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S u m m a r y  

The cell envelope of  Escherichia coli was examined for changes during late 
stages of  bacteriophage T4 infection. Late events in T4 infection are shown to 
result in (i) a reduction in the effectiveness of  membrane separation procedures 
employing either isopycnic sucrose gradient centrifugation or selective solubil- 
ization of  inner membrane by detergent (Sarkosyl or Triton X-100), (ii) the 
appearance of  a 54 000 dalton host  protein in membrane preparations, (iii) the 
adventit ious presence of  detergent-resistant phage morphogenetic structures in 
membrane preparations, and (iv) a decrease in the activity of NADH oxidase 
and an apparent alteration in its association with inner membrane. These 
modifications occur regardless of  the state of  the e and t genes of  T4. 

Introduction 

The cell envelope of  Escherichia coli is involved in many phases of  the T4 
infective cycle. Initially the phage interacts with a specific lipopolysaccharide 
receptor  in the outer  membrane [1]. The effective T4 receptors appear to be 
those posit ioned at sites of  adhesion between the cell wall and the inner mem- 
brane [2,3].  Once the T4 genome has entered the cell a number  of changes in 
the host  components  of  the cell wall occur. These include accelerated loss of 
outer  membrane material [4,5],  detachment  of  the host  chromosome from 
membrane [6,7],  the disruption of  host  nucleoids [8] and reduction in the rate 
of  synthesis of  the major outer  membrane proteins [9,10],  phospholipids [11, 
12], and lipopolysaccharide [13].  Other envelope-related events include the 
a t tachment  to and replication of  the T4 genome on the membrane [6,7],  the 
association of  bacterial DNA polymerase I with the cell membrane [14],  
alterations in the permeabili ty barrier of  the cell envelope, the strengthening of  

* Preliminary reports of this work were presented at the Annual Meetings of the American  Soc ie ty  for 
Microbiology in 1975 (New York) and 1976 (Atlantic City). 



211 

the cell envelope which is manifested by super infection exclusion and resis- 
tance to killing by ghosts, and the development of lysis inhibition [15]. Later 
in infection, precursors of the T4 head are seen associated with membrane [6, 
16] and the infective cycle is ended with the cessation of oxygen uptake and 
the subsequent lysis of the infected cell [17]. 

The large number of cell envelope-related modifications following T4 infec- 
tion and the concentration of previous studies on changes that occur soon 
after infection prompted this study of phenomena occurring late in T4 infec- 
tion. Alterations which were observed late in permissive infection include an 
increased sensitivity of outer membrane to Sarkosyl and Triton X-100, an 
apparent tighter association or mixing of outer and inner membrane which 
prevents their separation in sucrose gradients, and a decrease in NADH oxidase 
activity with increasing time after infection. It was also observed that outer 
membrane preparations isolated late in infection contained apparent T4 head 
precursors and a preexisting host protein which was not present in membrane 
prior to infection. 

Materials and Methods 

Bacteria and phage. E. coli strains B, BB, CR63 and PL-2 (defective in UDP- 
galactose epimerase [18], provided by H. Wu) were employed in these experi- 
ments. Bacteriophage used included T4D0, T4rII187, T4amN82 (gene 44, 
defective in DNA synthesis), T4amH26 (e gene, defective in lysozyme produc- 
tion), T4amtA3 (t gene, defective in lysis), and T4amB17 (gene 23, defective in 
the major T4 head protein). T4D0 was grown on E. coli B or BB and the amber 
mutants were grown on E. coli CR63; phage were concentrated and purified as 
described previously [19]. 

Media and reagents. Tryptone-NaC1 broth, top agar, plates, dilution fluid 
[19], F medium [20], T medium [21] and HB medium [22] have been 
described. 

Sodium lauryl sarcosinate (Sarkosyl) was a gift from Geigy Corp., Ardsley, 
NY, and Triton X-100 was obtained from Sigma Chemical Co., St. Louis, MO. 
The following radiochemicals were purchased from New England Nuclear, 
Boston, MA: L-[4,5-3H]leucine, D-[1-14C]galactose, and carrier-free H23sSO4: 
L-[U-14C]leucine was obtained from Amersham Searle, Arlington Heights, IL, 
or Schwarz-Mann, Orangeburg, NY, and [2-3H]glycerol was purchased from 
Amersham-Searle. NADH, disodium, was obtained from P-L Biochemicals, 
Milwaukee, WI. 

