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Ethanol is commonly used to extract and dissolve insecticides acting as inhibitors of acetyl- 
cholinesterase (EC 3. I .  I .7). Here, experiments were undertaken to investigate the influence of 
solvent on the reaction and inhibition of the enzyme from Drosophila melanogaster. Ethanol (up 
to 20% by volume) is shown to induce a dramatic reduction of the affinity of acetylcholinester- 
ase for the acetylthiocholine iodide substrate and all the edrophonium chloride, paraoxon ethyl 
and propidium diiodide inhibitors, with little influence on the rate constants. Taken together, 
these results point to a main perturbation of active-center related components involved in the 
formation and/or stability of Michaelis complexes. Inactivation and ligand-stabilization studies 
of acetylcholinesterase activity further indicate the occurrence of specific 'conformational 
scrambling" at catalytic and regulatory sites. It is proposed that ethanol affects the enzyme 
reactivity by modifying the conformation of the aromatic gorge containing the active centre and 
hence, interactions involved in the molecular recognition of substrates and ligands. 
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I26 F. ORTEGA et a/. 

INTRODUCTION 

Acetylcholinesterase (AChE, acetylcholine hydrolase, EC 3.1.1.7) plays a 
key role at cholinergic synapses. where it rapidly terminates the influx trans- 
mission by catalyzing the hydrolysis of the neurotransmitter acetylcholine 
(ACh). AChE is a serine hydrolase that possesses a bipartite active center 
composed of the catalytic site and the anionic site, though misnamed, in- 
volved in binding of the choline moiety.'-' Solution of the three-dimen- 
sional structure of AChE revealed that its active site is buried 20 A from the 
enzyme surface at the bottom of a deep and narrow cavity. This cavity was 
named 'the aromatic gorge', since its surface is lined predominantly by rings 
of 14 conserved aromatic residues.lS6 Due to asymmetric distribution, AChE 
displays a large dipole moment aligned along the aromatic gorge, which 
would provide guidance of positively charged ion into the gorge towards the 
active site.' In addition, AChE has been found to be composed of a peri- 
pheral anionic site (PAS), which is located at the entrance of the active-site 
gorge, 9 A  remote from the active center. PAS has been implicated in the 
transfer of the substrate to the active site,8" in ionic strength monitoring' 
and in substrate inhibition." The AChE reaction involves three main forms 
with respect to the active centre: the free, the reversible Michaelian complex, 
and the acetylated enzyme whose deacylation regenerates the free enzyme. 
As a key enzyme in neuromuscular transmission, AChE has been a primary 
target for the blockage of synaptic events, which has led to the development 
of nerve agents and insecticides. 

Two main classes of AChE inhibitors have been used as insecticides: 
carbamates, and organophosphates which are both competitive analogues 
of the substrate.l'.12 The insecticides react rapidly and irreversibly with 
AChE by phosphorylating or carbamoylating the active site Ser-203(276)13 
within the esteratic center. Phosphorylation or carbamoylation of the 
active-site serine blocks the hydrolysis of the neurotransmitter acetylcholine 
and hence, causes death. Tntensive use of organophosphate and carbamate 
insecticides during the past thirty years have lead to many ecotoxicological 
problems, resulting in the exposure of wildlife to hazardous chemicals. 
Indeed, since cholinergic transmission is well conserved, these compounds 
are also potentially toxic for all animals. In response to the need to monitor 
the levels of these insecticides in waters and agricultural run-offs, an advan- 
tageous alternative for rapid, sensitive and specific detection of organophos- 
phates and carbamates emerged based on the determination of these 
insecticides using free or immobilized AChE.I4-lK Yet. many organophos- 
phates and carbamates used as anticholinesterases are insoluble in water 
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REACTIVITY OF AChE WITH ETHANOL 127 

and polar solvents are usually required to dissolve them and to study their 
inhibition of AChE in vitro. The presence of solvents for the extraction and 
the concentration of the insecticides is likely to alter the enzyme properties 
and this remains a main drawback in such a biological approach. 

In order to facilitate a better insight into the solvent-induced modifica- 
tions of AChE together with the design of operating conditions for the 
increased efficiency of AChE, the purpose of t h s  work was to determine the 
effect of a water-soluble solvent, ethanol, on Drosophila AChE. This 
solvent/enzyme system appeared the most suitable due to the fact that, 
(1) ethanol is commonly used to dissolve the highly hydrophobic organo- 
phosphates and carbamates and, (2)  Drosophila AChE has been shown to 
provide a good model for studying adaptation of eucaryotes to agricultural 
and medical pests” in addition to showing the best sensitivity to the insecti- 
cides. The systematic evaluation of the effects of alcohol on AChE is not an 
easy task, due to the occurrence of enzyme instability, solvent-induced 
dielectric effects and nucleophilic competition of alcohol with water for 
enzyme deacylation during So far, the investigation of ethanol 
action on cholinesterase reactivity has been restricted to either activity stud- 
ies of AChE-low alcohol concentration systems i.e. < 1% by or 
to alcoholysis competition Only a few attempts have been made 
to analyze the reaction of AChE with substrates or ligands upon exposure to 
appreciable amounts of ethanol. In previous studies, R~nzan i* ’ ,~~  showed 
an apparent competitive effect between the substrate or the activecentre 
selective inhibitor, neostigmine and the water-soluble organic solvent for 
binding to the enzyme. However, a definite conclusion has not yet been 
drawn, leaving several questions unanswered. Is the competition observed 
between ethanol and substrate to be ascribed to the protic nature of the 
solvent i.e. nucleophilic competition or to the exclusion of substrates and 
ligands from active sites by the solvent molecule, or both? Does the altera- 
tion of the enzyme reaction also result from a solvent effect at sites distinct 
from the active-center such as PAS involved in the enzyme allosteric regula- 
tion? What is the relevance of specific ethanol antagonism of the AChE 
reactivity? Due to the complex nature of AChE catalysis, the change in its 
kinetic parameters upon exposure to water-miscible solvents allows no 
simple interpretation in terms of the structure of the enzyme-substrate com- 
plex. Still, the chemical diversity of ligands binding to AChE can be used 
advantageously to delineate distinct steps in the catalytic pathway and 
hence, the specificity of the component steps as dependent variables in the 
ethanol effect. Apart from the esteratic site, the various sites related to 
the AChE activity thus can be distinguished biochemically: edrophonium 
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128 F. ORTEGA et al. 

chloride exclusively binds to the so-called anionic subsite in the active-centre 
of AChE, whereas propidium diiodide binds preferentially to PAS.29 Both 
are aromatic cationic reversible inhibitors of the enzyme activity. 

