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The kinetic study of the enzymatic inactivation originated by suicide substrates can be carried out by means 
of two alternative approaches. One method considers the substrate concentration as practically constant 
during the assay time and provides explicit equations of product concentration vs. time. The other method 
involves the significant consumption of the substrate, yielding implicit equations of time vs. product 
concentration. The utility of both methods is discussed and adequate experimental conditions for their 
correct application are established. 

KEY WORDS: Enzyme inactivation, suicide inactivation, suicide substrates, enzyme kinetics, transient 
phase. 

INTRODUCTION 

The inactivation of enzymes induced by a substrate, takes place in enzymes acting on 
a substrate following a branched mechanism consisting of a catalytic route and an 
enzyme inactivation route. These substrates are called suicide inhibitors, mechanism- 
based inhibitors, inactivating substrates and suicide substrates.’ 

The relevance of the enzymatic inactivation by suicide substrates is gaining in- 
creased recognition, for both naturally ocurring and totally synthetic inactivating 
reagents. ‘ 

The reaction scheme depicted in Scheme I as proposed by Walsh et al.’ provides the 
following minimal kinetic model 

where E, S, X, Y, P and E, denote enzyme, suicide substrate, first intermediate, second 
intermediate, product and inactivated enzyme, respectively. 

For the cases in which the product (P) is not detectable an auxilliary substrate, A, 
may be used according to Scheme I1 

Correspondence 
Abbreviutions; MCPA-CoA: Methylenecyclopropaneacetyl-CoA 
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82 F. GARCIA-CANOVAS ET A L  

k l  kq E + S ; - - - - - ’ X i  Y % E + P  
1 k4 
E, 

E, E f 

f -  I 

k -  I 

E + A - X ’ A Y ’ A  E +  Q 

SCHEME I1 
where A and Q represent the auxiliary substrate and product respectively. The other 
components have the same significance as those of Scheme I .  

The kinetics of inactivation, when following the reaction mechanism shown in 
Scheme I, can be studied by varying significantly the substrate concentration during 
the course of the reaction (in the text “variable substrate method”). This system has 
been studied by the steady state approach’,‘ obtaining implicit equations for time vs. 

We have studied the kinetic behaviour of the reaction mechanisms described in 
Schemes I and 11. maintaining the substrate concentration practically constant during 
the reaction time (in the text “constant substrate method”). Thus, the transient phase 
approach has been applied to obtain explicit solutions for [PI vs. time, from which the 
suicide substrate under study can be kinetically characteri~ed.’.~ An equivalent ex- 
pression has been obtained from the implicit equation of time vs. [Q], by considering 
as negligible the consumption of suicide and auxiliary substrates during the assay 
time.’ 

The reaction mechanism described in Scheme I involves several particular cases 
which are shown in Table I. The general solution for all the cases, with respect to the 
transient phase, is biexponential (Table 11). However, there are some cases where the 
values of the rate constants make the contribution of one exponential term negligible 
with respect to the other. In the cases corresponding to a biexponential behaviour 
(cases 1 and 6 in Table I and Table 11), the characterization of the substrate could be 
obtained by determining the rate constants involved in Scheme I (K, = k-,  /k,, k,, 
k ,  and k 4 ) .  Nevertheless, for the uniexponential behaviour the following must be 
determined: K,.(K, or K,, see Table 11), k,,,, R,,,, V,,, and r. From these values the 
relationships i.,,, 1 K, and E.,,, . r/K, could be defined.6 

[PI. PI and [E,1. 

TABLE I 
Particular cases of the general mechanism described by Schemes 1 and I 1  

Number of significant 
exponential terms 
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METHODS FOR KINETICS OF SUICIDE SUBSTRATES 

TABLE I1 
Expressions for arguments of the exponential terms of explicit solutions here corresponding to the 
particular cases of Table I. 
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Case nl" ;.* Determinable constants 

I 
2 

~ ~ ~~ ~~ ~ ~~~~ ~~~~ 

(*) The expressions of A,,, and Kf are evident by contrast with eqn. 9 or 10. 
(***) Only in presence of the auxiliary substrate A. 
F, = kzf, + k, + k4; F, = {(k,f, + k, + k4Y -- 4k2k4fX)'!*; Fs = Ks{l  + (&/KM)} + Su; 

FM = KM{I + (AO/KM)} + So; f, = So/Fs. 

