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Polar cap formation has been studied in synchronized Escherichia 
coZi cells. It is dependent on a signal given after completion 
of a round of DNA replication. A 20 min time interval between 
the release of this signal and physical cell separation is probably 
the time required for the completion of polar caps. During this 
time murein is synthesized at an increased rate and cells are 
especially sensitive to penicillin. 

1, INTRODUCTION 

Bacterial cell division is normally coupled to DNA replication so that a 
chromosomal replication cycle has to be completed to allow subsequent cell 
division ( 1 - 2 ) .  A signal for division triggers a series of steps, some of 
which have been studied with synchronized cultures (2) or  with mutants ( 3 - 4 ) .  
However, no division step is clearly understood in molecular terms. 

daughter cells are formed at the division site. During this process the mor- 
phology of the sacculus ( 5 ) ,  which is the shape maintaining element of the 
bacterial wall, necessarily has t o  be modified. This occurs in a sequence of 
two reactions (6). First, covalent bonds are cleaved in the polymer murein- 
network (5) of which the sacculus consists. This step, which is accomplished 
by a set of murein hydrolases, provides both space and acceptor sites for the 
insertion of new material as a second step. By their localized and timed 
action, the murein hydrolases determine where, when and to what extent the 
sacculus undergoes morphological modifications in the cellular life cycle. 

tion of murein precursors into the growing sacculus is prevented. Due to 
continued murein hydrolysis the mechanical stability of the wall is lost, and 
the cells lyse. This happens when the condensation of new material into the 
growing sacculus is blocked in the presence of penicillin (7-9). The anti- 
biotic is thus a tool to measure murein hydrolase activity i n  V ~ V O .  

Depending on its concentration, penicillin can exert different morpho- 
logical effects on E. coli. Polar cap formation is selectively inhibited by 
low doses, whereas cell elongation is blocked only at high concentrations of 
the drug (10-11). The selective effect of low penicillin concentration on 
polar cap formation was used to analyze the regulation of murein hydrolase 

When a rod shaped E. coZi cell divides, the new polar caps of the 

The action of murein hydrolases becomes evident when the correct inser- 
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a c t i v i t y  and i t s  dependence on DNA r e p l i c a t i o n  i n  synchronized c u l t u r e s  o f  E. 
c o l i .  I n  a d d i t i o n ,  t h e  c o r r e l a t i o n  between the  a c t i v i t y  o f  mure in hydro lases 
and t h e  r a t e  o f  p o l a r  cap s p e c i f i c  mure in syn thes i s  was s tud ied .  We b e l i e v e  
t h a t  a s tudy o f  p o l a r  cap s p e c i f i c  mure in s y n t h e s i s  should lead t o  an under- 
s tand ing  o f  a t  l e a s t  one o f  t h e  many s teps o f  b a c t e r i a l  c e l l  d i v i s i o n  i n  mol- 
e c u l a r  terms. 

2, MATERIALS AM) METHODS 

(a) Bacterial strains and media 

E. coZi B/r-301 (F-,  l eu- ,  p r o - ,  lac- ,  g a l - ,  t r p - ,  h i s - ,  a r g - ,  t h y - ,  s tr ' ,  
met- ,  hspK12) i s  d e r i v e d  f rom s t r a i n  HB 50 f rom H. Boyer. 
ob ta ined  f rom D.J. C la rk .  B a c t e r i a  were grown i n  min imal -g lucose medium, sup- 
plemented as necessary. 

E. col i  B / r / l  was 

(b) Synchronization of cultures 

S t r a i n  E. c o l i  B/r-301 was synchronized i n  minimal g lucose medium (gen- 
e r a t i o n  t i m e  42 min, H e l m s t e t t e r  and Cooper (12 ) )  by a m o d i f i e d  membrane se- 
l e c t i o n  technique,  o r i g i n a l l y  desc r ibed  by H e l m s t e t t e r  and Cummings (13) .  E. 
co l i  B / r / l ,  g rowing i n  My medium (14) w i t h  a genera t i on  t i m e  o f  45 min, was 
synchronized acco rd ing  t o  t h e  c e n t r i f u g a t i o n  technique o f  M i t c h i s o n  and V incen t  
(15). 
combined w i t h  a mu l t i channe l  ana lyze r .  

