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A systematic procedure for the kinetic study of irreversible inhibition when the enzyme is con- 
sumed in the reaction which it catalyses, has been developed and analysed. Whereas in most 
reactions the enzymes are regenerated after each catalytic event and serve as reusable trans- 
acting effectors, in the consumed enzymes each catalytic center participates only once and 
there is no enzyme turnover. A systematic kinetic analysis of irreversible inhibition of these 
enzyme reactions is presented. Based on the algebraic criteria proposed in this work, it should 
be possible to evaluate either the mechanism of inhibition (complexing or non-complexing), or 
the type of inhibition (competitive, non-competitive, uncompetitive, mixed non-competitive). 
In addition, all kinetic constants involved in each case could be calculated. An experimental 
application of this analysis is also presented, concerning peptide bond formation in vitro. 
Using the puromycin reaction, which is a model reaction for the study of peptide bond forma- 
tion in vitro and which follows the same kinetic law as the enzymes under study, we have 
found that: (i) the antibiotic spiramycin inhibits the puromycin reaction as a competitive irre- 
versible inhibitor in a one step mechanism with an association rate constant equal to 1.3 x 
lo4 M - k '  and, (ii) hydroxylamine inhibits the same reaction as an irreversible non-com- 
petitive inhibitor also in a one step mechanism with a rate constant equal to 1.6 x lo-' M-'s-'. 

Keywords: Irreversible inhibition; Consumed enzymes; Puromycin reaction; Spiramycin; 
Protein biosynthesis; Hydroxylamine 
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80 G.P. DlNOS AND C. COUTSOGEORGOPOULOS 

INTRODUCTION 

Enzyme inhibition has always been an important field of study, not only 
because of its usefulness in providing valuable information on funda- 
mental aspects of enzymatic catalysis and metabolic pathways, but also for 
its implications in pharmacology and toxicology. Compared to reversible 
inhibition, the kinetics of irreversible inhibition have received relatively lit- 
tle attention.'-4 However, it is well established that irreversible modifica- 
tion of enzyme activity is important for studies on the nature of functional 
groups essential to enzymatic catalysis; such studies cannot be conducted 
with reversible  inhibitor^.^-^ 

The kinetics of irreversible enzyme modification in the presence of sub- 
strate have been extensively studieds-" and experimental studies have pro- 
duced useful results both for inhibition,"."-'6 or for activation kinetics.17 

The purpose of this paper is to extend the study of irreversible inhibi- 
tion to another type of reaction which follows the kinetic scheme of 
equation (1). 

This reaction has been used extensively to describe: (i) enzyme reactions in 
which the enzyme is not regenerated after each catalytic event, but is 
consumed in the reaction it catalyzes as in the cases of RNA splicing'* and 
puromycin reaction;" (ii) inactivation of enzymes by an irreversible inhibitor 
in the absence of substrate20q2' and, (iii) affinity and photoaffinity labeling of 
enzymes.22 In case (i) the reaction shown in (1)  takes the form of equation (2) 

while for cases (ii) and (iii) it takes the form of equation (3), 

(3) 
K, k E + I  + EI + E*I 

where S is the substrate, P is the product, I the irreversible inhibitor or 
alternatively the affinity or photoaffinity label and E* the consumed or 
inactivated enzyme. These reactions will be analyzed kinetically in the pres- 
ence of an irreversible inhibitor and a practical application of this analysis 
will be presented. The application concerns the puromycin reaction which 
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INHIBITION OF PUROMYCIN REACTION 81 

is a useful model system for studying the synthesis of individual peptide 
bonds in vitro. I t  is now generally accepted that puromycin acts as an 
analogue to the 3' terminus of the aminoacyl-tRNA bound in the ribosomal 
A site.23 The peptide bond is formed between Ac-Phe-tRNA and the free 
amino group of puromycin in the presence of 70s ribosomes, initiations 
factors, Poly (U), GTP, magnesium and ammonium ions, according to the 
scheme. 

