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Kinetic amplification of enzyme discrimination. 

J a c q u e s  NINIO .,@ . 

The Salk Institute [or Biological Studies P.O. Box 1809, 
San Diego, Ca!i[ornia 92112. 

(12-12-197/t). 

Summary - -  The dependance of the accuracy of enzymatic systems on the mechanism 
of the catalyzed reaction is investigated, using a prohabilistic approach. Certain mecha- 
nisms of reaction, involving a delay in one of the steps act as kinetic amplifiers of 
molecular discriminations.  The relat ionship between our scheme for a delayed reac- 
tion [1] and Hopfield's scheme [2] is discussed. 

I N T R O D U C T I O N .  

Many  e n z y m e  sys tems  d i s c r i m i n a t e  w i t h  r e m a r -  
kable  e f f i c i ency  b e t w e e n  t h e i r  subs t ra te  and  clo-  
se ly  r e l a t ed  mo lecu l e s .  I t  is g e n e r a l l y  a c c e p t e d  
tha t  th is  d i s c r i m i n a t i o n  d e p e n d s  in la rge  m e a s u r e  
on an a c c u r a t e  m a t c h i n g  of  the  shape  of t he  
e n z y m e  to that  of the  subs t ra te  e i t h e r  d u r i n g  
b i n d i n g  of  the  l i gand  or  at a s u b s e q u e n t  s tep of 
the  r e a c t i o n  ~3, 4]. 

T h e  e x a m i n a t i o n  of r e c e n t  resu l t s  (to be dis-  
cussed  la ter )  on the  a c c u r a c y  of DNA p o l y m e r i -  
za t ion ,  on r i b o s o m a l  se l ec t ion  and  on the  d i sc r i -  
m i n a t i v e  ab i l i t i e s  of  the  a m i n o a e y l - t R N A  l igases  
led us to m o d i f y  tha t  p o i n t  of  v i ew ,  at leas t  for  
c e r t a i n  c lasses  of e n z y m a t i c  sys tems.  Our  p i c t u r e  
i n v o l v e s  two  e l emen t s  : 

a) An e n z y m e  has  c e r t a i n  d i s c r i m i n a t i v e  abi l i -  
t ies  by  v i r t u e  of its m a t c h i n g  to the  subs t ra te .  
T h i s  m a y  be re f l ec ted  t h r o u g h  a d i f f e r e n c e  in the 

d i s s o c i a t i o n  cons t an t s  k s a n d  k~ of  the  e n z y m e -  
subs t ra te  and  the e n z y m e - a n a l o g u e  as soc ia t ions ,  
or  t h r o u g h  d i f f e r ences  in o t h e r  k ine t i c  pa r a -  
m e t e r s  of the  r eac t i on .  

b) The  e n z y m a t i c  r e a c t i o n  is c o n s i d e r e d  as a 
p r o c e s s i n g  of t he  subs t ra te  and  the  ana logue  
l e a d i n g  to p r o d u c t s  p s  and  pA. The  p r o c e s s  as a 
w h o l e  c o n t a i n s  one  (or more )  d i s c r i m i n a t i v e  
step,  and  takes  m o r e  o r  less a d a v a n t a g e  of the  
d i s c r i m i n a t i v e  p o t e n t i a l i t i e s  r e f l ec t ed  in  the  
r a t i o  k 2 / k  s 

Our  e x a m i n a t i o n  of  seve ra l  cases  s h o w  in 
a g r e e m e n t  w i t h  in tu i t ion ,  tha t  in mos t  cases,  the 
d i s c r i m i n a t i o n  of  the  w h o l e  p r o c e s s  is s m a l l e r  
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t h a n  tha t  of t he  d i s c r i m i n a t i v e  step.  Thus ,  i f  t he  
c o n c e n t r a t i o n s  of  subs t r a t e  and  ana logue  a re  

~-- ka /ka.  equal ,  w e  h a v e  in g e n e r a l  [ p s ] / E p A ]  A s 
H o w e v e r ,  we  l o o k e d  for  and  found  a c lass  of 
r e a c t i o n s  w h i c h  a l l ow  the  p r o c e s s  as a w h o l e  to 
be m o r e  d i s c r i m i n a t i v e  t h a n  its d i s c r i m i n a t i v e  
step.  W e  are  ab le  to c o n s t r u c t  s c h e m e s  fo r  
w h i c h  [ p s ] / [ p A ]  m a y  a p p r o a c h  (]~c~/k s )~ o r  e v e n  
h i g h e r  p o w e r s  of  the  r a t io  of  t he  t w o  d i s s o c i a t i o n  
cons t an t s  (*). 

Thus ,  in p r i n c i p l e ,  N a t u r e  has  at least  t w o  
s t r a t eg ies  for  a c h i e v i n g  a c c u r a c y .  I t  m a y  des ign  
a v e r y  s o p h i s t i c a t e d  b i n d i n g  site, o r  i t  m a y  se lec t  
a s h r e w d  m e c h a n i s m  of r e a c t i o n  w h i c h  takes  
a d v a n t a g e  of sma l l  d i f f e r e n c e s  in  k i n e t i c  p a r a -  
me te r s .  The  s e c o n d  s t r a t egy  w o u l d  a p p e a r  m o r e  
i n t e r e s t i n g  in s i t ua t i ons  w h e r e  the  e n z y m e  sys tem 
needs  to so lve  several a c c u r a c y  p r o b l e m s .  T h i s  is 
p r e c i s e l y  the  case e n c o u n t e r e d  in DNA p o l y m e r i -  
za t ion  and  in r i b o s o m a l  s e l e c t i o n  of tRNA. 