Synchronous growth o f  t h e  c u l t u r e s  was f o l l o w e d  w i t h  a C o u l t e r  Counter 

( c )  Determination of the proportion of ce l l s  surviving penicilZin pulses 

P e n i c i l l i n  G (1000 I U  pe r  ml)  was added t o  synchronously growing c u l t u r e s  
a t  d i f f e r e n t  c e l l  age. A f t e r  a p u l s e  i n c u b a t i o n  o f  4 min, samples were d i l u t e d  
1 0 0 - f o l d  i n t o  0.9% NaCl, kept  a t  0' f o r  1 t o  2 h r  and f i n a l l y  p l a t e d  on nu- 
t r i e n t  agar ( D i f c o ) .  

(d) Determination of the rate  of murein synthesis 

O r i g i n a l l y  we had t r i e d  t o  i s o l a t e  a DAP dependent mutant f rom E. c o l i  
B/r-301 w i t h  which we cou ld  determine t h e  r a t e  o f  mure in s p e c i f i c  i n c o r p o r a t i o n  
o f  DAP a s  a measure o f  t h e  r a t e  o f  murein syn thes i s .  However, we found t h a t  
E. coZi B / r  i s  n o t  a b l e  t o  u t i l i z e  exogenous DAP, p robab ly  because o f  t h e  l a c k  
o f  a t r a n s p o r t  system; t h e r e f o r e  we were unable t o  i s o l a t e  a DAP-dependent 
mutant. Then, a mutant o f  E. coZi B/r-301 was i s o l a t e d  which r e q u i r e d  E - g l u  
f o r  growth; however t h e r e  was l i t t l e  d i f f e r e n c e  between the  amount o f  g - g l u  
i nco rpo ra ted  i n t o  t h e  mutant  and t h a t  i nco rpo ra ted  i n t o  t h e  pa ren t  s t r a i n .  
About 80% o f  t h e  i nco rpo ra ted  [14C]o-glu cou ld  be l i b e r a t e d  f rom t h e  mure in 
w i t h  lysoryme. T h i s  i s  t h e  amount t o  be expected i f  & g l u  i s  e x c l u s i v e l y  i n -  
co rpo ra ted  i n t o  mure in ( 1 6 ) .  F i n a l l y  t h e  exper iments were performed w i t h  E. 
c o l i  B/r-301. 

F i v e  min pu lses  w i t h  0.5 pC pe r  m l  o f  [14C]&-glutamic a c i d  (4.8 m C i  per  
mmole; Calbiochem, Los Angeles) were admin i s te red  i n  t r i p l i c a t e  t o  a synchro- 
n i z e d  c u l t u r e  (see above) o f  E. c o l i  B/r-301 a t  d i f f e r e n t  c e l l  ages. I nco r -  
p o r a t i o n  o f  t h e  l a b e l  was stopped w i t h  t r i c h l o r o a c e t i c  a c i d  a t  a f i n a l  con- 
c e n t r a t i o n  o f  5%. Labeled c e l l s  were c e n t r i f u g e d  t o g e t h e r  w i t h  c a r r i e r  c e l l s  
through a s t e p  g r a d i e n t  o f  40% and 15% sucrose i n  5% t r i c h l o r o a c e t i c  a c i d  f o r  
removal o f  excess l a b e l .  Sedimented c e l l s  were t r a n s f e r r e d  on to  g l a s s  f i l t e r  
papers (Sch le i che r  and SchU l l ,  Dassel, Germany, No. 8 ) ,  washed 4 t imes w i t h  
5% t r i c h l o r o a c e t i c  a c i d ,  t w i c e  w i t h  e thano l  and counted i n  a l i q u i d  s c i n t i l -  
l a t i o n  counter .  
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3, RESULTS 