In an attempt to further assess the effect of ethanol on the functional 
characteristics of AChE, we investigated the enzyme reaction with acetyl- 
thiocholine iodide as substrate, its corresponding inhibition by the inhibi- 
tors, edrophonium chloride and propidium diiodide, and that by the 
organophosphate paraoxon ethyl. The specificity of the effect of ethanol on 
the functional stability of AChE is also discussed. 

MATERIALS AND METHODS 

Materials 

AChE from Drosophilu melunoguster was kindly provided by D. Fournier 
(Universi te Paul Sabatier-Toulouse, France). Acetylthiocholine iodide 
(ATC), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), propidium diiodide, 
and anhydrous dibasic potassium phosphate (ACS reagent) (KHzP04) were 
all purchased from Sigmam Chemical Company. Edrophonium chloride 
was purchased from ICN. Paraoxon ethyl (o,o-diethyl o-4-nitrophenyl phos- 
phate) was obtained from Cluzeau Info Labo, France. Disodium hydro- 
genophosphate (RectapurTM) (Na2HP04) was from Prolabo (France). The 
analytical grade ethanol was kept dry over sodium. 

Buffer 

The buffer employed was 0.06 M Na2HP04/KH2P04 equilibrated at the 
appropriate pH. The presence of ethanol increased all pH values by around 
0.01 per percentage increment. The pH of the starting buffer was accord- 
ingly decreased with 0.06 M KH2P04 prior to addition of ethanol and con- 
trolled for its final value. 

Determination of the Activity of AChE 

AChE activity was evaluated at 30°C by monitoring the hydrolysis of ATC 
in the presence of 0.33 mM DTNB in 1 ml of sodium-phosphate buffer, pH 
8.0, according to the Ellman procedure.” The ATC hydrolysis reaction was 
initiated by addition of the enzyme solution to the sample cuvette. The 
increase in the reaction product was recorded for 30s at X=412nm by 
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REACTIVITY OF AChE WITH ETHANOL 129 

measuring the absorbance of 5-thio-2-nitrobenzoate formed in the reaction 
( ~ ~ ~ 2 " ~  = 13,600 M-' cm-'), using a Hewlett-Packard 8452A spectro- 
photometer. The AChE concentration is expressed as the concentration of 
the active monomer (molecular weight 71,000 Da3'). The enzyme control ac- 
tivity during assays was 0.1 pmol/min/ml at 30°C for hydrolysis of 0.7 mM 
ATC, using 3nM AChE. The measured rate was found to be proportional 
to the enzyme concentration over a wide range of enzyme concentrations. 
Experiments were carried out in either duplicate or triplicate. 

Inhibition of the Activity of AChE by Ethanol 

The activity of AChE was assayed in the absence (control activity) or pres- 
ence of various concentrations of ethanol (5-20%), as described above. 
Using a dilution method, we verified that the absorbance at X=412nm of 
5-thio-2-nitrobenzoate formed in the reaction was not modified by the pres- 
ence of the alcohol under the conditions of assays. Unless stated otherwise, 
the range used for ATC concentration (0.015-0.8 mM) allowed data to be 
analyzed according to the reciprocal form of the simplified Michaelis- 
Menten velocity equation [Eq. (I)] for up to 20%32 ethanoi: 

where K,,, and V,, refer to the substrate S overall affinity constant and 
the apparent maximal enzymatic rate, respectively. 

Reversible Inhibition of AChE Activity by Cationic Ligands 

Reaction mixtures contained ATC (0.02-0.8 mM) and edrophonium chlor- 
ide [0 (control) to 50 pM] in buffer solutions were prepared at pH 8.0 in the 
absence or presence of 5-17.5% ethanol. Similar experiments were per- 
formed with propidium diiodide [0 (control) to 50pMI in the absence or 
presence of 15% ethanol. Activity was initiated by addition of the enzyme 
solution and the product formed was determined as outlined above. Equi- 
librium reversible inhibitions were analyzed according to the reciprocal 
form of the velocity equation for a linear mixed-type model [Eq. (2)] that 
degenerates to a competitive-type model [Eq. (3)] in the case of edropho- 
nium chloride: 
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I30 F. ORTEGA ct al. 

where Ki refers to the dissociation constant of the complex formed between 
inhibitor (I)  and free enzyme (E). a( 2 1) is the coefficient that affects the Ki 
value for the formation of an unfavored ESI ternary complex. 

The Ki (propidium diiodide), in the absence and presence of ethanol, was 
determined from the replots of primary slopes obtained according to Eq. ( 2 )  
versus the concentration of propidium diiodide. In order to determine the Ki 
values and to standardize the graphic representation, data with edropho- 
nium chloride were further analyzed according to Eq. (4): 

slope( 1 / v  versus I/[S])(,)/slope(l/v versus I/[S])(,) = 1 + [ I ] / K ,  (4) 

where the value of the primary slopes from Eq. (3) in the presence of edro- 
phonium chloride (slope(l/v versus I/[ATC])(I,) were divided by that of the 
control (slope(l/v versus I/[ATC]),o,) and reported as a function of the 
inhibitor concentration at  each ethanol content. 