DNA polymerization. A s a m e  e n z y m e  is i nvo l -  
ved  in the  r e p l i c a t i o n  of each  of the  fou r  bases  
A, T, G, C. d C T P  w h i c h  is a subs t r a t e  in one  case  
( w h e n  a G is cop i ed )  b e c o m e s  a d a n g e r o u s  
ana logue  w i t h  r e spec t  to the  t h r ee  o the r  cases.  

Mutants  of  p h a g e  T4 DNA p o l y m e r a s e  h a v e  
been  ob t a ined ,  d i s p l a y i n g  e i t h e r  m n t a t o r  [5] or  
a n t i m u t a t o r  [6] p r o p e r t i e s .  These  mu tan t s  h a v e  
been  e x t e n s i v e l y  c h a r a c t e r i z e d  bo th  g e n e t i c a l l y  
[7-91 and  b i o c h e m i c a l l y  [10-13]. The  i n t e r e s t i n g  

(*) Our findings were briefly presented at << Eeole 
d'Et6 sur l 'Evolut ion des Macromol6cules Biologiques >> 
(Roscoff, May 1974) and are discussed in the pro- 
ceedings of that  meeting [1]. After the submission of 
this more com~plcte paper, John Hopfield's article 
bearing on the same subject [2] reached us, and the 
manuscript  was revised in order to include a compa- 
rison between the two approaches and discuss recent 
experimental  findings. 
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feature is that different point  muta t ions  in the 
DNA polymerase gene have the effect of lower ing  
or ra is ing s imul taneously  most of the error-levels 
that  can be m e a s u r e d :  spontaneous A.T. ~ 
G.C or G . C - - - - ~ - A . T  t ransi t ions ,  t ransvers ions ,  
errors  due to the incorpora t ion  of base-analogues 
such as 2-amino pu r ine  or bromo-U, etc. [9]. Yet, 
the aminoac id  subst i tut ions resul t ing from the 
muta t ions  should have different geometrical con- 
sequences. 

This suggests that T4 DNA polymerase makes 
use of a d i sc r imina t ive  procedure  wh ich  can be 
appl ied wi th  more or less vigour. More precisely,  
it was proposed that  the ldnet ic  balance between 
two steps of the react ion (polymeriz ing act ivi ty 
versus exonuclease activity) was more impor tan t  
for DNA polymerase  selectivity than the discri-  
mina t ive  potent ial i t ies  of the ind iv idua l  steps 
[13]. Unfor tunate ly ,  the authors reached that con- 
clusion on the basis of a kinet ic  t rea tment  wh ich  
is actual ly i r re levant  (see the Discussion).  

Ribosomal  selection.  Here again, a n u m b e r  of 
r ibosomal  mutants  are known  which  have the 
effect of changing in  a paral le l  maner  << na tura l  
errors>>, and all the levels of nonsense  and 
missense suppress ion [14:1~;]. Judged from the 
point  of view of the geometry of the codon-ant i -  
codon interact ions,  the various effects appeared 
cont radic tory  [17~. However,  they could be redu- 
ced to a single effect when  geometry considera-  
t ions were  abandonned .  They could be accounted 
for by a change in  the d iscr iminat ive  abilit ies of 
the r ibosome [18] explained by the change of a 
single kinet ic  parameter  in the react ion [1'9]. 

UNDELAYED REACTIONS. 

We start our study of the d iscr iminat ive  
<< shrewdness  >) of var ious react ion schemes wi th  
the classical Michaelis model  : 

ld 
E + S ~ "  ES . . . .  ~,-E 4. ps (1) 

ke, 
We assume throughout  the art icle that such 

macroscopic  representa t ions  are exact, i.e., they 
reflect accurately  the processes at the microscopic  
level. Then  the k inet ics  can be expressed in terms 
of probabil i t ies .  IS? k s dt is the probabi l i ty  dp 
that a free enzyme molecule wi l l  form an enzyme- 
substrate complex in the inf ini tes imal  t ime dr, 
wi th  s imilar  expression for k s and k_ s.  When the 
complex ES is formed, it disappears  exponen- 
t ial ly wi th  t ime according  to exp (-kS t &st) .  

kS  is the reciprocal  of the mean s t icking time 
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~s of the complex, that  would  be measured in  the 
absence of the product - forming  reaction.  

Once an enzyme-substrate  or an enzyme-analo- 
gue association is formed, however  t rans i to ry  it 
may be, what  is the probabi l i ty  of complet ion of 
the reactio.n ? For  any  short  in terval  of t ime dt, 
a f ract ion k~ decays, whi le  a fract ion k s dt leads 
to product  formation.  Thus, the average proba- 
bi l i ty of complet ion of the react ion is quite 
s imply  given by P = k s / ( k  s -]- kS 1) and by the 
equivalent  expression for the analogue A. If we 
compare the rates at wh ich  substrate and analo- 
gue are t ransformed,  we have the ratio : 

Vs ESI k s ps 
- -  ~ -  ( 2 )  

VA [A] ki  ~ pA 

We wil l  define the d i sc r imina t ion  term D as 
the velocity rat io of Eq (2) divided by the con- 
centrat ion rat io : 

V s / VA (3) 
1) EsI .  EAI 

In the case of Michaelis kinetics, D is a pro- 
duct of two terms : the rat io of the collision effi- 
cien~cies of substrate and analogue, and the ratio 
of the probabi l i t ies  of complet ion of the react ion 
after a collision : 

k s pS 
D - -  (4) 

k~  p a  

This  expression can be extended to any other 
mechan i sm of react ion for w h i c h  there is only 
one conformat ional  state of the enzyme al lowing 
an ent ry  of the ligands. 