(a) A penicillin-sensitive step precedes cell division 

As shown i n  F i g .  1 t h e  number o f  c e l l s  s u r v i v i n g  p e n i c i l l i n  pu lses ad- 
m i n i s t e r e d  t o  a synchronized c u l t u r e  depends on c e l l  age. For c e l l s  growing 
w i t h  a 42 min genera t i on  t ime  t h e r e  i s  a t ime  i n t e r v a l  o f  15 min (average o f  
I9 exper iments,  extremes 7 and 23 min)  between the  t ime  when c e l l s  a r e  most 
s e n s i t i v e  t o  p e n i c i l l i n  and t h e  occurrence o f  p h y s i c a l  c e l l  d i v i s i o n .  The 
p e r i o d  o f  maximum s e n s i t i v i t y  t o  p e n i c i l l i n  i s  t h e r e f o r e  5 t o  10 min a f t e r  t h e  
end o f  a round o f  DNA r e p l i c a t i o n  ( 1 2 ) .  A s i m i l a r  t ime  i n t e r v a l  between t h e  
complet ion o f  DNA r e p l i c a t i o n  and t h e  p e n i c i l l i n  s e n s i t i v e  s t e p  i s  found i n  
c e l l s  growing w i t h  a genera t i on  t ime  o f  64 min. Under bo th  c o n d i t i o n s ,  min- 
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F ig .  1 .  Penicillin sensitivity as a function of cell age. 
P e n i c i l l i n  G was added t o  a synchronously growing c u l t u r e  o f  E. 
coli B/r-301 (0) a t  d i f f e r e n t  c e l l  ages. The number o f  s u r v i -  
vors  (0) a f t e r  4 min o f  p e n i c i l l i n  t rea tmen t  was determined by 
p l a t i n g  ( M a t e r i a l s  and Methods). 
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F ig .  2. Penici l l in  induced delay o f  c e l l  divis ion.  
A. De te rm ina t ion  o f  t h e  de lay  t ime o f  c e l l  d i v i s i o n .  E. c o l i  

B / r / l  was synchronized as desc r ibed  i n  M a t e r i a l s  and Methods. I n  
the  experiment shown, p e n i c i l l i n  G (40 IU per  m l )  was added a t  23 
min c e l l  age. Seven min l a t e r  an excess o f  p e n i c i l l i n a s e  (3000 
I U  per  m l )  was added and c e l l  d i v i s i o n  f o l l o w e d  i n  t h e  C o u l t e r  
Counter. Arrows i n d i c a t e  t imes o f  d i v i s i o n  ( i . e .  t h e  i n f l e c t i o n  
p o i n t s )  o f  t h e  exper imenta l  sample (A) and o f  an u n t r e a t e d  con- 
t r o l  (0). I ncuba t ion  t ime  w i t h  p e n i c i l l i n  i s  represented by a 
ba r .  

B. The de lay  o f  d i v i s i o n  as compared t o  the c o n t r o l .  The 
de lay  o f  c e l l  d i v i s i o n  was determined as desc r ibed  i n  A (A) i n  
a s e r i e s  o f  exper iments i n  which p e n i c i l l i n  pu lses were g i v e n  a t  
d i f f e r e n t  c e l l  age. The de lay  t imes found a r e  p l o t t e d  versus 
t h e  t ime  a t  which the  p e n i c i l l i n  pu l se  was s t a r t e d  (absc i ssa ) .  
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imum s e n s i t i v i t y  t o  p e n i c i l l i n  i s  reached a t  about 8 min a f t e r  d i v i s i o n .  The 
o s c i l l a t i o n  o f  p e n i c i l l i n  s e n s i t i v i t y  d u r i n g  the  l i f e  c y c l e  i s  n o t  due t o  a 
v a r i a t i o n  o f  c e l l  p e r m e a b i l i t y  t o  p e n i c i l l i n .  S u r v i v a l  curves determined a t  
v a r i o u s  c e l l  ages show a cons tan t  l a g  o f  about 2 min f o l l o w e d  by a decrease 
i n  t h e  number o f  s u r v i v i n g  c e l l s  a t  d i f f e r e n t  r a t e s .  The v a r i a t i o n s  of k i  < 

i n g  r a t e  a r e  t h e  reason f o r  t h e  o s c i l l a t i o n  o f  p e n i c i l l i n  s e n s i t i v i t y .  
Not o n l y  h i g h ,  b u t  a l s o  low concen t ra t i ons  o f  p e n i c i l l i n ,  show an age 

dependent e f f e c t .  Pulses u t i l i z i n g  40 u n i t s  per  m l  o f  t h e  a n t i b i o t i c  lead 
a delay i n  c e l l  d i v i s i o n .  This  de lay  p robab ly  r e f l e c t s  t h e  t ime r e q u i r e d  
r e p a i r  t he  l e s i o n s  caused by t h e  drug. A s  shown i n  F ig .  2, maximal de lay  
observed i f  t h e  pu lse  i s  admin i s te red  a t  t he  t ime  when maximum p e n i c i l l i n  
s e n s i t i v i t y  occu r red  as determined i n  t h e  experiment shown i n  F i g .  I .  

