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Between  the  b t r t h  o f  a cell a n d  its 
subsequen t  divis ion,  all o f  the  ceil c o m -  
ponen t s  double .  A t  w h a t  ra te  is mater ia l  
synthesized dur ing  the d iwsion  cycle and  
h o w  does  the  cell en su re  t h a t  t he re  is a 
precise  d o u b l i n g  o~ cell c o m p o n e n t s ?  
H o w  a re  these  syntheses  re la ted  to  an  
o r d e r l y  p r o g r e s s  o f  synthes is  t h r o u g h  
the  d iv i s ion  c y c l e ?  Is there  a bac te r i a l  
g r o w t h  l a w ?  I will a n s w e r  these  ques-  
t i ons  by  desc r ib ing  celt g r o w t h  in t e rms  
o f  the  b iosyn thes i s  o f  th ree  ca tegor ie s  
o f  ma te r i a l :  cy top la sm,  g e n o m e  a n d  celt 
su r face .  

T h e  a g g r e g a t i o n  p r o b l e m .  

I n  e c o n o m i c s ,  t he  a g g r e g a t i o n  p r o -  
b l e m  is h o w  to  c o m b i n e  v a r i o u s  sec tors  
o f  an  e c o n o m y .  S h o u l d  the  f igures  fo r  
the  p r o d u c t i o n  o f  cap i ta l  m a c h i n e r y  be 
c o m b i n e d  wi th  those  for  the  p r o d u c u o n  
o f  c o n s u m e r  g o o d s  ? Is p a p e r  p r o d u c e d  
f o r  boxes  in the same e c o n o m i c  ca tegory  
as s t a t i one ry?  It  is d i f f icul t  to  t rea t  each  
i t em in an  e c o n o m y  i n d i v t d u a l l y ;  s o m e  
a g g r e g a t i o n  is r .ecessary in o r d e r  t o  
u n d e r s t a n d  the  whole  system. F o r  exam-  
ple, the  e c o n o m y  o f  an  indiv idual  c o u n -  
t ry  is o f t e n  a g g r e g a t e d  in to  a ~ingle 
n u m b e r ,  the gross na t iona l  p roduc t .  W e  
m u s t  n o w  cons ide r  the agg rega t ion  p ro -  
b l e m  f o r  the  analys is  o f  the  bac te r ia l  
d iv i s ion  cycle .  

I n  the  ana lys i s  o f  the  bac te r ia l  divi- 
s ion cycl.% the  ques t i on  arises as to  h o w  
one  aggrega tes  the  d i f fe ren t  pa r t s  o f  the  
cell in o rder  to  achieve an  unde r s t and ing  
o f  the b i o c h e m i s t r y  o f  g r o w t h  a n d  divi- 
s ion .  ]s the re  a u n i q u e  p a t t e r n  o f  syn-  
thesis d u r i n g  t he  d iv is ion  cycle  fo r  e a c h  
e n z y m e ,  o r  a re  the re  a l imi ted  n u m b e r  
o f  pa t t e rn s  wi th  d i f f e r e n t  e n z y m e s  o r  

molecu les  syn thes ized  a c c o r d i n g  t o  a n y  
o n e  o f  these  p a t t e r n s ?  Axe the re  w a y s  
o f  g r o u p i n g  pro te ins  o r  R N A  molecu les  
so  tha t  o n e  c a n  cons ide r  classes  o f  
m o l e c u l e s  r a t h e r  t h a n  i n d i v i d u a l  
m o l e c u l a r  species  ? S h o u l d  we c o n s i d e r  
the  cell m e m b r a n e  a d i f f e r en t  c a t e g o r y  
f r o m  tha t  o f  p e p t i d o s l y c a n ?  A r e  the  en- 
z y m e s  i n v o l v e d  in m a c r o m o l e c u l e  
me tabo l i sm synthesized d i f ferent ly  f r o m  
those  i nvo lved  in the  smal l  m o l e c u l e  
m e t a b o l i s m  ? T h e r e  a re  a p p r o x i m a t e l y  
a t h o u s a n d  pro te ins  in the  g r o w i n g  cell, 
a n d  if e a c h  p r o t e i n  h a d  a u n i q u e  cell- 
cycle  s y n t h e u c  p a t t e r n ,  o r  i f  t he re  were  
o n l y  a f ew e n z y m e s  exh ib i t ing  a n y  p a r -  
t i cu la r  p a t t e r n ,  we w o u l d  h a v e  a n  in- 
s u p e r a b l e  t a s k  d e s c r i b i n g  t h e  
b iosyn thes i s  o f  the cell d u r i n g  the  divi-  
s ion cycle.  

W i t h  r ega rd  to  synthes i s  d u r i n g  the  
bac te r ia l  d iv is ion  cycle,  I p r o p o s e  tha t  
the re  a re  o n l y  th ree  ca tegor ies  o f  
molecu les ,  each  o f  wh ich  is syn thes i zed  
wi th  a un iqu~  pa t t e rn .  T h e  g r o w t h  pa t -  
t e rn  o f  the  cell ~s the  s u m  o f  these  th ree  
b io syn the t i c  p a t t e r n s  ( C o o p e r ,  1988c). 
T h e  first c a t e g o r y  is t he  c y t o p l a s m ,  
which  is the  ent i re  a c c u m u l a t i o n  o f  en-  
z y m e s ,  p r o t e i n s ,  R N A  m o l e c u l e s ,  
r i b o s o m e s ,  smal l  mo lecu les ,  wa te r  a n d  
tons  tha t  m a k e  u p  the  bu lk  o f  the  
bacter ia l  cell. It is the  ma te r i a l  enc losed  
wi th in  the  cell su r face .  T h e  s econd  
c a t e g o r y  is t he  g e n o m e ,  the  o n e -  
d i m e n s i o n a l  l inear  D N A  s t ruc tu re .  F o r  
o u r  u n d e r s t a n d i n g  o f  b iosyn thes i s ,  it is 
the  l inear  a spec t  o f  D N A  t h a t  is i m p o r -  
t an t ,  a l t h o u g h  the fo lded  g e n o m e  ts a 
t h r e e - d i m e n s i o n a l  ob jec t .  T h e  t h i rd  
c a t e g o r y  is the cell su r face ,  w h i c h  
encloses the c y t o p l a s m  a n d  the  g e n o m e .  
T h e  s u r f a c e  is c o m p o s e d  o f  pep -  
t idog lycan ,  m e m b r a n e s  a n d  m e m b r a n e -  
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assoc ia ted  p ro t e in s  a n d  po lysaccha r idcs .  
E v e r y t h i n g  in t h e  ceil fi ts in to  o n e  o f  the  
t h r e e  c a t e g o r i e s  a n d  e a c h  c a t e g o r y  h a s  
a d i f f e r e n t  p a t t e r n  o f  syn thes i s  d u r i n g  
the  d tv i s ion  cyc le .  T h e s e  t h r e e  p a t t e r n s  
a r e  s i m p l e  t o  u n d e r s t a n d  as  t h e y  c a n  be  
d e r i v e d  f r o m  o u r  c u r r e n t  k n o w l e d g e  o f  
t he  p r inc ip le s  i n v o l v e d  in t h e  b i o s y n -  
thes is  o f  c y t o p l a s m ,  g e n o m e ,  a n d  cell  
s u r f a c e .  

C y t o p l a s m  syn thes i s  d u r i n g  the  d iv i s ion  
ey r i e .  

C o n s i d e r  a u n i t  v o l u m e  o f  
c y t o p l a s m .  I t  c o n t a i n s  all  o f  t h e  en-  
z y m e s  r e q u i r e d  f o r  the  b r e a k d o w n  o f  
n u t r i e n t s ,  t he  b i o s y n t h e s i s  o f  s m a l l  
m o l e c u l a r  p r e c u r s o r s  o f  m a c r o m o l e -  
cules  a n d  the  s y n t h e s i s  o f  m a c r o m o l e -  
cules .  E a c h  un i t  o f  c y t o p l a s m  p r o d u c e s  
a sma l l  a m o u n t  o f  r~ew c y t o p l a s m  o v e r  
a s m a l l  i n t e rva l  o f  t~me. I f  the  new 
c y t o p l a s m  is i nd i s t i ngu t s hab l e  f r o m  t h e  
old,  a n d  i f  t he  new c y t o p l a s m  ac ts  t o  
syn thes i ze  m o r e  c y t o p l a s m  i m m e d i a t e -  
ly,  t h e n  the  p a t t e r n  o f  c y t o p l a s m  syn-  
thes i s  is e x p o n e n t i a l .  T h i s  e x p o n e n t m l  
p a t t e r n  is i l l u s t r a t ed  m f igu re  1. 

E x p e r i m e n t a l  m e a s u r e m e n t s  c o n f i r m  
t h e  e x p o n e n t i a l  b i o s y n t h e s i s  o f  
c y t o p l a s m  d u r i n g  t h e  d iv i s ion  cycle  
( C o o p e r ,  1988b ;  D e n n i s ,  1 9 7 1 a , b ;  
L u t k e n h a u s  et  aL, 1979). T h e s e  ex-  
p e r i m e n t s  i nd i ca t e  t h a t  t h e  syn thes i s  o f  

c y t o p l a s m  is i n d e p e n d e n t  o f  the  d iv is ion 
cyc le .  T h e r e  a r e  n o  c h a n g e s  in  the  
spec i f i c  r a t e  o f  syn thes i s  o r  p a t t e r n  o f  
c y t o p l a s m  s y n t h e s i s  t h a t  a r e  r e I a t e d  t o  
a n y  p a r t i c u l a r  ce l l -cycle  even t .  N o  p a r -  
t i c u l a r  m o l e c u l e  o f  t he  c y t o p l a s m  is 
m a d e  d i f f e r e n t l y  f r o m  a n y  o t h e r  
m o l e c u l e  o f  t h e  c y t o p l a s m  d u r i n g  t h e  
d i v i s i o n  cycle .  I n  a d d i t i o n ,  t h e r e  is n o  
v a r i a t i o n ,  d u r i n g  t h e  d i v m i o n  cyc le ,  in  
the  re la t ive  c o n c e n t r a t i o n  o f  a n y  p a r t  o f  
t h e  c y t o p l a s m .  Al l  p a r t s  o f  t h e  
c y t o p l a s m  a c c u m u l a t e  e x p o n e n t i a l l y  
d u r i n g  t h e  d iv i s ion  cyc le ,  a n d  th is  p a t -  
t e r n  is u n c h a n g e d  e v e n  w h e n  t h e  cell  is 
d iv id ing .  A t  t h e  i n s t a n t  o f  d i v i s i o n ,  t h e  
c o m b i n e d  ra t e  o f  c y t o p l a s m  syn thes i s  m 
the  t w o  n e w  d a u g h t e r  cells is p rec i se ly  
equa l  to  the  syn the t ic  ra te  in the  d iv id ing  
m o t h e r  cell. 