Membrane isolation. The procedure of Osborn et al. [23] was used with the 
modifications described previously [24]. Total membrane preparations were 
isolated by terminating the procedure after the second 360 000 × g centrifuga- 
tion. Outer, middle and inner membrane fractions were obtained by isopycnic 
sucrose density gradient centrifugation. Gradient fractions to be pooled were 
identified by one of two methods: 5-gl portions of each 0.4 ml gradient frac- 
tion were precipitated with trichloroacetic acid, collected on filters and 
washed and the radioactivity was determined as described previously [24] or 
absorbance (280 nm) was monitored during gradient fractionation. Fractions 
corresponding to the membrane species were pooled, diluted to 0.25 M sucrose, 
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1.0 mM EDTA • Na~, 3.3 mM Tris-HC1, pH 7.8, and collected by centrifugation 
at 360 000 × g for 2 h. Preparations for gel electrophoresis were resuspended in 
solubilization buffer [25] and those for NADH oxidase assay in 0.05 M Tris- 
HC1 buffer (pH 7.8) containing 0.2 mM dithiothreitol. On one occasion total 
membrane was isolated by  the procedure of Inouye and Guthrie [26].  

Polyacrylamide gel electrophoresis. Slab gel electrophoresis was performed 
by  a modification [21] of  the discontinuous gel electrophoresis method of  
Laemmli [25] except  that  7.5% gels were run at 160 V for 1.25 h. 

Preparation of  [14C]leucine-labeled T4Do. A 20 ml culture of E. coli BB in F 
medium supplemented with 5 pg L-leucine/ml was grown to an absorbance at 
540 nm of 0.3, supplemented with 50 pg L-tryptophan/ml,  and infected with 
T4D0 at a multiplicity of  infection of  7.5. At 9 min after infection 0.2 /~Ci 
L-[14C]leucine/ml was added. 3 h later the lysate was concentrated and puri- 
fied. 

Determination of  NADH oxidase activity. The membrane fraction 
(3--100 pg of  protein as determined by the method of  Lowry et al. [ 2 7 ] ) w a s  
assayed as described previously [23].  

Densitometer scanning of  autoradiograms. The port ion of  the autoradiogram 
of  slab gels corresponding to proteins of  molecular weight 90 000 to 30 000 
was scanned with a Beckman Analytrol  Film Analyzer. 

Results 

Localization of  host membrane constituents after infection 
• We have shown that E. coli outer  and inner membranes can still be separated 

by  equilibrium centrifugation after non-permissive infection with the DNA- 
negative mutant  T4amN82 [20].  Membranes isolated from cells in which T4 
late protein synthesis has occurred cannot  be separated (Fig. 1A--C). The distri- 
but ion of  host  membrane protein isolated from cultures infected with T4D0 for 
up to 9 min is indistinguishable from that of  uninfected cells or of  cultures 
infected with T4amN82 [20]; that  is, the outer  (fractions 6--12) and inner 
(fractions 16--26) membrane species are still clearly separable at this stage of  
infection. (The material at the bo t tom of the gradient (fractions 1--4 in panels 
A, B and C) Contains outer  membrane proteins [20] and is therefore probably 
related to that  characterized by  Loeb and Kilner [5].) However,  as the infec- 
t ion progresses (Fig. 1C), there  is an increase in the material in the middle 
region of  the gradient, which can be correlated with decreases in both inner and 
outer  membrane bands. This effect  has also been seen after infection of  E. coli 
B with T4rII187, T4amH26,  and T4amtA3 and of  E. coli CR63 with T4D0 
(data no t  shown). 