Ac-Phe-tRNA 4- Puromycin 

(70SR1bs, Poly(U), GTP, Ifs. Mg?+. NH:) 
f Ac-Phe-Puromycin + tRNA 

This complex reaction can be simplified by separating the first step (binding 
step), from the second step (peptide bond formation). In the binding step, the 
initiation ternary complex C [Ac-Phe-tRNA-70S Ribosome-Poly(U)] is 
formed, which is then isolated free of unbound donor Ac-Phe-tRNA. In the 
second step, the isolated complex C reacts with excess of puromycin ( S )  to 
give Ac-Phe-Puromycin (P), according to the reaction of equation (2). The 
enzyme (E) of reaction (2) has been replaced now by complex C and E* by C'. 
The form C* represents the consumed enzyme after peptide bond formation. 
This enzyme species is not exactly inactivated, but, under the experimental 
conditions employed, it cannot be converted again to the active form C. 
Hence, the puromycin reaction follows the kinetic scheme of consumed 
enzymes depicted by equation (2) and its progress curve either in the absence 
or in the presence of an irreversible inhibitor should be described by the 
integrated rate law as will be shown in the next paragraph. In this work, we 
examine the puromycin reaction either in the presence of spiramycin or in the 
presence of hydroxylamine both of which act like irreversible inhibitors. 

THEORY 

I t  is known that the reaction ( 1 )  in the presence of excess X follows satura- 
tion kinetics2"." with an integrated rate law given by equation (4) 

where the apparent rate constant kobs is given by equation (5) and 
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82 G.P. DINOS AND C. COUTSOGEORGOPOULOS 

equation (6) for the reactions (2) and (3), respectively. 

k * Z  
kobs = - Ki + I 

Both reactions (2) and (3), follow the same kinetic law and in the algebraic 
integrated equations only the symbols change. Our application concerns 
reaction (2) and therefore it's symbols are used in this study. 

In the case where reaction (2) takes place in the presence of an irrever- 
sible inhibitor (I), Schemes I and 11, depict the simplest models for one- 
step, and two-step mechanism of inhibition, respectively. 

KS k3 
S + E  - - E S - P  + E' 

+ + 
I I 

E'I is1 Scheme I 

K k3 
S + E .  - E S - P  + E' 

ESI 
Scheme I1 

Ki /I K$ - JI Kb 

El - 
1 kt 
E S I  

Ik 
E*I 

In Scheme I, the following types of inhibition exist: competitive k' = 0, 
non-competitive k = k', mixed non-competitive k # k' and uncompetitive 
k=O. In Scheme 11: competitive KI = 00, K,' = 00; uncompetitive Ki=oo, 
KI = 0; non-competitive: Ki = q, K, = Kf, k = k' and mixed non-com- 
petitive Ki # Kr,K, # Kf,  and k # k'. For the above classification, we 
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INHIBITION OF PUROMYCIN REACTION 83 

have followed the general rules as they have been established for classical 
and irreversible inhibitors."324 That is: in competitive inhibi- 

tion, substrate binding prevents inhibitor binding; in non-competitive inhi- 
bition, substrate binding does not affect inhibitor binding, while in mixed 
non-competitive it does. For uncompetitive inhibition, substrate binding 
promotes inhibitor binding. 

For both schemes, the integrated rate law is given by equation (7) (see 
Appendix) 

In(P, - P) = InP, - A t  (7) 

where P is the product at time t, P, the product at  infinite time and A is 
the apparent rate constant of enzyme (E) consumption. It is useful to 
notice here that when reaction (2) takes place in the absence of an irrever- 
sible inhibitor, P, is equal to the total enzyme concentration (Eo) because 
all enzyme is converted to product. In this case the apparent rate constant 
A is equal to kohs since the enzyme (E) is consumed only by S. In the pres- 
ence of an irreversible inhibitor (I), P, is not equal to Eo, since part of Eo 
is inactivated by I. In this case, P, is lower than Eo and equal to the ratio 
B/A (see Appendix), where B is the apparent rate constant of product (P) 
formation multiplied by Eo. Table I shows the expressions for A, B and 
P, for competitive, non-competitive, mixed non-competitive and uncom- 
petitive inhibition for a one-step mechanism, as they have been derived in 
Appendix A. Similar calculations have been derived in Appendix B for a 
two-step mechanism and values for A, B and P, are presented in Table 11. 
From the plot In P,/(P,-P) versus time according equation (7), the 
apparent rate constant A can be calculated as a slope and subsequently 
from P, and A the apparent rate constant B can be calculated. For the 

TABLE I 
at infinite time (P,k), for one step mechanism (non-complexing type) 

Expressions for the apparent rate constants A and B and for the product formed 

Type of inhibition A E p ,  

compe ti tive 

uncompetitive 
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INHIBITION OF PUROMYCIN REACTION 85 

one-step mechanism (non-complexing type), B is independent of inhibitor 
(I) concentration, while for the two-step mechanism B is a function of (I) .  
Thus, the plot of B versus (I)  is capable of discriminating between the two 
mechanisms. 