Consider  the special  ease where  k s = k l a 

and k s = k 2 = A  k2 " When  the react ion t ime I/ko 
is very short  compared to both s t icking times 
I/kSl and I / k ~ ,  D = I. The enzyme does not 
d iscr iminate  between substrate and analogue. As 
the react ion t ime increases wi th  respect  to the 
s t icking times, d i sc r imina t ion  also increases and 
reaches the l imit  D = k~/1Csl = {-sfiA for infinite 
react ion times. Thus, when  the only kinet ic  diffe- 
rence wh ich  is exploited by the enzyme is that 
of the s t icking times, d i sc r imina t ion  is at best in  
the ratio of the s t ictdng times. (Of course, a 
larger D value can be obta iner  if kS2 > k2)'a 

The result  can be generalized to the case where  
there are addi t iona l  in te rmedia te  stages in the 
format ion of the product  : 

k~ kn + I 
. . . . .  ~ : :_"~ 'ES(~ , ) - - -~E ÷ ps (5) 
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W h e n  tile c o m p l e x  ES(~) is f o rmed ,  it  m a y  
e i t he r  d i s soc ia te ,  o r  y i e ld  p r o d u c t  w i t h  a p r o b a -  
b i l i t y  P w h i c h  is g iven  by  the  e legan t  f o r m u l a  
of K n o r r e  and  Ma lygu ine  [20~. 

I k 1 ( k 

- - I +  i I +  -" 
P ~ - 2  ka [  n]i I + . . . .  + k-(n-j~) (t + - - - - )  (6) 

kn kn+ l  

F r o m  there ,  i t  is easy to s h o w  that  w h e n  all  
the  k ine t i c  p a r a m e t e r s  of subs t ra te  and  ana logue  

save  one  p a i r  (k s and  k ; '  or  kS and  k A) are  equal ,  
the  d i s c r i m i n a t i o n  c a n n o t  be b e t t e r  t h a n  the  r a t io  

A S of t he  k i n e t i c  p a r a m e t e r s  : k ~ / k  s o r  k i / k . i .  T h e  
resu l t  app l i e s  to any  p a i r  of  k i n e t i c  p a r a m e t e r s ,  
and  to a r e a c t i o n  i n v o l v i n g  a n y  n u m b e r  of steps.  

D E L A Y E D  R E A C T I O N S .  

In  th is  sec t ion  w e  c o n s i d e r  the  case  w h e r e  
b i n d i n g  is the  d i s c r i m i n a t i v e  step.  We cou ld  h a v e  
said,  for  a Michae l i s  s cheme ,  tha t  the  e n z y m e  is 
c eomparing>> the  s t i ck ing  t imes  ~s and T a. 
S u p p o s e  n o w  tha t  the  r e a c t i o n  s u b s e q u e n t  to 
b i n d i n g  of the  subs t r a t e  or  the  ana logue  is 
d e l a y e d  by  a t i m e  t o . T h e  t imes  d u r i n g  w h i c h  
the  r e a c t i o n s  m a y  o c c u r  are  n o w  ~'s = ~s  __ to 

and ( a  = ( a  __ to . I t  is c l ea r  tha t  t he  ra t io  
t ' s / t ' a  of  t hese  a p p a r e n t  s t i ck ing  t imes  can  be  
c o n s i d e r a b l y  l a r g e r  t h a n  the  r a t io  t s / t  a. Th i s  
ra i ses  the  q u e s t i o n :  a re  snel l  d e l a y e d  r e a c t i o n s  
c o n c e i v a b l e  c h e m i c a l l y  ? At first,  one  m a y  t h i n k  
that  the  r e a l i z a t i o n  of de lays  shou ld  i n v o l v e  
effects  w h i c h  a re  ou t s ide  the  r ange  of va l i d i t y  
of t i le t r a d i t i o n a l  c h e m i c a l  no ta t ion .  I t  t u rn s  out  
h o w e v e r  tha t  de lays  can  be  o b t a i n e d  by  s e q u e n c e s  

of c o n v e n t i o n a l  c h e m i c a l  events .  Then ,  t o is no t  
a f ixed  t ime ,  bu t  a r a n d o m  v a r i a b l e  w i t h  a m e a n  
va lue  tha t  can  be c o m p u t e d .  

T h e  f o l l o w i n g  is the  s i m p l e s t  e x a m p l e  of 
d e l a y e d  r e a c t i o n s  we  h a v e  been  able  to cons t ruc t .  
We s ta r t  w i t h  a two- subs t r a t e  r e a c t i o n  in w h i c h  
the  b i n d i n g  of one  suhs t ra te  has  no i n f luence  on 
the  b i n d i n g  of the  o t h e r  subs t ra te  (see Eq.  (7)). 

and  w e  m a k e  the  E ~ ES  2 b r a n c h  of  the  
r e a c t i o n  i r r e v e r s i b l e  by  c o u p l i n g  it  to a v e r y  
r a p i d  d e s t r u c t i v e  p rocess ,  fo r  i n s t a n c e  : 

ES.) + ATP (ve ry  r ap id )  _ > 

E -t- $2 + AMP + PP (8) 
or, i f  S 2 is ATP,  this  last  r e a c t i o n  can  be r e p l a c e d  
by  the  in situ d e g r a d a t i o n  of ATP.  

T h e  r e a s o n  fo r  the  a d d i t i o n a l  (and essent ia l )  
r e a c t i o n  wi l l  be m a d e  i n t u i t i v e  later .  

