i p i d  i n  E. c o l i

G3P

f a t t y .
a c i d

G3P a c y l t r a n s f e r a s e  
(p l s B )

l y s o p h o s p h a t i d i c
a i c d

f a t t y
a c i d

PS s y n t h e t a s e /
(p s s ) J 4 - s e r i n e

PS

PS
d e c a r b o x y l a s e  

(p s d )
PE

C D P - d ig l y c e r i d e  
s y n t h e t a s e ( c d s )

CTP

C D P - d ig l y c e r i d e

PGP s y n t h e t a s e  
(pgsA)

PGP

d i a c y l g l y c e r i d e  
k i n a s e ( d q k )

d i a c y l g l y c e r i d e
▲

PGP p h o s p h a t a s e  
(pgpAB)

PG

CL s y n t h e t a s e  
( e l s )

CL

>  MDO



65

F i g u r e  4

E f f e c t  o f  DBP and DBP p l u s  d e o x y c h o l a t e  on t h e  

g ro w th  (A) and v i a b i l i t y  (B) o f  E.  c o l i  s t r a i n  7 - 1 .  

The b a c t e r i a  were  c u l t u r e d  i n  CH medium. At  t h e  t im e  

i n d i c a t e d  as  z e r o  i n  t h e  g r a p h ,  70 uM rac-DBP, 0.25% 

sod ium  d e o x y c h o l a t e ,  o r  b o t h  were  added  t o  growing 

b a c t e r i a l  c u l t u r e s .  DBP p l u s  d e o x y c h o l a t e ,  O  ? DBP 

a l o n e ,  □  ; and  u n t r e a t e d  c u l t u r e s ,  O • C u l t u r e s

t r e a t e d  w i t h  d e o x y c h o l a t e  a lo n e  b e h av e d  i d e n t i c a l l y  

t o  u n t r e a t e d  c u l t u r e s  ( d a t a  n o t  shown ) .



66

4A150

100
D

50

200 400
MINS



I o 8 CELLS/ML



6 8

F i g u r e  5

The e f f e c t  o f  c o l d  s t o r a g e  on t h e  v i a b i l i t y  o f  E. c o l i  

s t r a i n  7 -1  t h a t  h ad  b e en  c u l t u r e d  i n  CH medium i n  t h e  

p r e s e n c e  o f  100 uM rac-DBP f o r  1 h a t  37 °C. V i a b i l i t y  

i s  e x p r e s s e d  as  a r a t i o  o f  NQ ( v i a b i l i t y  on day 0) t o  

N ( v i a b i l i t y  on a g iv e n  day a f t e r  e x p o s u r e  t o  DBP). 

C u l t u r e  t r e a t e d  w i t h  DBP, ^  ; and u n t r e a t e d  c u l t u r e ,  q  •
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F i g u r e  6

The e f f e c t  o f  DBP-cold s t o r a g e  on t h e  v i a b i l i t y  o f  E. c o l i  

c e l l s  t h a t  had  b e e n  ex p o sed  p r e v i o u s l y  t o  t h e  same DBP-cold 

t r e a t m e n t .  C e l l s  were  c u l t u r e d  i n  CH medium i n  t h e  p r e s e n c e  

o f  100 uM rac-DBP f o r  1 h a t  37 °C b e f o r e  b e i n g  s t o r e d  a t  

5 °C.  V i a b i l i t y  i s  e x p r e s s e d  as  a r a t i o  o f  NQ ( v i a b i l i t y  

on day. 0) t o  N ( v i a b i l i t y  on a g i v e n  day a f t e r  e x p o s u r e  t o  

DBP). C e l l s  w h ich  w ere  e x p o sed  t o  t h e  DBP-cold  t r e a t m e n t  

f o r  t h e  s e c o n d  t i m e ,  □ ; f r e s h  c u l t u r e  t r e a t e d  w i t h  DBP, 0  ; 

and u n t r e a t e d  f r e s h  c u l t u r e ,  O •



LO
G 

N0
/N

71

0

2

4

6

5030
DAYS



72

F i g u r e  7

The e f f e c t  o f  c o l d  s t o r a g e  on t h e  v i a b i l i t y  o f  E. c o l i  

s t r a i n  6204 ( DBP r e s i s t a n t  m u ta n t  ) t h a t  h ad  b e en  

c u l t u r e d  i n  CH medium i n  t h e  p r e s e n c e  o f  100 uM rac-DBP 

f o r  1 h a t  37°C. V i a b i l i t i e s  a r e  e x p r e s s e d  as  a r a t i o  

o f  Nq ( v i a b i l i t y  on day 0 ) t o  N ( v i a b i l i t y  on a 

g i v e n  day a f t e r  e x p o s u r e  t o  DBP ) .  C u l t u r e  t r e a t e d  

w i t h  DBP, ■ ; and  u n t r e a t e d  c u l t u r e ,  9  .
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F i g u r e  8