The evaluation of the type of inhibition for the one-step mechanism, 
comes from the plot of l/Pm versus l/S. When the inhibition is competi- 
tive, the plot is linear and intercepts the I/Pm axis at  the same point for all 
concentrations of I, while the slope varies, depending on the concentration 
of I. When the inhibition is non-competitive, both the slope and the inter- 
cept change as a function of I. When the inhibition is uncompetitive, the 
plot is a line parallel to the l /S axis, because P, is independent of S. In 
the case of the two-step mechanism, the evaluation of the type of inhibi- 
tion comes from the plot of l / B  versus I/S rather than the plot 1/P, ver- 
sus l/S. For competitive inhibition, the plots are straight lines with 
constant intercept on the axis 1/B and slopes varying as a function of I. 
For non-competitive inhibition, the plots are straight lines with constant 
intercept on the axis I/S and varying intercepts on the axis l/B. For mixed 
non-competitive, the plots have variable intercepts on the axis 1/B and 
varying slopes; and for uncompetitive inhibition, the plots have a variable 
intercept while the slope remains constant. 

MATERIALS AND METHODS 

Materials 

L-Phenylalanine, poly(U) GTP (disodium salt), ATP (disodium salt), puro- 
mycin dihydrochloride, and transfer ribonucleic acid and Escherichia coli 
strain W, were purchased from Sigma Chemical Co (U.K.). [’HI-L-Phenyl- 
alanine was purchased from Amersham (U.K.). Zwittergent 3- 12 (ZW) 
detergent (N-dodecyl- N ,  N-dimethyl-3-ammonium- 1 -propanesulfonate) was 
obtained from Calbiochem AG. Cellulose nitrate filterdisks (type HA, 
24 mm diameter, 0.45 pm pore size) were purchased from Millipore 
Corporation. 

Methods 

Salt washed ribosomes (0.5M NH4Cl) and factors washable from ribo- 
somes were prepared from frozen E. coli B cells.19 Complex C was pre- 
pared and isolated on a cellulose nitrate disk as described elsewhere.” 
When required, complex C was desorbed*’ into a solution (zw-extract), 
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86 G.P. DlNOS AND C. COUTSOGEORGOPOULOS 

containing the detergent Zwittergent 3- 12. The isolated complex C ,  either 
on a disk or in solution, was allowed to react with excess of puromycin for 
pre-determined time intervals and the reaction was terminated by adding a 
solution of NaOH. The product (Ac-Phe-Puromycin) was recovered via 
extraction in ethyl acetate,” and was expressed as a percentage of the iso- 
lated complex C on the filter disk (Co). 

The puromycin reaction was also performed in the presence of the 
afore-mentioned inhibitors, spiramycin or hydroxylamine. The procedure 
followed was exactly the same as that in the absence of inhibitor. It is 
known,26 that both spiramycin and hydroxylamine inhibit the reaction 
almost irreversibly. All data presented in the figures denote the mean of 
values obtained from four experiments. The standard error of the mean 
(S.E.) was calculated according to 

RESULTS 

Figure 1 depicts the time course of the reaction between complex C iso- 
lated on a cellulose nitrate disk and 4 x 10-4M puromycin in the absence 
and in the presence of increasing concentrations of spiramycin. In the 
absence of inhibitor, a straight line is obtained from the plot of InCo/ 
(Co - P) versus time, until all complex C has been converted to product, 
Ac-Phe-Puromycin. It appears that the reaction follows pseudo-first order 
kinetics and reaches its end point after seven half lives. In the presence of 
spiramycin the rate of product formation is lower and finally it becomes 
zero. Finally, the reaction stops, although not all of Co has been converted 
to product. From the plateau of product formed at  infinite time, P, can 
be calculated. For each progress curve P, is lower than Co, depending on 
the concentrations of puromycin and spiramycin. The results of Figure 1 
indicate that spiramycin inhibits product formation rather irreversibly. 
Similar behavior has been observed,26 for the case in which complex C was 
in solution (zw-extract) and not on cellulose nitrate disks. 