D e s p i t e  a r g u m e n t s  tha ;  h a v e  b e e n  
m a d e  f o r  o t h e r  m o d e s  o f  c y t o p l a s m  syn-  
thesis,  it is p r o p o s e d  here  t h a t  c y t o p l a s m  
syn thes i s  o c c u r s  w i t h o u t  r e f e r e n c e  t o  
cell  a g e .  P a p e r s  h a v e  a p p e a r e d  
p e r i o d i c a l l y  c l a i m i n g  t o  s h o w  t h a t  o n e  
o r  a n o t h e r  p r o t e i n  m m a d e  a t  s o m e  p a r -  
t i cu l a r  p o i n t  d u r i n g  t h e  d iv i s i on  cyc le ,  
o r  t h a t  t h e r e  is a n  a b r u p t  c h a n g e  in  t he  
s y n t h e t i c  r a t e  d u r i n g  the  d iv i s ion  cycle  
(see C o o p e r  (1988b) f o r  re fe rences ) .  Ex -  
p e r i m e n t s  s u g g e s t i n g  v a r i a t i o n s  in  
c y t o p l a s m  syn thes i s  d u r i n g  the  d iv i s i on  
cyc le  h a v e  u s e d  s y n c h r o n i z e d  c u l t u r e s ,  
a n d  s y n c h r o n i z e d  c u l t u r e s  h a v e  the  
a b i l i t y  t o  p r o d u c e  a r t i f a c t s .  T h e  

Cell age 

Fzo 1 - -  Cytoplasm synthesis durtng the dtvtston cycle 

Both the rate o f  cy toplasm synthesis and the pat tern o f  accumulat ion o f  c~to0lasm are ex- 
ponential  dunng the dtvision cycle. 
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e v i d e n c e  f o r  a s m o o t h ,  c o n t i n u o u s  a n d  
exponen t i a l  increase  in c y t o p l a s m  c o m e s  
f r o m  e x p e r i m e n t s  t h a t  u s e  t h e  
m e m b r a n e - e l u t i o n  m e t h o d  ( C o o p e r ,  
1989b) .  T h i s  m e t h o d ,  s o m e t i m e s  ca l l ed  
t h e  " ' b a b y - m a c h i n e " ,  ha s  led to  t h e  ac-  
c e p t a n c e  o f  a p a r t i c u l a r  p a t t e r n  o f  
m a c r o m o l e c u l e  syn thes i s  d u r i n g  the  
d iv i s ion  cycle  ( C o o p e r  a n d  H e l m s t e t t e r ,  
1968 ; H e i m s t e t t e r  a n d  C o o p e r ,  i 968) .  
T h e  p a t t e r n  o f  D N A  syn thes i s  d u r i n g  
t h e  d iv i s ion  cyc le ,  r e c e n t l y  s h o w n  to  b e  
c o r r e c t  b y  f l o w - c y t o m e t r i c  a n a l y s i s  
( S k a r s t a d  e t  a l . ,  1985). w a s  d i s c o v e r e d  
u s i n g  t h e  m e m b r a n e - e l u t i o n  m e t h o d .  
T h u s ,  t he  resul ts  f r o m  a m e t h o d  c a p a b l e  
o f  p r o d u c i n g  a n  a c c u r a t e  a n a l y s i s  o f  
b i o s y n t h e s i s  d u r i n g  the  d iv i s ion  cyc le  
h a v e  c o n f i r m e d  the  e x p o n e n t i a l  syn-  
t hes i s  o f  c y t o p l a s m .  

I n  a d d i t i o n  t o  th is  e x p e r i m e n t a l  
a r g u m e n t ,  a n  e v o l u t i o n a r y  a r g u m e n t  
c a n  b e  m a d e  f o r  a n  i nva r i~n t  r a t e  o f  ac -  
c u m u l a t i o n  o f  c y t o p l a s m  d u r i n g  t h e  
d iv i s ion  cycle .  I f  the  syn the t i c  r a t e  o f  a n  
e n z y m e  c h a n g e d  a b r u p t l y  d u r i n g  t h e  
d i v i s i o n  cyc le ,  t h e r e  w o u l d  b e  d r e l a t ive  
excess  o r  d e f i c i e n c y  o f  t h a t  e n z y m e  a t  
s o m e  p o i n t  d u r i n g  the  d iv i s ion  c y c l e ;  
th i s  w o u l d  b e  a n  i ne f f i c i en t  use  o f  
r e s o u r c e s .  T h e  o p t i m a l  a l l o c a t i o n  o f  
r e s o u r c ¢ ,  is f o r  e a c h  c o m p o n e n t  t o  be  
a t  a c o n s t a n t  c o n c e n t r a t i o n  d u r i n g  the  
chvis ion  cycle .  Ce l l s  w o u l d  n o t  e v o l v e  
c o n t r o l s  m a k i n g  t h e m  less e f f i c i e n t  m 
cel l  p r o d u c t i o n .  T h e  ideal  p a t t e r n  o f  
c y t o p l a s m  syn thes i s  is a n  i n v a r i a n t  
c y t o p l a s m  c o m p o s i t i o n  d u r i n g  t h e  divi-  
s i o n  cyc le .  

A t h i r d  a r g u m e n t  s u p p o r t i n g  ex-  
p o n e n t i a l  c y t o p l a s m  syn thes i s  is t ha t  on -  
ly  th i s  p a t t e r n  is e x p l a i n e d  in k n o w n  
b i o c h e m i c a l  t e r m s .  T h e  c y c l e - i n d e p e n -  
d e n t  exponen taa l  synthes is  o f  c y t o p l a s m  
c a n  b e  d e r i v e d  f r o m  o u r  c u r r e n t  
u n d e r s t a n d i n g  o f  t he  b i o c h e m i s t r y  o f  
m a c r o m o l e c u l e  s y n t h e s i s .  E n z y m e s  
m a k e  R N A  a n d  p r o t e i n ,  w h i c h  m a k e  
n b o s o m e s ,  which  then  lead  to  m o r e  p r o -  
te in  s y n t h e s i s  M o r e  p r o t e i n s  m e a n  
m o r e  R N A  p o l y m e r a s e s ,  m o r e  ca t abof i c  
a n d  a n a b o l i c  e n z y m e s ,  a n d  t h e  c o n -  
t i n u o u s l y  inc reas ing  ab i l i ty  o f  the  cell t o  
m a k e  m o r e  a n d  m o r e  c y t o p l a s m .  I n  
c o n t r a s t ,  i f  n e w l y  s y n t h e s i z e d  m a t e r i a l  
w a s  n o t  a c t i v a t e d  f o r  syn thes i s  d u r i n g  

t h e  d iv i s ion  cyc le ,  b u t  i n s t e a d  w a s  
r e c r u i t e d  f o r  b i o s y n t h e s i s  o n l y  a t  t h e  
i n s t a n t  o f  d i v i s i o n ,  o n e  w o u l d  h a v e  
l i nea r  c y t o p l a s m  syn thes i s  d u r i n g  t h e  
d iv i s ion  cycle .  A l t h o u g h  th i s  poss ib i l i -  
t y  exis ts ,  I k n o w  o f  n o  m e c h a n | s m s  
w h i c h  a l l o w  t h e  ceil  t o  d i s t i ngu i sh  be -  
t w e e n  newly  syn thes i zed  c y t o p l a s m  a n d  
o ld  c y t o p l a s m ,  o r  w h i c h  l ead  t o  cel l-  
cyc le - spec i f i c  v a r i a t i o n  in  t h e  s y n t h e t i c  
r a t e  o f  a n y  p a r t i c u l a r  m o l e c u l e  d u r i n g  
t h e  d i v i s i o n  c y c l e .  U n t i l  s u c h  a 
m e c h a n i s m  is f o u n d ,  i t  will b e  d i f f i c u l t  
t o  a c c e p t  n o n - e x p o n e n t i a l  m o d e s  o f  
c y t o p l a s m  syn thes i s .  

D N A  syn thes i s  d u r i n g  the  d iv i s ion  
cyc le .  

T h e  D N A  s y n t h e s i s  p a t t e r n  is c o m -  
p r i s e d  o f  o n e  o r  m o r e  p e r i o d s  o f  c o n s -  
t a n t  r a t e s  o f  D N A  a c c u m u l a t i o n  
( C o o p e r  a n d  H e l m s t e t t e r ,  1 9 6 8 ;  
H e l m s t e t t e r  a n d  C o o p e r ,  1968). I n  cells 
wi th  a 60-ra in  in te rd iv is ion  t i m e  (fig. 2), 
t h e r e  is a c o n s t a n t  r a t e  o f  D N A  syn-  
thes i s  f o r  t h e  f i rs t  40  m m ,  f o l l o w e d  
b y  a z e r o  r a t e  o f  syn thes i s  d u r i n g  the  
las t  20 m i n .  In  cells w i t h  a 3 0 - m i n  
i n t e r d i v i s i o n  t i m e ,  t h e r e  is a c o n s t a n t  
r a t e  o f  D N A  synthes~s f o r  t h e  f i rs t  
10 m i n ,  w h i c h  fal ls  t o  a c o n s t a n t  r a t e  
t w o - t h i r d s  o f  t h e  in i t ia l  r a t e  f o r  t h e  l as t  
20 ra in .  I n  ceils wi th  a 2 0 - m i n  in te rd iv i -  
s ion  t i m e ,  t h e r e  Js a c o n s t a n t  r a t e  o f  
D N A  syn thes i s  t h r o u g h o u t  t h e  d~vision 
cycle .  

