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Abstract
The cholinesterases have been investigated in terms of the effects of methanol and ethanol on substrate and carbamate
turnover, and on their phosphorylation. It was found: 1) that at low substrate concentrations the two alcohols inhibit all three
tested cholinesterases and that the optimum activities are shifted towards higher substrate concentrations, but with a weak
effect on horse butyrylcholinesterase; 2) that methanol slows down carbamoylation by eserine and does not influence
decarbamoylation of vertebrate and insect acetylcholinesterase and 3) that ethanol decreases the rate of phosphorylation of
vertebrate acetylcholinesterase by DFP. Our results are in line with the so-called ‘approach-and-exit’ hypothesis. By hindering
the approach of substrate and the exit of products, methanol and ethanol decrease cholinesterase activity at low substrate
concentrations and allow for the substrate inhibition only at higher substrate concentrations. Both effects appears to be a
consequence of the lower ability of substrate to substitute alcohol rather than water. It also seems that during substrate
turnover in the presence of alcohol the transacetylation is negligible.

Keywords: Enzyme kinetics, carbamate, organophosphate, alcohol protection; acetylcholinesterase, butyrylcholinesterase

Abbreviations: AChE, acetylcholinesterase; BChE, butyrylcholinesterase; ATCh, acetylthiocholine; BTCh, butyrylthio-
choline; DFP, diisopropyl fluorophosphate

Introduction

The cholinesterases catalyze the hydrolysis of choline

esters in two successive steps: the first is a trans-

esterification that is known to involve acylation of

a serine residue, and the second is deacylation,

which involves a water molecule [1]. In all of the

cholinesterases, the gorge-like active site is buried at a

depth of some 20 Å within the core of the molecule

[2]. Each substrate molecule first occupies a periph-

eral binding site that comprises several residues at the

mouth of the gorge, including a tryptophan and an

aspartic acid. The substrate molecule then moves to

the bottom of the gorge [3], where the acylation site

with the catalytic triad is situated. Here, another

tryptophan forms a catalytic anionic site that interacts

with the choline moiety via cation-p interactions, and

thus accommodates the substrate in an extended

conformation. During the nucleophilic attack by an

activated serine, a second substrate molecule can

become attached to the peripheral site. Additionally,

this second substrate molecule can substitute for the

choline at the bottom of the active site prior to the

deacylation, and then the binding of a third substrate

molecule at the mouth of the gorge results in a fully

occupied cholinesterase active site [4].

The specific architecture of the active surface of the

cholinesterases allows a very high substrate turnover,

which also displays atypical kinetic behavior: at low

substrate concentrations, the activities exceed the

expected values for a Michaelian-type enzyme, and

at high substrate concentrations, varying degrees of

inhibition can be seen. Homotropic inhibition is a

consequence of at least two distinctive events: the

ISSN 1475-6366 print/ISSN 1475-6374 online q 2007 Informa UK Ltd.

DOI: 10.1080/14756360601143857

Correspondence: Jure Stojan, Institute of Biochemistry, Faculty of Medicine, University of Ljubljana, Vrazov trg 2, 1000 Ljubljana, Slovenia.
Tel: 386 0 1 5437649; Fax: 386 0 1 5437641; E-mail: stojan@mf.uni-lj.si

Journal of Enzyme Inhibition and Medicinal Chemistry, August 2007; 22(4): 407–415



binding of a second substrate molecule to the

peripheral site hinders the exit of the choline part of

the substrate which has just been cleaved [5], while the

binding of a substrate molecule to the acylated enzyme

within the active-site gorge blocks deacetylation by

sterically preventing the access of water and the exit of

the acyl part of the first substrate molecule [6]. On the

other hand, the binding of a substrate molecule to the

peripheral anionic site of the acylated cholinesterase

increases the probability of hydrolytic deacylation,

by converting an open active-site gorge into a narrow

hollow [4].