(b)  The p e n i c i l l i n  sensi t ive  step is coupled t o  the DNA replication cycle 

DNA syn thes i s  was i n h i b i t e d  i n  synchronized c u l t u r e s  by thymine s t a r v a -  
t i o n  o r  by the a d d i t i o n  of n a l i d i x i c  a c i d  (17)  a t  a c e l l  age when chromosome 
r e p l i c a t i o n  was n o t  y e t  completed. Under these c o n d i t i o n s  we found no age 
dependent o s c i l l a t i o n  i n  the  percentage o f  c e l l s  s u r v i v i n g  t h e  p e n i c i l l i n  
t rea tmen t .  Th i s  i n d i c a t e s  t h a t  t h e  s i g n a l  which t r i g g e r s  t h e  p e n i c i l l i n  sen- 
s i t i v e  s tep  was no l onger  generated (F ig .  3 A ,  B). The o n l y  e f f e c t  observed 
was u n s p e c i f i c  k i l l i n g  (about 50% s u r v i v o r s ;  see F ig .  I )  which might  be due 
t o  p e n i c i l l i n  induced c e l l  l y s i s  a t  t he  s i t e s  o f  c e l l  e l o n g a t i o n ,  as postu- 
l a t e d  by Donachie and Begg (18) .  I n h i b i t i o n  o f  p r o t e i n  syn thes i s  ( s t a r v a t i o n  
f o r  l euc ine ,  F ig .  3C, o r  a d d i t i o n  o f  ch loramphenico l )  a l s o  prevented t h e  age 
dependent o s c i l l a t i o n  o f  p e n i c i l l i n  s e n s i t i v i t y .  Obvious ly ,  t h e  s i g n a l  f o r  
d i v i s i o n  a f t e r  complet ion o f  a round o f  DNA r e p l i c a t i o n  can o n l y  be expressed 
when p r o t e i n  s y n t h e s i s  i s  a l lowed.  

( c )  Microscopic examination of penic i l l in  treated cel ls  

I n  the  presence o f  p e n i c i l l i n  a t  low c o n c e n t r a t i o n ,  bulges a r e  formed 
a t  t h e  d i v i s i o n  s i t e  i ns tead  o f  normal p o l a r  caps (10). We asked a t  which 
c e l l  age t h e  p o t e n t i a l  f o r  bu lge  f o r m a t i o n  a r i s e s .  P e n i c i l l i n  was added t o  
a synchronized c u l t u r e  a t  v a r i o u s  c e l l  ages and t h e  p r o p o r t i o n  o f  c e l l s  w i t h  
bu lges was determined a f t e r  a f i x e d  p e r i o d  o f  f u r t h e r  i ncuba t ion .  To prevent  
a re lease  o f  s i g n a l s  f o r  c e l l  d i v i s i o n  when a d d i t i o n a l  rounds o f  chromosome 
r e p l i c a t i o n  cou ld  be completed i n  t h e  course o f  t he  exper iment ,  n a l i d i x i c  
a c i d  was added t o g e t h e r  w i t h  p e n i c i l l i n ,  

As represented i n  F ig .  4,  p e n i c i l l i n  induced bu lge  fo rma t ion  i s  maximal 
when the  drugs a r e  g i ven  a t  o r  s h o r t l y  a f t e r  t h e  t ime  when a round o f  r e p l i -  
c a t i o n  has been completed. This i s  about t h e  c e l l  age a t  which the  c e l l s  a r e  
most s e n s i t i v e  t o  p e n i c i l l i n .  

