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1. Introduction 

The rate of binding of small ligands to proteins is 
usually measured by rapid reaction techniques and 
the detection relies on changes in physical properties 
of either enzyme or ligand. As physical changes are 
not specific, and small in magnitude, substrate con- 
centrations of highly purified proteins are recom- 
mended. The same kind of information can be 
obtained using a methodology which avoids the need 

of high concentration of pure enzyme and, in some 
cases, of sophisticated instrumentation with high time 
resolution. The observed parameter in this method is 
the change in the rate of catalysis which is induced by 
the addition of a ligand reacting with a site which is 
already saturated by the substrate. The higher is the 
substrate concentration, the smaller is the free site 
concentration and the slower is the rate of the reac- 
tion with the ligand. The change in the rate of catal- 
ysis with time is subjected to mathematical presenta- 
tion leading to equation suitable for calculating the 
rates of association and dissociation of the ligand. 

The example given below, the competitive inhibi- 
tion of succinate dehydrogenase by malonate, 
demonstrates the advantages of the technique; the 
rate constants of association and dissociation of 
malonate are calculated using a catalytic amount 
of unpurified, membrane bound enzyme. The detec- 
tion of the progress of the reaction is the usual 
method for monitoring the enzymic activity and 

Abbreviations: PMS, phenazine methosulphate; DCPIP, 

dichlorophenol indophenol 
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finally, the rate constant of association 35 X lo3 M-l 
min-’ is measured over l-3 min observation periods 
with no need of stopped flow instrumentation. 

2. Materials and methods 

2.1.ETp~ 
These were prepared according to [ 1 ] using beef 

heart mitochondria [2]. 

2.2. Succinate dehydrogenase 
This was activated by incubating ETP, (10 mg/ml) 

with 1 mM malonate (30 min, 3O”C), the ETP, were 
diluted, spun down and resuspended to 0.2 mg/ml in 
0.18 M sucrose, 50 mM Tris acetate, 5 mM MgS04 
(pH 7.4) at 5°C. 

2.3. Enzymic activity 

This was initiated by addition of succinate 
(1 S-SO mM) together with PMS (1 mM) and DCPIP 
(50 PM) (all precooled to S”C), and reduction for 
30-50 s of DCPIP measured at 600 nm after initia- 
tion of the reaction. Malonate (OS-8 mM) was 
added using a stirring rod. The monitoring of the 
reaction was followed until linear rate of catalysis 
was established (V,), (4-5 min, at 5°C). 

2.4. Kinetic analysis 
This was carried by calculating the slope of the 

observed lines at various time points after addition 
of malonate and drawing log (Vr- V_,) versus time. 
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3. Theory, results and discussion 

The kinetic equations for nonlinear catalysis can 
be written for various mechanisms. In this case we 
shall consider interaction of competitive inhibitor 
(I) with enzyme (E) and substrate (S). Given that 
other substrates (such as oxidant in our case) are 
saturating, all steps following formation of ES can 
be encompassed by kCat. The equations to be con- 

sidered are: 

kl 
EI$E+I (1) 

li-, 

k-2 k cat 
E+S ,^‘ ES -------+ E+P (3 

We shall consider a case where the inhibitor, I, is 

added to the enzyme during catalysis. As the con- 
centration of free enzyme is very small (S >> KM), 
the reaction between E and I is going to be rather 
slow. Thus, during the time of this slow reaction 
many ES complexes will follow their normal cata- 
lytic cycle. 

As EI concentration increases with time, the rate 

of catalysis will slow down. This will be observed as 
decelerated catalysis (see fig.1). Regarding the satu- 
rating concentrations of both ligands, we can employ 
steady state approximation for evaluating the kinetic 
equations describing the decelerated catalysis. Using 
the notations in eq. (1) and eq. (2): 

2 = (EI) kl ~ (E)(I) k-1 

t (ES) (k2 + k,,J - (E)(S) k-2 = 0 (3) 

From this equation we express (ES) as a function of 

(0 (S), (I) and EI): 

(E) (I) . k-1 + (E) (S)k-z + (EI)k, 
(ES) = ~ 

k2 + kcat 
(4) 

This term is introduced into the detailed balance equa- 

tion: 

Et=EtEI+ES 
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Fig.1. Time curve of the effect of malonate on the rate of 
succinate oxidation. Succinate dehydrogenase activity was 

measured as m section 2. The reaction was initiated by 

addition of PMS (1 mM) and DCPIP (50 PM) to 1.08 mg 

ETPH in 30 mM succinate, 0.18 M sucrose, 50 mM 
Trls-acetate, 5 mM MgSO,, 2 mM KCN. pH 7.4, at 5°C. 