Recently, a paper has been published on the suicide inactivation kinetics of general 
acyl-CoA dehydrogenase from pig kidney by MPCA - CoA8, using the variable 
substrate method and applying for the first time, one implicit equation previously 
described for the residual activity of the enzyme. In this paper (see Table I in 
Reference8) the initial concentration of reagents (So and E,) used was So/Eo = 2 to 
11. Thus, the steady state conditions are not reached, but non-linear kinetics with no 
analytical solution appear. 

This encouraged us to study in more detail the kinetic analysis of the reaction 
mechanisms expressed in Schemes I and 11, using methods with two different experi- 
mental approaches: constant substrate and varying substrate. In addition, both 
approaches can be applied in a continuous or discontinuous way. The particular cases 
where it is possible to use each approach and their corresponding experimental 
conditions are discussed. 

METHODS 

The corresponding calculus of numerical integration shown in the Results and Dis- 
cussion Section have been carried out with an Olivetti M-24 computer, using a 
fourth-order Runge-Kutta method." The integration step was varied in the pro- 
gramme by means of a 1-10% flow tolerance method." The listing of the programme 
is available on request to the authors. The values of E,, So and k,(i = 1-4) used to 
verify the analytical solutions are indicated in the legends to the Figures. 

NOTATION AND SYMBOLS 

The equivalence between the nomenclature here and that of other authors is indicated. 

r 
K ;. 

Partition ratio (r = k3/k4) 
Half-saturation constant of E by S; thus, K, = K, in cases with r 6 1 
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F GARCIA-CANOVAS ET A L  

and r 
Half-saturation constant of E by S in the presence of the auxiliary 
substrate. thus KP = K,[I + (A,KM)].  
Michaelis constant for the substrate A. 
Catalytic constant for the substrate A. 
Catalytic constant for the substrate S. (Ax  in Reference' and C in Re- 
ference'). 
Maximum value of the apparent inactivation constant (A in Re- 
ference' and Cir in Reference'). 
Inactivation efficiency. 
Catalytic efficiency. 
Initial maximum velocity, i.,,, .r.E, (A..r.E, in Reference3 and C.E, in 
Reference4 ). 

1. K, = K, in case r % 1. (B in References-' and '). 

RESULTS AND DISCUSSION 

'-1 Constunt .suhstrcrre ( i p p r o d i  

The reaction mechanism depicted in Schemes I and I1 has been studied by keeping the 
substrate concentration practically constant during the assay time (S, 9 E, and 
P, % So). Thus, explicit solutions for [PI vs. t are obtained which are the basis for the 
method described below.h 

I i Meusuremcnt of reaction progrrss In Table I the different cases corresponding to 
the reaction mechanisms described in Schemes I and IT are indicated. It should be 
noted that the experimental conditions of P, = S, - S, 6 S, and Q,  g A, can 
always be maintained by choosing the appropriate enzyme concentration (see eqns. 
1 1  and 12). 

The methodology' provides the analytical expressions of concentration vs. time for 
the species which are useful for the measurement of the reaction progress. Thus, for 
the reaction mechanism depicted in Scheme I: 

and, for the reaction mechanism corresponding to Scheme 11: 

In  both cases, the y coefficients are functions of the apparent rate constants (Al  and 
i.> for Scheme I; i.', and i.; for Scheme 11)'. In addition, the expression of the sum of 
7 coefficients is evident from eqns. 1-4 making t = 0. 

When lj.l I G lizl or Ii ', 1 + 1i.il: 

[E,] = E,](I - e-"I) (7) 
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METHODS FOR KINETICS OF SUICIDE SUBSTRATES 85 

[Q] = Q,(1 - e-’.jt) (8) 
I., and I+‘, being: 

and 

P, = So - S, = rEo (1 1) 

In Table I1 the expressions of A’, and A> (Scheme 11) for the cases considered in Table 
I are shown. By making A, = 0 the expressions corresponding to A, and (Scheme 
I) are obtained. Moreover, the kinetic constants to be determined in every case are 
indicated. 