If an active-site-directed inhibitor is mixed with a

cholinesterase and its substrate in a buffer solution,

two molecules of inhibitor or substrate, or one of each,

can occupy the free or acylated enzyme. At low

substrate concentrations, competition between inhibi-

tor and substrate occurs, leading to lower enzymic

activity. At high substrate concentrations, however,

the relative potency of the inhibitor and substrate

for blocking the choline exit and the deacylation

determines how the activity is affected. As expected,

this situation is additionally complicated as different

enzymes and substrates show different rates of the

different steps in the reaction [6,7].

In the present study, we have investigated the

relationships between the acylation and deacylation

steps by comparing the effects of methanol and ethanol

on a vertebrate (electric eel), an insect (Drosophila

melanogaster) acetylcholinesterase (AChE), and also a

vertebrate (horse) butyrylcholinesterase (BChE). It

has been suggested that alcohol perturbs the structure

of water around hydrophobic areas of cholineterases,

causing an instability in the enzyme conformation and

subsequently decreasing the activity [8]. However,

alcohols may compete with the substrate for the active

site, but they could also compete or even help the water

molecule when nucleophilically attacking the esteratic

bond of the acylated enzyme. We have tested this

hypothesis by following substrate hydrolysis in the

presence of methanol and ethanol, and by studying the

effect of methanol on carbamate turnover and ethanol

on the time-course of irreversible inhibition by an

organophosphate. The possible transacetylation in the

presence of ethanol was also determined by measuring

the presence of ethyl acetate in samples of pre-

incubated reaction mixture, using time-resolved gas

chromatography.

Materials and methods

Materials

Enzyme sources. Electric eel AChE and horse BChE

were purchased from Sigma Chemicals (St Louis,

MO, USA). Enzyme concentrations were determined

by so-called pseudo-irreversible titration, according

to the procedure described previously [15],

with the calibration factors of 6.6 DA412=min

determined for 1 nM AChE and 0.4 DA412=min for

1 nM BChE. Truncated cDNA encoding the soluble

wild-type AChE of D. melanogaster was expressed

using a baculovirus system. Secreted AChE was

purified and stabilized with 1 mg/mL BSA, as

previously reported [15,16]. The concentration of

AChE was determined by active-site titration using 7-

(methylethoxyphosphinyloxy)-1-methylquinolinium

iodide, a high-affinity phosphorylating agent [17].

Chemicals. ATCh, BTCh and 2,2-bisdithio-

nitrobenzoic acid (DTNB, Ellman’s reagent) were

purchased from Sigma (St Louis, MO, USA). Eserine

was from BDH Biochemicals and DFP from Sigma.

All other reagents were of analytical grade and

purchased from a local supplier of chemical reagents.

Kinetic measurements

Substrate hydrolysis. The initial rates of

acetylthiocholine (ATCh) and butyrylthiocholine

(BTCh) hydrolysis by AChE and BChE were

measured photometrically at 412 nm, as described

by Ellman et al. [9]. The initial rate measurements

were performed at substrate concentrations from

20 microM to 50 mM in the absence and the presence

of 2.5% to 20% methanol and ethanol concentrations.

The activities were followed for 1 min after the

addition of the cholinesterases to the mixture, and

the spontaneous hydrolysis of the substrate was

subtracted. Each measurement was repeated from

two to five times. The experiments were carried out at

258C in 25 mM phosphate buffer, pH 7.0.

Eserine hydrolysis. The activities of the residual free

cholinesterase portions after various incubation

times with eserine were measured as follows. The

cholinesterase stock solutions (10 nM) were incubated

with eserine concentrations from 30 nM to 500 nM in a

buffered incubation mixture in a total volume of 0.5 ml.

After time intervals of zero to 180 min, aliquots of

the incubation mixtures were tested for residual

cholinesterase activity using the Ellman procedure [9].

The measurements were repeated in 15% methanol. All

of these measurements were carried out in triplicate.