The i n c o r p o r a t i o n  o f  [3-^H]-DBP i n t o  t h e  c h l o r o f o r m - e x t r a c t a b l e  

f r a c t i o n  o f  E,. c o l i  s t r a i n s  7 - 1 ,  6204,  and HW55. At e a r l y  lo g  

p h a s e  (15-20 KU), 1 uCi o f  [3-^H]-DBP ( sp .  a c t .  30 uC i /um ole )  

was added t o  1 ml o f  c e l l s  and  t h e  c u l t u r e  i n c u b a t e d  f o r  1 h 

a t  3 7 °C. T o t a l  l i p i d  from 0 .9  ml a l i q u o t  was e x t r a c t e d  and 

r a d i o a c t i v i t y  m ea su re d  as  d e s c r i b e d  i n  M a t e r i a l s  and Methods 

s e c t i o n .  S t r a i n  7 - 1 ,  O ; s t r a i n  6204,  A ; and  s t r a i n  HW55, □ .
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F i g u r e  9

The i n c o r p o r a t i o n  o f  [3-^H]-DBP i n t o  t h e  m a c r o m o l e c u l a r  f r a c t i o n  

o f  E. c o l i  s t r a i n s  7 - 1 ,  6204, and  HW55. At e a r l y  l o g  p h a se  

(15-20 KU), 1 uCi o f  [3-^H]-DBP ( s p .  a c t .  30 u C i /u m o le )  was 

added  t o  1 ml o f  c e l l s  and t h e  c u l t u r e  i n c u b a t e d  f o r  1 h a t  

37 °C. 0 . 1  ml a l i q u o t  o f  l a b e l e d  c u l t u r e  was washed  w i t h

t r i c h l o r o a c e t i c  a c i d  and r a d i o a c t i v i t y  m e a su re d  a s  d e s c r i b e d  

i n  M a t e r i a l s  and Methods s e c t i o n .  S t r a i n  7 - 1 ,  O ; s t r a i n  6204, 

A ; and s t r a i n  HW55, □  .
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F ig u re  10

The e f f e c t  o f  a l k a l i n e  pH on t h e  g ro w th  o f  E . c o l i  s t r a i n s  7-1  

6204, and HW31. C e l l s  c u l t u r e d  i n  CH medium (pH 7 .4 )  were  

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

o r i g i n a l  volume o f  CH medium (pH 7 . 4 ) .  The r e s u s p e n d e d  c e l l s  

were  t h e n  i n o c u l a t e  i n t o  10 ml o f  pH 7 .4  and pH 8 . 8  CH medium 

The g row th  o f  c e l l s  was m o n i to r e d  as  p r e v i o u s l y  d e s c r i b e d  

( 9 1 , 9 4 ) .  S t r a i n  7 -1  a t  pH 8 . 8 , ®  ; S t r a i n  6204 a t  pH 8 . 8 , ®  

and s t r a i n  HW31 a t  pH 8 . 8 , A . C e l l s  c u l t u r e d  a t  pH 7 .4  

b ehaved  i d e n t i c a l l y  t o  e ac h  o t h e r ,  shown as  O •
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F i g u r e  11

The e f f e c t  o f  1 mM rac-DBP on t h e  g ro w th  o f  s t r a i n s  7 -1 ,  and 

6204. The b a c t e r i a  w e re  c u l t u r e d  i n  CH medium a t  t h e  t im e  

i n d i c a t e d  as  z e ro  i n  t h e  g r a p h ,  1 mM rac-DBP was add ed  t o  

g row ing  b a c t e r i a l  c u l t u r e s .  S t r a i n  7-1  t r e a t e d  w i t h  DBP, $  ; 

s t r a i n  7 -1  u n t r e a t e d ,  o  ? s t r a i n  6204 t r e a t e d  w i t h  .DBP, g  ; 

s t r a i n  6204 u n t r e a t e d ,  □ .
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F i g u r e  12