The fitting of the progress curves ([PI, [S], [I3,] or [Q] vs. t), to eqns. 5-8, respectively, 
by non-linear regression and their subsequent fitting to eqns. 1-4 allows discrimina- 
tion between the different cases in Table I. If the second fitting improves with respect 
to the first one, this means that the system evolves with two significant exponential 
terms (cases 1 or 6 of Table I). The cases can be distinguished by the independence 
of i, with regard to So in case 6. In case 1 all mechanism information can be obtained 
measuring [PI, [S], [E,] or [Q], even without knowing E,. In case 6, however, the 
information that may be obtained from A,  and A, is Ks, k, and k,. It is only possible 
to determine the values of r and k, (r = k,/k,) when the enzyme concentration is 
known. Measuring [PI and [S] (eqns. 1 and 2) allows determination of P, and S, and, 
therefore, r (eqn. 11). When measuring [E,] or [Q] a discontinuous method has to be 
turned to, which uses the equation: 

Thus, the enzyme may be incubated with different concentrations of substrate (So) 
and the corresponding residual activity at  final time, VA, with one substrate A can be 
measured separately. 

If the fitting of the progress curves ([PI, [S], [Ei] or [Q]) with respect to eqns. 5-8 
does not improve using two exponential terms (eqns. 1-4) the information of the 
non-linear regression’3314 gives: P,, ,Il; S,, E,, il and Q,, A’,, respectively. Assays 
with different So may give: 1, constant (cases 3 and 9) or variable (cases 2,3,5,  7 and 
8). A new fitting by non-linear regression of ill vs. So data to eqns. 9 or 10 gives the 
A,,,,, and K ,  constants or A,,, and K f .  If the enzyme concentration is not known, the 
r values cannot be determined, although, if measuring [PI or [S], it is easy to show6 
that: 

V,,X P, = so - s, = ~ 

4 l l , X  

so that V,,, (maximum initial rate can be determined). 
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86 F. GARCIA-CANOVAS ET A L  

I f  E,, is known. the measurement of [PI and [S] allows calculation of r and, therefore, 
solving of the ambiguity between cases 3 and 9 and also that of cases 2, (4,5) and (7,8), 
but the ambiguity remains between (4.5) and (7.8). In order to overcome the ambigu- 
ity between cases 7 and 8 the working conditions‘ E,, % So are turned to. If [E,] or [Q] 
are measured to follow the reaction the discontinuous methods described by eqn. 13 
has to be applied in order to determine r. 

I n  short. Table I1 shows the kinetic constants that can be determined in the different 
possible cases under the best conditions. which involves knowing the enzyme con- 
centration and in some cases the use of auxiliary substrate. From these values the 
relationships of catalysis efficiency and inactivation for the uniexponential behaviour 
cases can be determined. 
-7) ~Ffeusirrc~nietit of’ resithial uctivitj, From eqn. 3 a discontinuous method can be 
established by a rearrangement of the equation. so that: 

(15) 

A, = residual activity at time t; A, = initial activity. The information obtained by 
this method is equivalent to the measurement of [E,] in the continuous procedure 
described above. 

B j Ciiriahle .suh.vtriitc. upprocdi 

There are experimental cases where i t  is not possible to maintain the condition 
P ,  < S,, because: 

(a )  necessary concentration to detect P has to be raised. 
(b)  if the disappearance of the substrate (S) is measured, it may be necessary to 
monitor high variations to improve the sensitivity of the assay. 
( c )  \vhen the K, is very small. the variation of So can lead to a constant response 
(saturation range) except at very low values of So. In this case, it may be necessary 
to monitor high variations of S,, for their experimental detection. 

1 j Meusuretnent qf the rewtioii  progress 
to use implicit integrated equations like those previously de~c r ibed .~ .~  ’ 

In the preceding three cases it is necessary 

L 

t =  

1 t = -  
A 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
14

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



METHODS FOR KINETICS OF SUICIDE SUBSTRATES 87 

where 

These equations are very useful when [S], [PI or [El] are measured in the continuous 
procedure, eqns. 16- 18. 

Alternatively, it is possible to measure the residual activity at  several time intervals 
([E],,,,, = E, - [E,]), obtaining the respective [El] values, which can then be fitted to 
eqn. 18. 

The r value can be determined by the discontinuous method described above, eqn. 
13, when enzyme concentration E, is known. The data analysis described previously’ 
can be used. 