T h e  c o n s t a n t  r a tes  o f  D N A  syn thes i s  
c a n  b e  u n d e r s t o o d  in t e r m s  o f  t he  
m o l e c u l a r  a spec t s  o f  its synthesis. D N A  
is syn thes i zed  b y  t h e  m o v e m e n t  o f  a 
g r o w i n g  p o i n t  a l o n g  the  p a r e n t a l  d o u -  
ble h e h x  l e a v i n g  t w o  d o u b l e  hel ices  in 
its w a k e .  T h e  , a t e  o f  m o v e m e n t  o f  a 
g r o w i n g  p o i n t  c a n  b e  c o n s i d e r e d  in-  
y a r i a n t  a n d  i n d e p e n d e n t  o f  i ts  l o c a t i c n  
m the  g e n o m e .  T i n s  m e a n s  t h a t  t h e  ra~'e 
o f  D N A  syn thes i s  m p ropor t ion¢ . l  t o  tile 
n u m b e r  o f  g r o w i n g  p o i n t s  a n d  tl~e 
n u m b e r  o f  g r o w m g  p o i n t s  is cons tax , t  
f o r  a n y  p e r i o d  o f  t h e  d iv i s ion  cych,'. 
T h u s ,  t h e  r a t e  o f  D N A  syn thes i s  d u r i n g  
a n y  p e r i o d  o f  t he  d i w s i o n  cyc le  ~s a lso  
c o n s t a n t .  T h e  p a t t e r n  o f  c o n s t a n t  r a tes  
o f  syn thes i s  is d e r i v e d  f r o m ,  a n d  c o n -  
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szstent w i t h ,  o u r  u n d e r s t a n d i n g  o f  t h e  
bzoche_-Td.~trv of" _~NA sy~athcsis.  

S u r f a c e  s y n t h e s i s  d u r i n g  t h e  d i v i s i o n  
cyc l e .  

T h e  cel l  s u r f a c e  is m a d e  t o  p e r f e c t l y  
e n c l o s e ,  w i t h o u t  excess  o r  defzc=t, t he  
c y t o p l a s m  s y n t h e s i z e d  b y  t h e  ce l l .  Ce l l  
c y t o p l a s m  inc reases  c o n t i n u o u s l y  d u r i n g  
t h e  d i v i s i o n  cyc le ,  a n d  t h e r e f o r e  ce l l  
s u r f a c e  zs m a d e  c o n t i n u o u s l y .  H o w  is 
t h e  b a c t e r i a l  cell  s u r f a c e  m a d e  a n d  

d u p h c a t e d  d u r i n g  t h e  d i v i s i o n  c y c l e ?  
W h a t  is t h e  ra t . :  a n d  t o p o g r a p h y  o f  ce l l  
s u r f a c e  s y n t h e s i s  d u r i n g  t h e  d i v i s i o n  
cyc le  ? 

C o n s i d e r  a n  ~ m a g m a r y  ce l l  i n  w h i c h  
t h e  c y t o p l a s m  is e n c l o s e d  i n  a ce l l -  
s u r f a c e  t u b e  w h i c h  is o p e n  a t  e a c h  e n d  ; 
t h e  c y t o p l a s m  r e m a i n s  w i t h i n  t h e  
b o u n d s  o f  t h e  t u b e .  T h e  c y t o p l a s m  m 
t h e  n e w b o r n  ce l l  ts e n c a s e d  in  t h e  
c y l i n d e r  o f  cull  s u r f a c e  whach  zs m a d e  
u p  o f  m e m b r a n e  a n d  p e p t i d o g l y c a n .  A s  
t h e  c y t o p l a s m  i n c r e a s e s  e x p o n e n t i a l l y ,  
t h e  t u b e  l e n g t h  i n c r e a s e s  t o  e x a c t l y  
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FiG 2. - -  D N A  synthesis  during the dswslo,) cycle 

Three  d i f fe ren t  pa t t e rns  are d lus t ra ted  for  cells g rowing  wRh 20-, 30- and  60-ram d o u b h n g  
t imes For  each growth  rate,  the n i n e  f rom in i t i a t ion  to t e rmmatzon  of  D N A  repl ica t ion  
is 40 m m  The  tzme be tween  t e r m i n a t i o n  o f  rephcat~on and  cell d ivis ion Is 20 rain.  The  
proposed c h r o m o s o m e  pat te rns  at  the s tar t  a n d  finish o f  the dzv,ston cycle are i l lustrated 
above  the graphs .  In addRion  to  the  rate o f  D N A  synthesis  dur ing  the div,mon cycle, the 
pa t t e rn  of  acc-umulat ion of  D N A  d u r i n g  the divis ion cycle ]s presented A c c u m u l a t i o n  o f  
D N A  is composed  of  per iods  o f  i inear  synthesis  The  rates d u r i n g  these per iods  are pro-  
po r t , ona l  to the exist ing n u m b e r  of  g rowing  poin ts .  The  graph  of  the rate o f  synthesis  is 
the dlfferentml of  the accumula t ion  plot .  A representa t ion  o f  the cclI size expected for cells 
at the start  of  the divtskon cycle is presented below each synthet ic  pa t te rn .  The  s, ze of  the 
n e w b o r n  cells are ~n the ra t io  of  I / 2 / 4  In the three cul tures  d lus t ra ted  here, The  n u m b e r  
o f  new ini t ia t ions  at the start  o f  each dwis ion  cycle are also m the ra t io  of  I / 2 / 4 .  
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e n c l o s e  t h e  n e w l y  s y n t h e s i z e d  
c y t o p l a s m .  T h e  cell su r face  increases  ex-  
p o n e n t i a l l y  in t h e  s a m e  m a n n e r  as  t h e  
c y t o p l a s m .  W h e n  the  cell c y t o p l a s m  
d o u b l e s ,  the  t u b e  d iv ides  i n t o  t w o  n e w  
cells ,  a n d  the  cyc le  r e p e a t s .  I n  th is  
i m a g i n a r y  cell ,  t h e  c y t o p l a s m  inc reases  
e x p o n e n t i a l l y ,  the  i n t e rna l  v o l u m e  o f  
t h e  cell i nc reases  e x p o n e n t i a l l y ,  t he  sur-  
f ace  a r e a  i n c r e a s e s  e x p o n e n t i a l l y ,  a n d  
the  dens i t y  o f  t h e  cell ,  i.e.. the  t o t a l  
w e i g h t  o f  t he  cell  p e r  ceil  v o l u m e ,  is 
c o n s t a n t  d u r i n g  t h e  d i v i s i on  cyc le .  F u r -  
t h e r ,  t h e  r a t i o  o f  t he  r a t e  o f  c y t o p l a s m  
t o  t h e  r a t e  o f  cell s u r f a c e  syn thes i s  is 
c o n s t a n t  t h r o u g h o u t  t h e  d iv i s ion  cycle .  
B u t  a r ea l  r o d - s h a p e d  cell  d o e s  h a v e  
ends ,  a n d  t h e r e f o r e  t he  p a t t e r n  o f  cell 
s u r f a c e  synthes is  d u r i n g  the  d iv i s ion  cy-  
cle is n o t  s i m p l y  e x p o n e n t i a l ,  i f  t h e  cell  
s u r f a c e  w e r e  syn thes i zed  e x p o n e n t i a l l y ,  
t he  cell  v o l u m e  c o u l d  n o t  i n c r e a s e  ex-  
p o n e n t i a l l y .  S ince  t h e  c y t o p l a s m  in-  
c reases  e x p o n e n t i a l l y ,  t he re  w o u l d  h a v e  
t o  b e  a c h a n g e  in cell dens i t y .  Cel l  d e n -  
s i ty ,  h o w e v e r ,  is c o n s t a n t  d u r i n g  t h e  
d iv i s i on  cyc le  ( K u b i t s c h e k ,  1987). A 
p r o p o s a l  f o r  c e l l - s u r f a c e  syn thes i s  t h a t  
a l l o w s  a n  e x p o n e n t i a l  i nc r ea s e  in cell  
v o l u m e ,  a n d  t h e r e f o r e  a c o n s t a n t  cell  
dens i ty ,  is p r e s e n t e d  in f igure  3. B e f o r e  
i n v a g i n a t i o n ,  t h e  cell  g r o w s  o n l y  m the  
cyl indr ica l  s ide-wal l .  A f t e r  i n v a g i n a t i o n ,  
t h e  cell  g r o w s  m t h e  p o l e  a r e a  a n d  the  
s ide  wal l .  A n y  v o l u m e  requi~'ed b y  the  
inc rease  in cell c y t o p l a s m  t h a t  is no t  ac-  
c o m m o d a t e d  b y  p o l e  g r o w t h  is a c c o m -  
m o d a t e d  b y  a n  i nc rea se  in s ide -wa l I .  
T h e  cell  is c o n s i d e r e d  a p r e s s u r e  vessel  
( K o c h ,  1983),  a n d  w h e n  the  p r e s s u r e  
in  t h e  cell i nc r ea se s ,  t h e r e  is a c o r r e s -  
p o n d i n g  inc rea se  in cell  s u r f a c e  a r e a .  
T h e  po l e  is p r e f e r e n t i a l l y  syn thes i zed  
a n d  a n y  r e s i d u a l  p r e s s u r e  d u e  t o  new 
cell c y t o p l a s m  t h a t  is no t  a c c o m -  
m o d a t e d  b y  p o l e  g r o w t h  is r e h e v e d  b y  
a n  inc rease  in  cy l ind r i ca l  s ide -wa l l  a r e a  
( C o o p e r ,  1988a ;  C o o p e r  a n d  H s i e h ,  
1988). 

