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Cooperativity in Associating Proteins. Monomer-Dimer 
Equilibrium Coupled to Ligand Binding? 

.4lexander Levitzki* and Joseph Schlessinger 

,\I<S’l.r<;\<T: The cooperativity due to ligand binding to a 
protein monomer and a protein dimer in equilibrium was 
studied. The system is: E + E * E2 ( K , ) ;  E + S * E S  
( K ? ) ;  ES + E E2S ( K 3 ) ;  and ES + ES + E2S2 ( K 4 ) .  
Using a computer and a plotter, Hill plots for differenct 
combinations of the parameters K1, K2, K3, and K 4  were 
constructed. It was found that high ratios of K 4 / K 3  with 
moderate K I and K 2  ensure high positive cooperativity. In 
such cases the species E2, ES, and E2S never accumulate to 

c ooperativity in multisubunit enzymes is due to changes 
in the strength of subunit interactions coupled to ligand 
binding (Monod et al., 1965; Koshland et al., 1966). The 
tnodulation of subunit interactions by ligand binding brings 
about positive cooperativity, negative cooperativity, and 
mixed-type cooperativity (Levitzki and Koshland, 1969). 

Some proteins dissociate upon ligand binding, and others 
associate in the presence of ligands (Levitzki and Koshland, 
1977. and references therein; Duncan et al., 1972). I n  such 
cases the ligand binding is always positively cooperative, as 
was  already pointed out (Klotz et al., 1970). 

The analytical treatment of ligand binding coupled to as- 
sociation or dissociation is rather complex. W e  therefore de- 
cided to conduct a quantitative treatment, using the com- 

significant concentrations throughout the titration. High 
K 4 / K 3  ratios or high K4 alone does not ensure binding of 
ligand. The monomer must have a finite affinity toward the 
ligand in order for the whole binding process to occur. Ra- 
tios of K4/K3 lower than I O 3  generate negative cooperativ- 
ity and the transient accumulation of E2S in the protein- 
ligand mixture. The possible physiological significance of 
positive cooperativity due to protein aggregation is dis- 
cussed. 

puter, of a case in which a monomer * dimer equilibrium is 
coupled to ligand binding. 

Theory 

cording to the following scheme 
Let us consider an enzyme E which binds the ligand S ac- 

i . 1  
E + E - E E ,  (1) 

A , 
E - S + E S  
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where K I ,  K2, K3, and K4 are the intrinsic association con- 
stants. One Can write 

Ic,idcni) of Sciencey. [El,] = I<![EI’ (5 1 
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LE+,] = K,[ES]' = K,Kz2[E]2[S]2 (8 1 
It is apparent that the total enzyme concentration [E]T is 

LEI77 [ E ]  4 2[E,1 + [ESJ  + 2[EzSI + 2(E,Sz] (9) 

By inserting eq 5 ,  6, 7, and 8 into eq 9 one obtains 

LEIT = [El + + Kz[EI[SI + 

2KpT,[E]2[S] + 2K&z?l E]'[S]" (10) 

Rewriting eq 10 one obtains 

2(1(, + K 2 K 3 [ S ]  + K,K,2[S12)[E]2 + 

(1 + K2(S])[E] - [E]T = 0 (11) 
Solving the quadratic equation one obtains an expression 
for the free enzyme concentration [E] 

-(1 - K 2 [ S ] )  + {(l + K , [ S ] ) ?  + 8 ( K ,  + 

The saturation function, p, for the system described in eq 
1 -4 i s  

Therefore 
- 

- IESI ~ _ _ _ _ ~  + lE2SI + ~LEzSZI (14) _ _  I- 

1 - r -  [El  + 2LE21 + LEzSI 
Inserting eq 5-8 into eq 14 one obtains 

- 
K21S] + KzIC31E][S] + 21<JK22[E]2[S]2 __ - 

I' 

1 - r :  
-- 

1 + ZCilEJ + K&,LEI[SI 
Using eq 12 one can calculate [E] for every [SI for each set 
of K I ,  K2, K3, and K4, insert it into eq 15, and obtain the 
value for Y/(I - P). Plotting log [ Y / ( I  - Y)] vs. log [SI 
yields a Hill plot which is a useful plot to investigate coop- 
erativity. This procedure is extremely laborious and there- 
fore was performed using the computer ( IBM 370/165) 
and a plotter.' 

