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The bac te r iophage  f l  major  coa t  p r o t e i n  becomes assoc ia ted  w i t h  
t h e  hos t  c e l l  i n n e r  membrane ve ry  s h o r t l y  a f t e r  i t  i s  synthe-  
s i zed .  Pulse-chase exper iments suggest t h a t  t h e  v i r u s  i s  never 
s t a b l y  assoc ia ted  w i t h  the  hos t  c e l l  o u t e r  membrane; we propose 
t h a t  i t  passes d i r e c t l y  f rom t h e  i n n e r  membrane t o  t h e  growth 
medium. 

1 I INTRODUCTION 

Escherichia coZi i n f e c t e d  w i t h  t h e  f i l amen tous  f l - t y p e  bacter iophage c o n t i n u e  
t o  d i v i d e  e x p o n e n t i a l l y  a t  a s lower  r a t e  than  u n i n f e c t e d  c e l l s  w h i l e  p roduc ing  
and e x c r e t i n g  seve ra l  hundred new phage pe r  c e l l  g e n e r a t i o n  ( I ) .  I n f e c t i o u s  
phage cannot be found i n s i d e  t h e  i n f e c t e d  c e l l s  (2-3) and i t  i s  l i k e l y  t h a t  
newly formed phage a r e  expor ted  q u i c k l y  f rom t h e  c e l l  ( 4 ) .  
s tudy  o f  t h i s  un ique mode o f  b a c t e r i a l  v i r u s  r e p l i c a t i o n  a method was developed 
t o  f o l l o w  t h e  s y n t h e s i s  and f a t e  o f  t h e  major  f l  coa t  p r o t e i n  i n  normal un- 
i r r a d i a t e d  f l  i n f e c t e d  c e l l s  ( 5 ) .  T h i s  technique was used t o  show t h a t  a f t e r  
a l a g  o f  about 1 min a t  37" newly syn thes i zed  phage coa t  r a p i d l y  d isappears 
f rom t h e  c e l l  and appears i n  t h e  growth medium; t h e  h a l f  t i m e  f o r  t h e  excre-  
t i o n  a t  37" i s  3 1/2 min ( 5 ) .  The p resen t  s tudy  was undertaken t o  determine 
t h e  l o c a t i o n  o f  t h e  f l  coat  p r o t e i n  immediately a f t e r  i t s  s y n t h e s i s .  

To f a c i l i t a t e  t h e  

2, RESULTS 

Non-permissive E. c o l i  K38 was grown i n  M 9  medium supplemented w i t h  0.4% 
g lucose  and 19 amino a c i d s ,  each a t  20 ug pe r  m l  w i t h  l y s i n e  o m i t t e d  ( 5 ) .  The 
c u l t u r e  was s p I i t  i n t o  a l i q u o t s  o f  20 m i .  F r a c t i o n  I remained u n i n f e c t e d .  
F r a c t i o n  I I  was i n f e c t e d  w i t h  w i l d  t y p e  f l  and f r a c t i o n  I l l  was i n f e c t e d  w i t h  
an amber mutant i n  gene l ( R 2 ) .  Twen ty - f i ve  min a f t e r  t h e  t ime  o f  i n f e c t i o n  
each c u l t u r e  was labe led  f o r  1 min w i t h  2 pCi o f  [ 14C] l ys ine .  Ten m l  o f  each 
c u l t u r e  was p r e c i p i t a t e d  w i t h  t r i c h l o r o a c e t i c  a c i d  and assayed f o r  t h e  major  
f l  coa t  p r o t e i n  p e p t i d e .  The remain ing 10 m l  was q u i c k l y  coo led  and c e n t r i -  
fuged. The p e l l e t e d  c e l l s  were suspended i n  10 mM Tris.HC1-20% sucrose o f  
pH 7.4,  spherop las ted  acco rd ing  t o  t h e  method o f  B i r d s e l l  and Cota-Robles ( 6 )  
and son ica ted  a t  0' f o r  30 second i n t e r v a l s  u n t i l  c l e a r i n g  occu r red .  The 
s o n i c a t e  was laye red  ove r  a s h e l f  o f  10% sucrose and c e n t r i f u g e d  a t  1000 x g 
f o r  30 rnin. T h i s  removed unbroken c e l l s  and l a r g e  d e b r i s  which were assayed 
f o r  t h e i r  c o n t e n t  o f  t he  major  f l  coat  p r o t e i n .  The supernatant  f r a c t i o n  
was t r e a t e d  w i t h  RNase (10 pg pe r  m l )  f o r  20 min a t  room temperature and then 
c e n t r i f u g e d  a t  250,000 x g f o r  2 h r .  