Enzyme phosphorylation with diisopropyl fluorophosphate

(DFP). After mixing the electric eel AChE stock

solution (10 nM) with DFP (0.1 mM), the time-

course of activity of the residual free electric eel AChE

portion was followed essentially as for eserine

(see above). The loss of activity was followed in the

absence and in the presence of 10% ethanol. These

measurements were carried out in quadruplicate.
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Semiquantitative analysis for the presence of ethyl acetate

by gas chromatography. To test for the appearance of

ethyl acetate during the enzymatic hydrolysis of

actylcholine by horse BChE, head space gas

chromatography with FID was performed. Here,

equal volumes of BChE (100 pM), the substrate

acetylcholine (2 mM) and ethanol (20 vol%) were

mixed together at room temperature (248C). After time

intervals from zero to 120 min, aliqots were analyzed for

ethanol and ethyl acetate by a Hewlett-Packard HP

7694 Headspace Sampler HP 7694 (equilibration

temperature 508C, equilibration time 5 min), HP

6890 Series GC-System with packed column 0.2%

Carbowax 1500 on Carbopack CAW, 60/80 mesh and

temperature 808C. For chromatographic tests we

deliberately chose BChE because it is stable at 508C

[10]. Chromatograms of control solutions were carried

out to allow the identification of reactants and products.

Kinetic analysis

Substrate hydrolysis. The characteristic kinetic

parameters for the hydrolysis of their substrates by

different cholinesterases in the absence and presence

of methanol and ethanol were determined using the

kinetic model recently developed for the interpretation

of substrate hydrolysis and inhibition in D.

melanogaster AChE [6]. Briefly, two molecules of

substrate or of inhibitor, or one of each, were allowed

to bind simultaneously to the free or acylated enzyme.

The alcohols were treated as inhibitors, although

deacylation of the cholinesterase in the presence of

alcohol molecules at the catalytic anionic site (CAS)

was also allowed. The concentration of water was

included as a proportional factor in the corresponding

deacylation constants to compensate for the presence

of high alcohol concentrations (Table I). The modified

initial rate equation was derived and implemented

using a non-linear regression computer program (see

Appendix, A).

Cholinesterase carbamoylation. Carbamoylation of the

cholinesterases was analyzed by a simple two-

step reaction scheme, similar to that of Van Slyke

and Cullen [11]:

where E represents the free enzyme, C, eserine

(carbamate), EC, the carbamoylated enzyme, and P1,2

are eseroline and cabamoylic acid, respectively.

Since the concentrations of the cholinesterases and

eserine in the analyses were similar, it is impossible to

derive an explicit equation for the time-course of the

residual free-enzyme activity. To evaluate both rate

constants, the differential equations for this model

had to be fitted to the corresponding data, as shown

previously [12,13].

Cholinesterase phosphorylation. The phosphorylation of

electric eel AChE followed a double-exponential time-

course. Several different reaction mechanisms can

account for this behavior. The most plausible among

these are sequential or parallel mechanisms, with one

reversible step and one irreversible step. A similar

two step mechanism could also be a consequence of a

mixture of DFP and its hydrolytic product in the

sample. Indeed, the mixture of two cholinesterase

variants would also behave in this way, or a multiple

binding of DFP might convert the cholinesterase to a

more active isomer. However, in the present study, our

interest was to investigate a possible effect of ethanol

on the rate of phosphorylation, and not to determine

the exact mechanism of double inactivation of electric

eel AChE by DFP. Nevertheless, we tested these

mechanisms by fitting the corresponding equations to

the experimental data of the residual free-enzyme

portion after various times of incubation with DFP,

both in the absence and presence of ethanol. Here, a

large surplus of DFP was used, so that the analysis

could be carried out using the equation derived by

Alberty and Miller [14] (see Appendix, B). It should be

emphasized that proper interpretation of this equation

can account for all the above mentioned mechanisms.

Results

The dependence of the cholinesterase initial rates on

substrate concentration at various methanol and

ethanol concentrations are shown in Figure 1.

Although the effects of these alcohols is quite variable,

some common characteristics can be clearly seen.

