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The mechanism of the interaction of eserine with butyrylcholinesterase has been proposed only on 
the basis of analogy with acetylcholinesterase. Here the interactions was studied in detail and the 
results analysed by classical kinetic methods and by means of mathematical modelling. An appropriate 
kinetic scheme was developed, an adequate equation derived and the corresponding kinetic parameters 
evaluated. The findings suggest that a fast but relatively weak binding of eserine to the enzyme's 
active site is followed by a slow acylation step and by an even slower rate limiting deacylation step 
so misrepresenting eserine as an irreversible inhibitor. The proposed kinetic scheme also suggests 
that the reaction of eserine with a peripheral substrate site is unlikely as seen with the substrate, 
butyrylthiocholine. 

Kevwords: Butyrylcholinesterase; eserine; pre-steady state; stopped-flow; modelling. 

INTRODUCTION 

Eserine, primarily known as a potent competitive inhibitor of cholinesterases has 
also been considered a poor substrate of these enzymes and its interaction with 
cholinesterases was shown to obey classic Michaelis-Menten kinetics. 1-3 

Eserine 

*Correspondence. 
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The rates of complex formation, acylation and deacylation of the enzyme 
however, are such that relevant kinetic data cannot be exactly determined by standard 
dilution experiments in which the remaining activity of cholinesterases, after various 
preincubation times with eserine, is determined by following the hydrolysis of a 
suitable substrate. In such dilution experiments, the required concentrations of 
eserine due to its apparently high aflinity for the enzyme are so low that the 
depletion of eserine must also be considered. Such a mechanism which includes 
the depletion of not only the enzyme but also of the ligand is described by the 
system of non-linear differential equations for which no explicit solution could be 
~bta ined .~  The depletion of eserine can be avoided, however, by using higher eserine 
concentrations. This leads to higher reaction rates, but by using a stopped-flow 
apparatus these high reaction rates can easily be followed in the presence of a 
suitable substrate. 

The interaction of eserine with acetylcholinesterase has been elucidated and also 
quantitatively characterized to some extent335 by classical dilution methods. The 
interaction with butyrylcholinesterase on the other hand has been proposed only 
on the basis of analogy between the two enzymes. The present paper is concerned 
with examining the interaction of eserine with butyrylcholinesterase. 

METHODS AND MATERIALS 

The hydrolysis of butyrylthiocholine catalysed by butyrylcholinesterase was 
recorded spectrophotometrically, in the absence and presence of eserine, in a 
stopped-flow apparatus. Aliquots of two solutions, one containing the enzyme and 
the other containing the substrate, eserine and Ellman’s reagent were mixed together 
in the mixing chamber of the apparatus. The absorbance of the reaction mixture 
was recorded according to Ellman et aL6 in time-ranges from zero to 20 s and from 
zero to 1000 s. The time course of the product formation was followed, at various 
fixed concentrations of substrate (20 pm-5 mM) and at varied concentrations of 
eserine (0.2 pm-80 pm). This wide concentration ranges were chosen in order not 
to overlook a possible interaction of eserine with some other site on the enzyme, 
distinct from the catalytic site. 

Since the progress curves in the presence of eserine reveal a concave downwards 
pattern with sloped asymptotes the general equation for a slow establishment of the 
steady-state between the enzyme and a slow binding inhibitor in the presence of 
substrate was 

* [1  - e-kt] 
[us - %I 

k 
PI = v,t - 
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where P, is the product at any time (t) , u, the initial velocity, us the steady-state 
velocity and k the first-order rate constant for the transition from the initial velocity 
to the steady-state velocity. 

This equation was fitted to the experimental data by means of a non-linear 
regression program developed by Duggleby.’ 

At high concentrations of eserine and low concentrations of the substrate, another 
type of progress curves was obtained: concave downwards curves with asymptotes 
parallel to the x-axis. Equation (1) is valid also for this kind of curves, with us = 0. 

The progress curves obtained in the absence of eserine were straight lines; they 
were analysed on the basis of the model for the hydrolysis of butyrylthiocholine 
catalysed by butyrylcholinesterase at the catalytic site with substrate activation from 
a peripheral activation In this case, us = u,, and therefore Equation (1) 
becomes P, = uot. 

