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Summary 

This communicat ion introduces the concept  of an active site directed 
effector,  in terms of the two state model  of  Monod et al. (Monod, J., Wyman, 
J. and Changeux, J.-P. (1965) J. Mol. Biol. 12, 88--118),  a consideration made 
necessary by the observation that  the activity of a number  of  enzymes of  the 
control type  is modulated by effector  molecules whose structure is similar to 
that  of the substrate. We present equations which describe the kinetic responses 
obtained in its absence; this seemingly paradoxical activation, at low IS],  is not  
tions the v versus IS] plot obtained in the presence of the effector  crosses that 
obtained in its absence; this seemingly paradoxial activation, at low [S],  is not  
explainable by  the other frequently used two state models (Monod, J., Wyman, 
J. and Changeux, J.-P. (1965) J. Mol. Biol. 12, 88--118;  Rubin,  M.M. and 
Changeux, J.-P. (1966) J. Mol. Biol. 2 1 , 2 6 5 - - 2 7 4 ;  Frieden, C. (1967) J. Biol. 
Chem. 242, 4045--4052;  Dalziel, K. (1968) FEBS Lett. 1, 346--348 and 
Nichol, L.W., O'Dea, K. and Baghurst, P.A. (1972) J. Theor. Biol. 34, 255--  
263). The model  is discussed using examples taken from the literature and 
successfully used to reanalyse published data on the enzyme deoxythymidine  
diphosphate D-glucose pyrophosphorylase (Frieden, C. (1967) J. Biol. Chem. 
242, 4045--4052).  

Introduct ion 

Homotropic  and heterotropic  control  of the activity of a number  of  en- 
zymes can be satisfactorily explained by  theories in which substrates and effec- 
tots  bind with different affinities to alternate isomeric [1--4] or polymeric 
[3,5] forms of  an enzyme which coexist in rapid equilibrium. It is usually 
postulated that  the effector  molecules bind to sites on the enzyme which are 
distinct f rom the substrate binding (active) sites, and with certain enzymes this 
is undoubted ly  the case [6] .  However with other enzymes the similarity of the 
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chemical structures of the substrate and effector  molecules suggests that  both 
may compete  for the same sites on the enzyme molecules, and the conse- 
quences of this behavior appear not  to have been explicitly considered. We thus 
present equations which describe this competit ive situation and which may be 
used to interpret  experimental  kinetic data. We have reinterpreted kinetic data 
[3,7] obtained with the enzyme deoxy thymid ine  diphosphate D-glucose pyro- 
phosphorylase,  whose substrate and effector  (metabolic end product  inhibitor) 
are of similar chemical structure. Previously these results had been interpreted 
[3,7] in terms of separate binding sites for substrate and end product  inhibitor, 
but their fit to the present theory  shows that  compet i t ion for the same sites is a 
plausible and simpler alternative. Finally, although the effector  competes for 
the same sites as the substrate, the model  is capable of  predicting both inhibi- 
t ion and activation. 

Theory  

Consider an oligomeric enzyme which in solution exists in two forms, E~ 
and E2, in equilibrium, 

m E1 ~- E2 ; X  = [E2]/[E1] m (1) 

where X is the association equilibrium constant.  When m = 1, Eqn 1 describes 
an isomerization, and when m > 1 a polymerizat ion.  Substrate (S) interacts 
with nl and n2 catalytic sites on El and E2, with intrinsic dissociation con- 
stants Kl s and K:  s ,  respectively. A ligand (L), acting as an active site competi- 
tor,  binds at the same n~ sites on E~ and the same n2 sites on E2 with 
respective intrinsic dissociation constants, K~ L and K2 L. The simplest scheme 
that  will yield sigmoidal kinetics is one in which there are at least two catalytic 
sites on one or bo th  forms of the enzyme [1] .  In a solution of E, S and L there 
will exist unbound  S and L and a series of  complexes of  EhSiLj, where 
0<<. i + j <~ n h , h  =1,2 .  

The intrinsic dissociation constants for  each ligand can be expressed as 

Khs = [EhSi_~/~] [S]/[F-~SiLj] ; h  = 1,2 (2a) 

KhL = [EhSiLj_l] [L] / [EhS iL j ]  ; h = 1,2. (2b) 

with a statistical weighting factor  (combinat ion)  given by ref. 8 

wi~ = nh !/i!j! ( n h - - i - - j ) !  ; h = 1,2 (3) 

The binding of bo th  substrate and ligand can be expressed as a molar binding 
funct ion [9] ,  

rs = ([S01 --  [S])/[Eo] (4a) 

rL = ([L0] -- [L])/[Eo] (4b) 

where [S] and [L] are the molar concentrat ions of unbound substrate and 
ligand, respectively, and the subscript 0 refers to the  total  base--molar concen- 



trations of the particular species. It can be shown [8] that 
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is1 + + is__ ! tLlio: 
n , [ E , ] ~ l  s ( i  + + n2[E2] [S] + 