were p r e c i p i t a t e d  w i t h  t r i c h l o r o a c e t i c  a c i d  and assayed f o r  t h e i r  c o n t e n t  o f  
t h e  N- terminal  t r y p t i c  p e p t i d e  of t he  ma jo r  f l  coa t  p r o t e i n .  The r e s u l t s  i n  

The p e l l e t s  and supernatant  f r a c t i o n s  
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TABLE 1 

Location of the  major f l  coat protein i n  cuZtures of E. c o l i  K38 
infected with w i l d  type fl and an amber mutant in gene 1 f R 2 )  

i n c o r p o r a t i o n  o f  L - l y s i n e  i n t o  a c i d  i n s o l u b l e  m a t e r i a l  
(counts p e r  min) 

Tota 1 H igh speed 
i n c o r p o r a t i o n  supernatant  Pel l e t  

I .  u n i n f e c t e d  1,669,000 953,000 403,000 
I I .  f l  1,654,000 820,000 417,000 

I l l .  R2 1 ,166,000 748,000 409,000 

D i s t r i b u t i o n  o f  t h e  N- te rm ina l  t r y p t i c  p e p t i d e  o f  
t h e  major  f l  coa t  p r o t e i n  

(counts per  min) 
~~~~~ ~ ~~ 

Supernatant Growth Unbroken 
Tota 1 s o l u t i o n  P e l l e t  medium c e l l s  

I . u n i n f e c t e d  12,210 8,975 2,590 236 1,524 
1 1 .  f l  30,630 9,229 28,400 576 14,720 

I l l .  R2 25,850 8,872 21,050 237 8,828 

Table 1 show t h a t  most o f  t h e  r a d i o a c t i v i t y  i n  the  N- terminal  t r y p t i c  p e p t i d e  
o f  t h e  major  f l  coa t  p r o t e i n  can be recovered i n  t h e  h i g h  speed p e l l e t .  T h i s  
i s  a l s o  t r u e  i f  t h e  f l  i n f e c t e d  c e l l s  a r e  l abe led  f o r  10, 20, 30 o r  60 seconds. 
Since t h e r e  i s  a 60 second i n t e r v a l  between t h e  s y n t h e s i s  o f  phage coat  and 
i t s  appearance i n  t h e  growth medium, phage coa t  p r o t e i n  i n  the  h i g h  speed p e l -  
l e t  does n o t  rep resen t  exc re ted  phage. Since no phage can be found i n s i d e  
t h e  c e l l ,  phage coa t  found i n  t h e  h i g h  speed p e l l e t  does no t  represent  v i a b l e  
i n t r a c e l l u l a r  phage. There fo re  i t  i s  l i k e l y  t h a t  t h e  major  phage coa t  p r o t e i n  
i n  some i n t e r m e d i a t e  s tage o f  phage f l  m a t u r a t i o n  i s  assoc ia ted  w i t h  t h e  c e l l  
enve 1 ope. 

The E .  coZi c e l l  envelope can be d i v i d e d  i n t o  3 d i s t i n c t  l a y e r s .  The 
cy top lasmic  o r  i n n e r  membrane i s  r i c h  i n  phospho l i p ids  and p r o t e i n s ;  t h e  muco- 
p e p t i d e  f r a c t i o n  i s  thought  t o  g i v e  t h e  c e l l  i t s  c h a r a c t e r i s t i c  shape and can 
be d iges ted  w i t h  lysozyme; and t h e  o u t e r  membrane c o n t a i n s  phospho l i p id ,  p ro -  
t e i n  and l i p o p o l y s a c c h a r i d e .  The inne r  membrane i s  l e s s  dense than  t h e  o u t e r  
membrane hav ing  a d e n s i t y  o f  1.18 g p e r  cm3. 
o f  1.22 g per  cm3. Recen t l y  i t  has become p o s s i b l e  t o  i s o l a t e  separa te l y  t h e  
i n n e r  and o u t e r  membranes o f  E. coZi and SaZmoneZZa (7,14). We have u t i  1 i z e d  
t h i s  techn ique  t o  f u r t h e r  s tudy  t h e  a s s o c i a t i o n  o f  t he  major  f l  coa t  p r o t e i n  
w i t h  t h e  c e l l  envelope. 

The o u t e r  membrane has a densi t y  

(a) Separation of inner and outer membranes 

Three c u l t u r e s  o f  E. coZi were grown. One was labe led  w i t h  [ 3 H ] l y s i n e  
f o r  seve ra l  genera t i ons .  The second was i n f e c t e d  w i t h  w i l d  t y p e  f l  and l a -  
be led  f o r  30 seconds w i t h  [ 1 4 C ] l y s i n e .  A t h i r d  c u l t u r e  ( u n i n f e c t e d )  was a l s o  
l a b e l e d  f o r  30 seconds w i t h  [14C] l ys ine .  
3 c u l t u r e s .  
mixed w i t h  t h e  [ 1 4 C ]  l y s i n e  p u l s e  l a b e l e d  membranes prepared f rom t h e  u n i n f e c t e d  
c e l l s .  