The fitting of Equation (1) to all experimentally determined progress curves 
resulted in three sets of values: one for u,, one for us and the third one for 
k which were analysed as described previously.8 The corresponding multistep 
a d y s i s  being dependent on the results of each particular subsequent step is 
elaborated in detail later (see Results and Discussion). On the basis of all these 
data, along with previously known  fact^,'-^!^ the most adequate model for the 
inhibition of butyrylcholinesterase by eserine in the presence of the substrate was 
constructed. For this model, the equations expressing the significance of u,, us 
and k in Equation (1) were derived. Finally, Equation (l), containing these derived 
expressions, was fitted to the experimental data. In this way, all relevant kinetic 
parameters for the model were determined. 

Experiments were done at 25°C in 23.5 mM borax-HC1 buffer solution (pH = KO), 
with total ionic strength of 0.2 M, obtained by addition of NaCl. The enzyme 
used was butyrylcholinesterase from horse serum, purchased from Worthington 
(9.3 U/mg); the concentration of the active sites in the reaction vessel, as estimated 
from the catalytic site activity (50000 min-’, 1) and the specific activity (9.3 U/mg) 
was 2 nM. Butyrylthiocholine iodide, Ellman’s reagent (5,5’-dithio-bis-nitro- 
benzoic acid) and eserine were purchased from BDH Biochemicals. All other 
materials were of reagent grade. 

RESULTS AND DISCUSSION 

Experiments in the absence and presence of eserine within the time ranges from 0 
to 20 s and from 0 to 1000 s resulted, for each time range, in six sets of progress 
curves for six various concentrations of the substrate, each set containing the data 
in the absence of the inhibitor and the data for nine concentrations of eserine. 

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/
17

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



202 J. STOJAN and M.R. PAVLIC 

I 

FIGURE 1 Progress curves for the hydrolysis of butyrylthiocholine catalysed by butyrylcholinesterase 
in the absence and presence of eserine. x-axis represents the time from 0 to 20 s and y-axis the 
concentration of product from zero to 735 nM (corresponding to the absorbance difference of 0.01 units). 
The final concentrations of eserine were: 0 pM, 0.125 pM, 0.25 pM, 0.5 pM, 1 pM, 3 pM, 5 pM, 
10 pM, 30 pM and 80 pM. The concentrations of butyrylthiocholine were A (50 pM), B (0.125 mM), 
C (0.25 mM), D (0.5 mM), E ( 1  mM) and in F (5 mM). The arrows in each picture show the direction 
of increase of eserine concentration. The drawings on the figure are reproductions from the original 
hardcopies performed by a stopped-flow apparatus. 

Figure 1 shows the progress curves in the time range from 0 to 20 s for all six sets. 
It can be seen from this figure that curves representing the process in the presence of 
eserine lie under the corresponding curve in its absence. This indicates the existence 
of a fast phase in the inhibition of butyrylcholinesterase by eserine. Besides, with 
increasing concentrations of the substrate the initial velocities in the curves obtained 
in the presence of eserine gradually approach the lines obtained in its absence and 
finally become indistinguishable, suggesting a complete displacement of eserine 
by the substrate and so a competitive type of inhibition in this fast phase. 

There is another clearly visible characteristic as seen in Figure 1: all curved lines 
are concave downwards. This finding indicates the beginning of another inhibition 
phase, a slow one. 