E f f e c t  o f  DBP and  DBP p l u s  d e o x y c h o l a t e  on t h e  g row th

(A) and v i a b i l i t y  (B) o f  El .  c o l i  s t r a i n  6204 ( DBP 

r e s i s t a n t  m u ta n t  ) .  The b a c t e r i a  w ere  c u l t u r e d  i n  CH 

medium. At  t h e  t im e  i n d i c a t e d  as  z e r o  i n  t h e  g r a p h ,

70 uM rac-DBP, 0.25% sodium d e o x y c h o l a t e ,  o r  b o th  

w ere  added  t o  g ro w in g  b a c t e r i a l  c u l t u r e s .  DBP p l u s  

d e o x y c h o l a t e ,  ^  ; DBP a l o n e ,  ■ ; and  u n t r e a t e d  c u l t u r e s ,  

•  . C u l t u r e s  t r e a t e d  w i t h  d e o x y c h o l a t e  a l o n e  b e h av e d  

i d e n t i c a l l y  t o  u n t r e a t e d  c u l t u r e s  ( d a t a  n o t  show n) .
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F i g u r e  13

E f f e c t  o f  70 uM rac-DBP on t h e  g row th  (A) and v i a b i l i t y

(B) o f  E.. c o l i  s t r a i n  7-1  and s t r a i n  6204 ( DBP r e s i s t a n t  

s t r a i n  ) i n  GL medium c o n t a i n i n g  g l u c u r o n a t e  as  t h e  s o l e  

c a r b o n  s o u r c e .  DBP was added  t o  g row ing  c e l l s  a t  t h e  

t im e  i n d i c a t e d  as  z e ro  on t h e  g r a p h .  S t r a i n  7-1  t r e a t e d  

w i t h  DBP, □  ; u n t r e a t e d  s t r a i n  7 - 1 ,  O ; s t r a i n  6204 

t r e a t e d  w i t h  DBP, ■ ; and u n t r e a t e d  s t r a i n  6204,  #  .
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F i g u r e  14

The e f f e c t  o f  300 uM rac-DBP on t h e  g ro w th  o f  .E. c o l i  s t r a i n s  

HW35 and HW36 i n  GL medium c o n t a i n i n g  s u c c i n a t e  as  t h e  s o l e  

c a r b o n  s o u r c e .  DBP was added t o  g row ing  c e l l s  a t  t h e  t im e  

i n d i c a t e d  a s  z e ro  on t h e  g r a p h .  S t r a i n  HW35 t r e a t e d  w i t h  DBP, 

■ ; s t r a i n  HW35 u n t r e a t e d ,  □ . S t r a i n  HW36 t r e a t e d  w i t h  DBP, 

9  ; s t r a i n  HW36 u n t r e a t e d ,  O •
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F i g u r e  15

The e f f e c t  o f  100 uM rac-DBP on t h e  g ro w th  o f  E_. c o l i  s t r a i n s  

HW35 and HW36 i n  GL medium c o n t a i n i n g  g l u c u r o n a t e  a s  t h e  s o l e  

c a r b o n  s o u r c e .  DBP was added  t o  g row ing  c e l l s  a t  t h e  t im e  

i n d i c a t e d  as  z e r o  on t h e  g r a p h .  S t r a i n  HW35 t r e a t e d  w i t h  DBP, 

% ; s t r a i n  HW35 u n t r e a t e d ,  q  . S t r a i n  HW36 t r e a t e d  w i t h  DBP, 

■ ; s t r a i n  HW36 u n t r e a t e d ,  □ .
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F i g u r e  16

The l o c a t i o n  and l i n k a g e  o f  D B P - r e s i s t a n c e  (A) and  

e l s  (B) i n  r e l a t i o n  t o  o t h e r  m ark e r s  i n  t h e  26 -2  7 

min map r e g i o n  o f  t h e  J3. c o l i  chromosome.