T h e  r e su l t i ng  p a t t e r n  o f  ~ynthesis  m 
a p p r o x i m a t e l y  e x p o n e n t i a l  (fig.  3). T h e  
f o r m u l a  d e s c r i b i n g  s u r f a c e  syn thes i s  
d u r i n g  t h e  d i v i s i o n  cyc le  is a c o m p l e x  
one ,  inc luding  t e r m s  f o r  the  s h a p e  o f  the  
n e w b o r n  cell ,  t he  cell a g e  a t  w h i c h  in-  
v a g i n a t i o n  s t a r t s ,  t h e  p a t t e r n  o f  po le  
syn thes i s  a n d  t h e  a g e  o f  t he  ¢cli 

( C o o p e r ,  1988a).  I t  is less d i f f i cu l t ,  
h o w e v e r ,  t o  c o m p r e h e n d  the  p a t t e r n  o f  
s u r f a c e  synthes is  b y  m e ~ s u r i n g  the  r a t i o  
o f  the  r a t e  o f  s u r f a c e  syn thes i s  t o  t h e  
r a t e  o f  c y t o p l a s m  syn thes i s ,  l~efore  in-  
v a g i n a t i o n ,  cell s u r f a c e  g r o w t h  o c c u r s  
o n l y  b y  cy l ind r i ca l  e x t e n s i o n .  A s  the  
r ad ius  o f  t he  cell  is c o n s t a n t  d u r i n g  t h e  
d iv i s ion  cyc le  ( C o o p e r ,  1989a) ,  t h e  r a t e  
o f  s u r f a c e  syn thes i s  p r i o r  t o  i n v a g i n a -  
t i o n  is d i rec t ly  p r o p o r t i o n a l  t o  t he  r a t e  
o f  c y t o p l a s m  synthes i s .  A f t e r  i n v a g i n a -  
t i o n ,  t h e r e  is a n  i nc r ea se  in t h e  r a t e  o f  
s u r f a c e  syn thes i s  r e l a t ive  t o  t h e  r a t e  o f  
c y t o p l a s m  syn thes i s  ( C o o p e r ,  1988aL 
T h e  re la t ive  i nc r ea se  o f  s u r f a c e  t o  
v o l u m e  is g rea te r  d u r i n g  p o l e  f o r m a t i o n  
t h a n  d u r i n g  s ide-wal l  f o r m a t i o n .  T h i s  
v iew o f  cell  s u r f a c e  syn thes i s  h a s  led t o  
the  p o w e r f u l  " r a t i o - o f - r a t e s  m e t h o d "  
w h e r e  o n e  m e a s u r e s  the  ra t io  o f  the  r a t e  
o f  s u r f a c e  syn thes i s  t o  t he  r a t e  o f  
c y t o p l a s m  synthems,  r a the r  t h a n  the  r a t e  
o f  s u r f a c e  s y n t h e s i s  a l o n e .  T h i s  r a t i o  is 
c o n s t a n t  d u r i n g  t h e  f i rs t  p a r t  o f  t he  
d i v i m o n  cycle ,  w h e n  t h e r e  is o n l y  s ide-  
wa l l  g r o w t h ,  a n d  inc reases  d u r i n g  in-  
v a g i n a t i o n  (f ig.  3). T h i s  p a t t e r n  o f  
cell s u r f a c e  s y n t h e s i s  h a s  b e e n  o b s e r v -  
ed in Salmonella typhiraurium ( C o o p e r ,  
1988a) a n d  Eschertchia coli ( C o o p e r  
a n d  H s i e h ,  1988). O n e  c o n s e q u e n c e  
o f  th is  m o d e l  o f  s u r f a c e  syn thes i s  is 
t h a t  a t  n o  t i m e  is s u r f a c e  s y n t h e s i s  ex- 
p o n e n t i a l ,  s ince  t he  r a t e  o f  s u r f a c e  syn-  
thesis  is n o t  p r o p o r t i o n a l  t o  t h e  a m o u n t  
o f  s u r f a c e  p r e s e n t  f o r  a n y  p e r i o d  o f  
t i m e .  

A s  w i th  c y t o p l a s m  a n d  D N A  syn-  
thes i s ,  we  c a n  d e r i v e  t h e  ce l l -cycle  p a t -  
t e r n  o f  s u r f a c e  syn thes i s  f r o m  o u r  
u n d e r s t a n d i n g  o f  t he  m o l e c u l a r  a s p e c t s  
o f  p e p t i d o g l y c a n  syn thes i s .  T h e  p e p -  
U d o g l y c a n  s accu lus  o f  t he  cell  is c o m -  
p r i s ed  o f  g l y c a n  s t r a n d s  e n c o m p a s s i n g  
t h e  cell  p e r p e n d i c u l a r  t o  t he  l o n g  axis .  
T h e s e  s t r a n d s  a re  c r o s s - l i n k e d  b y  p e p -  
t lde  cha ins .  B e c a u s e  t h e  c ro s s - l i nk ing  !s 
no t  c o m p l e t e ,  o n e  can  h a v e  new s t r ands  
i. p lace  p r i o r  t o  the  cu t t ing  o f  the  boaids  
l i nk ing  o ld  s t r a n d s .  A n  in f in i t e s ima l  in-  
c r ea se  in c y t o p l a s m  l eads  t o  a n  in-  
f i n i t e s i m a l  i n c r e a s e  in t h e  t u r g o t  
p r e s s u r e  o f  t h e  ceil. T h i s  i nc rea se  in 
t u r g o r  p r e s s u r e  p laces  a s t ress  o n  all o f  
t h e  p e p t i d o g l y c a n  b o n d s  wh ich  r e d u c e s  
t h e  e n e r g y  o f  a c t i v a t i o n  f o r  b o n d  
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h y d r o l y s i s .  T h e  r e s u l t  is t h v t  t h e r e  is a n  
i n c r e a s e  in  ",he c u t t i n g  o f  s t r e s sed  b o n d s .  
W h e n  a s e r i e s  o f  c u t s  is m a d e ,  a l l o w i n g  
t h e  i n s e r t i o n  o f  a s i n g l e  n e w  s t r a n d  

i n t o  t h e  l o a d - b e a r i n g  l a y e r  ( C o o p e r ,  
H s i e h  a n d  G u c n t h e r ,  1988),  t h e r e  is a n  
i n f i n i t e s i m a l  i n c r e a s e  in  ce l l  v o l u m e .  
T h i s  i n c r e a s e  in v o l u m e  l eads  t o  a r e d u c -  
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FIO. 3. - -  Cell surface synthesis during the d~wsion cycle. 

The  cells at  the  left  (a) are d r a w n  with a ¢yhnder  length o f  2.0 and a radius  o f  0.5. Befo re  
mnvagmat~on, the cell  g rows  on ly  by cyl inder  extensmon Each  cell is d r a w n  to scale,  with 
the v o l u m e  o f  the cells increasing exponent ia l ly  dur ing the diviston cycle. T h e  shaded regions 
o f  the eel! indica te  the  a m o u n t  a n d l o c a t l o n  o f  wall  g r o w t h  (whether  in po le  or  s ide wall)  
each tenth  o f  a d iv is ion  cycle. The  wid th  o f  the  shaded  a rea  is d r a w n  to  scale Cel l  sur face  
g rowth  actual ly occurs  t h roughou t  the stde wail and  not  in a na r row cont iguous  zone.  Before  
m v a g m ~ t m n ,  t~e rat~o o f  the r a t e -o f - su r face - inc rease  to  the  r a t e -o f -vo lume- inc rea se  is 
cons t an t  W h e n  po le  synthesis starts ,  at  age 0.~,  there  is an  increase in the  ra t io  o f  the 
r a t e -o f - su r face - inc rease  to  the r a t e -o f -vo lume- inc rea se  A n y  v o l u m e  no t  a c c o m m o d a t e d  
by pole  g rowth  is a c c o m m o d a t e d  by cy l inder  g rowth .  A t  the  s tar t  o f  po le  g r o w t h ,  there  
is a r educ t ion  m the  ra te  o f  sur face  g r o w t h  in the cyhnder .  As  the  po le  con t inues  to g row,  
there  is a decrease  m the v o l u m e  a c c o m m o d a t e d  by the po le  and  an increase  in the  ra te  
o f  g rowth  m the  side wall.  A t  the  u p p e r  r ight  (b) is a p lo t  o f  the expec ted  pa t t e rn  o f  ac- 
c u m u l a t i o n  o f  pep t i dog lycan  o r  cell  sur face  dur ing  the  dwtsmon cycle. The  to ta l  accumula -  
n o n  o f  p e p t ] d o g l y c a n i s  the  sum o f  the  tnd tv tdual  a c c u m u l a t i o n s  o f  new pole ,  old pole  
a n d  the  c y h n d n c a l  side wail.  T h e  d o t t e d  hne  represel=ts the  ¢xpec__d pa t t e rn  fo r  ¢xponcn-  
tma! synthests The  rat io  o f  the rate-of~£urface to  the rate-of-cyt.oplasm synthesis is indicated.  
A t  the  lower right (c), an  exphci t  i l lus t ra t ion  o f  the dispers ive ,  n o n - z o n a l  g rowth  o, '  the  
stde wall  is i l lus t ra ted  fo r  cells o f  ages 0.5 and 0.6. The re  ms a decrease  in the  densi ty o f  
i n c o r p o r a t i o n  o f  new cell  wall  mater~al a f t e r  mvag ina t son  starts,  as mdica ted  b )  s lde-wali  
shading .  
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t i o n  o f  t h e  s t r e s s  o n  t h e  r e m a i n i n g  
b o n d s .  B y  a c o n t i n u o u s  ser ies  o f  
c y t o p l a s m  inc reases ,  s u r f a c e  s t resses ,  
e n z y m a t i c  cu t s  a n d  v o l u m e  i n c r e a s e s ,  
o n e  gets  a n  i n c r e a s e d  cell  v o l u m e  t h a t  
p rec i se ly  a c c o m m o d a t e s  t h e  i nc rea se  in 
ce l l  c y t o p l a s m .  T h i s  d e s c r i p t i o n  
r e c a p i t u l a t e s  , , . o ch ' s  s u r f a c e  s t r e s s  
m o d e l  ( K o c h ,  1983).  