J h e  program was executed using different values for K 
K2, K3, and K 4  which were varied in a systematic fashion. 
For each set the computer calculated the curve log [Y/( 1 - 
?')I vs. log [SI for IS substrate concentrations ranging 
from 2 X lod6 to 0.3 M.  

R esu 1 t s 
Primarj: Condition fo r  Substrate Binding. It can be 

demonstrated that as  long as  the affinity constant of the 
monomer form toward substrate ( K 2 )  is very low, no bind- 
ing of substrate will occur. Even when K3 and K4 acquire 
high values ( I O h  each), the fact that K2 remains low (for 
example, K l  = 10) eliminates substrate binding altogether. 
In order for the substrate to bind significantly, although the 
monomeric form has a very low affinity toward the ligand, 
the dimerization constants K i  and Kq must acquire values 
much higher than IO6. When the affinity of the monomeric 
form toward the ligand is allowed to increase, binding oc- 
curs a t  the required substrate concentration range. 

I Program is available upon request 

- 4 4 0  - 2 8 0  -120 -440  - 2 8 0  - I 2 0  - 4 4 0  -280 -120 

LOG [ S I  

,' -1 V'" ' K 
2 40- K , : I O ~  

LOG [SI 

F I G b R E  1: Cases with no dimer species formed. Total enzyme concen- 
tration = M. Other details are  given in  the text. 

When K I  = IO6 ,  K2 = IO3, and K3,K4 = 1 ,  saturation 
begins only a t  high ligand concentrations. From the above 
considerations one concludes that in order for a dimerizing 
monomer to bind substrate, one of the following two condi- 
tions must be fulfilled: ( I )  a moderate affinity of the mono- 
mer toward the ligand or (2) very high dimerization con- 
stants ( K 3  and K 4 )  when the monomer affinity is low. 

At high K2 values ( K 2  > lo4) the main binding process 
occurring will be to the monomeric form and the main 
species throughout the titration is found to be ES. The cases 
considered in this paper deal mainly with situations in 
which the driving force for enzyme dimerization is ligand 
binding, namely cases in which [enzyme] << 1 /K2. Cases in 
which the monomer-dimer equilibrium is almost indepen- 
dent of total ligand binding are  not dealt with. These latter 
cases correspond to situations in which the ligand affinities 
to E and E2S are  identical, namely when K2 = K 4 K l / K 3 .  
This condition implies that K3 = K4, namely that the inter- 
subunit affinity is independent of whether the enzyme is lig- 
anded or not. Such cases were analyzed elsewhere (Cass- 
man and King, 1972). 

Cases in Which Dimerizations Are Absent. Figure 1 
summarizes the cases where no dimerization occurs but mo- 
nomer saturation occurs within the required substrate con- 
centration range. Two requirements have to be fulfilled in 
order to obtain saturation without dimerization: (a)  the in- 
trinsic dissociation constant of the monomeric form toward 
the ligand is within the range of the relevant substrate con- 
centrations tested (2 X 10-6-0.33 M); (b) the dimerization 
constants K3 and K4 which describe the processes (see eq 3 
and 4) are  either smaller or equal to Kz describing the mo- 
nomer affinity toward the ligand. Whenever K3 and/or K 4  
becomes larger than Kz ,  dimer species (E2S and/or E2S2) 
appear. 

Cases with Positive Cooperativity. Figure 2 and Tables I 
and 11 summarize the cases in which positive cooperativity 
is observed. From the difference between the cases with 
positive cooperativity and the cases with no cooperativity 
and those with no saturation, one observes that positive co- 
operativity occurs, if two conditions are  fulfilled: (a)  the 
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-520-440 -360 -780-290 -120 -040 -520  -440 -360 -280 -200 -120 -040 

-520  -360 - 2 0 0  -040 -520  -360 - 2 0 0  -040 

L O G  [SI 

F I G U R E  2: The conversion of E to E& with no transient formation of 
E2S. Total enzyme concentration = M .  The relative amounts of 
ES, E2S, and E& a t  the end of the titration are shown on the figure. 
Other details are given in the text. 

monomer species has a moderate affinity toward the ligand 
( K 2  = lo3);  (b) K3 should be low compared to K4 (Table 
I), namely, no transient accumulation of E2S occurs. Thus, 
when the ratio K 4 / K 3  is high, positive cooperativity will 
result (Tables I and 11). 