Membranes were prepared f rom a l l  
An a l i q u o t  o f  t h e  long term [ 3 H ] l y s i n e  l abe led  membranes was 

A second a l i q u o t  o f  L3H] l ys ine  l abe led  membranes was mixed w i t h  t h e  

9 
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[ 14C] l ys ine  l a b e l e d  membranes prepared f rom t h e  f l  i n f e c t e d  c e l l s .  Each mix-  
t u r e  was c e n t r i f u g e d  t o  e q u i l i b r i u m  i n  a preformed, l i n e a r  sucrose d e n s i t y  
g r a d i e n t .  R a d i o a c t i v i t y  was assayed a long  b o t h  g r a d i e n t s  (F ig .  I A  and 1 B  r e -  
s p e c t i v e l y ) .  F r a c t i o n s  1-5, 6-10, 11-15,  16-20 and 21-25 were pooled f rom 
g r a d i e n t  B and assayed f o r  t h e  N- terminal  t r y p t i c  p e p t i d e  o f  t h e  major  f l  coa t  
p r o t e i n  (F ig .  1C). The d e t a i l s  o f  t h i s  experiment a r e  presented i n  Table 2. 
A s i m i l a r  experiment was done i n  which c u l t u r e s  o f  pe rm iss i ve  E. cozi  K37 were 
p u l s e  l a b e l e d  w i t h  [ 1 4 C ] l y s i n e  a t  0 ,  15 and 25 min a f t e r  b e i n g  i n f e c t e d  w i t h  
f l .  
branes prepared f rom t h e  u n i n f e c t e d  c e l l s .  Each m i x t u r e  was aga in  c e n t r i f u g e d  
t o  e q u i l i b r i u m  i n  a sucrose d e n s i t y  g r a d i e n t  (F ig .  2 ) .  

F i g .  1 shows t h a t  d u r i n g  a 30 second l a b e l i n g  p e r i o d ,  l e s s  t o t a l  l a b e l  
i s  i nco rpo ra ted  i n t o  t h e  o u t e r  membrane and more l a b e l  i s  i nco rpo ra ted  i n t o  
t h e  i n n e r  membrane o f  f l  i n f e c t e d  c e l l s ,  as compared w i t h  i n c o r p o r a t i o n  i n t o  
t h e  comparable f r a c t i o n s  o f  u n i n f e c t e d  c e l l s  (see a l s o  Table 2 ) .  F i g .  2 shows 
t h a t  most o f  t h i s  change occurs between 15 and 25 min a f t e r  i n f e c t i o n ,  d u r i n g  
which t ime  phage coa t  s y n t h e s i s  becomes maximal ( 5 ) .  I n  a d d i t i o n ,  F i g .  1 
shows t h a t  a l l  o f  t h e  phage coa t  p r o t e i n  t h a t  i s  i n  t h e  c e l l  envelope can be 

Membranes were made and mixed w i t h  a l i q u o t s  o f  1 3 H ] l y s i n e  l abe led  mem- 
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F i g .  1 .  Separation of inner and outer membranes from un- 
infected and f l  in fected ceZZs. 
grown i n  M 9  medium supplemented w i t h  0.4% glucose and 19 amino 
a c i d s ,  each a t  20 ug pe r  m l ,  w i t h  l y s i n e  omi t ted .  One c u l t u r e  
was supplemented w i t h  10 Fig pe r  m l  o f  l y s i n e  and 0.3 m l  o f  
[ 3 H ] l y s i n e  ( 3  C i  per  mmole). 
t u r e  was i n f e c t e d  w i t h  w i l d  t ype  f l .  A t h i r d  c u l t u r e  was l e f t  
u n i n f e c t e d .  A t  an A 6 0 0  o f  0.5 (5 x l o 8  c e l l s  pe r  m l )  bo th  t h e  
u n i n f e c t e d  c u l t u r e  and t h e  f l  i n f e c t e d  c u l t u r e  were l a b e l e d  
f o r  30 seconds w i t h  10 F i C i  o f  [ ' 4 C ] l y s i n e  (>220 m C i  per  mmole) 
and q u i c k l y  cooled.  Membranes were prepared u s i n g  a m o d i f i c a -  
t i o n  o f  t h e  method desc r ibed  by Miura and Mizushima ( 7 ) .  A l l  
o f  t h e  c u l t u r e s  were c e n t r i f u g e d  f o r  10 min a t  10,000 x g. 
The p e l l e t e d  c e l l s  were suspended t o  an A 6 0 0  o f  5.0 i n  c o l d  
0.75 M sucrose-10 mM T r i s - H C I  o f  pH 7 .5 .  
a t  100 Fig pe r  m l  o f  T r i s - s u c r o s e  s o l u t i o n ,  and t h e  suspension 
s t i r r e d  i n  t h e  c o l d .  Two volumes o f  c o l d  1 .5  mM EDTA were 
added dropwise over  10 min w i t h  constant  s t i r r i n g .  The sphero- 
p l a s t s  were broken by b r i e f  (45 second) s o n i c a t i o n .  Unbroken 
c e l l s  were removed by c e n t r i f u g i n g  t h e  s o n i c a t e  f o r  30 min a t  
1000 x g .  The membranes were then  p e l l e t e d  by c e n t r i f u g a t i o n  
f o r  2 h r  a t  2 5 O , O O O  x g .  The membranes were suspended i n  c o l d  
0.3 M KC1-5 mM EDTA, son ica ted  f o r  2 min and p e l l e t e d  again.  
The washed membranes were suspended i n  5 mM EDTA. 