Let  us i n t r o d u c e  the  v a r i o u s  p r o b a b i l i t i e s  of 
the  d i r e c t  t r a n s i t i o n s  f r o m  one  state to a n o t h e r  : 

p : k 2 !S , , ! / (k  2 [$2] + k l ) fo r  ES  i -~- ESaS 2 
q = ka / (k  a + k 2 + k l) for  ES1S 2 _ ~ P ,  and  
r --  k e / (k  a + k_ 2 + k l) for  ES1S 2 ~ ES 1 

Again  we  ask the ques t ion  : once  ES t is f o r m e d ,  
w h a t  is the  p r o b a b i l i t y  tha t  i t  w i l l  l ead  to P ? W e  
m a y  h a v e  seve ra l  b a c k  and  fo r th  m o t i o n s  f roul  
ES1S.~ to ES 1 and  ES~ to ES1S 2 b e f o r e  f o r m i n g  the  
p r o d u c t .  Thus ,  the  overa l l  p r o b a b i l i t y  is g iven  as 
the  s u m  of the  se r ies  : 

P = 1)q + p r p q  + (pr)2pq + . . . . . .  (9) 

Pq 

1 - -  pr  
k.~ k s [$21 

(lO) 
- - k ,  2 k a [$2] + k_ 1 (k 3 + k_ 2 -}- k 2 IS2]) + k-'21 

ES1 

ES z 

ka 
5 E + 1' (7) 
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T h e  i n t e r e s t i n g  f ea tu re  is t he  p r e s e n c e  of a 
q u a d r a t i c  k_21 t e rm.  Fo.r v e r y  s h o r t  s t i c k i n g  t i m e s  
( la rge  va lues  of k 1), a n d  if  the  o n l y  k i n e t i c  di f fe-  
r e n c e  w h i c h  is e x p l o i t e d  is tha t  of  s t i ck ing  t imes ,  
we  h a v e  : 

I) ~ ( t s / ta )2  (11) 

Thus ,  ana logues  w i t h  v e r y  w e a k  b i n d i n g  
cons t an t s  a re  p r o c e s s e d  a c c o r d i n g  to t he  squa re s  
of  the  s t i ck ing  t imes .  

In o r d e r  to d e t e r m i n e  m o r e  p r e c i s e l y  the  
d o m a i n  of v a l i d i t y  of the  q u a d r a t i c  effect ,  one  
has  to take  in to  a c c o u n t  t he  two  b r a n c h e s  of the  
r eac t i on .  Le t  us ca l l  a the  c o n c e n t r a t i o n  of  E re la -  
t i v e t o E S ~ :  a = [ E ] / ( [ E ]  -4- [ E S 2 J ) - - u c a n b e  
c o m p u t e d  t h r o u g h  the  s t e a d y  - -  s ta te  equa t i ons .  
T h e  c o m p l e t e  e x p r e s s i o n  for  P i s :  

Pq  q 
P = a - -  -4- ( I - a ) - - -  (12) 

I -p r  I -p r  

T h e  q u a d r a t i c  e f fec t  is f ound  in  the  p q / ( I - p r )  
t e rm ,  a n d  n o t  in t he  q / ( I - p r )  t e rm.  T h e  i r r e v e r -  
s ib le  c o u p l i n g  of E q u a t i o n  (8) has  t he  ef fec t  of 
n m k i n g  a c lose  to one  a n d  thus  is a n e c e s s a r y  
c o n d i t i o n  for  the  v a l i d i t y  of E q u a t i o n  (10). T h e  
q u a d r a t i c  ef fec t  r e q u i r e s  a l a rge  va lue  of  k. 1 
( s u p e r i o r  to k 3, k 2 and  k 2 [$2]) bu t  no t  too  l a rge  
a va lue  e i the r ,  fo r  t hen  the  (I-~) q / ( I - p r )  t e r m  
w o u l d  cease  to be  neg l ig ib le  c o m p a r e d  to t he  
u p q / ( I - p r )  t e rm.  Thus ,  the  qua l i t y  of  t he  i r r e v e r -  
s ib le  c o u p l i n g  ( re f lec ted  in  the  va lue  of  a) de te r -  
m i n e s  h o w  fa r  in the  d o m a i n  of  sho r t  s t i c k i n g  
t imes ,  the  a m p l i f i c a t i o n  effect  m a y  ho ld .  

T h e  q u a d r a t i c  ef fec t  is absen t  w h e n  the  two-  
s tcp r e a c t i o n  fo l l ows  a m e c h a n i s m  of sh ' i c t l y  
o r d e r e d  a d d i t i o n  s u c h  as : 

k l  
E -4- $ 1 ~  ES j  

I~k2 k3 
ES1 -4- S ,~~. -~>ES1S2 ~-E -4- P (13) 

k_ 2 

T h i s  r e a c t i o n  can  be  r e w r i t t e n  as : 

k 3 k l  k'2 [S2] >ES1S,,. ~ E + P E + ESI  K 
1 _  

(14) 

and  the  d i s c r i m i n a t i o n  can  be  o b t a i n e d  f r o m  
E q u a t i o n  (6). 

Intuitive explanation of the delayed reaclion 
effect. Let  us c o n s i d e r  t ha t  t he  c o m p l e x  ES 1 has  
b e e n  f o r m e d  at t i m e  0, a n d  le t  us f o l l o ~  the  
e v o l u t i o n  of the  en ,zyme-subs t ra te  c o m p l e x  w i t h  
t ime.  In i t i a l ly ,  S 2 is absent f r o m  the  c o m p l e x  : i t s  

p r o b a b i l i t y  of p r e s e n c e  is zero.  Sz m a y  come,  
leave ,  c o m e  again ,  etc.  I ts  p r o b a b i l i t y  of  p r e s e n c e  
r i ses  g r a d u a l l y  un t i l  i t  r e a c h e s  a m a x i m u m  leve l  

t i m o  

Fro. 1. - -  Intuitive explanation of the kinetic ampli- 
fication effect. 