A n  a l t e r n a t i v e  p r o p o s a l  0 V i e n t j e s  
a n d  N a n n i n g a ,  1989) sugges t s  t h a t  t h e  
p e p t i d o g l y c a n  o f  t h e  cell  " ' i n c r e a s e d  
m o r e  o r  less e x p o n e n t i a l l y  d u r i n g  t h e  
d iv i s i on  c y c l e " ,  b u t  c o n s t r i c t i n g  cells 
s y n t h e s i z e d  p e p t i d o g l y c a n  f a s t e r  t h a n  
u n c o n s t r i c t e d  cells o f  t he  s a m e  l eng t h .  
T h e  e v i d e n c e  f o r  th is  w a s  t h e  o b s e r v a -  
t i o n ,  f r o m  q u a n t i t a t i v e  e l e c t r o n -  
m i c r o s c o p i c  a u t o r a d i o g r a p h y ,  o f  a n  a p -  
p a r e n t  s u d d e n  i n c r e a s e  in  t h e  r a t e  o f  
p e p t i d o g l y c a n  syn thcs t s  in  cel ls  w h e n  
c o n s t r i c t i o n  s t a r t e d .  I t  w a s  c o n c l u d e d  
t h a t  t h e r e  was  a s u d d e n  inc rease  in p e p -  
t i d o g l y c a n  synthes~s a t  t h e  s t a r t  o f  in-  
v a g i n a t l o n .  W h i l e  t h e  o b s e r v e d  
e x p o n c n u a l  syn thes i s  is in a c c o r d  w i th  
t h e  p r e s s u r e  m o d e l  o f  c¢11 wa l l  r e g u l a -  
t i o n  d e s c r i b e d  a b o v e  ( f ig .  3), t h e  d i f -  
f e r e n c e  b e t w e e n  c o n s t r i c t i n g  cells a n d  
n o n - c o n s t r l c t i u g  cells c o n t r a d i c t s  t he  
p r e s s u r e  m o d e l .  A n  alte~laative e x p l a n a -  
t i o n  o f  t h i s  c h a n g e  m s y n t h e t i c  r a t e  is 
t h a t  cells ip a p o p u l a t i o n  h a v e  a 
d i a m e t e r  t h a t  var ies  a r o u n d  s o m e  m e a n .  
F o r  a g iven  l eng th ,  a cell  w i th  a l a r g e r  
w i d t h  will  h a v e  a l a r g e r  v o l u m e  t h a n  a 
cell wi th  a sma l l e r  wid th .  Th i s  l a rger  cell 
v o l u m e  m e a n s  t h a t  t h e  cell h a s  m o r e  
c y t o p l a s m  a n d  m o r e  s u r f a c e  a r e a .  I f  a t  
a g iven  l eng th  w ide r  ceils f o r m  cons t r t c -  
tioxis a n d  n a r r o w e r  cel ls  d o  n o t  f o r m  
c o n s t r i c t i o n s ,  Le. i f  c o n s t n c u o n s  a r e  
f o r m e d  b a s e d  o n  the  m a s s  r a t h e r  t h a n  
the  l eng th  o f  a ceil, t h e n  cons t r i c t ed  cells 
w o u l d  h a v e  a g r e a t e r  r a t e  o f  p e p -  
U d o g l y c a n  synthes is .  T i n s  is no t  prec ise-  
ly b e c a u s e  t he  w ide r  cel ls  h a v e  a l a rge r  
s u r f a c e ,  b u t  b e c a u s e  t h e  w i d e r  cells m -  
c r ea se  the i r  m a s s  a t  a f a s t e r  a b s o l u t e  
r a t e  t h a n  n a r r o w e r  cel ls  o f  the  s a m e  
l eng th .  M y  c a l c u l a t i o n s  i nd i ca t e  t h a t  a 
v e r y  sma l l  v a r i a t m n  in  cell d i a m e t e r  
c o u l d  e x p l a i n  t he  o b s e r v e d  a u t o r a d i o -  
g r a p h i c  d a t a  ( m a n u s c r i p t  in  p r e p a r a -  
t i on ) .  T h u s ,  the  a u t o r a d i o g r a p h l c  d a t a  
o n  the  ra tes  o f  p e p t i d o g l y c a n  syn thes i s  
(Wien t j e s  a n d  N a n n i n g a ,  1989) a re  con-  

s i s ten t  w t t h  t he  p r e s s u r e  m o d e l  o f  wa l l  
syn thes i s  ( C o o p e r ,  1988a).  T h e  f i n d i n g  
o f  a n  e x p o n e n t i a l  p a t t e r n  o f  p e p -  
t i d o g l y c a n  syn thes i s  d u r i n g  t h e  d iv i s ion  
c~¢le ( W i e n t j e s  a n d  N a n r d n g a ,  1989) 
w a s  b a s e d  o n  e x p e r i m e n t s  u s ing  syn-  
c h r o n i z e d  cu l tu re s  p r o d u c e d  b y  e lu t r i a -  
t i a n .  I t  h a s  b e e n  p r o p o s e d  ( C o o p e r ,  
1989b)  t h a t  t h e  s3~nchrony a p p r o a c h  is  
u n a b l e  to  m e a s u r e  t he  s m a l l  d e v i a t i o n s  
f r o m  e x p o n e n t i a l  p e p t i d o g i y c a n  syn-  
thes is  t h a t  h a v e  b e e n  d e t e r m i n e d  w i t h  
t h e  b a c k w a r d s - m e m b r a n e  e l u t i o n  
m e t h o d  (see C o o p e r  (1989b)  f o r  a c o m -  
p le te  ana lys i s  o f  this m e t h o d  a n d  a c o m -  
p a r i s o n  w i th  s y n c h r o n i z a t i o n ) .  T h e  
p u b l i s h e d  m e a s u r e m e n t s  o f  p e p -  
t i d o g l y c a n  syn*~hesis r a t e s  us ing  syn-  
c h r o n i z e d  c u l t u r e s  ( W i e n t j e s  a n d  
N a n n i n g a ,  1989) a r e ,  h o w e v e r ,  cons i s -  
ten t  wi th  the  p ressure  m o d e l  o f  wal l  syn-  
thes i s  ( C o o p e r ,  1988a).  

A n  i n s i d e - t o - o u t s i d e  m o d e  o f  p e p -  
t i d o g l y e a n  g r o w t h ,  s imi l a r  t o  t h a t  f o r  
Bacil lus  subtdts ,  h a s  b e e n  p r o p o s e d  f o r  
E. coil  ( S c h w a r z  a n d  G l a u n e r ,  1988;  
G l a u n e r ,  H o l t j e  a n d  S c h w a r z ,  1988). 
T h i s  p r o p o s a l  is b a s e d  o n  t h e  o b s e r v e d  
r ecyc l ing  o f  m u r e i n ,  t he  c a l c u l a t e d  
a m o u n t  o f  p e p t t d o g l y c a n  p e r  cel l ,  a n d  
the  ex i s t ence  o f  t r i m e r i c  a n d  t e t r a m e r i c  
f r a g m e n t s  t h a t  a r e  c o n s i s t e n t  wi th  a 
m u l t i l a y e r e d  p e p t i d o g l y c a n  s t r u c t u r e .  
T h e  i n s e r t i o n  o f  n e w  p e p t i d o g l y c a n  
s t r a n d s  iv_ a n  uns t r e s sed  c o n f i g u r a t i o n  
p r i o r  t o  the i r  m o v e m e n t  i n t o  t h e  l oad -  
b e a r i n g  l aye r  o f  the  p e p t i d o g l y c a n  c a n  
e x p l a i n  al l  o f  t he se  o b s e r v a t i o n s .  T h e  
r ecyc l ing  o f  p e p t i d o g l y c a n  m a y  be  a 
s t r a i n - s p e c i f i c  r esu l t ,  as  t he r e  is n o  ap -  
p a r e n t  r e lease  o r  r ecyc l ing  o f  p e p -  
t i d o g l y c a n  m S. t y p h : m u n u m  ( C o o p e r ,  
1988a)  o r  in E.  coi l  B / r  ( C o o p e r  a n d  
H s i e h ,  1988). A t  th is  U m e ,  t h e  ins ide-  
t o - o u t s i d e  m o d e  o f  s u r f a c e  g r o w t h  can-  
n o t  be  e x c l u d e d .  K o c h  (1990)  has  
p r e sen t ed  the  aa g u m e n t s  aga ins t  such  an  
r e s i d e - t o - o u t s i d e  m e c h a m s m  o f  p e p -  
t~dog lycan  g r o w t h .  