Pre,existing lipopolysaccharide is also delocalized late in infection. Virtually 
all of  the lipopolysaccharide is associated with the outer  membrane of 
uninfected E. coli [23],  o f  cells infected for 15 min with T4amN82 (data not  
shown), and of  cells infected for 5 min with T4D0 (Fig. 2A). Late in infection 
(Fig. 2B), preexis t ing  lipopolysaccharide is no longer localized exclusively in 
the region of  the gradient characterized as outer  membrane;  some lipopoly- 
saccharide appears in the middle band and some at a density corresponding to 
inner membrane.  
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Fig. 1. Sepa ra t ion  of  m e m b r a n e  p ro te ins  f r o m  in fec ted  cells. An  overn igh t  cu l tu re  of  E. coli  B was d i lu ted  
1 : 200  in to  150 ml  of  F m e d i u m  s u p p l e m e n t e d  wi th  0 .05  pCi of  L - [ 1 4 C ] l e u c i n e / m l  and g ro wn  at  37°C 
to  a c o n c e n t r a t i o n  of  4 • 108 eel ls /ml.  Cells were  ha rves ted  and  r e suspended  in 150 ml  of  p r e - w a r m e d  F 
m e d i u m  s u p p l e m e n t e d  wi th  50 pg  L - t r y p t o p h a n / m l .  The  cu l tu re  was divided in to  th ree  equa l  po r t ions  
and  each  p o r t i o n  was i n f ec t ed  wi th  7.5 T4D0/ceU.  Each p o r t i o n  was pulse- labeled wi th  4.0 DCi L - [ 3 H ]  - 
l e u c i n e / m l  for  a d i f f e ren t  consecu t ive  4 -min  in terval  beginning  1 rain a f t e r  in fec t ion .  A t  the  end of  the  
pulse per iod ,  the in fec t ion  was  t e r m i n a t e d  by  pour ing  the  sample  over  0 .5  vol.  of  c rushed ,  f rozen  F 
m e d i u m  con ta in ing  1501zg c h l o r a m p h e n i c o l / m l .  I so la t ion  and  f r ac t i ona t ion  of  m e m b r a n e  was t h e n  
car r ied  ou t  as descr ibed  in Materials  and  Methods .  Prior  to layer ing  on  the  gradient ,  half  of  each  sample  
was t r e a t ed  wi th  Sarkosy l  and  i n c u b a t e d  for  20 rain at  23°C.  The  t o p  of  the  grad ien t  is on  the  r ight .  
Resul ts  of  labeling wi th  L - [ 3 H ] l e u c i n e  1--5,  5--9 and  9- -13  min  a f t e r  in fec t ion  are  s h o w n  in panels  A, 
B, and  C, respec t ive ly .  Cor re spond ing  samples  t r e a t e d  wi th  Sarkosyl  are  s h o w n  in panels  D, E, and  F. 
Symbol s :  e, L-[ 14C] leuc in  e label;  o L-[ 3 H] l euc ine  label. 

Detergent solu bilization o f  host outer membrane proteins 
Outer membrane isolated from uninfected E. coli B cells is resistant to solu- 

bilization by  the ionic detergent Sarkosyl [24] and by  the non-ionic detergent 
Triton X-100 in the presence of  Mg 2÷ [28]. Outer  membrane from cells 
infected with T4amN82 exhibits the same resistance to solubilization as that  
f rom uninfected cells [20].  However,  as shown in Fig. 1D--F, outer  membrane 
from cells infected with T4D0 for 5 or 9 min exhibits partial sensitivity to 
Sarkosyl and, after 13 min of  T4D0 infection, virtually all of  the pre-existing 
protein of  outer  membrane has become sensitive to disruption by Sarkosyl. 
Pre-existing outer  membrane proteins from cells infected with wild-type T4 
also exhibit an increase in sensitivity to the detergent Triton X-100 in the 
presence of  Mg 2÷ (Fig. 3). 

Alterations in the protein composition o f  the outer membrane after infection 
A comparison of  membrane proteins in uninfected cells with host  proteins 

