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The potential for the formation of a biosynthetic enzyme in 
Escher ich ia  co l i  ° 

Studies on the formation of inducible enzymes, such as fl-galactosidase, have shown tha t  upon 
addition of an inducer to an exponentially growing, uninduced  culture, enzyme synthesis  s tar ts  
immediately at a constant  rate per cell, and hence the enzyme concentrat ion per cell comes close 
to the theoretical limit only after several generations (e.g. 0.9375 of theoretical limit after  4 cell 
divisions) x. The increase in enzyme is described by the following equation ([): °oEma x = 
]oo (I - - e  -at ) where Emax is the max imum final level of enzyme per cell and a is the rate 
cons tan t  of the equation for exponential  growth, d N / d t  = a N  (N = number  of bacteria per unit 
volume). 

I t  seemed reasonable to expect tha t  formation of other  enzymes should follow a similar 
pat tern.  The possibility of s tudying the kinetics of formation of a biosynthetic enzyme which 
does not require an added inducer arose through the observation tha t  in certain cases the end- 
product  of a biosynthetic sequence inhibits the synthesis  of enzymes involved in the formation 
of this product.  This negative feed-back effect has been described for certain amino acids2,3, 4, 
purines 5, and pyrimidines *. We have recently found 7 another  example:  inhibition by arginine of 
the synthesis  of ornithine t ranscarhamylase,  which catalyzes the conversion of ornithine to 
citrulline. When cells of the W strain of Escherichia coli, harvested from minimal medium, are 
grown in the presence of arginine (20/,g/ml),  the formation of this enzyme is suppressed and 
continued growth yields cells with approximately  i / ioo  the initial concentrat ion of the enzyme. 
When such cells, after washing, are transferred to a growth medium without  arginine, the enzyme 
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Fig. i. Enzyme synthesis  in flask cultures of 
the wild type. Washed cells of E.  cell strain 
W, taken from exponential ly growing cultures 
maintained on arginine were inoculated into 
minimal medium A ~ + lactate 0.5%, sup- 
plemented as indicated. Incubat ion  was at  
37°C with shaking. Enzyme activity was 
determined in toluenized cells according to 
the method of JONES et al. 1°. One enzyme 
unit  = a m o u n t  of enzyme which synthesizes 
z / ,mole of citrulline/h; lower limit of method 
= o.or enzyme units. E/cell = units of enzyme 
per mg of dry weight bacteria. Cell division 

t ime was 6o min. 
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Fig. 2. Enzyme synthesis  in the chemostat .  The 
minimal medium and the method for the en- 
zyme determinat ions were the same as described 
in the legend to Fig. i. The hist idine- arginine- 
auxot roph  was grown with (/tg/ml) : histidine [ 
and arginine 6 (curve IA); histidine i o a n d  ar- 
ginine 5 (curve IB). The hist idine- auxot roph  
was grown with histidine I (curve 2). The level 
of growth with histidine limiting at  z Mg/ml 
was the same as tha t  with arginine limiting at 
5/~g/ml. Inocula were washed cells taken from 
cultures growing exponential ly in excess of 
arginine. Cell division t ime was 46o rain. The- 
oretical curves were calculated from the con- 
s tan t  E/cell values, reached for both curves 

i13 and 2 after  4 cell divisions. 

* This work was supported by grants  No. G-e49z and G-3344 from the National  Science 
Foundat ion  and by gr~nt No. RG-4235 from the U.S. Public Heal th  Service. 
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is not f~rmvd at  a cons t an t  ra te  a t  all { Fig. ,, theoret ical)  but  is produced wi th  an in i t ia l  I)urst, 
foll~wing which the concentrat i~m per cell declines sha rp ly  and then remains  fairly cons tan t  
/l,'ig. l. curve  .) .  

. \n exp lana t i (m ior this  k inet ic  p ic ture  is sugges ted  by the fact t h a t  added  a rg in ine  inh ib i t s  
tilt, syn thes i s  of this  enzyme.  If endogenous  arg in ine  shonM exer t  a s imi lar  effect, the  ini t ia l  
burs t  of enzyme  syn thes i s  xwmld ~mcur when endogencms arg in ine  is low. The rapid format ion  
of o rn i th ine  t r a n s c a r b a m y l a s e  fatal of <~ther enz\ 'mes  in the same pa thway)  would then lead t~ 
rap id  syn thes i s  ~f a rg in ine  resul t ing  ill an accmnu la t i on  <~f ti le l a t t e r  t h a t  in turn w~mld slow 
down enzvnle  syn thes i s  i ln t i l  tt s t eady  s t a t e  is r e a c h e d .  