We consider a two-substrates reaction (Equations 
(7) and (8)). The first substrate binds to the enzyme 
with a sticking t ime 0 s larger than the sticking t ime 
0 A of the analogue A. ~Ve take as origin of the t ime- 
axis the instant  when the complex ES~ or EA is for- 
reed. The probabil i ty of presence of $2 on the enzyme 
(P, in ordinate) increases 'with time. The asymptotic 
v~tlue of P corresponding to equi l ibrat ion between 
arr ivals  and departures of S~ is k2 [S~]/(k~ [S~l + k_2). 
The overall  probabil i ty of the reaction when  $1 or A is 
on the enzyme can be obtained by adding the proba- 
bilities of the reaction during consecutive intervals  of 
time. For every small  interval  of t ime St, the proba- 
bi l i ty  of the reaction is the product of the probabil i ty  
of presence of $2 (the value of P taken on the curve) 
by a constant ~dt. ~ht is the probabil i ty  of forming 
a product during a small  interval  of t ime 8t vchen 
both S~ and S~ are on the enzyme. Thus, the overall  
probabili t ies corresponding to sticking t ime 0 s and 0 A 
are proport ional  to the areas under the curve. For 
small  O's they vary as the squares of sticking times. 

c o r r e s p o n d i n g  to e q u i l i b r a t i o n  (fig. 1). Suppose  
w e  d i v i d e  the  t i m e - a x i s  in sho r t  s u c c e s s i v e  in t e r -  
vals  o,f d u r a t i o n  St. T h e  s t i c k i n g  t imes  of  snb-  
s t ra te  and  ana logue  can  be w r i t t e n  as NS fit a n d  
NA 8t r e s p e c t i v e l y ,  w h e r e  N s and  N A can  be  t aken  
as in tegers .  

D u r i n g  an i n t e r v a l  of t i m e  St, a n d  p r o v i d e d  
b o t h  S~ and  S 1 a re  p r e s e n t  on the  e n z y m e ,  t h e r e  
is a p r o b a b i l i t y  8p of m a k i n g  the  p r o d u c t .  
I n i t i a l l y ,  the  p r o b a b i l i t y  of  p r e s e n c e  of  S 2 is l o w  
and  w h a t  h a p p e n s  m a k e s  o n l y  a sma l l  c o n t r i b u -  
t ion  to the  to ta l  p r o b a b i l i t y  of f o r m i n g  the  
p r o d u c t .  

T h e  r a t io  of t he  t w o  p r o b a b i l i t i e s  fo r  subs t r a t e  
and  ana logue  (if t h e i r  s t i c k i n g  t imes  a r e  sho r t  
enough)  can  be  a p p r o x i m a t e d  by  (see Fig .  1) : 

p s / p A  = (1.4.2.4.3.4. . . . .  -4- N s) 8P /  
(1.4.2.4.3.4. . . . .  -4- NA)SP 

(NS,/NA) 2 (15) 
(This  was  i n d e e d  the  i n t u i t i v e  c o n s i d e r a t i o n  
w h i c h  led us to the  c o n s t r u c t i o n  of the  r e a c t i o n  
s cheme) .  
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The preceding  probabi l i s t ic  descr ipt ion does 
not apply to s tr ict ly ordered reactions.  For  then, 
upon b i n d i n g  of So, S 1 is not al lowed to leave the 
complex pr ior  to the depar ture  of S,), and the 
s t icking time of S 1 cannot  he defined as an ent i ty  
i ndependan t  of the b ind ing  of S~. 

Thus, the probabi l i s t ic  model impl ied  r a n d o m  
depar tures  for S 1 and S.,. If this condi t ion  is 
realized, the p r inc ip le  of microscopic  reversibi-  
l i ty requires  that  the order  of b ind ing  of S 1 and 
S 2 be also random,  and we are led to scheme (7). 
However,  we are interested in the upper  b r a n c h  
of the react ion,  exclusively. The lower b ranch  
can d isc r imina te  at best in the ratio of s t icking 
times. F rom there, the necessity of Equat ion (8) 
follows natural ly .  

In both schemes, there are two gates of exit for 
the substrate,  a l lowing a double-cheek mecha- 
nism. Since the substrate could bypass the double- 
check if enter ing direct ly through the second 
gate, an i r revers ible  energetic coupl ing is intro- 
duced in both schemes. It has the effect of making  
the second gate prac t ica l ly  inaccessible  for sub- 
strate entry.  The main  difference between the 
two schemes concerns  the pos i t ionn ing  of the 
i r revers ib i l i ty  wi th  respect to the last step of the 
reaction. 

Physical ly,  while our scheme corresponds  to 
an authent ic  t ime-delay, Hopfield's scheme corres- 
ponds to a p u m p i n g  effect analogous to the Over- 
hauser effect in N.M.R., and was discovered 
through this analogy (Hopfield, personal  commu- 
nicat ion) .  

COMPARISON WITH HOPFIELD'S SCHEME. 

Hopfield's scheme can be wr i t ten  a s :  

DELAYED ESCAPE OF THE PRODUCT. 

In the preceding  example b ind ing  was the 
d iscr iminat ive  step. We present  now a scheme 

E 

ES 

AMP + PPi  

ES" > E + P  

(t~i) 

Let us intrc~duce the e lementary  probabi l i t ies  
of t rans i t ion  : 

p = ke./(k,~ -[- k l) for ES - ~ ' E S *  
q -- k3/(k 3 + k_, 2 + k. 4) for ES* - - -~"  P 
r : k_z/(k 3 q-- k_,~ + k_~) for ES* --~- ES 

When  the substrate b inds  to E, it may go either 
to ES wi th  the f requency a : k l / (k  1 q- k 4) or to 
ES* wi th  the f requency I-a. Thus, the overall  
p robabi l i ty  of forming the product  after a colli- 
sion between the enzyme and the substrate is : 

Pq q 
P : ~ - -  + ( I - a ) - -  (17) 

I-pr I-pr 

Kinet ic  amplif icat ion is obtained as in  our 
example through the pq/ ( I -pr)  term. There  is a 
complete mathemat ical  analogy between the two 
schemes. 

where in  the amplif icat ion effect is exerted upon  
a step of a different nature.  The model  is direct ly 
insp i red  by know n  biological facts. 