o f  t h e  I o n  te rm [3H] labe led  membranes (-1 was mixed 
w i t h  t h e  [ q 4 C ] l y s i n e  pu lse  l abe led  membranes prepared f rom 
t h e  u n i n f e c t e d  c e l l s  (-)(gradient A). A second a l i q u o t  
o f  [ 3 H ] l y s i n e  l abe led  membranes (*) was mixed w i t h  
t h e  [ 1 4 C ] l y s i n e  l abe led  membranes prepared f rom t h e  f l  i n -  
f e c t e d  c e l  Is (*) ( g r a d i e n t  B ) .  The sucrose d e n s i t y  
g r a d i e n t s  (35 t o  52.5% sucrose-5 mM EDTA) were spun f o r  40 h r  
a t  200,000 x g and r a d i o a c t i v i t y  was assayed a long  b o t h  g ra -  
d i e n t s .  F r a c t i o n s  1-5, 6-10, 11-15, 16-20 and 21-25 were 
pooled from g r a d i e n t  B and assayed f o r  t h e  N- terminal  t r y p t i c  
p e p t i d e  o f  t h e  major  f l  coat  p r o t e i n .  The amount o f  t h e  
p e p t i d e  found i s  expressed as the  percentage o f  t h e  t o t a l  
amount o f  t h e  p e p t i d e  p resen t  i n  t h e  g r a d i e n t  (F ig .  IC). 

Three c u l t u r e s  o f  E. coZi were 

A t  an A 6 0 0  o f  0.2 the  second c u l -  

Lysozyme was added 

An a l i q u o t  

found i n  t h e  i nne r  membrane; and most o f  t h e  phage coa t  p r o t e i n  can be found 
i n  the  l e a s t  dense f r a c t i o n s  o f  t he  i n n e r  membrane. 

L3H] l ys ine  l abe led  f l  and [ 1 4 C ] l y s i n e  l abe led  i n n e r  membrane prepared 
from u n i n f e c t e d  c e l l s  were mixed. Both son ica ted  and unsonicated m ix tu res  
were c e n t r i f u g e d  on sucrose d e n s i t y  g r a d i e n t s .  F i g .  3 i l l u s t r a t e s  the  e x t e n t  
o f  s e p a r a t i o n  ob ta ined  i n  b o t h  exper iments.  Wh i le  t h e  [14C] labe led  membranes 
banded acco rd ing  t o  t h e i r  d e n s i t y ,  t h e  [ 3 H ] l y s i n e  l a b e l e d  phage mere ly  s e d i -  
mented s l o w l y .  T h i s  r e c o n s t r u c t i o n  experiment suggests t h a t  t h e  phage coa t  
p r o t e i n  assoc ia ted  w i t h  t h e  c e l l  envelope i s  n o t  p resen t  i n  newly formed phage 
p a r t i c l e s  which adhere n o n s p e c i f i c a l l y  t o  t h e  c e l l  membrane. T h i s  i s  f u r t h e r  
s u b s t a n t i a t e d  by t h e  f a c t  t h a t  t h e  phage coa t  produced i n  non-permiss ive E. 
coZi  i n f e c t e d  by a gene 5 amber mutant becomes assoc ia ted  w i t h  t h e  host  c e l l  
i n n e r  membrane. Gene 5 amber mutants o f  phage f l  a r e  d e f e c t i v e  i n  phage DNA 
syn thes i s  and do n o t  form phage p a r t i c l e s .  

Table 2 a l s o  shows t h a t  w h i l e  f l  i n f e c t e d  c e l l s  i n c o r p o r a t e  40 t o  50% 
l e s s  r a d i o a c t i v i t y  d u r i n g  a 30 second l a b e l i n g  w i t h  [14C] l ys ine  than  do un- 
i n f e c t e d  c e l l s ,  they i n c o r p o r a t e  more r a d i o a c t i v i t y  i n t o  the  c e l l  envelope 
than do u n i n f e c t e d  c e l l s .  A l so ,  f l  i n f e c t e d  c e l l s  and u n i n f e c t e d  c e l l s  i n -  
c o r p o r a t e  n e a r l y  i d e n t i c a l  amounts o f  [ 2 - 3 H ] g l y c e r o l  i n t o  p h o s p h o l i p i d  f o r  
60 min a f t e r  i n f e c t i o n  ( 8 ) .  T h i s  suggests t h a t  t h e  r a t e  o f  t o t a l  membrane 
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TABLE 2 
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The e f f e c t  of phage f l  i n f ec t ion  on host membrane synthesis 

u n i n f e c t e d  f l  i n f e c t e d  

C e n t r i f u g e d  c e l l s  (cprn) 5,540,000 4,000,000 
A c i d  i n s o l u b l e  m a t e r i a l  (cpm) 5,569,000 2,922,000 
Membrane (cpm) 667,000 787,000 
Doubl ing t i m e  (min) 40 60 

i n n e r  membrane o u t e r  membrane 
( f r a c t i o n s  12-24) ( f r a c t i o n s  2-8) 

% o f  t o t a l  % o f  t o t a l  
cpm c e l l  i n c o r p .  cpm c e l l  i n c o r p .  