Irreversible Inhibition of AChE by Paraoxon Etbyl 

E.xperirnenfa1 profocol Into disposable glass test tubes was added 2ml of 
an aqueous solution of ethanol at the desired concentration (none for 
regular irreversible inhibition or 5%- 15% in the sodium-phosphate buffer 
adjusted to pH 8.0 as described above) and in the absence or presence of 
cationic ligands at the appropriate concentration (see figure legends). The 
mixture was preheated to 30°C. Irreversible inhibition of AChE by para- 
oxon ethyl (0.03-20pM) was then started by the addition of the enzyme 
solution so as to reach an enzyme concentration of 25-50nM during the 
subsequent period of incubation. This was taken as zero-time for the inhibi- 
tion. Controls for correction of the solvent-induced inactivation of AChE 
contained no organophosphate. Each sample was then immersed into a 
thermostatically controlled bath maintained at 30°C and regular time inter- 
vals, homogeneous aliquots (100 pl) were withdrawn from the incubation 
mixture and the enzyme activity was recorded for 30s in 1 ml of sodium- 
phosphate buffer, pH 8.0 at 30°C containing 0.7 mM ATC and 0.33 mM 
DTNB as described above. Similar experiments were carried out in the pres- 
ence of I00pM edrophonium chloride or propidium diiodide. where the 
zero-time inhibited activity was taken as the reference value for either inacti- 
vation or covalent inhibition. Experiments were performed in duplicate 
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REACTIVITY OF AChE WITH ETHANOL 131 

using twelve data points for each condition. The inactivation rate of AChE 
by ethanol was found to be independent of protein concentration within a 
concentration range of 10-200nM. HPLC analysis ako indicated that the 
presence of ethanol in the assays does not modify the chemical structure of 
paraoxon ethyl under our conditions (unpublished). 

Data analysis Data for ethanol inactivation of the enzyme were ana- 
lyzed by a general two-exponential factor model where it was assumed that 
each exponential term represents an independent, potentially active form of 
the enzyme following first-order inactivation kinetics. The residual enzyme 
activity was expressed according to Eq. (5a): 

where Eo is the initial enzyme activity at time-zero, E is the enzyme activity 
at any time t in the inactivation process, and kl and k2 are the inactivation 
rate constants of the native EO form. A l  and A2 represent the correspond- 
ing labile and stable fractions of the initial enzyme activity. A non-linear 
regression program (DeltaGraph@ h03) was used to estimate the kinetic 
parameters. 

Except for the experiment at 15% ethanol in the absence of cationic 
ligands, all covalent-inhibition kinetics followed a pseudo-first order model 
i.e. E/Eo = eCkobf, with kobs corresponding to the observed overall inactiva- 
tion rate constant for the native enzyme (Eo). The corresponding kobs at 15% 
ethanol without reversible ligands was taken as the kobs, inactivation rate 
constant for the labile fraction in Eq. (5b) equivalent to Eq. (5a): 

All data were then analyzed according to the generally accepted mecha- 
nism of inhibition of AChE by organophosphate insecticides, as described 
by Aldridge,33 taking the corresponding control rate (k,) into account to 
determine the k, bimolecular rate constant for paraoxon ethyl [Eq. (6)]: 

I/(k,b, - k l )  = [Paraoxon ethyl]/k, + Ilk2 ( 6 )  

All the plots fitted by Eq. (6) satisfied a linear relationship (0.973 < R2 < 
0.996). suggesting that the restricted Aldridge model i.e. the covalent inhib- 
ition of AChE by paraoxon ethyl is quasi-irreversible, holds true under all 
experimental conditions. 
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132 F. O R T E G A  et of. 

RESULTS 

Effect of Ethanol on the AChE Activity 

The hydrolysis of ATC by AChE was determined at fixed concentrations of 
ethanol (from 0 up to 20%) as a function of ATC concentration ranging 
from 0.0 15 to 0.8 mM at pH 8.0 where the enzyme reaction can be described 
by the general Michaelis-Menten scheme. In agreement with previous 
observati~ns,”.’~ substantial amounts of ethanol causes a dramatic decrease 
in the activity of AChE. As shown in Figure lA, the double-reciprocal plots 
of the reaction rate versus ATC concentration were linear up to 20% etha- 
nol. Analysis of the straight-line plots shows a common intercept on the 
( 1iv)-axis. indicating that the apparent V,,, is not affected by ethanol. The 
values of the apparent K, (ATC) affinity constant were calculated from 
the slopes according to Eq. ( I )  (Table I). The AChE-catalysis of ATC 
hydrolysis is well-known to involve allosteric interactions between PAS and 
the enzyme active-center. One of the characteristics of allosteric modulation 
is substrate inhibition due to additional binding at  PAS. Therefore, we also 
investigated the enzyme behavior over a wide range of substrate concentra- 
tion (0.015-75mM ATC), where ATC inhibition can be detected. Under 

~~ 

A none 
0 ErOH 0.050 (v:vl - EiOH 0 100 lv:u) 

A EtOH 0 2 0 0  (v!v) 

X EtOHO.l?5lv/vl 
0 EiOH 0. I50 (v iv )  

0 EtOHO.l75(v/v) 

F I G U R E  I 
0 . 8 m M )  at various concentrations of ethanol. pkl 8.0 and  30°C. [ A C h E ] = 3 n M .  ( B )  
Concentration dependency of ATC hydrolysis by A C h E  over a wide range of substrate 
(0.015 7 5 m M )  in the absence and presence of ISo/O (by volume) ethanol. [ A C h E ] = 3 n M .  