In order to investigate the reversibility of the inhibition, a systematic 
analysis of the puromycin reaction was followed. First, the data of Figure 
1 were replotted in the form of equation (7), where P, is not equal to CO, 
since part of it has been inactivated by spiramycin. This P, was calculated 
from the plateau of each progress curve as mentioned above. The resulting 
Figure 2 shows that the new plots are linear, meaning that there is a good 
fitting of the present data in the kinetic law of equation (7). The apparent 
rate constant A, at each concentration of puromycin ( S )  and spiramycin 
(I), is determined as a slope of the corresponding straight line of Figure 2. 
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lo2 c 
4 8 n 

L 
b 
0 
W 
\ 8 0.4 
c 

0.0 

v v 
-----A A A . 

2 4 6 

time (min) 
0 

FIGURE 1 First order time plots for Ac-Phe-Puromycin formation. Complex C isolated on 
a cellulose nitrate disc reacts with ( + )  4 x M puromycin in the absence (control) and in 
the presence of spiramycin at the following concentrations: (+) 2 x IO-OM; (V) 4 x 10-6M; 
(A) 6 x IO-'M; (0 )  8 x 10-'M; (m) 1 x lO-'M. 

0 1 

time (min) 

2 

FIGURE 2 
calculated from the data of Figure I .  

Plot of InP,,/(P--P) versus time. In each case P, is lower than Co and I S  
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88 G.P. DlNOS AND C. COUTSOGEORGOPOULOS 

The conformity of the data to the kinetic law of equation (7) may be 
taken as an indication that the reaction is irreversible. To further elucidate 
the mechanism of inhibition, calculation of the apparent rate constant B is 
needed. Having determined the values of P, and A at each combination 
of S and I the apparent rate constant B can be obtained (see Appendix). A 
plot of B versus I, shows that B is independent of I (Figure 3). This is an 
indication that a one-step (non-complexing) mechanism is most probable. 
From the plot 1/P, versus l /S (Figure 4) it is evident that the functions 
are straight lines with constant intercept on the axis l/Pm and slopes 
which depend on the concentration of I .  In accordance with the previous 
discriminative rules, it is ascertained that the inhibition is competitive. 
Figure 4 also, allows the calculation of the second order association con- 
stant for C"1 formation which is equal to 1.3 f 0.1 x 104M-'s-'. This 
value is somewhat lower than the corresponding value when complex C is 
in solution (ZW-extract).26 

The present study was applied to the puromycin reaction in the presence 
of hydroxylamine. It is known that hydroxylamine is a chemical reagent 
which reacts with activated esters to give hydroxamic acids.28 Hydroxyl- 
amine reacts also with Ac-Phe-tRNA either free or bound to ribosomes. 
This reaction follows the one-step mechanism with a second order rate con- 
stant to 1.3 x M-Is-'. Hydroxylamine inhibits the puromycin 

0 2 4 6 8 10 

l o6  ~[spirarnycin] M 
FIGURE 3 Variation of the apparent rate constant B as a function of inhibitor ( I )  
concentration. The concentration of puromycin is 4 x 10-4M. 
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0 
0 
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20 - 

15 - 
0 
F 

\ 
F 
v 

l ' l ' l ' l '  1 

-8 -4 0 4 8 12 16 

I O - ~ X I  /[~uromycin] M-' 
FIGURE 4 
tration. The concentration of spiramycin is; (m) I x 10-'M; (0 )  4 x 10-'M; (A) 8 x IO-'M. 

Dependence of the reciprocal of P, versus the reciprocal of puromycin concen- 

reaction because it does not inhibit the catalytic centre of the enzyme but 
it decomposes the bound substrate (Ac-Phe-tRNA). Therefore, we con- 
sidered it as an irreversible inhibitor and consequently the puromycin reac- 
tion was examined in its presence, according to the analysis which has 
been already described. 