Some DNA polymerases Ell 12, 21, Z2] and some 
aminoaeyl- tRNA ligases [23, 24] are known  to 
possess a hydroly t ic  activity towards the product  
of their  reaction,  which  is i nde pe nda n t  of their  
synthet ic  activity (the latter be ing dr iven  by the 
spl i t t ing of a pyrophosphate  bond).  Consider  an 
isoleucyl-tRNA ligase which  has just amino-  
acylated a molecule of tRNAne wi th  either isoleu- 
cine or valine. While  the aeylated tRNA is still 
on the enzyme it is subjected to a hydro ly t ic  
act ivi ty with rates kS and k A for Ile-tRNAne and 
val-tRNAI~e respectively.  Let us call t the t ime 
that the loaded tRNA spends on the enzyme. The 
probabi l i t ies  of hydrolysis  for the two molecules 
are I-exp(-kSt) and I-exp(-kAt) respectively.  It is 
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easy to show from there that the ratio of hydro-  
lyzed Val-tRNAn~ to hydro!yzed Ile-tRNAIlo~ 
cannot  exceed kA/kS. Howver,  this ka/kS ratio 
is not the relevant  one. What is real ly impor tan t  
is the rat io of the surviving molecules of the two 
kinds. Then,  the answer  is quite different. If the 
ratio of correct  to incorrec t  molecules bound  to 
the enzyme before the hydro ly t ic  step is pS/pA, 
it becomes after that step : 

ps/pa = pS/p.& e-(kS-kA)t (18) 

This suggests the possibi l i ty  that  an enzyme 
may achieve an exponent ia l  exploi tat ion of diffe- 
rences in k ine t ic  parameters .  Here, we reasonned 
as if the t ime t available for the hydrolys is  of the 
product  was a fixed time. This condi t ion  is not 
realized in  the most simple situatic, n, when  ~he 
product  leaves the enzyme according  to first- 
order  kinet ics  with a ra te-constant  k. We would 
obtain : 

ps/pA = pS/pA. (k ÷ ka) / (k  + kS) (19) 

and the con t r ibu t ion  of the proof- reading func- 
t ion to d i sc r imina t ion  wou ld  not be better  than  
the ratio kA/kS. 

However,  if the escape of the product  is 
delayed, although t remains  a r andom variable,  
its d is t r ibut ion  is more stepwise and one oblains  
an amplif icat ion effect. As a pract ical  way of 
achieving a (random) delay, consider  the folio- 
wing  model. Upon amiuoacyla t ion ,  the tRNA is 
firmly hooked to the enzyme. Its depar ture  
requires  a eonformat ional  change of the IRNA, or 
of the enzyme, or the b ind ing  of another  molecule 
to the enzyme, for ins tance  the b ind ing  of a 
second amino acid [~6, 27~. The overall  s i tuat ion 
can be described by the scheme : 

the p reced ing  section. When ES~ is formed, the 
probabi l i ty  of escaping hydrolysis  is obtained 
rep lac ing  in  Equat ion (10) k 1 by kS. Now, the 
amplif icat ion effect bears on the hydrolys is  rates, 
and not on s t icking times. 

THE RANDOM WALK OF A DNA POLYMERASE. 

The si tuat ion wi th  the b i funct ional  DNA poly- 
merases presents  addi t iona l  in teres t ing  features. 
After the template-directed incorpora t ion  of a 
b.ase (n) the enzyme moves one step forward for 
the incorpora t ion  of the next  base (n-+-1).  
Meanwhile,  the base incorpora ted  last is (< tested >> 
by the exonucleolyt ic  funct ion.  If hydrolys is  
occurs, the enzyme moves one step backwards.  
On the other hand,  the incorpora t ion  of the base 
(n ÷ 1) by the head of the enzyme, wi th  the 
subsequent  forward  mot ion eventual ly allows the 
base (n) to escape from the danger  of exonu- 
cleolytic attack. 

When  S is incorpora ted ,  there is a p robabi l i ty  
qS of going backwards  (hydrolysis)  and a proba-  
bi l i ty  I-qS of moving  forward ( incorporat ion) .  In  
ease of incorpora t ion  S or A are in t roduced 
"with respective probabi l i t ies  pS and pA (pS ÷ 
pA = I). We suppose for s impl ic i ty  that the 
enzyme is rep l ica t ing  a honmpolymer  and that pS 
and  pA are i n d e p e n d a n t  of the preceding  base. 
Let us call p s  and px  the overall  f requencies  of 
incorpora t ion  of S and A in the newly  synthe-  
sized strand.  In  the case of the hydro ly t ic  func- 
t ion of the aminoaeyl- tRNA ligase `we had : 

ps/pA = pS (I_qS)/[p~t (I_qa)_] (21) 

Now, the expression is more complicated since 
the polymerase can move a number  of steps 

Hi 

ES~ 

H., 

where  S 1 represents  the acylated tRNA, S o stauds 
for the second aminoae id  and the H's refer to 
states of the enzyme immedia t ly  after the occn- 
rence of a hydrolysis .  (We are not interested here 
in  knowing  what  are the substrates that r emain  
temporar i ly  on the enzyme after hydrolysis) ,  The 
si tuat ion presents  a formal s imi lar i ty  to that of 
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forward,  go backward  several steps, etc. We have 
to consider  all possible trajectories of the DNA 
polymerase  along the template. We have started 
s tudying the problem both exper imenta l ly  and 
theoret ical ly (J. N. e F. Bernardi ,  work  in pro- 
gress). Our t rea tment  leads to the fol lowing 
expression : 
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ps  = pS (I_qS)/Ei_K(i.qS) (22) 

where K is the small root of Equat ion  (23) : 