Indeed, when the reaction process is followed at longer time intervals the slow 
phase becomes evident. Such a set of progress curves in the time range of 0 to lo00 s 
is shown in Figure 2, from which it can be seen that the curves, after a certain time 
period, become straight lines. The shapes of the progress curves in Figure 2 can be 
classified into three types: straight lines in the absence of eserine (the uppermost 
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FIGURE 2 Progress curves for the hydrolysis of butyrylthiocholine catalysed by butyrylcholinesterase 
in  the absence and presence of eserine. x-axis represents the time from 0 to lo00 s and y-axis the 
concentration of product from 0 to 14.7 pM (corresponding to the absorbance difference of 0.2 units). 
The final concentrations of eserine were: 0 pM, 0.125 pM, 0.25 pM, 0.5 pM, 1 pM, 3 pM, 5 pM, 
10 pM, 30 pM and 80 pM. The concentrations of butyrylthiocholine were: A (50 pM), B (0,125 mM), 
C (0.25 mM), D (0.5 mM). E ( 1  mM) and in F (5 mM). The arrows in each picture show the direction 
of increase of eserine concentration. Dotted curves in each picture are reproductions from the original 
hardcopies performed by a stopped-flow apparatus; solid curves are theoretical, representing Equation ( 1 ) 
in which the parameters u,, u , ~  and k were substituted with Equations ( 2 4 )  respectively, and the 
corresponding constants taken from Table I. (For details see text). 

curves in each drawing), concave downward curves with sloped asymptotes, and 
concave downwards curves with asymptotes parallel to the x-axis. The straight 
progress curves in the case without eserine are expected, since it is known that 
the formation of steady-state in the reaction between butyrylcholinesterase and 
butyrylthiocholine is too fast to be recorded on a stopped-flow apparatus.' In the 
concave downward progress curves the curvature represents a pre-steady-state while 
the slope of the asymptotes reflects the steady-state of the slow phase.' The existence 
of the curves with sloped asymptotes reflects the catalytic decomposition of eserine. 
On the other hand, the appearance of the curves with asymptotes parallel to the 
x-axis indicates a long lasting complete saturation of the enzyme with eserine at 
relatively high concentration of the inhibitor. 

In order to quantify these findings, Equation (1) was fitted to the experimental 
data in the progress curves from Figure 2 (dotted curves). The results are given in 
Figure 3 which shows the dependence of the three parameters in Equation (1) (uo, 
us and k) on the concentration of eserine at various concentrations of the substrate. 
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FIGURE 3 Dependence of the parameters up (A), u,, (B) and k (C) on the concentration of eserine 
at various concentrations of butyrylthiocholine: 1 (50 pM), 2 (0.125 mM), 3 (0.25 mM), 4 (0.5 mM), 
5 ( 1  mM), 6 (5 mM). The points represent the values of the three parameters, obtained by fitting each 
individual progress curve in Figure 2 to Equation ( 1 ) .  The curves in each picture are theoretical; they 
were calculated. The curves from Equations (2-4) using the corresponding constants in Table I. 

Referring to the fast inhibition phase (Figure 3A) a competition between 
butyrylthiocholine and eserine cannot be recognized as expected? since none of the 
curves falls to zero. Experiments at higher eserine concentrations could provide a 
clearer picture but, unfortunately, the maximum solubility of eserine was reached in 
the experiments described here. However, the double reciprocal plots constructed 
from the same data are indicative (Figure 4). In accordance with the mechanism of 
substrate activation the plots are non-linear, but it can be seen that at high substrate 
concentrations the experimental points converge at one point on the y-axis and that 
at low substrate concentrations the extrapolations also give lines intersecting on the 
y-axis. This corresponds to a competitive type of inhibition in this fast 

The steady-state velocity ( u s )  is dependent on the concentration of eserine 
at various substrate concentrations since it can be seen that with increasing 
concentration of inhibitor the enzyme activity decreases to zero at all tested substrate 
concentrations (Figure 3B). This indicates a complete displacement of the substrate 
by eserine and suggests a competition between the two ligands at steady-state 
conditions.8 

The diagnostic plots" (Figure 3C), shows concave downward dependence of 
the overall first order rate constant (k) on the concentration of eserine. Such a 
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0 1/ (Butyrylthiocholine) (mM .’) 20 

FIGURE 4 Double reciprocal plots for the instantaneous phase of the inhibition of cholinesterase by 
eserine. u, represents the initial velocity of the product formation. The concentrations of eserine were 
I (0 pM),  2 (0.5 pM),  3 ( 1  pM), 4 (3 pM), 5 ( 5  pM), 6 (10 pM), 7 (30 pM) and 8 (80 pM). The 
curves in the drawing are theoretical; they were calculated from Equation (2) using the corresponding 
constants in Table I. (For details see text). 