Un in fec ted  373,000 6.8 284,000 5.2 
f l  I n f e c t e d  669,000 22.8 80,500 2.8 

[14C l lYs ine  (cpm) % o f  whole c e l l  

Whole c e l l  ( f  1 i n f e c t e d )  2,932,000 100 
Membrane 787,000 26 
N-Terminal t r y p t i c  pep- 

t i d e  o f  major  coa t  
p r o t e i n  42,400 1.4  

Phage coa t  p r o t e i n  212,000 7.0 

% o f  t o t a l  
phage coa t  [ 1 4 ~ 1  I ys  i ne (cpm) 

T o t a l  phage coa t  212,000 100 
Phage coa t  i n  supernatant  60,000 28 
Phage coa t  i n  K C I  wash 8,500 4 
Phage coa t  i n  membrane 141,000 66.5 

The exper imenta l  d e t a i l s  a r e  desc r ibed  i n  F i g .  1 .  T h i s  t a b l e  
p rov ides  a d e t a i l e d  q u a n t i t a t i o n  fo r  t h i s  exper iment .  

s y n t h e s i s  i s  n o t  a f f e c t e d  by f l  i n f e c t i o n  w h i l e  o t h e r  c e l l  f u n c t i o n s ,  such as 
p r o t e i n  s y n t h e s i s ,  and c e l l  d i v i s i o n  a r e  slowed by 40 t o  50%. Since t h e  s i z e  
o f  an f l  i n f e c t e d  c e l l  i s  i d e n t i c a l  t o  t h a t  o f  an u n i n f e c t e d  c e l l  (9) i t  i s  
l i k e l y  t h a t  f l  i n f e c t e d  c e l l s  c o n t a i n  more c e l l  envelope p e r  c e l l  t han  do un- 
i n f e c t e d  c e l l s .  T h i s  i s  a l s o  suggested by t h e  e l e c t r o n  m ic roscop ic  examina- 
t i o n s  performed by Bradley (10 ) .  

(b) Protein composition o f  the fl infected ceZZ enveZope 

To determine t h e  p r o t e i n  compos i t i on  o f  t h e  f l  i n f e c t e d  c e l l  envelope, 
two c u l t u r e s  o f  E. cot;  K37 were grown. C u l t u r e  I remained u n i n f e c t e d  w h i l e  
culture I I  was i n f e c t e d  w i t h  w i l d  t y p e  f l. S i x t y  min a f t e r  t h e  t i m e  o f  i n -  
f e c t i o n ,  c u l t u r e  I was l a b e l e d  w i t h  [ 3 H ] ~ r o l i n e .  A t  t h e  same t i m e  c u l t u r e  I I  
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F ig .  2. Szparation of inner and outer membrane a t  various 
times a f t e r  infect ion.  A c u l t u r e  o f  E. c o l i  was grown and i n -  
f e c t e d  w i t h  w i l d  t ype  f l  under the  same c o n d i t i o n s  as d e t a i l e d  
i n  t h e  legend o f  F i g .  I .  A t  0 ,  15 and 25 min a f t e r  i n f e c t i o n ,  
an a l i q u o t  o f  t he  c u l t u r e  was pu lse  l abe led  w i t h  10 U C i  o f  
[ 1 4 C ] l y s i n e  f o r  1 min and q u i c k l y  c e n t r i f u g e d  i n  t h e  c o l d  a t  
10,000 x g f o r  10 min. Membranes were prepared as d e t a i l e d  i n  
t h e  legend o f  F i g .  1 .  An a l i q u o t  o f  l ong  te rm [3H] labe led  mem- 
branes (-) was mixed w i t h  t h e  [14C] l ys ine  p u l s e  l abe led  
membranes (-, -, -A-A-; 0 min, 15 min, 25 min, 
r e s p e c t i v e l y ) .  The m i x t u r e  was laye red  on a l i n e a r  35 t o  25.5% 
sucrose d e n s i t y  g r a d i e n t  c o n t a i n i n g  5 mM EDTA and c e n t r i f u g e d  
f o r  40 h r  a t  200,000 x g. 
grad i e n t  s . 

R a d i o a c t i v i t y  was assayed a long  t h e  

13 
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Fraction number 

F i g .  3. Sucrose density gradient separation o f  phago fl and 
ceZZ inner membrane. [ 3 H ] l y s i n e  l abe led  f l  (++) and 
[ 1 4 C ] l y s i n e  l abe led  i nne r  membrane (*) prepared f rom a 
c u l t u r e  o f  u n i n f e c t e d  K37 c e l l s  as desc r ibed  i n  t h e  legend o f  
F i g .  1 were mixed. The unsonicated m i x t u r e s  were l aye red  on a 
l i n e a r  35 t o  52.5% sucrose d e n s i t y  g r a d i e n t  c o n t a i n i n g  5 mM 
EDTA and c e n t r i f u g e d  f o r  40 h r  a t  200,000 x g. 
was assayed a long  t h e  g r a d i e n t .  