(A)  Lineweaver Burk plots of the AChE-catalyzed hydrolysis of ATC (0.015 
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REACTIVITY OF AChE WITH ETHANOL 133 

TABLE I Calculated affinity constants of Drosophila AChE for 
hydrolysis of ATC and binding of edrophonium chloride in the 
presence of various concentrations of ethanol. The corresponding 
Ki (propidium diiodide) values were 0.05 and 5.9pM in the 
absence and presence of 15% ethanol, respectively 

EtOH% K ,  (ATC) (pM) K, (edrophonium chloride) (pM) 

0.0 40.7 
5.0 41.4 

10.0 53.3 
12.5 60.8 
15.0 111.8 
17.5 121.1 
20.0 170.7 

2.7 
5.7 
5.6 

10.5 
19.5 
29.3 

these conditions, Drosophila AChE clearly displays a non-Michaelian com- 
ponent (Figure lB), in agreement with previous findings. In the presence of 
15% ethanol, the observed substrate inhibition at concentrations up to and 
above 1 mM ATC is reduced, indicating that the organic solvent addition- 
ally affects the binding of the substrate molecule to PAS on the enzyme. The 
fact that 15% ethanol also antagonizes the binding of the PAS-selective 
inhibitor, propidium diiodide to AChE, as seen by the decrease of the Ki 
(propidium diiodide) dissociation constant value (cf. Table I), confirms the 
occurrence of modulations at PAS due to solvent effect. 

Effect of Ethanol on the Inhibition of the Activity of 
AChE by Edrophonium Chloride 

If K ,  values mostly reflect the association of the enzyme with ATC, the 
observed decrease in the overall affinity of AChE upon exposure to ethanol 
would similarly result in a decrease of the affinity for substrate analogues. 
In order to better establish a fundamental distinction between the binding of 
substrates and the kinetic properties of AChE, we investigated the effect of 
ethanol on the inhibition of the activity of AChE (measured in the Michaelis 
region) by fixed concentrations of edrophonium chloride. In pure water 
medium, edrophonium chloride exhibits a competitive pattern of inhibition 
(Figure 2A) in agreement with the facts that, (1) inhibition mainly corre- 
sponds to binding of the ligand to the free enzyme and, (2) inhibitor associa- 
tion with the acetylenzyme, if it were to occur, is kinetically silent. In the 
presence of up to 17.5% ethanol, data still fit well to a common intercept 
on the (l/v)-axis (Figure 2B) indicating that the basic enzyme kinetics of 
edrophonium chloride as a competitive inhibitor are not affected by the 
solvent within the range tested for the AChE reaction. The values of the K ,  
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8 wsmophoanne .chbride A 
0 2.5 $4 
A 5.0 @ 
0 7.5 $4 

0 1 0 2 0 3 0 4 O S O  

I/[ATC] mM" 

I 

0 1 0 2 0 3 0 4 0 5 0  

FIGURE 2 Lineweaver-Burk plots of the AChE-catalyzed hydrolysis of ATC (0.02- 
0.8mM) at several fixed concentrations of edrophonium chlonde, pH 8.0 and 30°C: (A) in 
pure water medium, [AChE]=3nM, (B) in the presence of 17.5% (by volume) ethanol, 
[AChE] = 7.5 nM. 

(edrophonium chloride) dissociation constant as a dependent variable of 
solvent effect were determined from the replots of primary Lineweaver- 
Burk slopes versus the concentration of edrophonium chloride according 
to Eq. (4) which allows direct analysis of the net influence of ethanol on 
the association between inhibitor and free AChE (Figure 3). Table I shows 
the decrease in the inhibition efficiency of the competitive edrophonium 
chloride. 

Effect of Ethanol on the Irreversible Inhibition 
of AChE by Paraoxon Ethyl 

The organophosphate insecticides permanently block enzyme catalysis by 
phosphorylating the esteratic serine. Since this reaction does not require 
concomitant AChE-hydrolysis of ATC, the use of such anticholinesterase 
agents is convenient as a complementary approach to further explore the 
influence of ethanol at the AChE active-centre. Paraoxon ethyl represents 
well this family of compounds and has therefore been chosen to investigate 
the effect of ethanol on the covalent inhibition of AChE. In all cases, AChE 
was incubated in the absence of ATC. The residual activity of the enzyme as 
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FIGURE 3 Secondary plots of slopes of reciprocal velocity as a function of TC] at 
various concentrations of ethanol (e.g. none and 17.5% in Figure 2) versus ec.0. ionium 
chloride concentration, pH 8.0 and 3 0 T ,  as defined by Eq. (4). 

a function of the incubation time was then monitored following the addition 
of the substrate and the measurement of the initial hydrolytic rates. 

Operational stability of AChE in the presence of ethanol Prior to inhibi- 
tion studies, we examined the operational stability of AChE in the presence 
of ethanol. The enzyme displays fairly stable activity at pH 8.0 in the 
absence or the presence of ethanol concentrations up to lo%, as shown by 
the analysis of residual activity (Figure 4). However beyond this level, inac- 
tivation of AChE took place in a biphasic inactivation process followed by 
rapid (apparent single-step kinetic model) and dramatic inactivation at  etha- 
nol concentrations greater than 15% (Figure 4). The loss of the activity of 
AChE in response to the increase in ethanol content was analyzed according 
to Eq. (5a). The dramatic increase of the value of both the k, first-order 
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FIGURE 4 Kinetics of AChE inactivation versus ethanol concentration and ligand 
stabilization. AChE (25-50nM) was incubated at pH 8.0 and at 30°C in the absence (control) 
or presence of 5-20% ethanol. Experiments were reproduced in the presence of 100pM 
edrophonium chloride or propidium diiodide. Activities have been normalized as a fraction of 
the activity measured at time zero. 

inactivation rate constant and the A I labile-activity fraction parameter well 
represent the extent of AChE inactivation at different fixed concentrations 
of ethanol (Table 11). 