Figure 5 presents the experimental data of the course of the reaction 
between complex C in solution (zw-extract) and 3 x 1OP5M puromycin in 
the absence and in the presence of increasing concentrations of hydroxyl- 
amine. It is seen that hydroxylamine inhibits product formation in a simi- 
lar way to spiramycin. Thus, complex C is consumed by two different and 
parallel irreversible reactions. We have previously shown,26 that hydro- 
xylamine acts as a chemical reagent in a one-step mechanism, without for- 
mation of a reversible complex CI prior to C consumption. Therefore, the 
reactions are described by the one-step mechanism of Scheme I, although 
we don't know the type of inhibition. This conclusion concerning the 
mechanism is also confirmed by the analysis of the present study: the 
results of Figure 5 are replotted in the form of In (Pm - P) versus time 
(data not shown). From the slope of this linear plot the apparent rate 
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n 
[L 

I 

0" 
% 
0 c - 

3 -  

2- 

1-  

0 5 10 15 20 

time (min) 
FIGURE 5 First order time plots for Ac-Phe-Puromycin formation in the absence (m) and 
in the presence of hydroxylamine at the following concentrations: (0 )  0.2 M; (A) 0.6 M; and 
(v) 0.8M. Complex C reacts in solution (zw-extract) and the concentration of puromycin is 
3 WM. 

constant A according to equation (7) is obtained. From P, and A the 
apparent rate constant B is calculated. Plotting B versus hydroxylamine 
concentration (data not shown), results in a linear plot parallel to the axis 
of I, which according to the analysis proposed above means that a one- 
step mechanism of inhibition is most probable. 

Because hydroxylamine reacts with complex C,26 the inhibition type 
could be either competitive or non-competitive. According to Table I, the 
discrimination comes from the plot 1/P, versus 1/S, rearranged as in 
equation (8) 

- (8) 
1 k ( Z ) + k 3  & , ( I )  1 +-- - - 

Pm k3Co k3CO (s)'  
Figure 6 shows that both, intercept and slope, vary with the concentra- 

tion of I. Therefore, the inhibition is non-competitive. Plotting the inter- 
cept of axis l/Pm of Figure 6 versus inhibitor concentration (I), results in 
the linear relation shown in Figure 7. From this slope of the linear 
relationship according to the equation (9) 

1 k  
co k3Co 

intercept = - + - ( I )  (9) 
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-4 -2 0 2 4 6 8 10 

I O - ~ X I  /[puromycin] M-’ 
FIGURE 6 
hydroxylamine: (A) 0.3 M; (0 )  0.6M; and (B) 0.9M. 

Double reciprocal plot ( l ipm versus l/S) at the following concentrations of 

100 I I 1 

0.0 0.5 1.0 

[ H ydroxylamine] M 
FIGURE 7 
Figure 6 are replotted versus the concentration of hydroxylamine. 

Replot of the double reciprocal plot of Figure 6. The I/P, axis intercepts of 
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a value for the second order rate constant is calculated as 1.6 f 0.1 x 
, almost the same as that calculated in the absence of puro- 

mycin.26 The fact that the slope and the intercept according to equation 8 re- 
sult in the same value for the rate constant, supports the argument that the 
reaction is of a simple non-competitive and not of a mixed non-competi- 
tive type. We have to point out, that the same results could be concluded 
with computer fitting that is more robust and relatively easy. 

10-3 M-Is-l 

DISCUSSION 

Two methods may be employed for the determination of the rate constants 
for the irreversible inhibition of enzyme activity, one in the presence and 
the other in the absence of substrate. In the absence of substrate, the con- 
ventional method, the examination is carried out as follows: from an 
enzyme-inhibitor incubation mixture, aliquots are taken at definite time 
intervals and assayed for the remaining enzyme activity. This method not 
only is laborious but also too slow to be applied to fast reactions.29 In 
contrast, the method in the presence of substrate is easier to perform, and 
the apparent rate constant can be obtained in one single experiment. These 
advantages of the study of irreversible inhibition in the presence of sub- 
strate, were extended in the case of consumed enzymes during the enzyme 
reaction. These enzymes follow different kinetics and have been studied 
using Tsou's approximations.12 The present study of inhibition of the puro- 
mycin reaction by spiramycin and hydroxylamine obtained the values for 
the rate constants of interaction which are useful for the study of ribo- 
somes and protein biosynthesis. 