First, at low substrate concentrations, both methanol

and ethanol inhibit all three of the cholinesterases

tested. Secondly, the effects of methanol and ethanol

are very pronounced with vertebrate AChE, with less

effects with insect AChE, while horse BChE is affected

very little. Thirdly, upon addition of these alcohols,

the optimum activities are shifted towards higher

substrate concentrations for the AChEs, with no

effects on the BChE. Finally, in the presence of

methanol, the optimum activities are higher than

under control conditions, while for ethanol they can

be lower (eel AChE), higher (insect AChE) or

Table I. Concentrations and proportional factors for ethanol.

Percent density ethanol[M] water[M] wat]/[wat0]

0.0 1.000 0.00 55.55 1.000

2.5 0.996 0.54 54.17 0.975

5.0 0.992 1.08 52.80 0.950

7.5 0.990 1.61 51.43 0.926

10.0 0.987 2.15 50.07 0.901

12.5 0.984 2.67 48.72 0.877

15.0 0.981 3.20 47.38 0.853

17.5 0.979 3.72 46.04 0.829

20.0 0.976 4.24 44.71 0.805
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unaffected (BChE). The kinetic parameters deter-

mined according to the initial rate equation (see

Appendix, A) are listed in Table II.

The time-course of eserine turnover by the electric

eel AChE has been analyzed previously [12,13].

Figure 2 shows the comparison between this time-

course in the absence and presence of 15% methanol

for the two AChEs (electric eel and insect), which

were substantially affected by methanol (see Figure 1).

Again, in line with the substrate hydrolysis determi-

nations, the effects of methanol are very obvious for

vertebrate AChE, and only just perceivable for the

insect AChE. Analysis of the shapes of the curves of

the time-courses of eserine turnover at approximately

equimolar concentrations with the enzyme shows a

change over the period investigated. It appears that a

sort of protection slows down the first, inhibition

portion, and also the second, regeneration portion.

Figure 1. Cholinesterase activities vs. substrate concentrations (pS curves) for electric eel and insect AChE, and horse BChE (as indicated)

in the absence and presence of various concentrations of methanol and ethanol (as indicated).
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A simple two-step analysis, however, reveals that

the carbamoylation part (k1 ¼ 2.3 þ /20.1 £ 106

M21s21) is indeed approximately 4-fold slower in

the presence of methanol (k1 ¼ 0.56 þ /20.02 £ 106

M21s21), while the decarbamoylation step is

unchanged (k2water ¼ 0.023 þ /20.002 s21 and

k2methanol ¼ 0.020 þ /20.001 s21, respectively).

Indeed, slower regeneration is expected, because the

entire eserine must be hydrolyzed by the choline-

sterase and the slowing in the first part will slow down

the whole process.

To gain further information on the mechanism

of AChE protection by ethanol, we studied the first,

acylation part of the AChE reaction by determining

the influence of ethanol on electric eel AChE

phosphorylation by DFP. The curves in Figure 3

show the time-course of residual AChE activity after

various incubation times with 0.1 mM DFP, both in

the absence and presence of 10% ethanol. It should

be stressed here that both of these curves are double

exponential (see inset in Figure 3), and that both of

the rate constants are approximately 3-fold slower

in the presence of 10% ethanol. The overall pseudo

first-order rate constant m1 decreased from

0.0145 þ /20.041 s21 to 0.00638 þ /20.00097 s21,

and the overall pseudo first-order rate constant

m2 decreased from 0.00225 þ /20.00035 s21 to

0.000807 þ /20.000064 s21.

Finally, a possible transacetylation in the presence

of high alcohol concentrations in a cholinesterase

Table II. Kinetic constants for the cholinesterases in the presence

of substrate, methanol and ethanol according to the scheme given in

Appendix.

EeAChE

þ ATCh

DromeAChE

þ ATCh

HorseBCHE

þ BTCh

Methanol

Ethanol

Methanol

Ethanol

Methanol

Ethanol

Kp [M] 0.0014 0.00017 0.0014

KL 0.0322 4.17 0.26

KLL 3.65 179 134

k2 1/s 17546 53465 3517

k3 1/s 13497 395 667

a 4.15 3.44 3.8

b 0.26 0.05 0.6

Kip [M] 0.38 2.41 0.67 0.41 1.65 0.18

KiL 1.85 0.27 4.48 56.8 1.01 16.6

KiLL 0.67 0.06 4.48 56.8 0.76 13.2

C 1 1 1 1.35 1 1

D 1 1 1 0.23 1 1

E 1 1 1 1 5.28 3.55

F 1.86 0 1.85 10.85 5.28 3.55

G 3.52 3.35 7.27 15.4 2.25 4.0

Figure 2. Time-courses of acetylcholinesterase inhibition by eserine. A. Electric eel AChE. B. Drosophila melanogaster AChE.