Kz (I-qS) (I-qa) - -  K (I-qSq A) + pSqS + paqA = 0 
(23) 

Setting : 

a s ~- [I-K(I-qA)l/[I-K(I-qS) ~ (24) 

one gets 
S p s / p A  = tt A pS(I_qS)/[pA(I_qX)~ (25) 

a s appears  as a corrective factor which  may be 
called the << peelback >> corre.ction term ~28q. 
Take the l imi t ing  ease where pS = qS -- I_pA 
I-q A, one obtains : 

S ~A ~ qA/(I-q A) (26) 

Therefore one can make the peelback term as 
impor tan t  as one "wishes. However,  in  most  prac-  
tical si tuations,  the peelback term is ra ther  
un impor tan t ,  and wi l l  be neglected in the forth- 
coming considerat ions.  

The e lementary prc~babilities p 's  and q's are 
related to the e lementary kinet ic  parameters  (the 
k's). Suppose that k s and k A are the Mnet ic  
constants  for the hydrolysis  of a correct  base- 
pa i r  and the cor responding  incorrec t  base-pair  
as measured in the absence of synthesis.  The 
cont r ibu t ion  of the hydroly t ic  funct ion  to discri-  
mina t ion  (I-qS)/(I-qA) may be larger than kA/k s 
only if there is a delay in the escape from the 
exonucleolyt ic  site. Whether  or not a delayed 
escape effect holds ~,ould depend on the mecha- 
n ism of incorpora t ion  at the head of the enzyme ; 
that is on the number  of reversible or i r revers ible  
steps involved and the balance between the 
kinet ic  parameters  of the propagat ion  react ion 
and those of the hydro ly t ic  reaction.  

Disc r imina t ion  being related to the t ime which  
separates two incorpora t ions ,  it should depend on 
the concent ra t ions  of the dNTP's. More precisely,  
the errors  of in.corporation at any posi t ion along 
the chain would increase  wi th  i n c r e a s i n g  coneen-  
t rat ions of that dNTP which  is to be incorpora ted  
at the n e x t  position. Such an effect can in p r in -  
ciple be revealed in classically designed experi- 
ments  [29, 30~. 

Pract ical ly ,  the exonuelease act ivi ty results in 
the convers ion of nueleoside t r iphosphates  into 
nneleoside monophosphates .  If Hopfield's scheme 
applies to DNA polymerizat ion,  one should also 
be able to observe a release of nucleoside mono- 
phosphate,  but governed by different laws than 
the release due to the exonuclease activity. One 
may also wonder  "why Hop field's scheme could 
not be applied twice, the polymerase cleaving 

two phosphates  in a row. A consequence of a 
repeated Hop field scheme for DNA polymeri-  
zation would be the formation of both nuclenside  
diphosphates  and nucleoside monophosphates  in 
the course of the polymer iza t ion  reaction.  We 
have performed a number  of exper iments  wi th  
E. co l t  DNA polymerase  I, E. co l t  RNA polymerase  
and two eukaryot ic  DNA polymerases  (J. N., F. 
Bernardi ,  G. Brun, A. Assairi, M. Lauber  and F. 
Chapeville, manusc ip t  in prepara t ion) .  In most 
cases, we are able to detect a release of nucleoside 
diphosphate  and nucleoside monophosphate  
wh ich  paral lels  the incorpora t ion  react ion.  For  
instance,  us ing E. co i l  DNA polymerase I, Poly 
(dC) as a template in  the presence  of manganese,  
dGTP and dATP as compet ing substrates,  we 
followed in paral lel  exper iments  dGMP incorpo-  
ra t ion and dGDP and dGMP release and  also 
dAMP mis incorpora t ion  and dADP and dAMP 
release. We observed a perfect para l le l i sm 
between dGTP consumpt ion  (result ing ma in ly  in 
dGlV[P incorpora t ion)  and dATP consumpt ion  
(mainly  converted into dADP). By << para l le l i sm >>, 
we mean that the condi t ion  Log (UdATP ( t ) ] /  
[dATP (O) l ) /Log ([dGTP ( t ) ! / [ dGTP  (O)]) = 
constant  held true throughout  the react ion.  Fur-  
thermore,  the constancy of the ratio [dADP] /  
([dAMP incorpora ted]  + [dAMP released]) was 
also verified to a very good approximat ion.  This  
and other  evidence suggest that nueleoside incor-  
pora t ion  and convers ion of nucleoside tr iphos- 
phate into nueleoside diphosphate  or monophos-  
phate are al ternat ive outcomes of the in terac t ion  
of a nucleoside t r iphosphate  v:ith the polymerase-  
template complex in the course of polymerizat ion.  
They do not prove yet that Hopfield's incorpora-  
t ion scheme is correct. The possibi l i ty  remains  
that nucleoside mono and diphosphate  formation 
are due to a paras i t ic  abortive b ranch  of the 
polymeriza t ion reaction.  

DISCUSSION. 

The probabi l i s t ic  approach that we have used 
and the steady-state t reatment  of enzyme kinet ics  
are s tr ict ly equivalent  in their  consequences.  
They are two `ways of expressing the same basic 
phenomena .  In  that respect,  when  Goodman et  
al. [28] compute by two different methods error-  
frequencies,  and then << prove >>, us ing a << Poisson 
model>> that the results are related, they are 
merely checking the in te rna l  consis tency of 
Mathematics. 