Both active-site and 
peripheral-site cationic ligands which modulate catalytic activity have been 
previously reported to retard the inactivation rate of AChE with respect to 
thermal and urea-dependent i n a ~ t i v a t i o n . ~ ~ . ' ~  We also found cationic 
ligands to slow down the ethanol-induced inactivation of AChE. In the 
presence of f 5% ethanol, the stability of AChE was optimal using 100 pM 
edrophonium chloride or propidium diiodide (Figure 4). As a comparison, 
the addition of glycerol, polyethylene glycol or sodium chloride (up to 

Stabilization of AChE in the presence of ethanol 
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TABLE I1 Kinetic inactivation parameters for Drosophilu 
AChE as a function of ethanol concentration. Values were 
determined according to Eq. (5a), where A ,  is the relative 
activity of the labile over the native form of AChE 

EtOH% kl lo2 (rnin-'1 Ai  W) 
0.0 2.7 26 
5.0 1.6 31 

10.0 3.0 30 
15.0 9.5 41 
17.5 14.9 42 
20.0 22.9 66 

molar concentrations) provided poor protection to the enzyme or none 
against the inactivation induced by ethanol (data not shown). 

Cation antagonism of the paraoxon ethyl reaction in pure water system 
The irreversible inhibition of AChE by paraoxon ethyl was examined in the 
presence and the absence of 100 pM edrophonium chloride and propidium 
diiodide, in accordance with our previous experiments (see above). Different 
ranges of paraoxon ethyl concentrations were used to analyze the covalent 
inhibition of AChE under each condition. High concentrations of the organo- 
phosphate (0.15-15pM) i.e. up to 50-times higher than in the absence of 
ligands (0.05-0.3 pM), were actually required in the presence of edrophon- 
ium chloride to reach significant inhibition of the enzyme activity, indicat- 
ing that the active-center ligand strongly antagonizes the irreversible 
reaction. On the other hand, inhibition of AChE by paraoxon ethyl showed 
no dependence on the presence of propidium diiodide (cf. Figure 5). In all 
cases, inhibition displayed a pseudo-first order kinetic behaviour regardless 
of the concentration of paraoxon ethyl (data not shown). From the slopes of 
semilog plots of residual activity versus time, double-reciprocal plots of 
pseudo-first order rate constants (kobs) against inhibitor concentration were 
drawn to obtain the bimolecular rate constants. The values of the k, bimolec- 
ular inhibition constant are shown in Table 111, where the active center- 
selective edrophonium chloride (100 pM) cation is seen to decrease the basic 
kj value of - 4  x 1O6M-'min-l for the covalent reaction by -60-fold. 
These findings are compatible with previous  observation^.^ Propidium diio- 
dide thus appears as the best candidate both to stabilize the activity of 
AChE in the presence of non-negligible amounts of ethanol and to study the 
irreversible inhibition of the enzyme under such conditions. 

Although the stability of 
AChE is affected by ethanol, it was still feasible to investigate the effect of 
the organic solvent on the kinetics of covalent inhibition by paraoxon ethyl. 

Effect of ethanol on the paraoxon ethyl reaction 
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FIGURE 5 Reciprocal secondary plots of kobs-kl values calculated from (residual activity 
versus time) plots at various ethanol concentrations, as a function of paraoxon ethyl 
concentration. kob and k, are the inactivation rate constants determined in the presence and 
the absence of paraoxon ethyl, respectively. Conditions for inhibition were pH 8.0 and 30°C. 
[AChE] =25-50nM. 

Indeed, the values of the k, first-order rate inactivation constants are 
at  least ten-times lower (cf. Table 11) than that of /cobs overall inactivation 
rate constants usually observed in the presence of active concentrations of 
organophosphates. Furthermore, propidium diiodide can be used in an addi- 
tional experiment to compare the values obtained for covalent inhibition 
when restoring the best functional stability of AChE. Based upon our pre- 
vious results, the net inhibition reactions were determined by measuring the 
residual activity of AChE in the presence of up to 15% ethanol and by 
taking the corresponding control rate into account. All the observed 
covalent-inhibition kinetics followed a pseudo-first order model except for the 
experiment at  the highest concentration of organic solvent where the kohs 
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REACTIVITY OF AChE WITH ETHANOL 139 

TABLE 111 ki bimolecular velocity constant for phos- 
phorylation of Drosophila AChE by paraoxon ethyl at 
different ethanol concentrations, in the absence and the 
presence of 100pM cationic tigands. The values were 
determined from Figure 5 (data not shown for edropho- 
nium chloride) according to Eq. (6) 

EtOH% ki (M-' min-') 

0.0 
5.0 

10.0 
12.5 
15.0 

43.1 
14.6 
10.0 
4.4 
3.4 

+ propidium diiodide 
0.0 35.1 

15.0 5.2 

+ edrophonium chloride 
0.0 0.6 

values were then determined from the corresponding initial rates of AChE 
inhibition [cf. Eq. (5b)j. The progressive phosphorylation of AChE was also 
investigated in the presence of propidium diiodide (100 pM) in the reaction 
medium containing 15% ethanol. In the presence of propidium diiodide 
kinetics again obeyed a pseudo-first order model. The kobs pseudo-first 
order rate constants were plotted against the concentration values of para- 
oxon ethyl according to Eq. (6) (Figure 5 )  allowing the determination of the 
ki bimolecular rate constants. Clearly, ethanol induces a major slope effect 
that appears to account for the decrease in the ki values (Table 111). No 
remarkable change is seen to occur at the l/(kobs-kl) axis i.e. in the k2 
phosphorylation rate of the enzyme, suggesting that the increase in the k, 
value mainly derives from an increase in the Kd constant value for associa- 
tion between AChE and paraoxon ethyl. Similar results were obtained in the 
presence of propidium diiodide and ethanol (cf. Figure 5 and Table HI), 
which lends further support to our approach. 