Inhibition and protection of cholinesterases 411



reaction was investigated by mixing horse BChE

with acetylcholine in a buffer solution containing

20% ethanol. Aliquots were analyzed by gas

chromatography immediately and after various

incubation times. Figure 4 shows selected sweeps

performed under several conditions. Here, it can be

seen that under these conditions acetylcholine

(Figure 4C) is partially non-enzymatically converted

into ethyl acetate, but only after 2 hours of

incubation with ethanol (Figure 5E). In the presence

of the BChE, however, some acetylcholine is

immediately hydrolyzed (compare Figure 4C and

Figure 4D), and the concentration of ethyl acetate

after a 2-hour incubation is much lower than in the

absence of the BChE (compare Figure 4E and

Figure 4F).

Discussion

Cholinesterases convert their substrates at very high

rates. Depending on the source of cholinesterase,

the turnover number is between one thousand and

ten thousand per second. This is achieved through

a highly adapted active site, which is buried

deep inside the molecule. Consequently, a substrate

molecule that collides with the enzyme is conducted

very rapidly towards the catalytic triad by two-

dimensional surface diffusion, where the cleavage

takes place within a few vibration cycles. Similar

events occur when a water molecule regenerates the

enzyme. However, the buried active site can also

have some disadvantages, and the most distinctive of

these is inhibition by excess of substrate. This can

occur as a result of impaired traffic upon the

subsequent approach of a second substrate molecule,

before the preceding hydrolytic products have left

the gorge. Our results here suggest that alcohol

molecules can interfere with precisely these pro-

cesses. They hinder the substrate molecules when

they approach the active-site gorge, and in this way

decrease the enzyme activity; however, they also

compete with the substrate when it obstructs its own

turnover. These effects are seen as inhibition at low

substrate concentrations and a shift in the optimum

and the substrate inhibition towards higher substrate

concentrations. Moreover, the optimum can be

increased or reduced, and again this depends on

the source of the enzyme and the size of the alcohol;

while the smaller methanol molecule increases the

optimum in all of the three cholinesterases tested

Figure 3. Time-courses of electric eel AChE inhibition by 0.1 mM DFP in the absence and presence of 10% ethanol. Inset:

semilogarithmic plot.
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Figure 4. Gas chromatograms of various mixtures of ethanol, acetylcholine, cholinesterase, ethyl acetate and sulfuric acid: A) the remaining

ethanol from the previous run þ ethyl acetate (20%); B) sodium acetate (2 mM) þ ethanol (20%) þ sulfuric acid (2 mM); C) ethanol

(20%) þ acetylcholine (50 mM); D) ethanol (20%) þ acetylcholine (50 mM) þ cholineterase (,1 nM); E) ethanol (20%) þ acetylcholine

(50 mM), after a 2-h incubation; F) ethanol (20%) þ acetylcholine (50 mM) þ cholineterase (,1 nM), after a 2-h incubation.
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(Figure 1), the larger ethanol molecule reduces it in

the vertebrate AChE, increases it slightly in the

insect AChE, and has no influence on the optimum

of the horse BChE. The uniform effect of methanol

and the diverse effects of ethanol might not be a

surprise. It is the size of ethanol that allows it to fit

into the gorge to prevent the entrance of substrate

into the best adapted electric eel AChE, while the

predominant effect is on the approach of the

substrate to the insect AChE, the enzyme with the

most pronounced peripheral site. On the other hand,

the active-site gorge of the horse BChE is larger,

more open and, due to the lack of a tryptophan,

with a less defined peripheral site. The approach of

the substrate is thus more chaotic, and the products

are less efficiently hindered upon their exit, even by

very high substrate concentrations.