The f i g u r e  sum m arizes  t h e  d a t a  o b t a i n e d  from t h e  

t r a n s d u c t i o n a l  a n a l y s i s  p r e s e n t e d  i n  T a b l e s  7 and  

8 . R e f e r  t o  F i g  1 f o r  t h e  p o s i t i o n s  o f  t r p  and hemA 

r e l a t i v e  t o  o t h e r  g e n e t i c  m a r k e r s .
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F i g u r e  17

P h o s p h o l i p i d  p r o f i l e s  o f  s t r a i n  7-1  (e l s ' 1') , 6204 

(Dbpr ) , and HW55 (e l s ) . L i p i d s  were  i s o l a t e d  from 

5 ml o f  l a t e  l o g  p h a se  c u l t u r e s ,  l a b e l e d  w i t h  1 uCi 

p e r  ml o f  [ 1 - ^ C ] - a c e t a t e  ( sp .  a c t .  500 u C i /u m o le )  

f o r  1 a t  37 °C as  d e s c r i b e d  i n  t h e  M a t e r i a l s  and 

Methods s e c t i o n .  A f t e r  t h e  l i p i d s  were  s p o t t e d  on 

s i l i c a  g e l  l o a d e d  p a p e r  (Whatman SG81), t h e  

chrom atogram  was d e v e lo p e d  w i t h  a c h l o r o f o r m :  

m e th a n o l :  a c e t i c  a c i d  ( 6 5 :2 5 :8 )  s o l v e n t  s y s te m .  The 

r a d i o a c t i v e  l i p i d s  were  d e t e c t e d  u s i n g  a P a c k a r d  

Chromatogram S c a n n e r .  The a b b r e v i a t i o n  SF i n d i c a t e s  

t h e  s o l v e n t  f r o n t .
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F i g u r e  18

The e f f e c t  o f  s t o r a g e  a t  5°C on t h e  v i a b i l i t y  o f  E. c o l i  

s t r a i n  HW55 ( e l s  ) t h a t  had  b e e n  c u l t u r e d  i n  CH medium 

c o n t a i n i n g  10 0 uM rac-DBP f o r  1 h a t  3 7°C. The v i a b i l i t y  

i s  e x p r e s s e d  as  t h e  r a t i o  o f  NQ ( v i a b i l i t y  on day 0 ) t o  

N ( v i a b i l i t y  on a  g i v e n  day a f t e r  e x p o s u r e  t o  DBP ) .  

C u l t u r e  t r e a t e d  w i t h  DBP, □ ; and u n t r e a t e d  c u l t u r e ,  £  .
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F i g u r e  19

The e f f e c t  o f  DBP and DBP p l u s  sodium d e o x y c h o l a t e  on 

t h e  g row th  (A) and  v i a b i l i t y  (B) o f  E_. c o l i  s t r a i n s  

HW55 ( e l s  ) and HW56 ( c l s + ) .  The b a c t e r i a  were  

c u l t u r e d  i n  CH medium. At t h e  t im e  i n d i c a t e d  as  z e ro  

i n  t h e  g r a p h ,  70 uM rac-DBP, 0.25% sod ium  d e o x y c h o l a t e ,  

o r  b o t h  w ere  added  t o  g ro w in g  b a c t e r i a l  c u l t u r e s .

S t r a i n  HW55 t r e a t e d  w i t h  DBP, B ; s t r a i n  HW55 t r e a t e d  

w i t h  DBP p l u s  d e o x y c h o l a t e ,  ♦  ; and s t r a i n  HW55 

u n t r e a t e d ,  9  . S t r a i n  HW56 t r e a t e d  w i t h  DBP, □ ; 

s t r a i n  HW56 t r e a t e d  w i t h  DBP p l u s  d e o x y c h o l a t e , O  ; 

and s t r a i n  HW56 u n t r e a t e d ,  O • I n  e i t h e r  s t r a i n ,  

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

i d e n t i c a l l y  t o  u n t r e a t e d  c u l t u r e s  ( d a t a  n o t  sh o w n ) .
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F i g u r e  20

The e f f e c t  o f  70 uM rac-DBP on t h e  g row th  (A) and 

v i a b i l i t y  (B) o f  E_. c o l i  s t r a i n s  HW55 ( e l s  ) and 

HW56 ( c l s + ) i n  GL medium c o n t a i n i n g  g l u c u r o n a t e  

as  t h e  s o l e  c a r b o n  s o u r c e .  DBP was added  t o  g rowing  

c e l l s  a t  t h e  t im e  i n d i c a t e d  as  z e r o  on t h e  g r a p h .  