present in membrane preparations isolated from cells late in T4 infection 
revealed the presence of  an additional polypept ide in the latter (Fig. 4). This 
polypept ide  was no t  seen in the studies with the DNA-negative mutant  
T4amN82 [20],  bu t  late protein synthesis is apparently not  necessary for its 
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Fig. 2. Dis t r ibu t ion  of  hos t  l ipopo lysacchar ide  a f te r  in fec t ion .  An  overn igh t  cul ture  of  E. coli  PL-2 was 
d i lu ted  1 : 200  in to  100  ml  HB m e d i u m  s u p p l e m e n t e d  wi th  0.1 m g  t h r e o n i n e / m l ,  0.1 mg  l euc ine /ml ,  1 #g 
t h i a m i n e / m l ,  43/~g ga l ac tose /ml  a nd  0 . 125  ~Ci [ 1 4 C ] g a l a c t o s e / m  1 an d  g rown  at 37°C to  a c o n c e n t r a t i o n  
of  3 • 108 cells/ml.  Cells were  ha rves t ed  and  r e suspended  in 100  m l  of  p r e w a r m e d  HB m e d i u m  supple-  
m e n t e d  as above  excep t  50 #g L - t r y p t o p h a n / m l  was a d d e d  an d  rad ioac t ive  galactose was o m i t t e d .  The  
cul ture  was d iv ided in to  t w o  equal  po r t ions  and  each was in fec ted  wi th  10 T 4 D 0 / c e n .  I n f ec t i o n  was 
t e r m i n a t e d  at  5 or  13 rain by  pour ing  the  sample  over  0.5 vol. of  c rushed ,  f rozen  HB m e d i u m  con ta in ing  
1 5 0 / ~ g / m l  ch lo ramphen ico l .  I so la t ion  a nd  f r a c t i ona t i on  of  m e m b r a n e  was t hen  car r ied  ou t  as descr ibed  in 
Materials and  Methods .  The  b o t t o m  of  the  g rad ien t  is on  the  left.  Resul ts  of  5 an d  13 rain of  in fec t ion  are 
s h o w n  in panels  A and  B, respec t ive ly ,  e ,  [14C]ga iac tose"  

appearance as this protein was present in membrane as early as five minutes 
after infection. Inspection of outer, middle, and inner membrane for the 
appearance of  this 54 000 dalton protein showed that  it appears predominantly 
in the outer membrane and that  it does not  appear to exist in appreciable 
quantitites in any membrane species prior to infection (Fig. 5). Host  outer 
membrane proteins become sensitive to detergent t reatment  late in T4 infec- 
tion (Figs. 1F and 3C); 54 000 and outer membrane proteins of uninfected 
cells exhibited identical patterns of detergent sensitivity. Fig. 5 also shows that  
there are some other changes in the protein composition of these membranes 
such as the loss of  a 62 000 dalton protein from outer membrane and the 
mixed membranes. 
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Fig. 3 .  E f f e c t  o f  T r i t o n  X - 1 0 0  o n  m e m b r a n e  p r e p a r a t i o n s  f r o m  i n f e c t e d  cells.  E. coli  B c u l t u r e s  we re  
g r o w n  a n d  i n f e c t e d  as d e s c r i b e d  in Fig.  1, e x c e p t  t h a t  t he  m e d i u m  was  T m e d i u m  s u p p l e m e n t e d  w i t h  
0 .4% g lucose ,  10~ug c a s a m i n o  a c i d s / m l ,  1 0  -4  M N a 2 S O 4 ,  a n d  0 . 0 2 5 / ~ C i  L - [ 1 4 C ] l e u c i n e / m l  a n d  t h a t  
pu l se - l abe l ing  e m p l o y e d  2 .0 /~Ci  L o [ 3 H ] l e u c i n e / m l .  Resu l t s  o f  pu l se - l abe l ing  fo r  1 - -5 ,  5 - -9 ,  a n d  9 - - 1 3  ra in  
a f t e r  i n f e c t i o n  are  s h o w n  in  pane l s  A,  B a n d  C, r e spec t i ve ly .  $, L - [ 1 4 C ] l e u c i n e  l abe l ;  o,  L - [ 3 H ] l e u c i n e  
label .  