It is interesting to indicate the equivalence between the equations proposed by 
Waley,,’ and Tatsunami et aL4 for the conditions So B E,. These initial conditions 
should be experimentally applied to use integrated equations. So, the equations 
initially proposed by Waley3 are completely valid. Both equations overlap the numeri- 
cal integration, when a significant substrate consumption takes place (Figure 1A). In 
the uniexponential cases of Table I, Figure l B  reveals that both our explicit equation, 
eqn. 5, and the implicit equations overlap the numerical integration, since the implicit 
equations are transformed into explicit eqn. 5, when So B E, and the substrate is 
practically constant. In the biexponential cases of Table I, only our analytical solu- 
tion6 overlaps the numerical integration. 

“0 2 4 6 
t(min) 

FIGURE 1 Dependence of product concentration vs. time. k,  = 108M-’s-’ , k - ,  = lo’s-’, 
k, = lOs-’, k, = lOs-’, k, = 0.1 s - ’ .  (A) Condition S ,  % Eo with significant substrate consumption. 
S, = M, E, = 7 x 10-’M. (-----) Values calculated from implicit eqns. 7, 27 and 6 of References 3, 
4 and 7, respectively, which coincide with the values obtained by numerical integration. (B) Condition 
S,  & E, with substrate practically constant. S, = lO-’M, E, = 7 x 10-*M. (--) Values calculated 
from the explicit eqn. 5 and from implicit eqns. 7, 27 and 6 of References 3, 4 and 7, respectively, which 
coincide with the values obtained by numerical integration. 
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88 F. GARCIA-CANOVAS ET A L  

However. the equations described by Tatsunami ef u1.j are proposed as valid for 
any condition, i.e.: S, >> E,; So c E, and S,, < E, based on the fact that they used 
the material balance for the substrate So = [S] + [PI + [E,]. In fact, this is only 
necessary if S,, G E,,, although under these conditions the steady state is never 
reached, and the steady state is an initial requirement for the subsequent integration. 

Thus, as i t  was clear from Figure 3 of Reference 4, the analytical solution of 
Tatsunami et al. does not overlap the numerical integration when E, 'v So, except at 
final time where S, 2: [S] + [PI + [E,] is verified. An equivalent result is shown with 
values of constants similar to those used in Figure 1, but with S, 2 E,(Figure 2A). 
Under conditions E,, >> S, a similar result can be observed with the analytical solution 
of Tatsunami et a/.,4 whereas the corresponding solution proposed by us6 overlaps the 
numerical solution (Figure 2B). 

The ambiguity introduced4 concerning the validity of those implicit equations for 
an) ratio enryme/substrate, led other authors' to use experimental conditions of So 
slightly higher than the enzyme concentration (from 2.2 to 11)  used in the study of the 
kinetics of suicide inactivation of general acyl-CoA dehydrogenase from pig kidney 
by MPCA-CoA. Thus, they calculate the value of the paramter r in assays where the 
ratio S,,/E,, varies'5 from 0 to 2.2 by following the decrease in absorbance of the flavine 
associated with the enzyme at 446nni which is proportional to the loss of enzyme 
activity a t  final time; they represent the data" (Table I) in a similar form to our eqn. 
13 obtaining a value" of r = 4. The same information has been obtained in Figure 
3 of Reference 16 (insert). Note. however, the appearance of a deviation of the 
linearity which can be due to the asymptotic zone of the first order kinetics, which 
means experimental measurements must be carried out over a longer assay time. A 
similar behaviour has been reported with other experimental data (see below). 

Thus. it is correct to use the values of the ratio S,/E, to determine r, since eqn. 13 

60 
[ PI 

( n M 1  
40 

20 

n 

(---I t (s )  
0.5 1 

1 

F I G U R E  2 Dependence of product concentration vs. time. k ,  = I O ' M - l s - ' ,  k , = IO's-', 
k ,  -7 10 ' s  I .  k ,  = 0.1 s ' .  k, = 0.1 s I .  ( A )  Condition So = E, = IO-'M. (-----) Values calculated 
f'iom implicit eqn. 27 of Reference 4. (--) Values obtained by numerical integration. (B) Condition 
E,, 9 S,, .Sf, = 10---M. E,, = 10 'M. (-----) Values calculated from implicit eqn. 27 of Reference 4. (- 
- ) Values calculated from explicit eqns. 17 and 23 of Reference 6 which coincide with the values obtained 