R a d i o a c t i v i t y  

was labe led  w i t h  [14C]p ro l i ne .  Membranes were then  prepared.  The two mem- 
brane p r e p a r a t i o n s  were mixed and laye red  on a sucrose d e n s i t y  g r a d i e n t  and 
c e n t r i f u g e d  f o r  12 h r .  
pooled and p r e c i p i t a t e d  w i t h  t r i c h l o r o a c e t i c  a c i d .  H a l f  o f  t h e  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 e  was assayed f o r  f l  coa t  p r o t e i n  w h i l e  t h e  o t h e r  h a l f  
was sub jec ted  t o  SDS-acrylamide ge l  e l e c t r o p h o r e s i s .  The inne r  membrane f r a c -  
t i o n s  were pooled and t r e a t e d  i n  a s i m i l a r  f ash ion .  The r e s u l t s  f rom g e l  
e l e c t r o p h o r e s i s  o f  t h e  o u t e r  membrane and i n n e r  membrane p r o t e i n s  a r e  shown 
i n  F i g .  4A and 48 r e s p e c t i v e l y .  The [ 1 4 C ]  and [ 3 H ]  counts have been normal- 
i zed  t o  represent  e q u i v a l e n t  moles o f  p r o l i n e .  Table 3 shows t h e  comparat ive 
r e s u l t s  o f  t h e  p e p t i d e  assay and g e l .  

found i n  u n i n f e c t e d  c e l l s  as w e l l  as phage coa t  p r o t e i n  which i s  p resen t  a l -  
most e x c l u s i v e l y  i n  t h e  i n n e r  membrane. A l l  membrane p r o t e i n  r a d i o a c t i v i t y  
i s  p resen t  i n  decreased amounts i n  t h e  f l  i n f e c t e d  c e l l ;  t he  amount o f  phage 
coa t  p r o t e i n  p resen t  on g e l s  i s  e q u i v a l e n t  t o  t h e  amount o f  phage coa t  p e p t i d e  
t h a t  i s  formed. A l l  o f  t h e  excess l a b e l  i n  i n n e r  membranes found i n  f l  i n -  
f e c t e d  c e l l s  l abe led  w i t h  p r o l i n e  can be accounted f o r  by t h e  f l  phage coa t  
p r o t e i n .  The decreased amount o f  o u t e r  membrane p r o t e i n  r a d i o a c t i v i t y  i n  f l  
i n f e c t e d  c e l l s  may t h e r e f o r e  r e f l e c t  a decrease i n  t h e  s y n t h e s i s  o f  a l l  mem- 
brane p r o t e i n s  i n  f l  i n f e c t e d  c e l l s .  

l a b e l  i n  t h e  i n n e r  membrane o f  f l  i n f e c t e d  c e l l s  can be accounted f o r  by t h e  
f l  phage coat  p r o t e i n .  Un in fec ted  c e l l s  were l abe led  w i t h  [ 3 H ] p r o l i n e  f o r  
1 min w h i l e  f l  i n f e c t e d  c e l l s  were l a b e l e d  w i t h  [ 1 4 C ] p r o l i n e  f o r  1 min. A 
10,000- fo ld  excess o f  un labe led  p r o l i n e  was added t o  each c u l t u r e  and samples 
were wi thdrawn and mixed immediate ly ,  a f t e r  1 min, 3 min and 9 rnin o f  i n -  
cuba t ion .  

The o u t e r  membrane f r a c t i o n s  o f  t he  g r a d i e n t  were 

Membranes f rom f l  i n f e c t e d  c e l l s  c o n t a i n  a l l  o f  t h e  normal p r o t e i n  species 

The f o l l o w i n g  pulse-chase experiment a l s o  shows t h a t  a l l  o f  t h e  excess 

Inne r  and o u t e r  membranes were prepared f rom each m i x t u r e  and t h e i r  

14 
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TABLE 3 

Assay of the dis tr ibut ion of the major $1 coat 
protein by paper etectrophoretic peptide anatysis and 

get etectrophoresis of the  membrane proteins 

Pep t ide  assay Gel e l e c t r o p h o r e s i s  
(cpm) (cpm) 

Unseparated 
membrane 100,000 

I nne r 
membrane 74,300 

99,200 

101,000 

Outer 
membrane 6,250 5,885 

See t h e  leqend o f  F i q .  4 f o r  exper imenta l  d e t a i l s .  