(d) Rate of murein synthesis during the l i f e  cycle 

The t i m i n g  o f  t h e  p e n i c i l l i n  s e n s i t i v e  d i v i s i o n  s tep  r e f l e c t s  t h e  f u n c t i o n  
o f  a mechanism which regu la tes  l o c a l i z e d  mure in syn thes i s  d u r i n g  p o l a r  cap f o r -  
mat ion.  
a l l  r a t e  o f  mure in syn thes i s  i n  t h e  l i f e  c y c l e .  

synchronized c u l t u r e s  w i t h  pu lses o f  t h e  mure in s p e c i f i c  amino a c i d s  &-glu- 
tarnic a c i d  (0 -g lu )  and 2.6-diaminopimel i c  a c i d  (DAP), r e s p e c t i v e l y  ( 5 ) .  The 
r a t e  o f  i n c o r p o r a t i o n  o f  1 - g l u  per  c e l l  or p e r  c e l l  mass ( O D 5 5 0  mp) i n t o  E. 
c o l i  B/r-301 i s  maximal a t  t h e  same c e l l  age a t  which the  c e l l s  a r e  most sen- 
s i t i v e  t o  p e n i c i l l i n  (F ig .  5 and F ig .  1 ) .  S i m i l a r  r e s u l t s  a r e  ob ta ined  when 
mure in syn thes i s  i s  determined by  f o l l o w i n g  t h e  i n c o r p o r a t i o n  o f  DAP i n t o  
synchronized (19) E. c o l i  K12-W7 (20) .  

The re fo re  we expected t o  f i n d  an age dependent v a r i a t i o n  i n  t h e  over-  

The r a t e  o f  mure in syn thes i s  was determined a t  d i f f e r e n t  c e l l  ages i n  

1 -  

t o  
0 

S 
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4, DISCUSSION 

All our experiments support the conclusion that in the life cycle of E. 
coZi a signal, emitted only after the end of a round o f  chromosome replication, 
triggers localized murein synthesis which is extremely sensitive to penicillin 
(10). This synthesis is essential for polar cap formation and eventually 
leads to cell division. In some division mutants the ordered sequence of 
these events may be a1 tered (3, 21-23). 

periments but not with their interpretation: 
sitivity occurs at the time of division" (24). 
fortuitous, since the previously reported experiments were performed with a 
medium in which the end of a round o f  DNA replication and cell division (25) 
occurred at about the same time. 

Our results are consistent with the results of previously reported ex- 
"that maximum (penici 1 1  in) sen- 
This latter coincidence i s  

Fig. 3. 

A. E. coZi B/r-301 was synchronized as described in Materials 

Effect  of i nh ib i t i on  of DNA or protein synthesis on 
peniciZlin s e n s i t i v i t y  of synchronized cultures.  

and Methods. The number of colony formers was determined after 
5 min pulses with 1000 I U  per ml of penicillin G (*.A*-A-*), after 
addition of 10 ug per ml of nalidixic acid at the cell age of 10 
min (+), and after addition of 10 pg per ml of nalidixic 
acid at the cell age of 10 min and subsequent 5 min pulses of 
1000 IU per ml of penicillin G at different cell ages (-1. 

B. E. coZi B/r/l thy- was synchronized as described in 
Materials and Methods. Thymine was removed at cell age 0 min. 
Number of colony formers was determined after 6 min pulses of 
900 I U  per ml of penicillin G (m)  and in a penicillin free con- 
trol (@). 

C. E .  c o l i  B/r/l Zeu- was treated as in B except that leu- 
cine instead of thymine was removed (0). 

Arrows indicate time of synchronous division in the un- 
treated control. Inserts show per cent viable cells after pen- 
icillin treatment as calculated from the curves (penicillin free 
control taken as 100 per cent). 
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The o s c i l l a t i o n  of t h e  r a t e  a t  which mure in s p e c i f i c  amino ac ids  a r e  i n -  
co rpo ra ted  need no t  n e c e s s a r i l y  r e f l e c t  a v a r i a t i o n  o f  t h e  r a t e  o f  mure in 
syn thes i s .  
s i z e  o f  these amino a c i d s .  I t  i s  d i f f i c u l t  t o  exc lude t h i s  by experiments. 
However, because the  o s c i l l a t i o n s  o f  p e n i c i l l i n  s e n s i t i v i t y  a r e  synchronous 
and s i n c e  ou r  exper iments were done w i t h  two d i f f e r e n t  s t r a i n s  and amino 
a c i d s ,  we favour  t h e  hypo thes i s  t h a t  i t  i s  t h e  r a t e  o f  mure in syn thes i s  which 
o s c i l l a t e s  i n  the  l i f e  c y c l e  o f  E. coli. 