S t r a i n  HW55 t r e a t e d  w i t h  DBP, □ ; s t r a i n  HW55 

u n t r e a t e d ,  O ; s t r a i n  HW56 t r e a t e d  w i t h  DBP, ■ ; and 

s t r a i n  HW56 u n t r e a t e d ,  $  .
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F i g u r e  21

P h o s p h o l i p i d  p r o f i l e s  o f  s t r a i n  7 -1  (c l s + ) ,  6204 (Dbpr ) , and 

HW55 (e l s ) upon DBP t r e a t m e n t .  C e l l s  (5 ml eac h )  were  t r e a t e d  

w i t h  30 uM rac-DBP f o r  20 min p r i o r  t o  t h e  a d d i t i o n  o f  1 uCi 

p e r  ml o f  [ l - 1 ^ C ] - A c e t a t e  ( sp .  a c t .  500 u C i / u  mole)  f o r  1 h a t  

37°C. L i p i d s  w ere  i s o l a t e d  and s e p a r a t e d  on Whatman SG 81 

p a p e r  as  d e s c r i b e d  i n  F ig  17. The r a d i o a c t i v e  l i p i d s  w ere  

d e t e c t e d  u s i n g  a P a c k a r d  Chromatogram S c a n n e r .  The a b b r e v i a t i o n  

SF i n d i c a t e s  t h e  s o l v e n t  f r o n t .
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F i g u r e  22

The e f f e c t  o f  DBP p l u s  magnesium c h l o r i d e  on t h e  

g rowth o f  E_. c o l i  s t r a i n s  HW55 (A) and HW56 (B) .

The b a c t e r i a  were  c u l t u r e d  i n  CH medium. At  t h e  

t ime  i n d i c a t e d  a s  z e r o  on t h e  g r a p h ,  70 uM rac-DBP,  

20 mM magnesium c h l o r i d e ,  o r  b o t h  we re  added  t o  

t h e  g rowing  b a c t e r i a l  c u l t u r e s .  S t r a i n  HW55 w i t h  

DBP and magnesium c h l o r i d e ,  ♦  ; s t r a i n  HW55 w i t h  

DBP, ■ ; s t r a i n  HW55 u n t r e a t e d ,  £  ; s t r a i n  HW56 

w i t h  DBP and magnesium c h l o r i d e ,  O  ; s t r a i n  HW56 

w i t h  DBP, □  ; and s t r a i n  HW56 u n t r e a t e d ,  Q  .
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F i g u r e  2 3

The e f f e c t  o f  DBP p l u s  c a l c i u m  c h l o r i d e  on t h e  growth o f  E. c o l i  

s t r a i n s  HW55 (A) and HW56 ( B ) . The b a c t e r i a  were  c u l t u r e d  i n  

CH medium. At  t h e  t i m e  i n d i c a t e d  as  z e r o  on t h e  g r a p h ,  70 uM 

rac-DBP,  20 mM c a l c i u m  c h l o r i d e ,  o r  b o t h  we re  added t o  t h e  

g rowing  b a c t e r i a l  c u l t u r e s .  S t r a i n  HW55 w i t h  DBP p l u s  c a l c i u m  

c h l o r i d e ,  +  ; s t r a i n  HW55 w i t h  DBP a l o n e , ®  ; s t r a i n  HW55 

u n t r e a t e d ,  ® . S t r a i n  HW56 w i t h  DBP p l u s  c a l c i u m  c h l o r i d e ,

O ; s t r a i n  HW56 w i t h  DBP a l o n e ,  □ ; s t r a i n  HW56 u n t r e a t e d ,  O .
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T a b l e  1

B a c t e r i a l
s t r a i n

7

7-T

7-1

8

6204

CSH57

CSH62

KL226

KL208

LE392

R477

S370

T1GP

Hfr3000

HW10

HW11

HW21

HW22

B a c t e r i a l  and v i r a l  s t r a i n s

R e l e v a n t  p r o p e r t i e s  

HfrC q l p R 

s t r a i n  7 glpT 

s t r a i n  7 uhpR 

s t r a i n  7 q l p R qlpD
. ITs t r a i n  7-1 Dbp

F“ l e u  purE lacY t r p  h i s  
arcjG i l v  met  A rp sL

HfrH

HfrC

HfrB7

F-  s u p F supE h s d R galK 
t r p R metB lacY

Sou rce  o r  R e f e r e n c e  

E. C. C. L in  (22) 

Th i s  s t u d y  

Th is  l a b o r a t o r y  (8 8) 

E. C. C. L in  (22) 

T h i s  s t u d y  

( 101)

( 101 )

CGSC*

KL226

(106)

F“ t h r l  l e u 6 h i s 4 l a c  r p s L 136 Rae t z  (80)