A l t h o u g h  th is  d i s c u s s i o n  o f  t h e  r a t e  
o f  s u r f a c e  syn thes i s  d u r i n g  t h e  d iv i s ion  
cyc le  h a s  dea l t  p r i m a r i l y  wi th  p e p -  
t~dog lycan ,  it a p p l i e s  e q u a l l y  t o  m e m -  
b r a n e s  a n d  o t h e r  s u r f a c e - a s s o c i a t e d  
e l e m e n t s .  1 sugges t  t h a t  t he  cell m e m -  
b r a n e  g r o w s  in r e s p o n s e  to  t he  i nc rea se  
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in p e p t i d o g l y c a n  su r f ace  a n d  c o a t s  the  
p e p t i d o g l y c a n  w i t h o u t  s t r e t ch ing  o r  
buckl ing .  T h e  a rea  o f  the  m e m b r a n e  in- 
creases  it, t he  s a m e  w a y  t h a t  bac te r i a l  
p e p t i d o g l y c a n  increases .  T h e  o b s e r v e d  
d o u b l i n g  in the  r a t e  o f  p h o s p h o l i p i d  
synthesis  ( a c r o n y m  D R O P S )  du r ing  the  
d iv is ion  cycle  ( Jo se l eau -Pe t t t  e t  al . ,  
1984, 1987) is proposu~l to  be due  to  the  
s y n c h r o n i z a t i o n  p r o c e d u r e  ( C o o p e r ,  
1989b).  A ca re fu l  r e a d i n g  o f  P i e r u c c i ' s  
(1979) d a t a  o n  p h o s p h o h p l d  synthes i s  
o b t a i n e d  wi th  the  m e m b r a n e - e l u t i o n  
m e t h o d  sugges t s  t h a t  t he  ra te  o f  
p h o s p h o h p l d  synthesis  is similar  to  pep-  
t idoglye.an sy.nthesis. S tudies  in m y  
l a b o r a t o r y  us ing  the  m e m b r a n e  e l a t i on  
m e t h o d  a n d  t he  " r a t i o - o f - r a t e s "  
ana lys i s  fu l ly  s u p p o r t  t he  sugges t i on  
t h a t  t he  ra te  o f  m e m b r a n e  syn thes i s  is 
s imi lar  to  t h a t  o f  p e p t l d o g l y c a n .  F u r -  
t h e r m o r e ,  cell p ro t e in s  c an  be  d iv ided  
in to  t w o  par t s ,  t h o s e  a s soc i a t ed  wi th  
c y t o p l a s m  a n d  t h o s e  a s soc i a t ed  wi th  
su r f ace .  P r o t e i n s  a s soc i a t ed  wi th  the  
m e m b r a n e s  a re  i nc luded  m the  su r f ace  
c a t e g o r y  o f  synthesis  du r ing  the division 
cycle.  I f  a bac te r ia l  cell h a d  a h i s tone-  
like p ro te in  associa ted  wi th  D N A ,  there  
w o u l d  be  a t h i rd  c a t e g o r y  o f  p ro t e in  
syn the t i c  p a t t e r n ,  t ha t  w h i c h  is syn-  
thes ized  d u r i n g  tile d iv i s ion  cycle  wi th  
c o n s t a n t  rates o f  synthesis .  P ro te ins  are  
syn thes i zed  d u r i n g  the  chvislon cyc le  
wi th  a ~a t t e r n  t h a t  is cons i s t en t  vn th  
their final loca t ion  or  ca tegory .  P ro te ins  
are  no t  a monol i th ic  g r o u p ,  no r  are they  
d iv ided  i n t o  a large  n u m b e r  o f  g r o u p s .  
T h e  t h r e e - c a t e g o r y  sys t em p r o p o s e d  
here  a l lows us to  c o n c e p t u a l i z e  the  
poss ib le  p a t t e r n s  o f  p ro t e in  synthes is  
o b s e r v e d  du r ing  the  d iv is ion  cycle.  

E v e n t s  d u r i n g  t h e  d i v i s i o n  cyc l e .  

T h e r e  are  on ly  f o u r  discrete  events  
tha t  o c c u r  d u r i n g  the  d iv is ion  cyc le  o f  
a g r o w i n g  r o d - s h a p e d  bac te r ia l  cell. 
T h e y  are  ( ! ) t h e  in i t i a t ion  o f  D N A  
rephca t ion ,  (2) the  t e r m m a u o n  o f  D N A  
repl icat ion,  (3) the ini t ia t ion o f  pole  for -  
m a t i o n ,  a n d  (4) the  c o m p l e t i o n  o f  pole  
f o r m a t i o n .  O t h e r  aspects  o f  cell g r o w t h  
are t o o  c o n t i n u o u s  to be cons idered  cell- 
cycle-speci f ic  events .  F o r  example ,  the 
a d d i t i o n  o f  new  nuc leo t ides  a t  p o s m o n  

43 ,567  o n  the  c h a i n  o f  D N A  m a y  be 
c o n s i d e r e d  a u n i q u e  even t  and  o n e  tha t  
o c c u r s  at  a p a r t i c u l a r  t ime  in the  divi-  
s ion  cycle ,  bu t  b e c a u s e  o f  cel l -cycle 
var iabi l i ty ,  the  t ime  o f  this synthet ic  oc-  
c u r r e n c e  c a n  neve r  be  prec ise ly  t imed .  
T h e  u m e  o f  inse r t ion  o f  a p a r t i c u l a r  
n u c I e o t i d e  pa i r  has  no  m e a n i n g  f o r  the  
cell cyc l e ;  o n l y  the  in i t i a t ion  a n d  ter- 
r m n a t i o n  o f  D N A  repl icat ion are impor -  
t an t .  W i t h  r e g a r d  to  the  d iv i s ion  cycle ,  
the  D N A  is an  a m o r p h o u s  mater ia l  with 
n o  b l o c h e m i c a I  spec i f ic i ty  a l o n g  t 'm  
s t r and .  

S imi lar  c o n m d e r a t i o n s  a p p l y  to  the  
cell su r f ace  a n d  c y t o p l a s m .  N o  aspec t  
o f  pep t idog lycan  s t rand  inser t ion  is uni -  
q u e  in t ime  d u r i n g  the  d iv i s ion  cycle.  A 
n e w  s t r a n d  is m s e r t e d  at r a n d o m  sites 
in r e sponse  t o  the  s t r e t ch ing  o f  the  cell 
su r f ace .  T h i s  m a y  o c c u r  in o n e  cell a t  
p o s i t i o n  0 .376  o f  the  cell l eng th  ; a t  the  
s a m e  t ime,  m a n o t h e r  ceil, t he  new  
s t r a n d  m a y  be  inse r ted  a t  p o s i t i o n  
0 .549.  F o r  an  analyMs o f  the  cell cycle,  
we  s h o u l d  c o n s i d e r  po le  a n d  s ide wal l  
g r o w t h  as u n e v e n t f u l  ex tens ions  o f  cell 
su r face .  R e g a r d i n g  the  c y t o p l a s m ,  o n e  
m a y  c o n s i d e r  the  inc rease  in r i b o s o m e  
con ten t  f r o m  37,411 to  37,412 an  even t ;  
bu t  such  an  ind iv idua l  even t  is u n m e a -  
su rab l e  a n d  w i t h o u t  m e a n i n g  in the  cell 
cycle.  T h u s ,  c y t o p l a s m  synthes is ,  D N A  
syn thesm a n d  cell su r f ace  synthes i s  a re  
u n e v e n t f u l  d u r i n g  the  d iv i s ion  cycle.  

I n  c o n t r a s t  to  o u r  u n d e r s t a n d i n g  o f  
tile pr inciples  o f  c y t o p l a s m ,  cell su r f ace  
a n d  D N A  synthes is ,  t he  b i o c h e m i c a l  
m e c h a n i s m s  o f  the  f o u r  events  o c c u r -  
r ing  d u r i n g  the  d iv i s ion  cycle  - -  t he  
in i t ia t ion  a n d  t e r m i n a t i o n  o f  D N A  syn-  
thesis a n d  the  imt ia t ion  a n d  cessa t ion  o f  
po le  f o r m a t i o n  - -  are  still u n k n o w n .  
W h i l e  a g rea t  deal  is k n o w n  a b o u t  the  
b i o c h e m i s t r y  o f  in i t i a t ion  o f  D N A  
rep l i ca t ion ,  t he  m e c h a n i s m  by  w h i c h  
this  in i t i a t ion  is r egu la t ed  is less well 
u n d e r s t o o d .  In  a d d i t i o n ,  ve ry  little is 
k n o w n  o f  the  b iochemica l  pr inciples  in- 
volved  in either the t e rminaUon  o f  D N A  
r e p h c a t i o n  o r  the  ces sa t ion  o f  po le  for -  
m a t i o n .  A new  ceil s u r f a c e  s t ruc tu re ,  
t he  per i sep ta l  a n n u l u s  (MacAl i s t e r  e t  
al . ,  1983), has  been  p r o p o s e d  as a possi-  
ble first  s tep in the f o r m a t i o n  o f  a new 
pole .  I f  the  per i sep ta l  a n n u l u s  m the  
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s tar t  o f  po le  f o r m a t i o n ,  the  i m p o r t a n t  
ques t ion  ~s w h e t h e r  there  m e de f inab l e  
steps b~tween the f o r m a t m n  o f  the  
per isepta l  a n n u l u s  a n d  the  s tar t  o f  in- 
v a g i n a t i o n .  

R e g u l a t i o n  o f  g r o w t h  by  c y t o p l a s m  ac-  
c u m u l a t i o n .  

T h e  dr iv ing  fo rce  o f  the  d iv i s ion  cy-  
cle is c y t o p l a s m  synthesis .  S o m e  par t  o f  
the  ene rgy  u s e d  b y  the cell t o  m a k e  
c y t o p l a s m  drives the  b iosynthes is  o f  the  
cell sur face  by  caus ing  stresses a long  the  
cen  su r f ace  a n d  this  stress leads  to  the  
b r e a k i n g  o f  p e p t i d o g l y c a n  b o n d s .  T h e  
inse r t ion  o f  new p e p t | d o g l y c a n  then  
leads to the  increase  in cell size. 
C y t o p l a s m  increase also regulates D N A  
synthesis .  Cell  size at  b i r t h  ~s g rea t e r  at 
fas te r  g r o w t h  ra tes  (fig. 2) b e c a u s e  the  
i m t m t i o n  o f  new r o u n d s  o f  D N A  
rep l i ca t ion  o c c u r s  w h e n  the  cell has  a 
un i t  a m o u n t  o f  c y t o p l a s m  r.er o r ig in  o f  
D N A  (Donach ie ,  1968). Fhis is w h y  cell 
size at  in i t ia t ion  is p r o p o r t i o n a l  to  the  
n u m b e r  o f  g r o w i n g  po in t s  in the  ceU. 
T h e  cell " t i t r a t e s ' "  the  a m o u n t  o f  
c y t o p l a s m ,  o r  s o m e  s p c c i h c  m o l e c u l e  
( L e b n e r - O l e s e n  et aL, 1989) tha t  is a 
c o n s t a n t  f r a c t i o n  o f  the  c y t o p l a s m .  
T h u s ,  D N A  synthes is  is in i t ia ted  at all 
ava i lab le  or ig ins  w h e n  the  a m o u n t  o f  
c ~ t o p l a s m  pe r  or ig in  reaches  a pa r -  
t icu lar  va lue .  