Fig.  4.  D e n s i t o m e t e r  t r a c i n g s  o f  a u t o r a d i o g r a m s  of  h o s t  p r o t e i n s  w i t h  m o l e c u l a r  we igh t s  r a n g i n g  f r o m  
3 0  0 0 0  to  9 0  0 0 0  in  u n i n f e c t e d  cu l tu re s .  S a m p l e s  fo r  s lab  gel e l e c t r o p h o r e s i s  we re  p r e p a r e d  f r o m  c u l t u r e s  
o f  E. coli  B g r o w n  a n d  i n f e c t e d  as d e s c r i b e d  f o r  Fig.  1,  e x c e p t  t h a t  T m e d i u m  s u p p l e m e n t e d  w i t h  0 .4% 
g lucose ,  1 0  Dg c a s a m i n o  a c i d s / m l ,  1 0  -4  M N a 2 S O  4 a n d  1 7  ~Ci  H 2 3 S S O 4 / m l  was  used .  S a m p l e s  are  t o t a l  
m e m b r a n e :  A,  u n i n f e c t e d ;  B, a f t e r  5 m i n  o f  i n f e c t i o n ;  C, a f t e r  9 m i n  o f  i n f e c t i o n ;  D, a f t e r  13  r a in  o f  
i n f e c t i o n .  Ve r t i ca l  l ine i n d i c a t e s  p o s i t i o n  o f  54  0 0 0  d a l t o n  p r o t e i n .  

Examination of the newly synthesized proteins appearing in the gradient region 
corresponding to outer membrane 

Much of  the protein synthesized late in T4 infection appears in the region of  
the gradient corresponding to outer  membrane and is not  solubilized by deter- 
gent t reatment  (Figs. I F  and 3C). The distribution of  proteins synthesized after 
infection was examined using T4amB17, a mutant  which is defective in the 
major structural protein of  the T4 head. Fig. 6 shows a decrease in the amount  
of  newly-synthesized protein in the region of  the gradient corresponding to 
outer  membrane compared to that  seen after wild-type T4 infection (Figs. 1C 
and IF) .  This suggested that  a structural intermediate in T4 head assembly was 
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Fig. 5. Hos t  m e m b r a n e  p ro te ins  a f te r  T4  infec t ion .  Cul tures  of  E. coli  B were  g ro wn  an d  in fec ted  as 
descr ibed  for  Fig. 4. I n f ec t ion  was t e r m i n a t e d  a f t e r  13 m i n  of  in fec t ion  by  pour ing  the cu l tu re  over  0 .5  
voL of  c rushed  f rozen  T m e d i u m  plus  150  #g c h l o r a m p h e n i c o l / m l .  I so la t ion  of  the  several  m e m b r a n e  
f rac t ions  was t h e n  car r ied  out .  All samples  were  r e suspended  in 0.1 m l  of  L a e m m l i  so lubi l iza t ion  b u f f e r  
p r io r  to d i s con t inuous  p o l y a c r y l a m i d e  gel e lec t rophores is .  A u t o r a d i o g r a p h y  was p e r f o r m e d  as desc r ibed  
in Materials  and  Methods .  Samples  are:  A, u n i n f e c t e d  o u t e r  m e m b r a n e ;  B, o u t e r  m e m b r a n e  a f t e r  infec-  
t ion;  C, u n i n f e c t e d  midd le  f rac t ion  of  m e m b r a n e ;  D, midd le  f rac t ion  of  m e m b r a n e  a f t e r  in fec t ion ;  E, 
u n i n f e c t e d  inner  m e m b r a n e ;  F, i nne r  m e m b r a n e  a f t e r  in fec t ion .  