It is interesting to  note that the degree of cooperativity or 
the value of So 5 is almost independent of K3 and K1 (Fig- 
ure 2 )  within the range K = 1 to lo3.  When K3 exceeds the 
value of 3 X lo4, the cooperativity starts to  decrease con- 
comitantly with the transient accumulation of the species 
E2S (see the following section). 

When Kl becomes large, a significant portion of the en- 
zyme is in the dimer form in the absence of ligand. These 
cases actually involve the study of ligand-induced dissocia- 
tion (E2 + 2s - 2ES) and can also lead to positive cooper- 

LOG [SI 

FlCt iRE 3: The conversion of E2 to ES. Total enzyme concentration = 
M. The relative amounts of ES, E2S, and E2S2 at the end of the ti- 

tration are shown on the figure. Other details are given in  the text. 

ativity (Figure 3). The treatment of such cases is equivalent 
to that applied for dimerization and therefore will not be 
discussed further. 

In conclusion, in the positively cooperative cases, the 
species observed during the titration of E with S are  E and 
E2S2. Although E S  does not accumulate during the titra- 
tion to any significant extent, E must have a moderate af- 
finity toward S in order for the binding process to occur 
(see first section under Results), and thus for the coopera- 
tivity to be expressed. 

Accumulation of E 2 s .  Negative Cooperativity. Figure 4 
demonstrates that when the two dimerization processes (see 
eq 3 and 4) possess the same dimerization constant (K3  = 
K4 = lo6, Figure 4C), the transient formation of E2S oc- 
curs. This transient accumulation of E2S brings about nega- 
tive cooperativity ( n  < 1 ) .  the main species a t  high sub- 
strate concentration are  E S  and E2S2. When K4 < K3 
(Figures 4A,B,D,E,G) strong negative cooperativity ap- 
pears and incomplete saturation is observed where E2S ac- 
cumulates. When K4 is increased so that 1 < K 4 / K 3  < 
l o 3  and K2 is not changed the transient formation of E2S 
can still be observed but its relative amount decreases as the 
K4/K3 ratio increases. 

TABLE I :  Cooperative Binding: The Transformation of E to  E& with No Transient Formation of 

Intrinsic 
Assoc. 
Const. Set nb Set nb Set nb Set nb 

~~ 

Kl 1 1 103 103 
KZ 103 1.50 103 1.50 103 1.44 103 1.50 
K2 1 103 1 108 
K4 106 103 106 106 

a Total enzyme concentration is 10-5 M. Maximal Hill slope 

TABLE 11 : High Cooperativity Cases.a 

Intrinsic 
Assoc. 
Const. Set n Set n Set n Set n 

K1 1 1 1 1 
K2 103 1.50 103 1.65 103 1 . 7 7  103 1.94 
K3 103 103 103 103 
K4 106 107 108 10'0 

~ ~~ 

a Enzyme concentration = M. 
~ ~ ~~ ~ 
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TABLE 111 : Effect of Protein Concentration. 

10-5 1 .55  1 .52  
10-5 1.50 I .50 
10-4 1.28 1 45 
10-3 1 .17  1 43 

1.00 1 .35  10-2 ____ 
a K1 = lo3,  K2 = lo3, Ks = lo3, K4 = la6. '  KI = 1, KZ = 

lo3, K3 = lo3, K4 = lo3. The Hill coefficients given are the 
maximal ones observed on the Hill plot. 

It is easily seen that negatively cooperative behavior can 
be obtained when K l  > K2 and K3 > K4 as in Figure 4G. 
However, under these conditions the enzyme is largely a 
dimer in the absence of ligand. It can be seen that this case 
is an example of negative cooperativity in the transforma- 
tion: E2 + 2 s  - 2ES.  

Effect of Protein Concentration, The calculations de- 
scribed were performed, assuming an enzyme concentration 
of 10- M. The concentration is within the range of values 
chosen for 1 / K l ,  1/K2,  1/K3, and 1/K4.  Under most con- 
ditions chosen no dimer is found in the absence of ligand 
since the aim of this study is to explore the transformation 
of monomer to dimer as a function of ligands bound. 