It is known that the rates of formation and dissociation of the inhibitor- 
enzyme complex may be examined either indirectly from the inhibitor's 
effect on the time course of enzyme turnover of substrate, or directly by 
monitoring the time course of the spectroscopic signal generated by com- 
plex f~rmat ion .~ '  The direct method," gives for free ribosomes and spira- 
mycin an association rate constant equal to 2.3 x 104Mp1sp1. The indirect 
method as applied here, gives a k association equal to 1.3 x lO4M-ls-', 
which is comparable to the direct value obtained. The fact that the two 
values are close validates our method. In addition, this value is in agree- 
ment with that obtained by the discontinuous method (data not shown). 
This indirect approach is generally successful, when the association rate 
constants for the inhibitor is significantly smaller than that of the sub- 
~ t ra te .~ '  Here, the value of the calculated rate constant 1.3 x 104Mp'sp1 
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being substantially less than that for the substrates, means that this condi- 
tion is fulfilled. With ternary complex C in solution, the association rate 
constant for spiramycin has been calculated26 as 3.3 x lo4 M-ls-'. The dif- 
ference in the value of the constant measured for the two cases, namely the 
cellulose nitrate disk and zw-extract, could be explained by the difference 
in the experimental conditions. In the present experiments the ternary 
complex C is isolated on a cellulose nitrate disk and probably interface 
problems may exist. It is also known that with immobilized enzymes there 
is a difference in the kinetic behavior from when, the enzyme is in solu- 
t i ~ n . ~ ~  This difference has also been observed in parallel studies of rever- 
sible inhibitors of puromycin reaction, with complex C either on disk or in 
solution.33 For all inhibitors tested under these two different conditions33 
the type of inhibition remained the same although kinetic constants varied 
a .little. 

A point of interest from the present results is the low value of the calcu- 
lated association rate constant of spiramycin. In the case of inhibitors of 
peptidyl-transferase, it is known that all rate constants calculated either 
directly 31934 or indirectly 2 6 ~ 3 5 - 3 6  are lower than the lower limit of diffusion 
control, by at least two or three orders of magnitude. This surprising fact 
that is also ascertained in this work needs explanation. Do all these inhibi- 
tors act as slow binding inhibitors or perhaps as reaction intermediates or 
is there always a rapid equilibrium with formation of an initial weak com- 
plex, which is kinetically insignificant and its detection is too difficult? It is 
also known37 that, while association rate constants for natural ribosome 
substrates are in the range of diffusion control, these constants become 
lower than the expected diffusion control limited values when the sub- 
strates lose their natural form. For example: Phe-tRNA as a complex with 
GTP and EF-Tu has a k association for programmed ribosome equal to 
1 x lO7M-'s-l, while Phe-tRNA without GTP and EF-Tu as a complex 
has a k association to 1x1O4M-'s-I. Thus, the unexpectedly 
found low values for association constants of ribosomes-inhibitors com- 
plexes, may not be caused by inhibitors of low molecular weight. This might 
have to do with the ability of the ribosome to prefer or to select the bound 
ligands via lowering the association constants, something which may con- 
tribute to the ribosome translation machine. Such a low k association 
could also exist in the case of puromycin which in fact is not a natural 
substrate, but actually a peptidyl-transferase inhibitor. This possibility per- 
haps could render invalid the kinetic treatment of the puromycin reaction. 
However, in the range of puromycin concentrations used in the presents 
experiments, it appears that the kinetic treatment is valid because with the 
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exception of the linear double reciprocal plots, the reaction follows the 
integrated rate law up to more than 95% depletion." 