p r o t e i n s  analyzed by SDS-acrylamide g e l  e l e c t r o p h o r e s i s .  F i g .  5 shows t h a t  
a t  t h e  end o f  a 1 min l a b e l i n g  t h e  major  f l  coa t  p r o t e i n  c o n s t i t u t e s  50% o f  
t h e  p r o l i n e  l a b e l  i n  i n f e c t e d  c e l l  i n n e r  membrane; by 4 min i t  c o n s t i t u t e s  
o n l y  20%. The smal l  amount o f  phage coa t  p r o t e i n  p r e s e n t  i n  the  o u t e r  mem- 
brane i s  a r e f l e c t i o n  o f  con tamina t ion  o f  o u t e r  membrane w i t h  i n n e r  membrane. 
By 10 min a smal l  amount o f  smal l  mo lecu la r  we igh t  m a t e r i a l  i s  s t i l l  assoc i -  
a ted w i t h  hos t  c e l l  i n n e r  membrane. T h i s  m a t e r i a l  i s  most l i k e l y  phage coa t  
p r o t e i n .  The f a c t  h a t  t h e  phage coat  p r o t e i n  chases o u t  o f  t h e  i n n e r  mem- 
brane a l s o  suggests t h a t  t h e  phage coat  p r o t e i n  assoc ia ted  w i t h  t h e  i nne r  
membrane i s  n o t  non s p e c i f i c a l l y  a t tached .  

3, DISCUSSION 

On t h e  b a s i s  o f  t hese  data we propose t h a t  t h e  f l  coa t  p r o t e i n  becomes 
assoc ia ted  w i t h  the  hos t  i nne r  membrane ve ry  s h o r t l y  a f t e r  i t  i s  synthes ized.  
At tempts t o  f i n d  t h e  coa t  p r o t e i n  i n  t h e  cytop lasm a f t e r  ve ry  s h o r t  pu l se -  
l a b e l s  have been unsuccessfu l .  The a s s o c i a t i o n  o f  coa t  p r o t e i n  w i t h  t h e  mem- 
brane i s  n o t  cova len t  s i n c e  i t  i s  re leased  by SDS. I n  some unknown way t h e  
coat  p r o t e i n  and DNA combine and t h e  r e s u l t i n g  phage i s  re leased f rom t h e  mem- 
brane. We propose t h a t  t h e  v i r u s  i s  never s t a b l y  assoc ia ted  w i t h  t h e  hos t  
c e l l  o u t e r  membrane b u t  passes d i r e c t l y  f rom t h e  i n n e r  membrane t o  t h e  growth 
medium. The ev idence presented a l s o  suggests t h a t  f l  i n f e c t e d  c e l l s  c o n t a i n  
l ess  o u t e r  membrane and more i nne r  membrane than  do u n i n f e c t e d  c e l l s .  Dur ing  
a s h o r t  l a b e l i n g  p e r i o d  l ess  t o t a l  l a b e l  i s  i nco rpo ra ted  i n t o  t h e  o u t e r  mem- 
brane and more l a b e l  i s  i nco rpo ra ted  i n t o  t h e  i n n e r  membrane o f  f l  i n f e c t e d  
c e l l s  as compared t o  i d e n t i c a l l y  t r e a t e d  u n i n f e c t e d  c e l l s .  A pulse-chase ex- 
per iment  i n  which i n n e r  and o u t e r  membranes were prepared a t  v a r i o u s  t imes 
a f t e r  t h e  beg inn ing  o f  t h e  chase shows t h e  con t inued  absence o f  l a b e l  and 
phage coa t  i n  the  o u t e r  membrane f r a c t i o n s  o f  t h e  g r a d i e n t .  When c o r r e c t e d  
f o r  growth r a t e ,  f l  i n f e c t e d  c e l l s  c o n t a i n  a normal complement o f  hos t  c e l l  
i n n e r  membrane p r o t e i n s  and a decreased amount o f  host  c e l l  o u t e r  membrane 
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F i g .  4. SDS-acryZamide geZ eZectrophoresis pattern o f  
outer and inner membrane proteins from infected and uninfected 
c e l l s .  A 200 m l  c u l t u r e  o f  E. coZi K37 was grown i n  M 9  medium 
supplemented w i t h  0.4% glucose and 19 amino a c i d s ,  each a t  
20 pg pe r  m l  w i t h  p r o l i n e  o m i t t e d .  The c u l t u r e  was s p l i t  i n t o  
two 100 m l  p o r t i o n s .  C u l t u r e  I remained u n i n f e c t e d  w h i l e  
c u l t u r e  I I  was i n f e c t e d  w i t h  w i l d  t ype  f l .  S i x t y  min a f t e r  
t h e  t ime  o f  i n f e c t i o n ,  c u l t u r e  I was labe led  f o r  1 min w i t h  
200 pCi o f  [ 3 H ] p r o l i n e  (2 C i  per  mmole) (-). A t  t h e  
same t ime  c u l t u r e  I I  was labe led  f o r  1 min w i t h  20 pCi o f  
[ 1 4 C ] p r o l i n e  (200 m C i  pe r  mmole) (-). Membranes were 
then  prepared as desc r ibed  i n  t h e  legend t o  F i g .  I .  H a l f  o f  
each membrane p r e p a r a t i o n  was mixed and laye red  on a l i n e a r  
35 t o  52.5% sucrose d e n s i t y  g r a d i e n t  c o n t a i n i n g  5 mM EDTA and 
c e n t r i f u g e d  f o r  40 h r  a t  200,000 x g. 