Upon increasing enzyme concentrations enzyme dimer 
may form in the absence of ligand. If the enzyme concen- 
tration tested is within the range of 1/Kl significant dimer 
concentrations may exist in the absence of added ligand. 
The change in cooperativity of ligand binding as  a function 
of protein concentration will depend on the relative values 
of K I l K 2 ,  K3, and K4. In the extreme case where [enzy- 
meItotal > l / K l ,  the enzyme will be exclusively in the di- 
meric form prior to ligand binding. Under these conditions 
the cooperativity in binding will depend on the ratios 
K4K2/K3,  namely on the ratio of ligand affinity toward 
E2S to that toward E2. This case. therefore, represents the 
study of ligand binding to a dimer where the dimeric form 
is preserved as a function of ligand concentration. It is clear 
that the value of this ratio determines the type of coopera- 
tivity observed (Levitzki, 1974) and this cooperativity is ex- 
clusively due to the subunit interactions within the dimer. 
Some examples as  to the dependence of the Hill coefficient 

- 4 4 0  -283  -1.20 - 4 4 0  -280 -120 -440 - 2 8 3  -120 
LOG [SI 

. 2 4 0 [ - 1  , , , l , 
320 - 4 4 0  - 2 8 0  -120 

LOG [SI 

FIGURE 4: The formation of E2S. Total enzyme concentration = IOw5 
M. The relative amounts of ES, E2S, and E& at  the end of the titra- 
tion are shown on the figure. Other details are given in the text. 

on protein concentration for different sets of K values a re  
summarized in Table 111. In general, for the same set of K 
values the cooperativity will either remain unchanged, or 
decrease as a function of protein concentration. One can in 
fact prove (see Appendix) that the effect of increasing pro- 
tein concentration is to diminish the cooperativity. 

Discussion 
In a system where a monomer to dimer transformation 

coupled to ligand binding the two types of cooperativity, 
positive and negative, can be generated. The basic rules 
which govern the system can be summariled as follows (see 
Table IV). (a)  At  any protein concentration used, in order 
for ligand binding to  occur a t  all, the monomer form must 
have finite affinity toward the ligand. If the monomer-lig- 
and dissociation constant ( 1 / K z )  is one or two orders of 
magnitude higher than total enzyme concentration, positive 
cooperativity can be generated a t  fairly low ligand concen- 
trations. If the monomer-ligand dissociation constant is 
within the range of enzyme concentration ES will form and 
the cooperativity in ligand binding will decrease. (b) The 

TABLE I V :  Behavior of the Dimerizing System as a Function of the Characteristic Parameters. 
-~ ~~- I-_.- _________ __ __._I._.. ____ 

Predominant Species Type of Cooperativity 
Parameter Range of Other Parameters during Titration (Max. Hill CoefT.) 

_ _ ~ _ _ _ _ _ ~  ____ .___ __ ____ 
K? = 1 Ki? Ka, K.j = 1-10', N o  binding N o  binding 

K? = 103 K ~ $  K ~ ,  K~ = 1-103, E, ES N o  cooperativity 

K ~ I K ~  > 103 K~ = 103, K~ = 1-103, E, E2S2 Positive (~ZH = 1 . 5 )  

K I ~ K ~  > IO6 K.? = 103, K, = 1-103, E, E& (nII = 2 0) 

Ka = lo6 

KS = lo6 

a 11 combinations 

all combinations (nH = 1) 

all combinations 

all combinations 
K? = 103, K~ = 1-103 

K~ = 103, K~ = 1-103 

E, E2S, E2S, E& 

E, ES, E2S 

Negative (nit < 1 . O )  

Negative (nH < 1 , O )  
K4/Ka = 1 

K I I K ~  < 1 
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+ ILL  PLOT5 FOR D LACTATE DEHYDROGENASE AT DIFFERENT 

€ N Z Y H E  CONCENTRATIONS 

7 ' , , , I ,  ' ' , , , I  I , " 1 ' 8  

i f n, 40 .-. 00025pMenrlm; 
A - - b . O 0 2 5 u M c n r r m e  

FIGURE 5: Hill plots for D-lactate dehydrogenase from Aerobacter 
aerogenes. The Hill plots were constructed from the data published by 
Sawula and Suzuki (1970). The plots demonstrate the characteristic 
features of cooperativity in aggregating systems. The system is highly 
cooperative at low enzyme concentrations. The Hill coefficient of 1 .O at  
high enzyme concentration indicates the existence of aggregated 
species exclu_sively, throughout the titration range. In this study it is as- 
sumed that Y = v/V,,,. 

degree of positive and negative cooperativity strongly de- 
pends on the ratio K 4 / K 3 .  (c) Negative cooperativity be- 
comes more pronounced as the ratio K 4 / K 3  decreases. 
When the ratios K 4 / K 3  become very low, no E& is 
formed and E2S is converted to ES during the titration 
(Figure 4G). (d) Increasing protein concentration generally 
decreases cooperativity (Figure 5 ) .  