low concen t ra t i ons  o f  p e n i c i l l i n ,  r e q u i r e s  b o t h  r e p a i r  o f  t h e  l e s i o n s  caused 
by t h e  drug and t h e  s y n t h e s i s  o f  new p o l a r  cap murein. The de lay  t imes found 
a r e  remarkably long ( F i g .  2 ) .  Under normal c o n d i t i o n s ,  t h e  c a p a c i t y  o f  t h e  
c e l l  f o r  f a s t  p o l a r  cap f o r m a t i o n  a l s o  appears t o  be q u i t e  l i m i t e d .  The long 
t ime  i n t e r v a l  between t h e  end o f  DNA r e p l i c a t i o n  and c e l l  separa t i on  (25) 
may be t h e  t ime  r e q u i r e d  f o r  p o l a r  cap fo rma t ion .  

I t  cou ld  be mimicked by an o s c i l l a t i o n  o f  t h e  i n t r a c e l l u l a r  pool  

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

I 

J; 

2 1 '  ' ' I '  ' ' ' ' ' 

F ig .  4. PeniciZZin induced bulge formation i n  synchronized 
cultures. E.  coZi B/r -301 was synchronized as i n d i c a t e d  i n  Ma- 
t e r i a l s  and Methods. Samples were t r a n s f e r r e d  a t  d i f f e r e n t  c e l l  
age t o  medium c o n t a i n i n g  12% sucrose, 10 ug pe r  m l  o f  n a l i d i x i c  
a c i d ,  and 20 I U  p e r  m l  o f  p e n i c i l l i n  G ,  f i n a l  concen t ra t i ons ,  
and incubated f o r  130 min t o  a l l o w  development o f  bu lges.  The 
p r o p o r t i o n  o f  c e l l s  w i t h  bu lges was determined w i t h  a phase con- 
t r a s t  microscope and p l o t t e d  versus t h e  t ime  o f  t r a n s f e r  i n t o  
the  bu lge  fo rm ing  medium. Bars rep resen t  s tandard e r r o r s .  
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F ig .  5. Rate of murein synthesis during the Ife cycZe. 
E. coZi B/r-301 was synchronized and c e l l  number (-) measured 
as i n d i c a t e d  i n  M a t e r i a l s  and Methods. The r a t e  o f  mure in syn- 
t h e s i s  as determined by i n c o r p o r a t i o n  o f  mure in s p e c i f i c  l a b e l  
( M a t e r i a l s  and Methods) i n t o  c e l l s  f rom 0.5 m l  o f  c u l t u r e  i s  
p l o t t e d  versus c e l l  age (0). The amount o f  l a b e l  found i n  10' 
c e l  Is (A) was c a l c u l a t e d  f rom curves 0 and 0. 
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P o l a r  cap fo rma t ion ,  as measured by p e n i c i l l i n  s e n s i t i v i t y ,  s t a r t s  a t  
about t h e  same c e l l  age a t  which the  number o f  s i t e s  f o r  c e l l  e l o n g a t i o n  
doubles (26)  accord ing  t o  t h e  u n i t  c e l l  hypo thes i s  o f  Donachie and Begg ( 1 8 ) .  
However, these two events  a r e  d i s t i n c t  f rom each o t h e r  by a d i f f e r e n t  sen- 
s i t i v i t y  t o  p e n i c i l l i n  and a r e  s u b j e c t  t o  d i f f e r e n t  r e g u l a t o r y  processes, 
r e f l e c t e d  i n  t h e i r  r e l a t i o n s h i p  t o  DNA r e p l i c a t i o n .  S i t e s  f o r  c e l l  e longa-  
t i o n  can double i n  t h e  absence o f  DNA syn thes i s  ( 2 6 ) ,  whereas i n i t i a t i o n  o f  
p o l a r  cap f o r m a t i o n  occurs as t h e  r e s u l t  o f  a completed DNA r e p l i c a t i o n  c y c l e .  

Recen t l y ,  D.J. C l a r k  informed us t h a t  David Groves i n  h i s  l a b o r a t o r y  
found an o s c i l l a t i o n  o f  p e n i c i l l i n  s e n s i t i v i t y  d u r i n g  t h e  l i f e  c y c l e  o f  E. 
coZi s i m i l a r  t o  t h a t  desc r ibed  i n  t h i s  a r t i c l e .  