In order  to tes t  this  l ly lmthes i s  it is necessary to c<mtrol the in t race lh l la r  a rg in ine  concen- 
t r a t i o n . . S u c h  c~mtrol can be achieved in the chem~sta t ,  an i n s t r u m e n t  which pe rmi t s  one to 
m a i n t a i n  a cu l tu re  in a s t e ady  s t a t e  .ff g rowth  wtmse ra te  is l imi ted by tile supp ly  of a required 
me tabo l i t e  ~. 

"l'w~ m u t a n t s  were chosen fc~r c h e n m s t a t  exper in len t s :  one. requi r ing  ~mly hist idine,  and  a 
double  a u x o t r o p h  req0i r ing  h is t id ine  and arginine.  "l'he bhTck in arg in ine  syn thes i s  was located 
be tween ace ty lo rn i t h ine  and orni thine ,  l;or all exper iments ,  the cells were p r e g m w n  in the presence 
of a rg in ine  to produce, a low level of ~rn i th ine  t r anscar t l amylase .  

For the  t irst  exper iment ,  cells c~f the thmbh, auxo t roph  were t ransferred  to a med ium with 
l imi t ing  a rg in ine  and an excess of his t idine.  Under  these condi t ions  the in ternal  concentra t icm 
of arg in ine  should lie b~w. I t  is seen (Curve s l ~, of Fig. -,) t ha t  the enzyme is formed a t  the  same 
ini t ia l  high ra te  as in tile wild t.vpe (Fig. u) ; bu t  in the c h e m o s t a t  expe r imen t  the enzyme  cont inues  
to lie formed a t  th is  high ra te  unt i l  i ts  ccmcentra t ion per cell reac.hes a p la teau  25 t imes  as high 
as the s t eady  s t a t e  level ill the  wihl t y p e . . k s  sh<lwn ill Fig. 2, the observed curve  for enzyme 
sy'nthesis a p p r o x i m a t e s  closely the theore t ica l  curve  for cons t an t  ra te  kinetics,  ca lcu la ted  from 
ti le  tinal level of enzy'me. I t  thereh~re appears  t h a t  t i le ma in t enance  of an unusually_ low concen- 
t ra t ion  of in ternal  a rg in ine  preserves  a o m s t a n t  and very high ra te  of enzy'me synthesis .  

The o ther  two expe r im e n t s  are controls.  [n the expe r imen t  descr ibed by curve  t . \ ,  ceils of 
t i le double  auxo t roph  are grown wi th  l imi t ing  h is t id ine  and are suppl ied  wi th  an arg in ine  concen- 
t r a t ion  c~f which they' use all but  i t tgjml.  I t  can be seen t h a t  th is  s l ight  excess of a rg in ine  com- 
p le te ly  suppresses  t o rma tmn  ~1" the enzyme.  Final ly ,  m the expe r imen t  described by curve  2, 
cells of t i le  h i s t id ine  a u x o t r o p h  were grmvn with l imi t ing  hist idine,  the i r  a rg in ine  being formed 
endoge.nously. Synthes is  of the enzwne  exh ib i t ed  ti le sanle ra te  charac te r i s t i cs  as were cdlserved 
for the  wih l - type  flask cul ture ,  with an ini t ia l  tmrs t  and a subsequen t  slower rate.  These c~mtmls 
s h o w  t h a t  t i l e  c o n t i n u e d  r a p i d  f o r m a t i o n  ~ f  t i l e  e n z y m e  s e e n  in CllrVe I t{ wl t s  n~lt (tilt? tO atllV 
fac tor  t h a t  l imi ts  growth,  but  specitieall.v to arginine.  

It  can lie c~mcltlded tha t  in the wikl type  tile level {d in ternal  a rg in ine  or of a de r iva t i ve  
of a rg in ine  does indeed control  tile ra te  of f~rmat ion  of o rn i th ine  t ranscarbamy' lase .  Such a 
mechan i sm was a l ready  sugges ted  173' the prev ious ly  ment ioned  s tudies  on end-produc t  control  
of enzyme  format ion.  In addi t i tm,  the present  s t udy  shows t h a t  wild-tylw, cells have  a po ten t i a l  
for syn thes iz ing  a levcq of this  enzyme  g rea t ly  in excess <if {2.5 t imes) t h a t  reached in a c t u a l i t y "  
A possible use f(ir this  l a ten t  capac i ty  is t h a t  it helps ti le cell t(i resume growth  w i t h o u t  a marked  
delay  af ter  a rg in ine  in its surr~lundings becomes exhaus ted .  
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l-. coh to  increase the levels of enzymes  involved  in py r imid ine  biosynthes is .  
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