responsible for the peak of detergent-resistant T4 protein observed at the 
density of outer membrane late in infection. Accordingly, newly-synthesized 
proteins in this detergent-resistant fraction which appear in the region of the 
gradient corresponding to outer membrane were compared to proteins of the 
mature T4 particle (Fig. 7). The predominant peak in both preparations has a 
molecular weight of 45 000 and corresponds to the major head protein of T4 
(P23"). Other head proteins tentatively identified in this detergent resistant 
material are P20, P23, P24", P22, IP III and IP III*. This detergent-resistant 
material which contains proteins which appear in T4 head morphogenetic inter- 
mediates is a fortuitous contaminant of our total membrane preparations and 
there is apparently no real association between outer membrane and these T4 
head structures (Fig. 8). Centrifugation for shorter or longer times than the 
usual 16 h period revealed that the peak of protein synthesized late in T4 
infection migrates independently of the outer membrane material. 
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Fig. 6. Separat ion o f  membranes f r om  cul tures in fec ted  w i t h  T 4 a m B 1 7 .  Overn igh t  cu l tu re  E. col i  B was 
di lu ted  1 : 200 in 50 m l  of  F m e d i u m  s u p p l e m e n t e d  wi th  6 ~g g lyce ro l /ml ,  0 .06  m g  ga iac tose /ml ,  an d  
0 .15  ~tCi [ 3 H ] g i y c e r o l / m l  a nd  g r o w n  a t  37°C  to  a c o n c e n t r a t i o n  of  3 - 108 eellsJml. Cells were  ha rves ted  
and  r e suspended  in p r e - w a r m e d  s u p p l e m e n t e d  F m e d i u m  con ta in ing  no  [ 3 H ] g l y c e r o l  an d  wi th  50 ~g 
L - t r y p t o p h a n / m l .  The  cul ture  was in fec ted  wi th  7.5 T4amBl7/cell and  pulse- labeled wi th  0.1 #Ci 
L - [ 1 4 C ] l e u c i n e  9 - -13  min  a f t e r  in fec t ion .  T h e  in fec t ion  was t e r m i n a t e d  by  pour ing  the  sample  over  0.5 
vol. of  c rushed  f rozen  F m e d i u m  con ta in ing  150 ~tg c h l o r a m p h e n i c o l / m l .  I so la t ion  an d  f r ac t i ona t ion  of  
m e m b r a n e  was t hen  car r ied  as descr ibed  in Materials  and  Methods .  e ,  [ 3 H ] g i y c e r o l ;  o, L - [ 1 4 C ] l e u c i n e  
label. 
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Fig. 7. Coe lee t rophores i s  of  ne wly  syn thes i zed  Sarkosyl - res is tant  p ro te ins  f r o m  the  o u t e r  m e m b r a n e  
reg ion  of  the  g rad ien t  wi th  m a t u r e  T4  part icles .  M e m b r a n e  p repa ra t i ons  were  ob t a ined  as descr ibed  for  
Fig. 3 e x c e p t  t ha t  the  cells were  un labe led  be fo re  i n f ec t ion  an d  3 ~uCi L - [ 3 H ] l e u c i n e / m l  was used  for  the  
pulse-labeling.  Af te r  g rad ien t  f r ac t iona t ion ,  f rac t ions  7 - -10  were  co l lec ted  as descr ibed  in Materials  and  
Methods .  This  pel let  was r e suspended  in 1 ml  25% sucrose ,  5 m M  E D T A  an d  t r ea t ed  wi th  0.1 m l  5% 
Sarkosy l  for  20  m i n  at  23°C pr ior  to sucrose  g rad ien t  cen t r i fuga t ion .  G r a d i e n t  f rac t ions  7 - -10  were  again 
co l lec ted  and  then  r e sus pe nde d  in 0.2 ml  of  L a e m m l i  so lubi l iza t ion  buf fe r .  0 .05  m l  of  this  sample  was 
m i x e d  wi th  0 .05  m l  L-[ 14C] leuc ine- labe led  T 4 D  0 a nd  c o e l e e t r o p h o r e s e d  on cyl indr ica l  gels as descr ibed  
in Materials and  Methods .  Labels:  - - ~  L - [ 3 H ] l e u c i n e ;  • • L - [14C] l euc ine .  
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Fig. 8. E f fec t  of  length  of  cen tx i fuga t ion  on  the  d i s t r ibu t ion  of  phage  and  hos t  pro te ins .  E. co l i  B cul tures  
were  g r o w n  as desc r ibed  in Fig. 1, e x c e p t  cells were  labeled  wi th  0 .0 2 5  ~tCi L - [ 1 4 C ] l e u c i n e / m l  and  pulse- 
labeled n ine  to  t h i r t e en  m i n u t e s  a f t e r  T 4 D  0 in fec t ion  wi th  2.0 pCi L - [ 3 H ] l e u c i n e / m l .  I so la t ion  and  frac- 
t i ona t i on  of  m e m b r a n e  was carr ied ou t  as desc r ibed  in Materials  an d  Methods  excep t  t ha t  c en t r i f uga t i on  
was t e r m i n a t e d  at  t en  hours  for  A, s ix teen  hours  for  B, a nd  t w e n t y - t w o  hours  for  C. e ,  L - [ 1 4 C ] l e u c i n e ;  
o, L-[ 3 H] leuc ine .  