f r a c t i o n s  o f  t h e  g r a d i e n t  were pooled and p r e c i p i t a t e d  w i t h  
t r i c h l o r o a c e t i c  a c i d .  H a l f  o f  t h e  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 e  was assayed f o r  f l  coat  p r o t e i n  w h i l e  t h e  o t h e r  h a l f ,  
was sub jec ted  t o  e l e c t r o p h o r e s i s  on a 2% SDS,  7 .5% ac ry lam ide  
ge l  acco rd ing  t o  t h e  method o f  Fai rbanks ( 1 3 ) .  The i n n e r  mem- 
brane f r a c t i o n s  were pooled and t r e a t e d  i n  a s i m i l a r  f ash ion .  
The d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  i n  t h e  o u t e r  membrane and 
i n n e r  membrane g e l s  i s  shown i n  F i g .  4A  and 48 r e s p e c t i v e l y .  
The [ 1 4 C ]  and [ 3 H ]  cpm have been normal ized t o  represent  
e q u i v a l e n t  moles o f  p r o l i n e .  Table 3 shows t h e  comparat ive 
r e s u l t s  o f  t h e  p e p t i d e  and g e l  assays performed on unseparated 
membranes, and t h e  o u t e r  and i n n e r  membrane f r a c t i o n s  f rom f l  
i n f e c t e d  c e l l s .  

The o u t e r  membrane 
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F i g .  5 .  SDS-acryZamide gel electrophoretic patterns of 
inner and outer membrane proteins from a pulse-chase experiment. 
Two 300 ml c u l t u r e s  o f  E. c o l i  K37 were grown i n  MY medium 
supplemented w i t h  0.4% glucose and 19 amino ac ids ,  each a t  
20 pg p e r  m l  w i t h  p r o l i n e  o m i t t e d .  One c u l t u r e  was i n f e c t e d  
w i t h  w i l d  t y p e  f l  a t  an A 6 0 0  o f  0.2. The u n i n f e c t e d  c u l t u r e  
was labe led  a t  an A 6 0 0  o f  0.5 f o r  1 m i n  w i t h  250 pCi o f  [3H]pro-  
l i n e  (1.0 C i  per  mmole) (*), A f t e r  1 rnin a 10,000- fo ld  
excess o f  un labe led  p r o l i n e  was added, and 70 ml of t h e  c u l t u r e  
was poured ove r  i ce .  The chase was con t inued ,  and a t  1 min, 
3 rnin and 9 min o f  i n c u b a t i o n ,  70 ml a l i q u o t s  were poured over  
i c e  and t h e  c e l l s  c o l l e c t e d  by c e n t r i f u g a t i o n ,  A t  an A 6 0 0  o f  
0.5 t h e  i n f e c t e d  c u l t u r e  was labe led  f o r  1 min w i t h  50 pCi o f  
[ ' 4 C ] p r o l i n e  (200 m C i  pe r  mmole) (++,) and t r e a t e d  i n  t h e  
same way as were t h e  u n i n f e c t e d  c e l l s .  The p e l l e t s  were sus- 
pended i n  T r i s - s u c r o s e  s o l u t i o n  and t h e  i n f e c t e d  and u n i n f e c t e d  
c e l l s  were mixed. Membranes were prepared and sub jec ted  t o  
sucrose d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  as desc r ibed  i n  the  
legend o f  F i g .  1.  I nne r  and o u t e r  membranes were pooled f rom 
each g r a d i e n t  and c e n t r i f u g e d  a t  250,000 x g f o r  2 h r .  The 
p e l l e t s  were d i s s o l v e d  i n  2% SDS and e l e c t r o p h o r e s i s  performed 
on 7.5% ac ry lam ide  g e l s .  The i n n e r  and o u t e r  membrane p ro -  
t e i n  g e l  p a t t e r n s  a r e  shown f o r  t h e  1 min chase and t h e  3 min 
chase. 
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proteins. 
permeable to actinomycin, sensitive to deoxycholate and in general more fragile 
than uninfected cells (11-12). Of special interest is the fact that fl in- 
fected cells contain as much or more total membrane as do uninfected cells 
although the rate of synthesis of all host membrane proteins is reduced. The 
rate of lipid synthesis is slightly stimulated by fl infection although the 
amount of 1 ipopolysaccharide made (as measured by galactose incorporation in- 
to an epimerase negative mutant) is reduced by 50%. Perhaps the rate of lipid 
synthesis is regulated by the amount of protein destined for membrane while 
the amount of lipopolysaccharide synthesis is regulated by the growth rate of 
the cell. 

properties. In particular, infected cells are insensitive to a variety of 
colicins. This will be the subject of a further communication. 

These findings are consistent with reports that fl infected cells are 

Further experiments suggest that the fl infected cell envelope has altered 
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