Quantitative Effects Induced by Ethanol, on the Reactivity of AChE 

In analyzing the effect of ethanol on the reactivity of AChE, it was noted 
that an exponential increase in all the K ,  (ATC), Ki (edrophonium chloride) 
and ki (paraoxon ethyl) values occurred with gradual increase of the organic 
solvent. Such a behavior is usually ascribed to general dielectric effects by 
the surrounding solvent. Therefore, the data of Table I for K ,  (ATC) and Ki 
(edrophonium chloride) and that of Table I11 for ki (paraoxon ethyl) were 
plotted as dependent variables in x according to Eq. (7) (Figure 6), that 
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140 F. ORTEGA et ul. 

FIGURE 6 Exponential dependence of the affinity, dissociation, and bimolecular reaction 
constants of AChE with ATC, edrophonium chloride and paraoxon ethyl, respectively on x 
[cf. Eq. (711, where x is related to the dielectric constant of the medium and hence, to the 
ethanol concentration. Experiments were performed at pH 8.0 and 30°C. 

allows the influence of the dielectric effect to be a p p r ~ x i m a t e d : ~ ~  

where the values of the KO and Kethanol equilibrium constants and that of 
the ko and kethanol rate constants represent the absence and presence of 
ethanol, respectively, A is a constant which measures the electrostatic 
repulsion between AChE and ligands, x is the difference between the reci- 
procal dielectric constant of the organic solvent-water mixture and that of 
the pure water. 
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REACTIVITY OF AChE WITH ETHANOL 141 

Based on the generally-accepted assumption that, (1) the organic solvent- 
AChE interaction is much less susceptible to a dielectric effect than is the 
ligand-enzyme reaction and (2) a more positive A value corresponds to an 
increase in electrostatic repulsion, these results quantitatively account for 
the dielectric effect of ethanol on the binding of ligands to AChE according 
to the following order: paraoxon ethyl ( A  M 0.17) > edrophonium chloride 
( A  M 0.12) > ATC ( A  M 0.06). 

DISCUSSION 

Effects of Ethanol as Determined in the Presence of ATC 

Undoubtedly, the most sensitive tests for detecting effects on an enzyme are 
those involving its catalytic properties. It is well known that minor structural 
changes can produce drastic effects on enzyme catalysis. In a preliminary 
approach we investigated the Michaelis region of the AChE-hydrolysis of 
the ATC substrate to describe the interaction of ethanol with the enzyme. In 
agreement with previous o b ~ e r v a t i o n s , ~ ~ , ~ ~  it was found that ethanol under- 
goes an apparent competition with ATC as determined from the variation 
of the overall K, value along with the invariance of the V,,, value in 
response to the alcoholic solvent (cf. Figure 1A). The K, value theoretically 
reflects all the kinetic components of ATC hydrolysis and is related to the 
equilibrium binding dissociation constant K, according to Eq. (8): 

where k2 is the rate constant for acylation of AChE and k3 is the rate con- 
stant for deacylation of the acyl-intermediate. 

Accordingly, K ,  represents the reversible association of AChE and sub- 
strate only if acylation is rate-limiting i.e. k2/k3 < 1. This has actually been 
reported for the hydrolysis of ATC by insect AChE.25 It would therefore 
appear that the apparent K,, determined in the pure water system, well- 
approximates the K, for the ATC/AChE complex under the conditions here. 
However, in the presence of ethanol, other components of the enzyme reac- 
tion can participate in the observed solvent effect, thereby hindering a 
straightforward interpretation from the estimated K ,  and V,,, values. 
Indeed, alcoholic solvents can undergo nucleophilic competition with water 
for deacylation of the acyl-AChE intermediate2' and hence, modify the 
relative rates between acylation and deacylation together with the 
significance of K,. The investigation of ATC hydrolysis by AChE from 
Drosophilu melunogaster rather than from other sources (e.g. electric eel) 
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appears advantageous from this point of view since it would preclude prob- 
lems arising from changes in the rate limiting step. Increased nucleophilicity 
of ethanol leading to an increase in the deacylation rate should better tend 
to enhance the original tendency of the insect AChE to keep the acyl- 
enzyme intermediate kinetically silent. The fact that both the apparent V,,, 
value and the basic kinetic mechanism of edrophonium chloride as a com- 
petitive inhibitor (cf. Figures 1A and 2B, respectively) are not significantly 
affected by the organic solvent supports this idea. Further examination 
the effect of ethanol on the inhibition of AChE by edrophonium chloride 
also showed a substantial increase in the value of the Ki inhibition constant 
with the organic solvent (cf. Figure 3 and Table I). The values of Ki (edro- 
phonium chloride) versus ethanol concentration were determined through 
the inhibition of the AChEcatalysis of ATC rather than by direct measure- 
ments of the ligand binding. Yet, edrophonium chloride is exclusive for the 
anionic active-center subsite, suggesting that there should be no artefact in 
the current analysis due to modulation at  other sites by the surrounding 
medium. Therefore, under conditions where the Michaelis-Menten scheme 
apparently prevails, ethanol appears to antagonize AChE catalysis essen- 
tially by altering the binding properties of the active-center of the protein. 
Still, the analysis of the system with ATC requires further arguments to 
understand the effect of ethanol on the enzyme reaction. 