F“ pu rB 51 hemA30 t r p 45 h i s 68 
t y r A 2 p y r 65 l a c Y l  r p s L 125

F-  i l v  met  l a c l  e l s

HfrH X-

HfrC z h e : : T n l 0  g l p R 

HfrC z h e : : T n l 0  g l p R qlpD 

HfrH z h e : : T n l 0  g lpR  hlpD 

HfrH glpR X-

CGSC

P. O v e r a t h  (72) 

CGSC*

T h i s  s t u d y  

T h i s  s t u d y  

T h i s  s t u d y  

T h i s  s t u d y
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HW31 

HW35 

HW36 

HW41 

HW4 2 

HW43 

HW50

HW51

HW53

HW55

HW56

HW60

QC104

QC120

P l v i r

Lambda

T a b l e  1 ( c o n t . )

HfrC z c h : :T n l O  g l p R Dbpr  T h i s  s t u d y

HfrC z c h : :T n l O  g lpR g l p D T h i s  s t u d y

HfrC z c h : :T n l O  glpR glpD Dbpr  Th i s  s t u d y

CSH62 z c h : :T n l O T h i s s t u d y

KL226 z c h : :T n l O T h i s s t u d y

KL208 z ch : :T n l O T h i s s t u d y

HfrC g lpR glpD t r p 4 5  
z c h : :T n l O

T h i s s t u d y

HfrC g lpR glpD Dbpr T h i s s t ud y

Hf r  g lpR Dbpr T h i s s t u d y

HfrC g lpR e l s T h i s s t u d y

HfrC glpR T h i s s t u d y

HfrC g lpR glpD hemA30 
z c h : : TnlO

T h i s s t u d y

HfrC g lpR glpD T h i s s t u d y

HfrC g lpR glpD e l s T h i s s t u d y

V i r a l  s t r a i n s

o b t a i n e d  f rom W. Maas,  NYU M e d i ca l  Scho o l

NK370 b221 c l8 5 7  c I 1 7 1 : : T n l O  ouga261
B o t s t e i n  s t r a i n  o b t a i n e d  t h r o u g h  W. D. Nunn,  
U n i v e r s i t y  o f  C a l i f o r n i a ,  I r v i n e ,  CA.

*CGSC, E. c o l i  G e n e t i c  S t o c k  C e n t e r ,  Ya l e  U n i v e r s i t y ,  
New Haven,  Conn.
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T a b l e  2

The t r a n s p o r t  a s s a y  was p e r f o r m e d  a s  d e s c r i b e d  i n  

M a t e r i a l s  and  Me thods .  The a s s a y  m i x t u r e  c o n t a i n e d  

30 uM rac-DBP ( s p .  a c t .  30 uC i /u m o l e  ) .  S t r a i n  

7-T was i s o l a t e d  as  a s p o n t a n e o u s  m u ta n t  r e s i s t a n t  

t o  2 mM DBP.
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Ta b l e  2

DBP t r a n s p o r t  i n  v a r i o u s  s t r a i n s

S t r a i n  Time
2 min 5 min

7 - 1  8,165 cpm 21,289  cpm

6204 8 ,088 cpm 2 0 ,5  49 cpm

Hfr3000 965 cpm 2 ,410 cpm

7-T 6 77 cpm 904 cpm
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T a b l e  3

C e l l s  were  c u l t u r e d  i n  CH medium. At  20 K l e t t  U n i t s ,

0 . 04  uCi o f  [ 1 - 1^C] - a c e t a t e  ( sp .  a c t .  2 . 5  uCi /umo le)  

was added  t o  1 ml o f  c e l l s  and t h e  c u l t u r e  i n c u b a t e d  

f o r  1 h  a t  37 °C.  rac-DBP,  a t  a f i n a l  c o n c e n t r a t i o n  

o f  30 uM was added  20 min p r i o r  t o  t h e  a d d i t i o n  o f  

l a b e l e d  a c e t a t e .  T o t a l  l i p i d  was e x t r a c t e d  and t h e  

r a d i o a c t i v i t y  m ea su r e d  a s  d e s c r i b e d  i n  t h e  M a t e r i a l s  

and Methods s e c t i o n .
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S t r a i n