Changes in NADH oxidase activity 
Membrane-bound NADH oxidase is localized in the cytoplasmic membrane 

of  uninfected cells [23].  This enzyme was examined for changes in its activity 
and in its localization which might indicate T4-induced alterations of  the inner 

T A B L E  I 

E F F E C T  OF I N F E C T I O N  ON M E M B R A N E - B O U N D  N A D H  O X I D A S E  A C T I V I T Y  IN T O T A L  MEM- 
B R A N E  P R E P A R A T I O N S  

Cul tures  of  E. col i  B growing  exponen t i a l l y  in b r o t h  w e r e  in fec ted  wi th  a mul t ip l i c i ty  of  i n f ec t ion  of  7 .5  
w h e n  t h e y  r eached  a c o n c e n t r a t i o n  of  4 • 108 cel lshnl ,  n . t . ,  no t  t es ted .  

Phage T i m e  (min)  a f te r  i n f ec t ion  

0 10 20 30  

T 4 D 0  0 .451 0 ,359  0 . 203  0 .217  
T 4 a m H 2 6  0 .29 3  0 .237  0 , 222  0 .1 7 4  
T 4 a m t A 3  0 .361 0 .406  0 .319  0 .229  
T 4 a m  N82 0 .269  n. t .  n. t .  0 ,193  
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T A B L E  II  

C O M P A R I S O N  OF T H E  SPECIFIC A C T I V I T I E S  OF N A D H  O X I D A S E  I S O L A T E D  F R O M  UN- 
I N F E C T E D  A N D  T4rI I187- INFECTED C E L L S  BY TWO M E M B R A N E  I S O L A T I O N  P R O C E D U R E S  

Infect ion  was  a l lowed  to  proceed  unti l  lysis  was detectable  (approx imate ly  30  rain). 

Sample  Specif ic  act ivi ty  Percentage o f  uninfected activity 

Uninfected  * 0 . 1 0 5  100 .0% 
Infected * 0 .027  25.7% 
Uninfected  ** 0 . 025  100.0% 
Infected ** 0 . 013  52.0% 

• Membrane preparat ion ( total)  isolated b y  the procedure o f  Osborn et al. [ 2 3 ] .  
• * Membrane preparation isolated b y  the  procedure of  Inouye  and Guthrie [ 2 6 ] .  

membrane. The results o f  studies with total membrane preparations from cul- 
tures infected with various T4 strains is shown in Table I. A reduction in activity 
with time is observed after all infections; the activity after 30 min of  infection 
is least in membrane preparations from T4Do-infected cultures and greatest in 
preparations from cells infected with T4amN82,  where no late protein syn- 
thesis occurred. Approximately the same pattern of  activity loss is seen with all 
four phage tested. Also, different procedures for isolating total membrane give 
different specific activities of  NADH oxidase (Table II). The enzyme activities 
obtained from total membrane isolated by the procedure [23] used for the 
experiments shown in Table I are more than four times those obtained with 
another procedure [26] .  

The effect o f  infection by T4amtA3, T4amH26 and T4amN82 on localiza- 
tion o f  NADH oxidase activity was also examined. Isolated outer, middle and 
inner membrane species were obtained from gradients and assayed for NADH 
oxidase (Table III). For  all three mutants,  there was a loss of  NADH oxidase 
activity from the cytoplasmic membrane and an increase in activity in the 
regions of  the gradient corresponding to middle and outer membrane. 

T A B L E  I I I  

E F F E C T  OF I N F E C T I O N  ON M E M B R A N E - B O U N D  N A D H  O X I D A S E  A C T I V I T Y  IN I S O L A T E D  

M E M B R A N E  SPECIES 

n.d. ,  no t  detectable;  n . t . ,  no t  tested.  

Phage Membrane species  Time (min)  after in fec t ion  

0 10 20 30 

T 4 a m H 2 6  Oute r  0 . 004  0 . 0 0 5  0 .012  
Middle 0 . 032  0 . 0 4 4  0 .0 7 5  
Inner 0 .357  0 .4 9 5  0 .2 2 8  

T4am tA3  Oute r  n .d .  0 .011  0 .017  
Middle 0 . 026  0 .048  0 .0 9 3  
Inner 0 .733  0 .472  0 . 2 2 4  

T 4 a m N 8 2  Oute r  n .d .  n. t .  n . t .  
Middle 0 .037  n. t .  n . t .  
Inner 0 . 538  n . t .  n . t .  