Another aspect, when analyzing the AChEcatalysis of ATC, concerns the 
complex interplay between PAS and the activecenter to bind ATC and its 
consequence on the kinetic properties of the enzyme. Ethanol was shown 
to alter the inhibition of AChE both by high concentrations of ATC (cf. 
Figure 1B) and by propidium diiodide (cf. Table I). Reciprocally, pro- 
pidium diiodide appears to specifically protect the functional integrity of 
AChE against inactivation by ethanol (cf. Figure 4). Obviously, ethanol 
brings about modifications at PAS. Ligand binding at  PAS has long been 
known to induce conformational changes at the substrate binding 
Ordentlich et d.3.5 and Barak ef also suggested a possible effect of 
PAS occupation in positioning the substrate at  the catalytic center. In addi- 
tion, evidence has been provided that occupation of PAS alters the hydro- 
lysis of ATC by slowing the rate of deacylation so that the acetyl enzyme is 
no longer kinetically silent.’ Owing to the fact that ethanol relieves inhibi- 
tions originating at PAS, the observed solvent effect at very high concentra- 
tions of ATC can be interpreted as ethanol lowering the amount of the 
substrate molecules bound to PAS, thereby restoring the best deacylation 
rate for the acetylated enzyme. Alternatively, the decrease in the occupation 
of PAS by ATC could originate from the nucleophilic activity of ethanol. 
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This would lead to a decrease in the accumulation of the acyl-intermediate. 
In any case, the occurrence of ethanol antagonism of ligand binding at PAS 
points to the fact that under. non-Michaelis conditions, alteration at  PAS 
either participates to or accounts for the observed solvent effect. It seems 
that, the increase in the value of Ki (propidium diiodide) together with that 
of Ki (edrophonium chloride) and K ,  (ATC) with ethanol suggests a com- 
mon underlying mechanism interfering with ligand binding at PAS and at 
the AChE active-center. 

Effect of Ethanol as Determined by Residual Activity Analysis 

Earlier studies with insect AChE resistant to organophosphate inhibition4' 
indicated that modifications of the active site which render the phosphoryla- 
tion of the active serine less efficient, should also impair the catalysis of the 
substrate. Organophosphates bring about irreversible anticholinesterase 
inhibition in essentially the same manner as choline esters up to the point 
where a phosphorylated enzyme is formed. Since the process of de-phos- 
phorylation, similar to deacylation does not occur (or it takes place at a very 
slow rate), the estimated ki bimolecular velocity constant of the AChE- 
organophosphate complex possibly reflects the effect of ethanol devoid of 
the nucleophlic-competition component. Therefore, the competitive effect 
of ethanol can be belier demonstrated by investigating the reaction of AChE 
with organophosphates rather than with substrates, provided that no inter- 
action occurs at PAS. Accordingly, the inhibition was processed with the 
uncharged organophosphate paraoxon ethyl in the absence of ATC to 
further explore and to compare ligand exclusion at the AChE catalytic cen- 
ter by ethanol. The pattern of covalent inhibition with increasing concentra- 
tions of ethanol clearly shows a dramatic decrease in the k, bimolecular rate 
constant value due to an essential increase of the Kd dissociation constant 
value (cf. Figure 5). Indeed, the absence of variation near the maximal rate 
of covalent inhibition indicates a negligible ethanol effect on the phosphoryla- 
tion step of the nucleophilic serine at the AChE active-center. Ordentlich 
et a1.42 explained the relative invariance of the k2 phosphorylation constant 
by the lack of sensitivity of the nucleophilic reaction at the phosphorus 
to the alteration in the architecture of the active center. Furthermore, the 
authors showed that irrespective of the enzyme source or the structure of 
the organophosphate inhibitor, the unique organization of the AChE 
active-center contributes predominantly to the formation of the enzyme- 
organophosphate Michaelis complexes. Therefore, the stabilization of 
these complexes appears as a major determinant of AChE reactivity with 
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organophosphate inhibitors. This is in accordance with the fact that ethanol 
seems to affect mainly the Kd value of the AChE-paraoxon ethyl complex. 
However, the high efficiency of paraoxon ethyl determined by measure- 
ments of residual activity rather than that of product formation, did not 
allow us to determine a precise value of the k2 phosphorylation constant. 
Following this aim, we attempted to investigate further the covalent inhibi- 
tion in the presence of edrophonium chloride which can compete with para- 
oxon ethyl for binding to the AChE active-center. This approach was 
comparable to that generally used with ATC43.44 except for monitoring resi- 
dual activity rather than product formation. In agreement with previous 
observations,' we showed that the occupation of the AChE active-center by 
edrophonium chloride effectively antagonizes the irreversible inhibition by 
paraoxon ethyl (cf. Table 111). However, in the presence of ethanol, linearity 
was lost in the plots of l/kOb, versus edrophonium chloride concentration at 
several fixed concentrations of paraoxon ethyl. These results emphasize a 
differential and/or combined effect of the alcoholic solvent on the interac- 
tions involved in binding of either edrophonium chloride or paraoxon ethyl 
to the AChE active-center. Thus, despite our efforts, it was not possible to 
compare further the system in the absence and in the presence of ethanol. 
Contrary to edrophonium chloride, the PAS-selective propidium diiodide 
affects the inhibition potency of the paraoxon ethyl organophosphate nei- 
ther in the absence nor in the presence of ethanol (cf. Figure 5 )  indicating no 
significant interaction between the covalent inhibitor and PAS as required 
for analysis of solvent effect at the active center. The "kinetic neutrality" of 
propidium diiodide towards covalent inhibition by paraoxon ethyl and its 
ability to stabilize the activity of AChE (cf. Figure 4) were used advan- 
tageously to verily the permanency of a pseudo-first order kinetic behaviour 
for the inhibition mechanism in the presence of ethanol. Our results indicate 
that, (1) the biexponential behavior that eventually occurs at  high ethanol 
concentration arises from a solvent effect on enzyme stability and, (2) the 
restricted Aldridge model i.e. the covalent inhibition of AChE by paraoxon 
ethyl is quasi-irreversible, as expected, holds true in the presence of ethanol. 
In agreement with previous  finding^.^' the picture emerging from these 
results is that ethanol contributes predominantly to inhibit the formation of 
the enzyme-paraoxon ethyl Michaelis complex in the AChE active-center. 