7 -1

6204

T ab l e  3

I n h i b i t i o n  o f  t o t a l  l i p i d  s y n t h e s i s  by DBP

r14C 1 - A c e t a t e  f - A c e t a t e

16 ,224  cpm 2 ,679

17 ,1 07  cpm 3 ,087

+ DBP

cpm

cpm
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Tab l e  4

A p p a r e n t  Km and  Ki v a l u e s  o f  PGP and G3P s y n t h e t a s e s .  PGP 

s y n t h e t a s e  and G3P s y n t h e t a s e  were  a s s a y e d  as  d e s c r i b e d  

i n  t h e  M a t e r i a l s  and Methods .  DHAP, d i h y d r o x y a c e t o n e  

p h o s p h a t e .
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Tab le  4

A p p a r e n t  Km and Ki v a l u e s  o f  PGP and G3P s y n t h e t a s e

PGP s y n t h e t a s e G3P s y n t h e t a s e

7 -1 6204 7-1 6204

G3P Km (mM) 0. 095 0 .090 ------ -----

DBP Km (mM) 0.500 0 . 500 ------ -----

DHAP Km (mM) ------ ----- 0.160 0. 160

DBP Ki (mM) 0, 780 0 .800 0 .060 0.060
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Table  5

A n t i b i o t i c  s u s c e p t i b i l i t y  o f  s t r a i n  7 - 1 ,  6204, and HW31.

To measure a n t i b i o t i c  s e n s i t i v i t y ,  0 .5  ml o f  c e l l s  a t  

d e n s i t y  o f  100 KU were d i s t r i b u t e d  e v e n ly  over  the  s u r f a c e  

o f  an L p l a t e .  A n t i b i o t i c  d i s k s  were then p la c e d  on top  

o f  the  p l a t e s  which were in c u b a ted  a t  3 7 °C o v e r n ig h t .

The d iam eter  o f  the  c l e a r  i n h i b i t o r y  zones were measured 

w ith  a m e tr ic  r u l e r  and i n d i c a t e d  in  m i l l i m e t e r .  A dash 

means t h a t  no i n h i b i t o r y  zone was o b served .
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Table  5 

A n t i b i o t i c  s u s c e p t i b i l i t y

potency  s t r a i n s
a n t i b i o t i c per  d i sk 5!2 6204 HW31

Amikacin 30 ug 20 25 25

A m p i c i l l i n 10 ug 20 20 20

B a c i t r a c i n 10 U - - -

C a r b e n i c i l l i n 100 ug 17 18 18

C e f o x i n t i n 30 ug 14 15 15

C eph alo th in 30 ug 15 18 18

Clindamycin 2 ug - - -

Erythromycin 15 ug 13 14 14

Gentamycin 10 ug 18 22 22

Kanamycin 30 ug 18 20 20

Neomycin 30 ug 12 14 14

N ovob ioc in 30 ug 8 11 11

Olendomycin 2 ug - - -

P e n i c i l l i n 10 U - - -

Polymyxin B 300 U 16 16 16

Rifampin 15 ug 10 15 15

Tobramycin 10 ug 18 22 22



T a b le  6

C o n ju g a t io n a l  mapping was performed as d e s c r i b e d  in  the  

M a te r ia l s  and Methods s e c t i o n .  Hfr and F~ s t r a i n s  a t  

m id - lo g  phase (30 KU) were mixed in  a r a t i o  1:20 fo r  

60 min a t  37 °C. A f t e r  proper d i l u t i o n ,  th e  recombinants  

were s e l e c t e d  on medium c o n t a i n i n g  100 ug per  ml o f  

s t r e p t o m y c in .  I n d i v i d u a l  c o l o n i e s  w i th  the  s e l e c t e d  

phenotype were then  t e s t e d  f o r  the  u n s e l e c t e d  markers.

A dash e i t h e r  means t h a t  the  marker was n o t  t e s t e d  or  

i s  n o t  a p p l i c a b l e .
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Table 6

C o n ju q a t io n a l  mapping the  l o c a t i o n  o f  TnlO

s e l e c t e d  % o f  c o i n h e r i t a n c e  o f
Donor R e c i p i e n t  marker u n s e l e c t e d  markers

th r + l e u + l a c + pur+ g a l + h i s + Tet

HW41 R477 l e u + -  -  32 -  -  1 5
(HfrH)

HW42 R477 l e u + 64 -  -  -  -  0 0
(HfrC)

HW43 CSH57 t r p + -  12 32 39 39 -  94
(HfrB7)