T h e  cell c y t o p l a s m  increases  as fas t  
as it c an  given the external  nu t r i en t  con -  
d i t ions  ( C o o p e r ,  1970). T h e  synthesis  o f  
D N A  a n d  cell s u r f ace  c a n n o t  o u t p a c e  
o r  lag behind  c y t o p l a s m  synthesis.  D N A  
synthes is  c a n n o t  go  fas te r  because  it is 
wa i t ing  to  in i t ia te  new  r o u n d s  o f  D N A  
rep l i ca t ion  in r e s p o n s e  t o  c y t o o l a s m  
synthes i s  n o r  c a n  it g o  s lower  b e c a u s e  
the  c y t o p l a s m  w o u l d  increase  w i t h o u t  
in i t ia t ing  new  r o u n d s  o f  D N A  repl ica-  
t ion .  Cell sur face  is m a d e  to jus t  enc lose  
the  newly  syn thes ized  c y t o p l a s m .  T h e  
r e g u l a t i o n  o f  su r f ace  ~nd  D N A  syn-  
thesis by c y t o p l a s m  thus  explazns w h y  
the re  ~s n o  d i s s o c m t i o n  o f  these syn-  
theses d u r i n g  the  d~wsion cycle,  a n d  
d u r i n g  the  g r o w t h  o f  a cu l ture .  T h e  
d e t e r m i n i s t i c  m o d e l  o f  K o c h  a n d  
Sehaech te r  (1962) is a general  s t a t emen t  
o f  these s a m e  pr inciples  

Generaliz.qtion,~ a n d  e a v e ~ t s .  

T h e  p r o p o s a l  m a d e  he re  is, in 
essence, a s impl i f ica t ion,  and  there  m a y  
be excep t ions  to  the  rules.  Let  me  
ana lyse  s o m e  a r g u m e n t s  t h a t  m i g h t  be  
m a d e  aga ins t  this  s impl i f ied  a p p r o a c h .  

I f ,  at the  ins tan t  D N A  synthes is  ,,vas 
ini t ia ted,  =here were  a s u d d e n  r e d u c t i o n  
in  t h e  p o o l  o f  d e o x y t h y m i d i n e  
t r i p h o s p h a t e  ( T T P ,  a p r e c u r s o r  o f  
D N A ) ,  o n e  migh t  expect  a re laxat ion  o f  
repress ion  o f  the  e n z y m e s  p r o d u c i n g  
th~s molecu le .  A surge  in the  synthes is  
o f  these e n z y m e s  m i g h t  be  an t i c ipa ted .  
As  the  c o n c e n t r a t i o n  o f  T T P  r e t u r n s  t o  
n o r m a l ,  r ep res s ion  r educes  t he  ra te  o f  
e n z y m e  synthesis .  E v e n  if  such  a syn-  
t h e u c  p a t t e r n  were  t o o  smal l  t o  be  ex- 
pe r imenta l ly  measu red ,  it is conce ivable  
t h a t  such  a v a r i a t i o n  in c y t o p l a s m  syn-  
thesis  does  exist .  D o e s  th is  m e a n  we  
s h o u l d  c o n s i d e r  this w a v e  o f  e n z y m e  
synthes i s  a cel l-cycle e v e n t ?  I sugges t  
t h a t  this c h a n g e  in syn the t i c  ra te  is n o t  
s ign i f i can t  f o r  the  d iv i s ion  cycle .  W h e n  
such  an  increase  m the  synthes is  o f  a 
ce! l ' s  e n z y m e  occurs ,  t he re  is a n  in- 
f in i tes imal  dec rease  in the  synthes is  o f  
all the  o t h e r  p ro te ins  in the  cell. S o m e  
r i b o s o m e s  a re  n o w  t r a n s f e r r e d  t o  the  
t r a n s l a t i o n  o f  R N A  messages  de te rmi -  
n ing  the  synthes is  o f  enzymes  re la ted to  
T T P  synthesis.  There  is n o  change  in the 
t o t a l  r a t e  o f  c y t o p l a s m  syn thes i s .  
A n o t h e r  s o u r c e  o f  v a r i a t i o n  m in- 
d iv idua l  e n z y m e  synthes is  d u r i n g  the  
d iv i s ion  cycle  is t he  poss ib i l i ty  t h a t  the  
ra te  o f  e n z y m e  synthes i s  m a y  be  deter -  
m i n e d  by  gene  dosage .  I f  this  were  the  
case,  t h e n  a t  the  ins tan t  a g e n e  d o u b l e d  
b y  rep l ica t ion ,  the re  w o u l d  be a s u d d e n  
c h a n g e  in the  ra te  o f  synthes i s  o f  a p a r -  
Ucular  p ro te in .  I t  ~s sugges ted  he re  t h a t  
a n y  such  v a r m t i o n  (wha t  A r t h u r  K o c h  
has suggested  shoh~d be  cal led the  " ' f ine  
s t r u c t u r e "  o f  c y t o p l a s m  synthesis)  is 
u m m p o r t a n t  wi th  r ega rd  t o  the  regula -  
t i on  o f  the  d iv is ion  cycle.  

A s~m~lar ana lys is  appl ies  t o  D N A  
rep l ica t ion .  Pa r t s  o f  the  g e n o m e  wi th  
u n u s u a l  c o n c e n t r a t i o n s  o f  bases  m~ght 
p r o d u c e  a s lowing  o f  f o r k  m o v e m e n t .  
W h e t h e r  such  a v a r i a t i o n  exists m a y  be  
diff icult  to  d e m o n s t r a t e  Changes  in the  
rate  o f  r e p h c a t i o n  have  been  n o t e d  in 



26  4 th F O R  U M  I N  M I C R O B I O L O G Y  

the reg ion  o f  t e r m i n a t i o n  ( D e M a s s e y  e t  
aL,  1987; Hill  o r a L ,  1987). The  i m p o r -  
t an t  po in t  is t ha t  this va r i a t ion  in the  
ra te  o f  fo rk  m o v e m e n t  is u n i m p o r t a n t  
to  the division cycle.  W h a t  is i m p o r t a n t  
is the  to ta l  t ime  be tween  ini t ia t ion a n d  
t e rmina t ion .  A n y  m i n o r  va r i a t ions  o r  
f ine s~rueture are  s u b s u m e d  i n t o  the  
to ta l  t ime f o r  a r o u n d  o f  repl ica t ion .  

N o t e  tha t  n o n e  o f  the var iaUons  in 
synthesis  discussed here  are  related to  
the specific r egu la t ion  o r  c o n t r o l  o f  the  
division cycle. All the cell requires is the 
expans ion  o f  the to ta l ,  und i f f e t en t i a t ed  
cell c y t o p l a s m  T h e  cavea t  p resen ted  
here  ts t ha t  while there  m a y  be  events  
and  var ia t ions  tha t  occu r  du r ing  cell 
g r o w t h ,  due  in pa r t  to  the  n o n -  
exponent ia l  syntheses o f  the g e n o m e  and  
cell wall, these are  essentially rmnor  with 
respect to the regula t ton  o f  the bacter ia l  
d iv is lon cycle.  

S e g , e g a t i o n  o f  D N A .  

T h e r e  a re  t w o  piece~ o f  quan t l t a t tve  
d a t a  t ha t  descr ibe  the  n o n - r a n d o m  
segrega t ion  o f  D N A  in E.  colt, W h e n  
segregut ion  was  ana lysed  us ing  the  
m e m b r a n e - e l u t x o n  m e t h o d ,  n o n -  
r a n d o m  segrega t ion  was  c o n s t a n t  ove r  
a wide r ange  o f  g r o w t h  rates  (Pieruccl  
and  Helmstet ter ,  1976). W h e n  celIs were 
a n a l y s e d  b y  the  " p r e s e g r e g a t x o n -  
m e t h o c e l "  m e t h o d ,  segrega t ion  was  
f o u n d  to  be  n o n - r a n d o m  at  s lew g rowth  
rates,  b e c o m i n g  m o r e  r a n d o m  as the  
g r o w t h  ra te  increased  ( C o o p e r  a n d  
Welnberger ,  1977 ; C o o p e r  e t a l . ,  1978), 
A l t h o u g h  these two  results  seem con-  
t radic tory ,  they are bo th  a c c o m m o d a t e d  
by  a m o d e l  p r o p o s i n g  tha t  D N A  
segregate~ as t h o u g h  the new s t rands  
were a t t a c h e d  to  new wall mate r ia l  
(Helmste t te r  and  L e o n a r d ,  1987). T h e  
a p p a r e n t  d i sc repancy  be tween  the  t w o  
m e t h o d s  is due  t o  the fac t  tha t  the  
membrane-e lu t ion  m e t h o d  exarmnes the 
n o n - r a n d o m n e s s  o f  segregat ion at  a par-  
t i c n l a r  ce l l  d i v i s i o n ,  w h i l e  t h e  
p r e seg rega t i on -me thoce l  m e t h o d  mea-  
sures  seg rega t ion  in the to ta l  cell 
p o p u l a t i o n .  T h e  c o n s t a n c y  o f  n o n -  
r a n d o m  segrega t ion  using the  m e m -  
b rane-e lu t ion  t e chn ique  m e a n s  tha t  the  

shape o f  the cell is cons tant  at  all g rowth  
rates.  A c o n s t a n t  shape  means  tha t  the 
f r ac t ion  o f  the  cell devo t ed  to  pole  is 
c o n s t a n t  at  all g r o w t h  rates.  A similar  
c o n c l u s i o n  was  r eached  du r ing  an  
analys is  o f  the  o v e r s h o o t  o f  cell length 
d u r i n g  a sh i f t -up  ( C o o p e r ,  1989a). 

The  bacterial  growth  law during the 
divis ion cycle.  