The validity of the kinetic method is also obvious in the case of hydroxyl- 
amine. The second order rate constant k,, in the presence of puromycin 
was found to be almost equal to that measured in the absence of pur- 
omycin.26 Moreover, the type of inhibition was clarified, which would 
have been impossible without the present kinetic models. In addition, the 
fact that not a competitive but another type of inhibition was concluded, 
confirms the analysis presented here. These two inhibitors, spiramycin and 
hydroxylamine could also have been classified in another way, according 
to their mode of action: i.e. hydroxylamine as a group specific chemical 
reagent and spiramycin as a slow binding, slowly reversible inhibitor. The 
almost irreversible action of spiramycin was also recently confirmed38 by 
studies of the binding of radioactive dihydrospiramycin to ribosomal pro- 
teins and RNA. The application of the kinetic scheme presented here has 
many advantages and can be used in many cases such as: (i) in affinity and 
photoaffinity labelling of enzymes; (ii) in inactivation of enzymes either 
from suicide substrates or bat inhibitors; (iii) in enzyme reactions of the 
form EA + S + EAS -+ P + E where EA is the complex of enzyme with (A), 
the first of the two ordered substrates and S is the seconsand, (iv) in 
enzyme reactions of consumed enzymes. Here, the enzyme activity is not 
necessarily destroyed in the consumed form but this form does not partici- 
pate in more than one cycle over the substrate. In the latter case the 
following enzymes are included: type (i) restriction endon~clease;~~ poly 
(ADP-ribose) synthetase:' transmethylase for O6-methylguanine;' plus 
RNAI8 and protein42 splicing. 
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APPENDIX 

A. One-step mechanism, mixed non-competitive 
inhibition (Scheme I) 

Assumptions: S >> b, I >> Eo and at zero time there is a rapid equilibrium 
between E, S and ES. Let ET be the total concentration of non-inactivated 
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enzyme and Eo the total enzyme concentration then, 

( ET) = (E) + (ES) 

(Eo) = (ET) + (E'I) + (E*SI) 

From the rapid equilibrium, we also have, 

The differential of non-inactivated enzyme is, 

-- d(ET) = k ( E ) ( I )  + ( E S ) [ k ' ( l )  + k3] 
dt  

By replacing E and ES and integrating for time t then, 

( E T )  = (Eo)e-A' 

where, 

k K , ( l )  + k ' ( S ) ( I )  + k3(S) 
K ,  + ( S )  

A =  

The differential of product formation is given by: 

d(P)  - = k3(ES) = Be-At 
dt 

where, 

(A.lO) 
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and by integration for time t, 

B 
A 

[ P I  =- ( I  - epA' )  (A. 1 1 )  

When t approaches infinity, the product concentration is given by, 

By combining equations (A.11) and (A.12) we obtain, 

In( P, - P) = lnP, - At (A.13) 

Treating similarly Scheme I in the case of competitive and uncompetitive 
inhibition, we obtain the corresponding integrated rate law (as equation 
(A.13)) and the expressions of A, B and P,(Table I). Alternatively, the 
competitive, non-competitive and uncompetitive forms may be obtained by 
substituting the appropriate values for k and k' in the formulae for the 
mixed non-competitive case, which is the generalized case. 

B. Two-step mechanism, mixed non-competitive 
inhibition (Scheme 11) 

We assume that S >> Eo and I >> Eo, and that at  zero time there is a rapid 
equilibrium among E, S, I, ES, EI and ESI. So, 

where ET is the total concentration of non-inactivated enzyme (E) and Eo 
the total concentration of enzyme. Then, 
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(Eo) = (ET) + (P) + (E*I) + (E*SI) (B.6) 

Combining equations (B. l)-(B.6), 

The differential of non-inactivated enzyme (E,?) is given by the equation: 

-- d ( E T )  = k3(ES)  + k ( E I )  + k'(ESZ) = A [ & - ]  (B.lO) 
dt 

where, 

( B . l l )  

Integration of equation (B. 10) leads to equation (B. 12) which gives the non- 
inactivated enzyme concentration at any time t, 

since at zero time, ET is equal to Eo. The differential of product formation is 
given by 

- d(P) = k3(ES) = BepA' (B.13) 
dt 

where B is given by, 

(B.14) 
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By integrating equation (B.13) for time t, then 

B 
A 

[PI = - (1  - e-Ar)  (B.15) 

When t approaches infinity, the product concentration P, is given by, 

By combining equations (B.15) and (B.16) we obtain 

ln(P, - P) = lnP, - At (B.17) 

For competitive, non-competitive and uncompetitive inhibition, K: = 00, 

K,' = 00; Ki = Ki, K, = Kl, k = k'; and Ki = 00, K: = 0 in equations 
(B.11) and (B.14) respectively, and the individuals expressions are given in 
Table 11. 
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