Effect of Total Enzyme Concentration. When [E]T is in- 
creased the cooperativity in the system decreases for each 
set of K 1. K2. K3,  and K4 (Table 111). This effect is seen in 
the expression (eq 16) which describes the dependence of 
the Hill coefficient (see also the Appendix). If one selects 
certain [S] values for different [E]T values and investigates 
the value of n as a function of increasing [E]T, the fol- 
lowing picture emerges. As [E]T goes up, [E] also will go 
up, and the rate of change of 4K2 [E] [SI and 2K2K 1 [E] [SI 
is identical. However, upon increasing [E]T, the value 
a[E]/a[S] also increases. This is true since more protein will 
bind ligand for every increment of substrate a t  high total 

- 
I- a log __ 

enzyme concentration than a t  low enzyme concentration for 
each set of association constants. Since B[E]/J[S] is a nega- 
tive number, the term 2K2Kl [SI2(a[E]/a[S]), in the nomi- 
nator in eq 16, will become more negative as [E]T increases. 
The  net result is, therefore, that n decreases with increasing 
[E]T (Table 111). 

That  this is indeed the case in real systems is seen in Fig- 
ure 5 ,  where the effect of protein concentration on the coop- 
erative response of D-lactate dehydrogenase toward pyr- 
uvate was studied. Although the data presented in Figure 5 
are  based on saturation kinetics rather than on binding 
studies, in every regulatory enzyme thus far studied the as- 
sumption that p = v/V,,, was found to be valid. 

General Significance. Equations 12- 16 can be used to f i t  
ligand binding data and obtain the values for K1 through 
K4. If experiments are  conducted at  different total protein 
concentrations, [E]T, the quality of the fitting can be ana- 
lyzed. 

Biological Significance. The response of a protein to a 
ligand in a situation where the protein associates or disso- 
ciates upon ligand binding offers a means of controlling the 
response, by the change in the total concentration of the 
protein. This device can be extremely efficient especiallj 
when a large difference in ligand affinity exists between the 
dissociated and the aggregated species of the protein. I t  is 
interesting that in very cooperative proteins where the Hill 
coefficient measured approaches the total number of bind- 
ing sjtes, it is found that the protein represents an aggregat- 
ing system in which the aggregation process is tightly cou- 
pled to ligand bindings (Table V). It may be suggested that 
whenever high degrees of cooperativity had to be attained 

TABLE v :  High Hill Coefficients in Aggregating Enzymes. 

No. of 
Subunits in Highest Hill 
Dissociated Aggregated Ligand Coefficient 

Enzyme Species Species Promoting Assn Obsd Ref 

D-Lactate dehydrogenase 1 4 Pyruvate 4 Sawula and Suzuki 

N *  0-Formyltetrahydrofolate 1 4 NH4' 4 McKenzie and 
synthetase Rabinowitz (1971) 

Phosphofructokinase 2 2n Fructose 3 4  Froede et a / .  (1968); 

(1970) 

Mansour and 
Ahlfors (1968) 

CTP synthetase 2 4 UTP 4'  Long and Pardee 
(1967) 

Koshland (1972) 
ATP 4'' Levitzki and 

a In the presence of subsaturating ATP. In the presence of subsaturating UTP. 
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strong subunit interactions had to evolve in the protein. The 
largest change in subunit interactions expected upon ligand 
binding would indeed be when the subunits are physically 
separated when unliganded and tightly associated when lig- 
anded. Similarly, high cooperativities can be generated 
when the nonliganded subunits are strongly aggregated in 
an oligomeric structure and dissociate upon ligand binding. 

Appendix 
A relatively simple analytical expression for the Hill 

coefficient in a dimerizing system can be arrived at for a 
case in which the species E2S and E2 never accumulate to a 
significant extent. The cases which qualify to this restric- 
tion actually are the cases where the highest cooperativity is 
seen. With these restrictions eq 14 simplifies to 

(1 7) 

namely 

1 - r  [El  
o r  

- 
= K,[S] + X&z2[E][S]2 (18) 

Y -- 
1 - Y  

Therefore 
- 
Y log -- = log (Kl[S] + U ( , K Z ~ [ E ] [ S ] ~ )  (19) 

1 - Y  
but - 

I’ 
- 
Y a log - a log ~ - - 

1 - Y  - (20) n =  a log [sq- - - [SI a[s] 

SO one obtains 
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