The probabi l i s t ic  approach is s impler  when  
one is interested in compar ing  two rates ra ther  
than in knowing  their  absolute values. With  the 
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steady-state t rea lment  of the Michaelis equation 
one would  obtain for ins tance : 

VS __~ 

IS] [E.] k s k s (k~ + k~) 

+ kSO + 
(27) 

When making the ratio vS/vA, most of the terms 
cancel  out and we are left with just the terms 
that  we obtained direct ly by probabi l i ty  reason- 
nings. Probabi l i s t ic  equations were developped by 
Knorre  and Malyguine [20] for compar ing  the 
rates of two react ions occur r ing  on a same 
enzyme (for ins tance the pyrophosphate  exchange 
react ion versus the formation of the aminoacyl-  
adenyla te  on an aminoacyl- tRNA ligasc). Howe- 
ver, Knorre ' s  group did not deal wi th  d iscr imi-  
na t ion  problems.  

A n u m b e r  of reports,  often misleading,  appeared 
recent ly  l ink ing  accuracy to kinetics.  

Thus, Yarus [31] claimed that <<the very 
existence of paral le l  systems of tRNA and  synthe- 
tase in  the same cytoplasm suppresses misacyla-  
l ions wh ich  would otherwise occur >>. Our treat- 
ment  of the Michaelis scheme should make clear 
that unde r  the condi t ion  of steady-state kinetics,  
there is no Yarus-effect to be expected. 

Staying wi th  the ligases, a po in t  of logic can 
be made. When  the iucorrec t  aminoacyl- lRNA 
leaves the enzyme, it has a non-negl igible  proba-  
bi l i ty  (say 10 p. cent) of going to the ribosome. 
Therefore,  the error  has to be corrected before 
the tRNA leaves the enzyme. Having a proof- 
read ing  funct ion for that e r ror  on ano ther  ligase 
would b r ing  l imited improvements  to accuracy.  
If there is any specificity to be expected in  the 

h y d r o l y t i c  funct ion of the ligases, it should be 
preferent ia l ly  directed towards the des t ruct ion 
of the erroneous products  that  are made by the 
enzyme itself. That  point  seems to have been 
overlooked by two i n d e p e n d a n t  groups of expe- 
r imenta l is ts  [32, 33]. 

Bessman et at. [13] made exper iments  on the 
accuracy  of DNA polymeriza t ion wi th  the T4 
enzymes, and checked their  exper imenta l  results 
wi th  a theoretical  equation derived by Goodman 
et aI. [28]. The authors did not realize that the 
<< theoret ical  equation >> was actual ly a mere 
definition l ink ing  their  exper imenta l  quant i t ies  
( their  Equat ion (2) can be d i rec t ly  calculated 
from their  set of Equat ions  (1)). Thus, even if the 
authors had obtained their  data by d rawing  lots, 
they would  have been able to check ident ica l ly  

their  Equat ion (2). The source of their  e r ror  can 
be traced back to a confusion in  the theoret ical  
paper  [28]. When  wr i t ing  (p. 425) R(Bj) = t u rn  
Bi / ( inc  Bj + tu rn  Bj), the authors identif ied a 
probabi l i ty  of hydrolysis  in the e lementary  step 
wi th  an overall  p robabi l i ty  of hydrolys is  in  the 
complete process. 

It is difficult to judge at the onset whe ther  or 
not some enzymat ic  systems take advantage of the 
amplif icat ion possibil i t ies that "we have discussed. 
For  one th ing our analysis  stresses the fact that 
accuracy may depend cr i t ical ly  upon details to 
which  no at tent ion would  be paid normal ly .  For  
instance,  any analysis  of the hydro ly t ic  act ivi ty 
in the aminoacyl- tRNA ligases should take into 
considerat ion the sequence of the events that  lead 
to the de?ar tu re  of the tRNA from the enzyme. 
The react ion of degradat ion of ATP descr ibed in 
Equat ion  (8) if observed would be considered as 
~'aste, or as due to in vitro artifacts~ 

One may ask w hy  the cell is not work ing  at the 
highest  achievable level of accuracy.  A possible 
answer  is that efficiency and accuracy  appear  
somehow ant inomic .  Consider  the case of Equa- 
t ion (10). There  is a good d i sc r imina t ion  when  
k~ is large compared to k 3 and k_~ and k2[$2]. 
Then accuracy  may be control led through the 
concent ra t ion  of S 2. By lo:wering it one makes 
the react ion more accurate,  but  at the same time 
it appears  less ef f ic ient :  it takes more tr ials  in  
order  to have a successful incorpora t ion .  

All the react ion schemes that we have consi- 
dered involve a last i r revers ible  step. Tak ing  
into account  the terminal revers ib i l i ty  makes the 
analysis  far more  complicated,  but is a necessity 
for a valid evaluat ion of the energetic cost of 
accuracy.  A par t ia l  solution to the problem may 
be provided by making the last step of the reac- 
t ion reversible and i nc lud ing  an addi t ional  irre- 
versible step which  represents the net consump- 
t ion of the product  by the next  step of the meta- 
bol ic  net into wh ich  the considered react ion is 
imbedded.  
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R~sn~r~. 

On a 6tudi6 par une approehe probabiliste la rela- 
tion entre la pr6cision dont un syst6me enzymatique 
est capable et le m6canisme r6actionnel. Certains rod- 
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eanislnes dans lesquels nne des 6tapes est re tarder  
agissent comme des amplificateurs ein6tiques des 
discr iminat ions  mol6culaires. La relat ion entre notre 
schema de r6action retard6e (1) et le sch6ma de 
Hopfield (2) est diseut6e. 
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