h> nurnericnl integration. 
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METHODS FOR KINETICS OF SUICIDE SUBSTRATES 89 

h 

0 

? 
4 

s o  / E o  

FIGURE 3 Determination of the r value for suicide inactivation of general acyl-CoA dehidrogenase by 
MCPA-CoA. Fractional enzymic activity vs. [MPCA-CoA]/[enzyme], according to eqn. 13. The enzyme 
(5.1 pM) and the MCPA-CoA (1 1.3-56.3pM) in phosphate buffer, pH 7.6, were incubated and portions 
were withdrawn for assay. Data obtained from Reference 8 in Table I. 

only considers the final state of the reaction and the value of r (with no dimension) 
indicates the distribution between the catalytic and the inactivation route. The same 
procedure, however, is not correct for studying the kinetics of the enzyme inactiva- 
tion, since in the conditions detailed in Table I of Reference 8, the steady state from 
which the kinetics of the substrate consumption has to start is not reached. In this 
case, the application of the corresponding integrated equation' (eqn. 2) is not correct. 
Nevertheless, the apparent fitting of the experimental data shown in Table I to this 
equation may be due to the small number of the experimental points and their 
experimental error' (see Figure 1); the same occurs with data taken from Reference 
16 in which the relation S,/Eo is 4. Note that the value r = 4 may correspond to one 
of the first three cases of Table I. 

The approximate values obtained by these authors' for the parameters B, C and r 
seem to indicate that they are dealing with case 2 of Table I here. So, C is equivalent 
to our k,,, = I,,, - r  = k,k,/(k, + k4) N 4kJ5 and B is equivalent to K,, since the 
experimental data apparently fit to one exponential term whose argument ( I , )  de- 
pends on So .  Case 1 corresponds to a biexponential behaviour while case 3 can be 
fitted to a uniexponential term which is independent of So. For a more rigorous 
determination of these parameters it would be convenient to study the inactivation 
kinetics at So 9 E,. 

The data shown in Table I of Reference 8 have the same application as those shown 
in Table I of Reference 15, i.e., they are useful for calculating the value of r. In fact, 
the plot of relative residual activity vs. S,/E, according to eqn. 13 here can be poorly 
fitted to a straight line (Figure 3), due to the asymptotic zone corresponding to the 
first order kinetics. This allows us to estimate the value of r. 

CONCLUSIONS 

From the above discussion it is clear that there are two useful experimental approaches 
for the kinetic study of the enzyme inactivation induced by suicide substrates, follow- 
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90 F. GARCIA-CANOVAS ET AL.  

ing Schemes I or 11. On the one hand, there is the approach proposed here, based on 
keeping the substrate concentration practically constant and using explicit equations 
for the data analysis.6 This method has been applied successfully to the study of 
suicide inactivation of mushroom tyrosinase by catecholi7 and that of tyrosinase from 
frog epidermis by dopamine.i8 On the other hand, there is the approach that uses a 
sighificant variation of the substrate concentration during the reaction time of assay 
and which uses implicit eqns. 3 and 4. Both methods are only applicable under the 
experimental condition S, >> E,. 

Taking into account the cases described in Table I, we propose the constant 
substrate method for the kinetic study of the enzyme inactivation originated by 
suicide substrates, as indicated above. This method was used in the first six cases of 
Table I, since conditions of S ,  + E,, r 2 1 and r G 1 imply P, d E, and P, G S, .  
Moreover. it has to be remembered that in these conditions the integrated equation 
(cases 2, 3. 4 and 5 )  are simplified into explicit equations. Cases 1 and 6, due to the 
biexponential behaviour. can be studied only in transient phase with the constant 
substrate method. In the cases where r 9 1.  the experimental condition P, 4 So may 
be reached by modifying the enzyme concentration. Thus, the experimental situations 
described as (a), (b) and (c) in Section (B) of Results and Discussion, would be the 
o n l y  situations where the variable substrate method should be used. In these cases, 
several implicit equations can be used.'.'.' but i t  should be taken into account that the 
expressions described in Reference 4 are only valid under the experimental condition 
S,, 5 E,, and in  this case they become the ones previously p r ~ p o s e d . ~ . ~  
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