ACKNOWLEDGEMENTS 

We thank A .  Asmus, A. B o r r i s ,  D .  Esser and M .  Hllbner f o r  t e c h n i c a l  as- 
s i s t a n c e ,  W .  V i e l m e t t e r  f o r  d i scuss ions  and F. Melchers f o r  p r o v i d i n g  an auto-  
m a t i c  c o f f e e  machine used d u r i n g  t h e  p r e p a r a t i o n  o f  the  manuscr ip t .  

1 .  
2 .  
3.  

4 .  
5. 
6 .  
7 .  

8.  

9 .  

10. 
1 1 .  
1 2 .  
13. 

14. 
15. 
16. 
17. 

18. 
19. 
20.  
21 .  
2 2 .  

23. 
24. 
25. 
26. 

REFERENCES 

H e l m s t e t t e r ,  C .E . ,  and P i e r u c c i ,  O . ,  J .  Bact. 95, 1627 (1968) .  
C l a r k ,  D.J., CoZd Spring Harbor Symp. @ant. BioZ. 3 3 ,  823 (1968) .  
H i r o t a ,  Y . ,  R y t e r ,  A . ,  and Jacob, F . ,  CoZd Spring Harbor Symp. &ant. 

Reeve, J.N., Groves, D.J., and C l a r k ,  D.J., J .  Bact. 1 0 4 ,  1052 (1970) .  
Weidel, W. ,  and P e l z e r ,  H . ,  Adv. EnzymoZ. 26, I93 (1964) .  
Shockman, G . D . ,  BacterioZ. Rev. 29, 345 (1965) .  
l z a k i ,  K. ,  Matsuhashi, M . ,  and Strominger ,  J.L.,  J .  BioZ. Chem. 2 4 3 ,  3180 

A r a k i ,  Y . ,  S h i r a i ,  A . ,  Shimada, H . ,  Ish imoto,  N . ,  and I t o ,  E . ,  Biochern. 

Strominger ,  J .L . ,  l z a k i ,  K.,  Matsuhashi, M . ,  and T ippe r ,  D.J.,  Fed.  Proc. 

Schwarz, U . ,  Asmus, A . ,  and Frank, H . ,  J .  1'402. BioZ. 41, 419 (1969) .  
Stdrka,  J . ,  and Moravovd, J . ,  FoZia MierobioZ. 12, 240 (1967) .  
H e l m s t e t t e r ,  C . ,  and Cooper, S . ,  J .  1'402. BioZ. 3 1 ,  507 (1968) .  
H e l m s t e t t e r ,  C . ,  and Cummings, D . ,  Proc. Nat. Acad. Sci. U.S. 50, 767 

Adarns, M.H. ,  Bacteriophages, I n t e r s c i e n c e ,  New York (1959) .  
M i t c h i s o n ,  J.M., and Vincent ,  W.S. ,  Uature 205, 987 (1965) .  
M a r t i n ,  H.H.,  and Frank, H . ,  2. Zv'aturforsch. 17b, I90 (1962) .  
Shiba, S . ,  Terakawi ,  A. ,  Taguchi ,  T., and Kawamata, J . ,  Biken's J .  I ,  

Donachie, W.D., and Begg, K.J., flature 227, 1220 (1970) .  
Cummings, D.J., Biochem. Biophys. Res. Corn. 4 2 ,  471 (1970) .  
Hartmann, R . ,  H iS l t je ,  J . -V. ,  and Schwarz, U . ,  Nature,  i n  press.  
Fangman, W.L., and Novick,  A . ,  Genetics 60, 1 (1968) .  
Kohiyama, M . ,  Cousin, D . ,  Ry te r ,  A . ,  and Jacob, F . ,  Ann. Inst .  Pastern 

Inouye, M. ,  J .  Bact. 9 9 ,  842 (1969) .  
Mathison,  G . E . ,  Nature 219, 405 (1968) .  
Cooper, S . ,  and H e l m s t e t t e r ,  C . E . ,  J .  MoZ. BioZ. 31, 519 (1968) .  
Ward, C . B . ,  and G lase r ,  D . A . ,  I roc .  IJat. Acad. Se i .  7.S. 6 8 ,  1061 (1971) .  

BioZ. 3 3 ,  677 (1968) .  

(1968) .  

Biophys. Res. Corn. 23, 466 (1966) .  

26, 9 (1967) .  

(1963) .  

179 (1958) .  

2 1 0 ,  465 (1966) .  

37 