To verify this ‘approach and exit’ hypothesis, we

investigated the effects of methanol on the turnover

by the vertebrate and insect AChEs of the related

carbamate, eserine. This powerful inhibitor can

actually be treated as a true substrate, but with a

slow carbamoylation, i.e. the inhibition step, and a

very slow decarbamoylation, i.e. the regeneration

process. Therefore, this allows the hydrolysis of

eserine to be followed through its entire course, until

completion. Although it might appear at first glance

from Figure 2 that the inhibition (roughly, the

downward parts of the curves) and regeneration (the

upward parts of the curves) are equally delayed in

the presence of 15% methanol, the determination of

the corresponding rate constants revealed a 4-fold

slower carbamoylation, with decarbamoylation being

unaffected. Moreover, approximately the same

delays were also measured in the phosphorylation

of electric eel AChE by DFP in the presence of 10%

ethanol (Figure 3). It therefore appears that the only

reasonable explanation for these findings is a

protection of the AChE by these alcohols towards

the attack by acylating agents. Since the reaction

mechanism is essentially the same for the fast-

converting substrate, our interpretation of the

information in Figure 1 appears appropriate.

Finally, to determine directly the possible effects of

ethanol on the chemical steps in the reaction

mechanism of the cholinesterases, we compared a

possible accumulation of ethyl acetate following the

putative enzymatic ethanolysis of acetylcholine with

the spontaneous process and with the process in the

presence of sulphuric acid. Figure 4 confirms that

without sulphuric acid, the equilibrium is very

unfavorable for the ‘synthesis’ of ethyl acetate, and

that the so-called transacetylation in the presence of

ethanol is negligible. This, in turn, suggests that the

deacylation step of the enzyme with the ethanol mole-

cule at the catalytic anionic site (see steps ek3, fk3 and

gk3) allows for productive water accommodation and

product exit, rather than enzymatic (m)ethanolysis.
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A. The reaction scheme for substrate hydrolysis by

the cholinesterases in the presence of an inhibitor
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that competes at the catalytic site and the peripheral

anionic site. The inhibitor is assumed to be small, so

that all of the acylated enzyme species that include this

inhibitor in the active site can yield products.

The derived initial rate equation using mixed

equilibrium and steady-state assumptions is as

follows:

v ¼
kcat½E�0½S�

½S� þKm

where

kcat ¼
k2k3

k2P þ k3Q

Km ¼

k3KpKL 1þðIÞ
KI

þ ðIÞ
KIKiL

þ ðIÞ2

K2
I
KiL

� �

1þb½S�
Kp

þd ½I�
KI

k2P þ k3Q
and

P¼

1þ½S�
Kp
þ ½S�

KpKLL
þ ½S�2

K2
pKLL

þ ½S�½I�
KpKLLKI

þ½I�
KI
þ ½I�

KIKLL
þ ½I�2

K2
I K iLL

þ ½S�½I�
KpKIKiLL

1þa½S�
Kp
þc ½I�

KI
þe ½I�

KIKiLL
þf ½I�2

K2
I KiLL

þg ½S�½I�
KpKIKiLL

Q ¼
1 þKL þ ðSÞ

Kp
þ ðIÞ

KI
þKL

ðIÞ
KIKiL

1 þ b ½S�
Kp

þ d ½I�
KI

B. The following general reaction scheme can be

used to describe data of residual enzyme activities after

various times of incubation with surplus concen-

trations of DFP, both in the absence and presence of

ethanol:

This scheme represents mechanism 10 in reference

12. The corresponding equation is:

Et ¼ C1e
m1t 2 C2e

m2t

where Et represents the activity at any time, C1 and C2

are complex constants that are composed of the

corresponding mechanism-specific rate constants

and initial enzyme activities, and m1 and m2 are

mechanism-specific combinations of rate constants

(for details see Equations 11–14 in ref. [12].

Inhibition and protection of cholinesterases 415