Kts KIL ! K2s K2s K2L] 
rs = (5) 

[E0] 

/ [ s ]  
where: [E0] = [Eli I1+ + \ K,s 

+ m [E2] + + (6 )  
KIL K2s K2L / 

The binding equation for L is entirely analogous to that written for S in Eqn 5. 
The product (P) can only be formed by the breakdown of those com- 

plexes EhSILj that contain S. If it is assumed that the rate of breakdown to 
product of these complexes is the rate-determining step and is governed by 
unique intrinsic catalytic constants, k, for E1 and k2 for E2 then, as Dalziel 
[4] has shown, binding equations (e.g. Eqn 5) can be directly transposed to 
kinetic expressions for the overall initial velocity of the reaction where KI s 
and K2 s are now defined as microscopic Michaelis constants. Thus, since the 
numerator of Eqn 5 is the total concentration of all enzyme--substrate com- 
plexes, the overall reaction velocity is given by 

Vo=nlkl[E1][8] (1 [S] [L]~ hi-1 [S] ( [S] [L]~ "2-1 + - -  + + n2k:[E2] 1 + - + (7a) 
K,s \ Kls K i L l  ~ K2s K2L l 

hence 

/ [ 3 1  (1 + [S] [L]~ "*-1 

iK1---s K,s + KiLl 
VO ---- 

m 1[$1 [ IS] !L 1~.2-1 
+ V2Z[Ei] - ~,i+ ' + 

\ K2L l K2s 
(7b) 

+ + + mX[E1]  "-1 1 + [S]. + 
Kls K1L K2s K2L ] 

where Vh = nhkh[E0], h = 1,2. 

It may be noted that with X = 0, Eqn 7 reduces to 

vi [s] 

EL__!1 + v0 KIs(I+~KIL! [S] 
(8) 

which is the equation describing competitive inhibition of a simple Michaelis-- 
Menten type enzyme. 

Results and Discussion 

For simplicity we will consider only isomerization cases (m = 1) where 
also n, =n2 = n  and k, =k2 so that Vi =V2 =Vm. For this case Eqn 7b 
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becomes 

[Kls K1s KIL] K2s K2s K2L ] ) 
v0 = - -  (9) 

( I + [ S ] + [ L ] ]  " + X ( [ S ] I + - - +  [ L ] ) "  
Kls  KtL] K=s K2L 

The various types of behaviour which may be observed with systems 
described by Eqn 9 are best illustrated with numerical examples considered in 
relation to experimental results. When S binds preferentially to E~, and E2 
predominates initially (large X), the kinetic plot obtained in the absence of  L is 
sigmoidal in form, as shown by Curve a in Fig. 1. If L also binds preferentially 
to E~ then its addition results in behaviour as shown by Curve c, in which 
activation is observed at low [S] and inhibition at high [S]. The cross-over of 
Curves a and c in this case is a characteristic of the competitive model described 
by  Eqn 9, although analysis of  this equation shows that the presence or absence 
of  cross-over is dependent  on the magnitudes of the various parameters; it can 
be shown mathematically that such a cross-over is never exhibited by the 
alternate effector site model,  where the basic equation is of  different form (cf. 
Eqn 2a of  ref. 3) and its observation excludes the latter model.  In contrast,  if L 
were to bind preferentially to E2, inhibition over the entire range of  [S] would 
be observed as shown in Curve b of Fig. 1. Both types  of  kinetic behaviour have 
been observed with the enzyme deoxycyt idyla te  aminohydrolase (Fig. 5 of  ref. 
10) which is activated (at low substrate concentration) by deoxycyt id ine  tri- 
phosphate and inhibited by deoxythymidine  triphosphate. The authors [10] 
considered the binding of these effectors in terms of separate sites but  in view 
of their structural similarity to the substrate, deoxycyt id ine  monophosphate ,  
and the kinetic similarity to that of Fig. 1, the competitive model  described by 
Eqn 9 seems equally plausible. 
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F i g .  1 .  P l o t s  o f  i n i t i a l  v e l o c i t y  v e r s u s  s u b s t r a t e  c o n c e n t r a t i o n  a n d  c o r r e s p o n d i n g  d o u b l e  r e c i p r o c a l  p l o t s  
( i n s e t )  c a l c u l a t e d  w i t h  E q n  9 f o r  a n  e n z y m e  w i t h  f o u r  c a t a l y t i c  ~ t e s  (n  = 4 )  o n  e a c h  o f  t w o  a l t e r r ~ t i v e  
c o n f o r m a t i o n s  i n  e q u i l i b r i u m ,  a n d  w i t h  t h e  f o l l o w i n g  p a z a m e t e z s :  V m = 4 ,  K 1S  = 2 • 1 0  - $ ,  K 2 S  = 2 - 1 0 - 2 ,  