T a b le  7

3T sA P l v i r  l y s a t e  o f  s t r a i n  6204 ( Dbp Tet trp  ) was used to  

t ra n sd u c e  s t r a i n s  HW50 ( Dbps T e t r trp  ) and HW60 ( Dbps T e t r 

hemA ) .  Tryptophan independent  c o l o n i e s  s e l e c t e d  from the  

former t r a n s d u c t io n  and 6 - a m i n o l e v u l i n i c  a c id  independent  

c o l o n i e s  s e l e c t e d  from the  l a t t e r ,  were p u r i f i e d  and sc o re d  

f o r  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  and DBP.
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Table  7

T h r e e - f a c t o r  a n a ly s e s  o f  hemA, Dbpr f zch ::T nlO ,  and trp

by P l v i r  t r a n s d u c t i o n

s e l e c t e d  u n s e l e c t e d  Number o f  c o -  
Cross Donor R e c i p i e n t  marker markers t r a n s d u c t a n t s

1 6204 HW50 tr p + T e t r Dbpr 3

T e t s Dbpr 6 0

T e t S DbpS 43

T e t r Dbps 8

2 6204 HW60 hemA+ T e t r Dbpr 35

T e t s Dbpr 2 3

T e t s Dbps 4

T e t r Dbps 4 8



126

■ Table  8

SPI v i r  l y s a t e s  o f  s t r a i n s  HW55 ( e l s  T-et trp  ) and 

HW56 ( c l s + T e t s t r p + ) were used t o  tran sd u ce  s t r a i n  

HW50. Tryptophan independent  t r a n s d u c t a n t s  were  

s e l e c t e d ,  p u r i f i e d ,  and sc o r e d  f o r  t h e i r  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  and DBP. I t  sh o u ld  be noted  t h a t  

the  e l s  m utat ion  was s c o r e d  on th e  b a s i s  o f  DBP 

r e s i s t a n c e .
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Table  8

T h r e e - f a c t o r  a n a l y s e s  o f  e l s ,  zch::TnlO, and 

trp  by P l v i r  t r a n s d u c t io n

s e l e c t e d  u n s e l e c t e d  Number o f  c o -  
Cross Donor R e c i p i e n t  marker markers t r a n s d u c t a n t s

1 HW55 HW50 t r p + T e t r Dbpr 6

T e t s Dbpr 55

T e t s Dbps 59

T e t r Dbps 5

2 HW5G HW50 t r p + T e tr Dbpr 0

T e ts Dbpr 0

T e t s Dbps 101

T e t r DbpS 9
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Table 9

F ive  ml o f  e a r l y  lo g  phase c u l t u r e s  in  CH medium o f  

each s t r a i n  was in c u b a ted  w i th  [ 1 - 1 4 c ] - a c e t a t e  (500 

uCi/umole  f o r  1 h a t  37°C. In the  exper im en ts  

i n v o l v i n g  DBP t r e a t m e n t ,  th e  c e l l s  were p r e t r e a t e d  

w ith  30 uM rac-DBP f o r  20 min p r i o r  t o  the  a d d i t io n  

o f  l a b e l e d  a c e t a t e .  The l i p i d s  were i s o l a t e d  and 

ana lyzed  as i n d i c a t e d  in  the  Legend t o  F ig  17. The 

c o n c e n t r a t i o n s  o f  the  i n d i v i d u a l  p h o s p h o g ly c e r id e s  

were c a l c u l a t e d  from the  areas  in  th e  r a d io sc a n  o f  

the  chromatogram. The n o t a t i o n ,  nd i n d i c a t e s  t h a t  

the  c a r d i o l i p i n  l e v e l  was not  d e t e c t a b l e  by t h i s  

method. PGP a n a log ,  which appeared on the  o r i g i n  o f  

the  chromatogram, was n o t  in c lu d e d  in  the  c a l c u l a t i o n .
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Table  9

P h o sp h o g ly c er id e  a n a l y s i s  o f  s t r a i n s  HW53 ,HW55, and 

HW56 c u l t u r e d  in  the  p r e s e n c e  or absence  o f  DBP

S t r a i n  DBP P erce n ta g e  T o t a l  l i p i d s
(cpm/ml c e l l s )

PE PG CL

HW5 3
(Dbpr ) -  75 25 nd 73 ,950

+ 89 11 nd 17 ,370

HW55 -  74 26 nd 74 ,050
(e l s )

+ 89 11 nd 16 ,290

HW56, 73 20 7 71,170
( e l s  )

+ 7 8  8 14 14 ,230
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