S o m e  b e l i e v e  t h a t  t h e r e  is a 
" b a c t e r i a l  g r o w t h  l a w "  tha t  c an  be 
d i scove red  b y  sensit ive m e t h o d s  o f  
anaIysis .  Does  the cell g r o w  l inearly,  
bi l inearly,  exponen t i a l l y  o r  p e r h a p s  
fo l low s o m e  o ther ,  ye t  und i scove red ,  
g r o w t h  law (Burde t t  a n d  K i r k w o o d ,  
1983) ? I f  there were a general  law o f  cell 
g rowth ,  independen t  o f  the b iosynthet ic  
pa t t e rns  o f  the  three  ca tegor ies  t ha t  
c o m p r i s e  the  cell, t hen  the ind iv idual  
categories o f  biosynthesis  wou ld  have to  
a c c o m m o d a t e  themselves to  tlus overal l  
g r o w t h  law. 

I have  p r o p o s e d  that  there  is no  sim- 
ple ma themat i ca l  g r o w t h  law regulat ing 
o r  descr ib ing  bac te r ia l  g r o w t h  d u r i n g  
the diviszon cycle ( C o o p e r ,  1988c). 
Bacterial  g rowth  dur ing  the  divis ion cy-  
cle is the  s imple weighted  sum o f  the  
biosynthet ic  processes that  are  descr ibed 
by  the  th ree  ca tegor ies  p r o p o s e d  here.  
Since the c y t o p l a s m  is a l m o s t  80 We o f  
the cell weight ,  the  g r o w t h  o f  the  cell is 
a p p r o x i m a t e l y  exponen t i a l .  A sl ight  
dev ia t ion  f r o m  exponenUal  g r o w t h  is 
due  to  the  c o n t r i b u t t o n  o f  cell su r f ace  
a n d  D N A  synthesis .  Cell  g r o w t h ,  then ,  
is the  result  o f  a large n u m b e r  o f  in- 
d iv idua l  r eac t ions ,  regu la ted  by  local  
cond i t i ons ,  a n d  no t  c o n f o r m i n g  to  any  
over r id ing  g r o w t h  law. I f  o n e  wished to  
s ta te  the  g r o w t h  law, the  g r o w t h  law is 
s :mp ly  the  s u m  o f  the md iv tdua l  syn-  
thetic pat terns  o f  the three categories o f  
the  cell mass .  

The  applicabil i ty o f  the E. co i l  moclel.  

A r e  the in te r re la t ionsh ips  o f  cell cy--  
cle r e g u l a t i o n ,  p r o p o s e d  he re  f o r  
E. coli,  appl icab le  t o  o the r  o r g a n i s m s  ? 
Other  regula tory  m e c h a m s m s  have been 



C E L L  S H A P E  A N D  D I V I S I O N  I N  E .  C O L I  27  

proposed in o t h e r  cell types .  F o r  e x a m -  
ple, a c i rcu la r  r e g u l a t o r y  sys tem was  
p r o p o s e d  f o r  C a u l o b a c t e r  ( N a t h a n  et  
al., 1982), a n d  a s tochas t i c  m e c h a n i s m  
(Smi th  a n d  M a r t i n ,  1973) as  wall as a 
r a t e - c on t r o l l ed  m o d e l  (FIo la  a n d  Ri ley ,  
1987) fo r  an ima l  cells. Is the m e c h a n i s m  
o f  cell cycle  r egu l a t i on  sub jec t  to  
h i s to r ica l  a c c i d e n t  ? O r  is t he re  a un i ty  
o f  m e c h a n i s m s  regu la t ing  the  d iv is ion  
cyc le  o f  all t ypes  o f  ce l l s?  I can  o n l y  
c o n j e c t u r e  tha t  the  E. coil  m o d e l  o f  cell 
cycle  r e g u l a t i o n  is genera l ly  app l i cab le  
t o  o ther  o rgan i sms ,  and  tha t  the op t ima l  
des ign  o f  the  cell  cycle  is exhib i ted  b y  
the  E.  col i  cell cycle.  

T o  i l lus t ra te  this  p o i n t ,  e x a m i n e  a 
s imple  G e d a n k e n  exper imen t .  C o n s l d v r  
the  ana lys is  o f  a p a r t i c u l a r  cell cycle  
wi th  a n d  w i t h o u t  the  E.  coli  sys t em as 
a p r o t o t y p e .  A s s u m e  tha t  we h a v e  
f o u n d  a cell in  whxch t he  C pe r iod ,  the  
t ime  fo r  a r o u n d  o f  D N A  rep l ica t ion ,  
a n d  the  D pe r iod ,  the  t ime  betwL.~n ter-  
m i n a t i o n  a n d  cell d iv ts ion,  are  p r o p o r -  

t ional  to  the  mterdivis ion t ime.  T h e  syn- 
thetic pat terns  expected for  th ree  g rowth  
ra tes  are  p re sen ted  in f igure  4.  The  C 
a n d  D per iods  a re  two- th i rd s  a n d  o n e -  
th i rd  o f  the to ta l  in te rd iv i s ion  t ime.  In  
con t r a s t  t o  the  pa t te rns  seen in f igure 2,  
the  p a t t e r n s  o f  D N A  synthes is  in cells 
wi th  20-, 30- a n d  60-rain d o u b l i n g  t imes 
are  ident ica l .  T h e  size o f  the  n e w b o r n  
ceils does  n o t  c h a n g e  wi th  g r o w t h  rate .  
W h a t  wou ld  we have  deduced h a d  we 
discovered this cel l  before we had 
a n a l y s e d  E.  t o l l ?  I t  w o u l d  h a v e  been  
c o n c l u d e d  ei ther  t h a t  in i t ia t ion starts  a t  
a pa r t i cu l a r  cell size, o r  the  ac t  o f  cell 
d iv is ion  ini t ia tes  D N A  rep l ica t ion .  I n  
t h i s  i m a g i n a r y  ce l l ,  we  c a n n o t  
d i s t inguish  be tween  the  t w o  c o n c l u -  
s ions .  N o w  e x a m i n e  this  cell a f t e r  t he  
d i s c o v e r y  o f  the  rules  g o v e r n i n g  the  
lmt la txon o f  D N A  synthes is  in E.  coll. 
I t  w o u l d  n o w  be c o n c l u d e d  tha t  this cell 
fits the  genera l  m o d e l  f o r  E.  coil, bu t  
the  ra te  o f  D N A  repl icaUon a n d  the  
s eg rega t ion  pe r iod ,  fo r  r e a sons  no t  yet  

In terd iv ia ion 
6 0  

t ime  
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3 0  2 0  
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I [ I 
0 1 0 1 0 t 
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Cell age during division cycle 
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Cell size at birth 

2 

FIG. 4. - - D N A  synthetrc pattern ~f C and D periods are proportional to mterdJwsion time 

This hgur¢ is slmdar to figure 2, except that C and D periods are drawn as two-thirds and 
one-third of  the interdwislon time In cells with 20-, 30- and 60-ram ~nterdlvlsion times, 
the patterns o f  DNA synthesis are identical 
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u n d e r s t o o d ,  a r e  n o t  i n v a r i a n t  w i th  
g r o w t h  ra te .  T h e  i m p o r t a n t  p o i n t  is t h a t  
it was  p r o p i t i o u s  t h a t  the  C a n d  D 
p e r i o d s  we re  c o n s t a n t  in  E .  col l .  Thi s  
a l l o w e d  t h e  e l i m i n a t i o n  o f  ce l l - cyc le  
even t s ,  such  as  cel l  d i v i s i o n ,  as  c ause s  
o f  i n i t i a t i o n  o f  D N A  r e p l i c a t i o n .  I f  t h e  
D N A  s y n t h e t i c  p a t t e r n  f o r  E .  c o h  were  
a c t u a l l y  the  o n e  f o u n d  in f igu re  4 r a t h e r  
t h a n  m f i gu re  2, we w o u l d  st i l l  be  puzz -  
l i ng  o v e r  t h e  n a t u r e  o f  t h e  i n i t i a t i o n  
ru les  in  E.  c o b .  N o w  t h a t  we h a v e  t h e  
ru le ,  t h e  E .  c o h  ru le ,  we c a n n o t  g o  
b a c k ;  we h a v e  the  k n o w l e d g e  a n d  i t  
c a n n o t  b e  d i s c a r d e d ,  T h e  o n l y  o r g a -  
n i sms  t h a t  wil l  b e  o f  in te res t  in  s h o w i n g  
t h a t  new ru les  exzst wil l  be  t h o s e  t h a t  
v i o l a t e  t h e  ru les  l a i d  d o w n  b y  o u r  
a n a l y s i s  o f  E.  c o b .  

I h a v e  p r o p o s e d  t h a t  t h e r e  is a unxty 
o f  Cel l  B i o l o g y  t h a t  is a n a l o g o u s  t o  t h e  
u n i t y  o f  b i o c h e m i s t r y  ( C o o p e r ,  1981). 
V a r i o u s  p h e n o m e n a  w h i c h  s u g g e s t  t he  
ex i s t ence  o f  o t h e r  m o d e s  o f  cell  cyc le  
r e g u l a t i o n  in  a n i m a l  cei ls  h a v e  b e e n  
s h o w n  t o  be  c o n s i s t e n t  w i t h  t h e  m o d e l  
f o r  t h e  b a c t e r i a l  d i v i s i o n  cyc le  p r o p o -  
s ed  h e r e  ( C o o p e r ,  1979; C o o p e r ,  1982;  
O k u d a  a n d  C o o p e r ,  1989). T h e  ru les  o f  
t h e  cell  d i w s i o n  cyc le  a r e  t he  s a m e  f o r  
E s c h e r i c h i a  a n d  e s c a r g o t .  T h e  q u e s t i o n  
f o r  f u t u r e  analys~s m w h e t h e r  t h e r e  is 
s o m e  d e e p e r  ru le  t h a t  e n s u r e s  th i s  c o m -  
m o n  p a t t e r n  in  all  cells. I c o n j e c t u r e  t h a t  
th i s  is  i n d e e d  t h e  ca se ,  an : t  h o p e  t h a t  a 
s e a r c h  f o r  t h e  u n d e r l y i n g  m e a n i n g  o f  
s ize c o n t r o l  in  a!i  ce l ls  is n o w  t h e  uew 
g o a l  o f  ce l l - cyc le  r e s e a r c h .  
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