0.017 
0.109 
0.127 

0.020 
0.085 
0.258 

0.019 
0.064 
0 .351  
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Discussion 

This work has concentrated principally on modifications in bacterial consti- 
tuents of  the envelope which occur late after T4 infection. Evidence that  both 
the outer  and inner membrane are modified is presented. The most  obvious 
envelope alteration is the inability to separate cleanly cytoplasmic and outer  
membrane species by isopycnic sucrose density gradient centrifugation. This 
phenomenon,  which takes place only after T4 late protein synthesis starts, has 
been noted previously [ 29,30 ]. Two specific ehanges in the outer  membranes are 
documented  here. (i) It becomes sensitive to detergent (Sarkosyl and Triton 
X-100) disruption. This not  only indicates that  a major alteration in the 
structural interrelationships among components  of  the outer  membrane has 
occurred, bu t  also precludes use of membrane separation procedures [24,28] 
involving these detergents. To our knowledge, there is no method which yields 
a good separation of  inner and outer  membrane from cells in which T4 late 
protein synthesis has begun. (ii) The displacement of  lipopolysaccharide from 
outer  membrane to membrane fractions with lighter densities is also indicative 
of  outer  membrane alterations. Studies on NADH oxidase demonstrate  that the 
cytoplasmic membrane has also been modified. The specific activity of  NADH 
oxidase decreases with increasing time of  infection and enzyme activity is 
partially delocalized. 

All of  the observed modifications suggest that  some late function(s) of  T4 
alters the cellular envelope so that  a significant amount  of  hybridization of  
inner and outer  membrane occurs during the membrane fractionation proce- 
dures. The basis for the envelope alterations is not  known but  several obvious 

possibili t ies exist. (i) Adhesion zones [2,3],  which link inner and outer  mem- 
brane, are believed to play a role in several aspects of  T4 physiology [3,31,32] 
and also to function in lipopolysaccharide deposition [33].  Phage-directed 
alterations in these junctions could thus significantly affect outer  membrane 
stability. ( i i )Phospholipases,  either phage -o r  host-specified, may be respon- 
sible. (The presumed phospholipase product  of  gene t is not  involved, how- 
ever.) (iii) A late effect  of  T4 infection which causes fragility of  the cytoplas- 
mic membrane in lysis-inhibited cells has recently been described [34].  The 
present observations may be related to this phenomenon but  in no case did we 
deliberately superinfect cul tures  and the alterations we have described occur 
earlier in the infective cycle than the modification in the permeability barrier. 
To elucidate fully the basis for the envelope changes which occur late after T4 
infection will probably require studies with multiple phage and bacterial 
mutants,  as it seems likely that  a number  of  functions are involved. 

Another  modification in existing host  membrane consti tuents is the 
infection-induced association of  a 54 000 dalton polypept ide with outer  mem- 
brane. Others [35] have reported that  there are no major changes in host  mem- 
brane proteins following infections. However,  examination of  their data (Ref. 
35, Fig. 6) does reveal the presence of additional protein of 54 000 daltons. 
These workers studied total membrane proteins and used 12.5% polyacryl- 
amide gels so the additional protein is not  as readily apparent as it is in the 
present work. That the association of  54 000 dalton protein with membrane 
does not  occur following infection with the DNA-negative mutant  T4amN82 
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indicates that phage genes affect the binding. That it occurs early (5 rain) after 
T4D0 infection and is affected by the state of  template DNA suggests that 
the required phage function is coded for by delayed-early RNA [36]. The 
significance of the association is not known; the only precedent is the transient 
association of  DNA polymerase I with membrane [14]. 54 000 dalton protein 
was not detected in mature phage particles (data not shown) and it was not 
present with the phage morphogenetic structure found at the position of outer 
membrane (Fig. 6). Aebi et al. [37] have reported the presence of a 36 000 
dalton host protein in the mature phage head. It is not known if there is some 
precursor-product relationship between 54 000 dalton protein and the smaller 
polypeptide. 

Lastly, this report describes the adventitious appearance of an intermediate 
in T4 head assembly in membrane preparations. This difficulty can be circum- 
vented by the use of  appropriate T4 mutants, such as T4amB17. 
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