X = 1 • 1 0  3. T h e  a d d i t i o n a l  p a r a m e t e r s  f o r  e a c h  c u r v e  are:  C u r v e  a ,  [ L ]  = O; C u r v e  b ,  K 1 L  = 2 • 1 0  - 3 ,  K 2 L  

= 2 . 1 0  - 4  . [ L ]  = 1 - 1 0  - 4 M ; C u r v e  c , K  1 L =  2 - 1 0 - 5 , K 2 L =  2 . 1 0  -2  , [ L ]  = 8 - 1 0  - $ M .  
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F ig .  2.  D o u b l e  r e c i p r o c a l  p l o t s  c a l c u l a t e d  w i t h  E q n  9 a n d  t h e  f o l l o w i n g  v a l u e s  o f  t h e  p a r a m e t e r s :  n = 4 ,  

V m = 0 . 9 6 7 ,  X =  0 . 1 ,  K I S  = 1 . 8  • 1 0  - 5 ,  K 2 S  = 6 • 1 0  --4 . A,  K I L  = 1 . 1  • 1 0  - s ,  K S L  = 3 . 6 7  • l O - 4 a n d B ,  

K I  L = 3 . 6 7  • 1 0  - 4  , K 2 L = 1 .1  • 1 0  -5 .  T h e  m o l a r  c o n c e n t r a t i o n s  o f  u n b o u n d  e f f e c t o r ,  I L l ,  a r e  0 ( a ) ,  

3 • 1 0  -5  M ( b ) ,  4 • 1 0  - s  M ( c ) ,  6 • 1 0  -'5 M (d )  a n d  8 - 1 0  -5  M ( e ) .  

F i g .  3 .  A n  i n t e r p r e t a t i o n  o f  e x p e r i m e n t a l  d a t a  t a k e n  f r o m  F r i e d e n  [ 3 ]  i n  t e r m s  o f  E q n  9 .  T h e  c o n c e n t r a -  
t i o n s  o f  t h e  e f f e c t o r ,  [L]  are:  X ,  n o n e ;  o 3 . 1 0  -5  M ; i  4 . 1 0  - s  M ; t ,  6 . 1 0  -5  M;  A 8 . 1 0  - s  M. O t h e r  

p a r a m e t e r s  u s e d  f o r  c a l c u l a t i o n  o f  t h e  s o l i d  l i n e s  are  as  g i v e n  i n  F ig .  2 B .  

An alternative situation is where S binds preferentially to the predominant  
form E, (small X}. In the absence of  L the plot of  v versus [S] is essentially 
hyperbolic;  i.e. essentially linear in double  reciprocal form (Curves A in Fig. 2). 
If L also binds preferentially to E, the form of the plots resembles classical 
linear competit ive inhibition {Fig. 2A). However,  addition of L when L binds 
preferentially to Es results in plots of v versus [S] which become increasingly 
sigmoidal as the concentrat ion of effector  is increased: this is illustrated in Fig. 
2B by increasing curvature of the double reciprocal plots. For  the enzyme 
deoxythymidine  diphosphate D-glucose pyrophosphorylase [3,7 ] inhibition by  
the product  of the reaction (deoxythymidine  tr iphosphate) results in kinetic 
behaviour as depicted in Fig. 2A whereas inhibition by the end product  of  the 
metabolic pathway (deoxythymidine  diphosphate L-rhamnose} is of  the form 
depicted in Fig. 2B. Frieden [3] has interpreted the latter behaviour in terms 
of  a model  in which the inhibitor binds at sites other  than the catalytic sites 
{Fig. 3 of ref. 3). The solid lines in Fig. 3, computed  with Eqn 9 and the same 
ratios of  K, s ~Ks s and K, L/Ks L as employed by Frieden are seen to describe 
the experimental results equally as well and thus the present model  is equally 
plausible. 

The present theory  can be extended to describe the antagonism between 
two or more effectors in the presence of  substrate by  the addit ion of  terms 
[M]/KbM, [ N ] / K h s ,  h = 1,2 etc. inside the brackets in Eqns 7 and 9. More- 
over, the conclusions drawn above are also applicable to enzymes which poly- 
merize, their kinetics being distinguishable from those for an isomerizing 
enzyme by dependence of the kinetic behaviour on enzyme concentration.  The 
model can also be extended to V systems [1] ,  where the intrinsic catalytic 
constants,  k, and ks ,  for the complexes of  E, and E2 are different. 
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In conclusion, it is hoped that this theoretical treatment of the competi- 
tive model may assist the interpretation of kinetic results obtained with other 
enzymes, particularly those whose substrates and effectors have structural simi- 
larity, for example, phenylalanine ammonia lyase [11], phosphoenolpyruvate 
carboxylase [12], deoxythymidine kinase [13], NAD-isocitrate dehydrogenase 
[14] and the catalytic subunit of aspartate transcarbamylase [15]. 
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