The reaction was followed (at 600 nm) for 30 s then when 

indicated malonate was added to 1.5 mM and the moni- 

toring of the reaction was continued till linear rate was 

observed. Insert: Semilogarlthmic presentation of the 

curvature of the line. 

and after rearrangement we can express (E) as func- 
tion of (Et) and (EI): 

(Et) - WI (1 - & 1 
2 

09 = 

cat 

1 +(I).k-, j).L 
(5) 

kz + kcat k2 + kcat 

(S) 
the last term in the denominator is equal to k7 and 

m 

shall be used as such for the rest of the treatment. 
The progress of the reaction is the increase in EI 

concentration, which is given by the differential 
equation: 

dW 
dt = (E)(I) k_l - (EI) kl 

In this equation we substitute (E) as given in eq. 5. 
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Consequently the differential equation becomes a 
function of (Er) (which is constant) and only one 
variable (EI). After rearrangement to isolate all terms 
associated with (EI) we obtain: 

WI) 0%) (1) k - 1 
-= 

dt 1 + (Ilk-1 +(s) 
k2 + kcat Km 

This equation can be simplified by expressing it as 
d(EI) 
~ = A - B(EI) where A and B are the first and 

dt 
second terms in eq. (7). After integration of the sim- 
plified equations between limits O-+t we obtain the 
expression of (EI) at time t, (EI),, as a function of its 
initial concentration, (EI),, and t: 

@I), = 
A - [A - B(EI),] eeBt 

B 
(8) 

This expression, is inconvenient to work with. We can 
d(EI) 

easily measure ~ but not the actual concentration 
dt 

of EI, thus we substitute (EI) from eq. (8) into eq. (6). 

After certain algebric steps we end with eq. (9): 

WI) 
--- = [_4 - B(EI),]e-B” 

The logarithmic form of eq. (9) is even simpler: 

,n d’31) 
__ = ln[A - B(EI),] - Bt 

dt 
(10) 

Drawing the logarithm of the change in the rate of 
41) 

catalysis __ 
At 

versus time will yield a straight line 

with a slope (observed rate coustant of deceleration) 
k ohs = B. (see insert to tig.1). Writing the full expres- 
sion of B we obtain: 

_ 
k2 •t kcat Km 

(11) 

In thtr, eq. (1) is multiplied in nominator by 

(1 -____ e in 1 I or h’b’t d issociation is much k ). As th 
2 

+ k 
cat 

slower than the sum of the rates of free enzyme for- 
mation both by dissociation of substrate plus the 
catalytic turnover, we can approximate: 

I I t 1 I I 

1 2 3 4 5 6 

Malonate (m p J 

Fig.2. The dependence of the apparent rate of deceleration 

on malonate concentrations. The experiment described 

in fig.1 was repeated with the indicated succinate and 

malonate concentrations. The lines were analyzed as in 

insert to fig.1. The observed rate constants are drawn with 

respect to malonate concentrations. Succinate concentra- 

tions were: (0) 15 mM; (0) 20 mM; (“1 30 mM; (*) 50 mM. 
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Table 1 
Calculation of the rate constants of association and dissociation of malonate 

from the competitive site of succinate dehydrogenase 

Succinate 

(mM) 
k, 
(mu-‘) 

k’_,b 
(M-r mine’) 

k-~ (1 + (?)a 
K, (M-’ min.‘) 

1.. 

15 0.233 1084 34.3 37.6 x lo3 

20 0.341 75s 45.4 34.3 x lo3 

30 0.336 472 67.6 32.9 x 10” 

50 0.479 306 112.0 34.3 x 103 

aK - 450 PM (S”C), pH 7.4. A.G., M.G., unpublished results 
b rm- k _, was obtained from the slopes of the lines in fig.3 

k’_, =k_,/l+KE,eq.(12) 
m 

k, = 0.347 * 0.101 min“ 
k_, = (34.8 f 2) lo3 M-r mm-’ 

Ki = 10.1 ~ 3.4 EM 

Data taken from fig.2 

l>> 
kl 

kz + kcat ’ 

In the denominator, we find the ratio 
(I) k-l . This 

k2 + kF’i versus is the ratio of the rate of conversion of E to 
the rate of E formation from ES both by dissociation 
and catalytic cycle. If this ratio is small, (and it can 
be made deliberately small by controlling the con- 
centration of I added to the experiments) eq. (11) 
becomes a simple expression 

k 
(0 

ohs= kl + k_l ___ (12) 

The observed rate constant of deceleration is a linear 
function of inhibitor concentration. It intercepts the 
Y axis at kl, the rate constant of EI dissociation, and 
the slope of the line is a function of S/K,. As seen in 

fig.?, kobs measured with different concentrations of 

succinate and malonate, intercept the Y axis at a 
single point k, = 0.347 + 0.1 min-‘. The rate of 
association, calculated from the slopes of the lines 
(table 1) k_l = (34.8 f 2) lo3 M-’ min-‘. The ratio 
kl/k_ 1 = 1 OpM is essentially identical to Ki = 7 f 3 PM 
as measured by Dixon plots. 

The case we presented exemplifies the ease by 
which nonlinear kinetics can be used for measuring 
rate of reactions which otherwise call for sophisticated 
instrumentation and large supply of purified enzyme. 
Nonlinear rate equations can be written for other 

kinetic mechanisms, such as protein conformation in 
chloroplast’s ATPase (M.G., Carmeli, Lifshitz and 
G.S., to be published). 
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