dependence is expected with the mechanisms where saturation of a ligand binding 
sites occurs.12 

All these results can be associated into a mechanistic model which describes the 
investigated reaction between butyrylcholinesterase and eserine in the presence of 
substrate: 1,3 

SCHEME 1 

The symbols in this scheme represent: E the enzyme, E S  the complex between the 
enzyme active site and the substrate, SE the complex between the enzyme peripheral 
site and the substrate, S E S  is the substrate-enzyme-substrate complex, P the 
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product, C eserine, EC the complex between the enzyme active site and eserine, 
EC' the acylated i.e. the carbamoylated enzyme, S EC the substrate-enzyme-eserine 
complex, SEC' the substrate-carbamoylated enzyme complex and C', C" the 
hydrolytic products of eserine. K,, K I  to K5 are the corresponding dissociation 
constants and kl to k3 the corresponding rate constants; a, b and care proportionality 
factors. 

For this model, the quasi-equilibrium assumption for instantaneously forming 
c ~ m p l e x e s ~ ~ ~ ~ ~ ~ '  '*12 gives the following significance to the initial velocity, vo, in 
Equation ( 1 ) :  

where the symbols have the same meaning as explained above. 

following expression for the significance of the steady-state velocity, us : 
The combined quasi-equilibrium and steady-state a s ~ u m p t i o n s * ~ ~ * ' ~ ~ ' ~  give the 

In this equation, k represents the overall first order rate constant for the transition 
from the initial velocity to the steady-state velocity; its significance, is represented 
by the following equation (cf. references 5,11,12): 

Substituting these three expressions (Equations (24) )  for the parameters vo, v,% 
and k in Equation (l) ,  this equation becomes the specific equation for the model in 
Scheme 1 .  It describes the time course of product formation in the reaction between 
butyrylcholinesterase and butyrylthiocholine in the absence and presence of eserine. 

If the model is appropriate, the specific equation with the corresponding kinetic 
constants and independent variables should be able to describe all progress curves 
in Figure 2 simultaneously. Therefore, the parameters of the specific equation were 
fitted to the data for each of the six sets of progress curves in Figure 2. Since 
there were eleven kinetic parameters to be determined, rather good first estimates 
were needed. So, the determination of the first estimates were performed in three 
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TABLE I Characteristics constants from the action of eserine on butyryl- 
cholinesterase in the presence of butyrylthiocholine according to Scheme 1. 

0.196 f 0.012 
17.5 f 1.9 

2.22 f 0.66 
0.143 f 0.03 
1.45 f 0.25 
0.29 f 0.15 

0.0482 f 0.0057 
0.000119 f 0.000043 

1.12 f 0.07 
1.57 f 0.35 
1.13 f 0 . 2 0  

mM 

PM 
mM 
mM 

mM 
mM 

1 Is 
1 /s 

The values in the table are the means of the six representations for each constant, obtained 
by direct fitting of each of the six sets of progress curves in Figure 2 to Equation ( 1 )  
which the parameters u,, u, and k were substituted with Equation (24 ) ,  respectively. 
(For details see Results and Discussion). 

consecutive steps, using previously determined kinetic constants as non-fitting 
parameters in the subsequent step:' the three equations for the dependence of the 
parameters uor us and k on the concentration of eserine (Equations ( 2 4 ) )  were 
fitted to the corresponding points in Figure 3A-C. 

The result of the complete procedure is presented in Table I, and in Figures 2 4  
in the form of theoretical curves through experimental points. A comparison of 
the curves with the corresponding points along with small values of the standard 
deviations of all constants in Table I strongly indicate the consistency of the 
constructed model with performed experiments. 

One could argue at this point that an interaction of eserine with a peripheral 
binding site on the enzyme is possible. Such an interaction cannot be ruled out, 
but is evidently not operative in our experiments, although they were performed 
with a very wide concentration range. Moreover, the simultaneous fit of the specific 
equation for the constructed model to all experimental data, and the agreement of 
the theoretical curves with these data, provides another evidence of the adequacy 
of the proposed model. l 3  
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