Dielectric Effects of Ethanol and Specific Antagonism of Ligand Binding 

All of our observations are consistent with specific modulation of the 
enzyme binding properties by ethanol. The solvent effect may well arise 
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from changes in the enzyme structure thereby modifying the hydration state 
of AChE and the local dielectric constant around the active center and the 
regulatory PAS site. A decrease in the dielectric constant of the medium 
leads to an increase in the electrostatic repulsion between ligands and their 
sites and hence, yields lower binding. Previous studies with other enzymes 
e.g. chymotrypsin and t r y p ~ i n ~ ~ .  47 and papain,48 also showed a main change 
in the dissociation constants due to the presence of water-soluble organic 
solvents, with little influence on the reaction rates. This was ascribed to gen- 
eral dielectric effects by the surrounding solvent in addition to competitive 
interactions with the enzyme molecule. Such an interpretation would 
equally apply to our results. The adverse effect of ethanol on the AChE 
reaction was shown to increase exponentially with its gradual addition for 
all the tested substrate analogues (cf. Figure 6) .  It is quite remarkable that 
analyzing the data as a function of dielectric effects leads to a similar extent 
of ethanol antagonism (within a factor three), indicating the occurrence of a 
common underlying mechanism as the concentration of the alcoholic sol- 
vent becomes significant. Yet, the observed order for increasing dielectric 
effect i.e. paraoxon ethyl > edrophonium chloride > ATC, suggests a more 
pronounced solvent effect on AChE interacting with aromatic molecules 
than with aliphatic molecules. However, the complex organization of the 
functional architecture of AChE still calls for caution. Specific “conforma- 
tional scrambling” by ethanol at  the AChE catalytic and regulatory sites 
additionally was shown in inactivation and stabilization studies on AChE. 
Both the propidium diiodide and edrophonium chloride aromatic cationic 
inhibitors were found to stabilize the activity of the enzyme upon exposure 
to ethanol, in agreement with previous observations that AChE stability 
involves maintenance of the functional integrity of the active 
Furthermore, our findings with propidium diiodide provide the evidence for 
specific functional stabilization of AChE due to the prevention of con- 
formational changes by binding at the sole PAS. For comparison, protec- 
tion of AChE by non-specific additives e.g. sodium chloride, PEG or 
glycerol was marginal further demonstrating the occurrence of catalytic 
instability on the addition of ethanol. It would thus appear that the effect of 
ethanol specifically originates from conformational changes of the amino 
acid residues involved in the molecular recognition of substrates and 
ligands. In earlier studies, inactivation of AChE from Torpedo californica by 
acid, alkali, heat or urea was also shown to result from partial unfolding of 
Trp amino acid residue(s) at or near the active center.49 A role of the orien- 
tation and/or bonding of an aromatic amino acid residue within the active 
center of AChE was proposed to explain the maintenance of the functional 
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integrity of the enzyme by ligands bearing specifically-oriented quaternary 
alkyl ammonium s u b ~ t i t u e n t s . ~ ~  Apart from the esteratic subsite containing 
the active serine, the AChE active center consists of several major domains: 
( 1) the "anionic subsite", Trp-84(121), that through cation-aromatic interac- 
tions accommodates the quaternary ammonium moiety of choline as well 
as the active center inhibitors such as edrophonium c h l ~ r i d e , ' . - ~ , ~ ~  53 

( 2 )  the hydrophobic site for the alcoholic portion of the covalent adduct 
(tetrahedral intermediate) including residues Trp-86( 121), Tyr-337(Tyr-334), 
and Phe-338(Tyr-408) which operate through nonpolar and/or stacking 
interactions in binding aryl substrates, uncharged ligands or the alkyl 
portion of the acyl moiety,' and (3) the acyl pocket outlined by the side 
chains of Phe-295(Phe-368) and Phe-297 that through steric limitations 
governs selectivity for the acyl moiety of the s ~ b s t r a t e ' * ~ * ~ ~ , ~ ~  and for phos- 
phorylating  agent^.^^.^^ In addition to cholinesterases active-center domains 
affecting ligand specificity, PAS comprising Trp-286(Trp-359) and Asp- 
74(Tyr-109) close to the entrance of the active site gorge is a primary deter- 
minant in dictating specificity to cationic substrates and l i g a n d ~ ' . ~ ~  and 
cationic  organophosphate^.^^ Therefore, different aromatic amino acids 
within the aromatic gorge are critical to the overall binding efficiency of 
individual ligands depending on their nature and/or charge. Since we have 
shown a common yet specific dielectric effect of ethanol occurring at  both 
PAS and the AChE active-center, it seems reasonable to infer that the sol- 
vent affects the AChE reactivity by overall "scrambling" the conformation 
of the aromatic gorge. Ethanol thus would either modify the cation-cr and/ 
or aromatic interactions between aromatic residues and charged or neutral 
ligands, respectively and/or impose new steric limitations to the acyl pocket. 
According to this, differential patterns for the ethanol effect would lie in 
the original bondinglorientation of aromatic amino acids within the 
aromatic gorge governing the specificity of interaction between AChE and 
substrate or ligands. 

Perspectives 

The results of the present studies have both practical and theoretical con- 
sequences. The analysis of the effect of ethanol on the reaction and the inhi- 
bition of Drosophilu AChE facilitates a clearer insight into the process of 
solvent action and affords basic information on the operational stability of 
AChE that will be required in order to further investigate the behavior 
of the enzyme in the presence of polar solvents. Additional evidence is 
provided that the major determinant of the enzyme reactivity towards 
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substrates and inhibitors is the formation and/or the stability of Michaelis 
complexes rather than the nucleophilic activity .of the AChE catalytic 
machinery. Our findings also suggest that ethanol predominantly modulates 
the functional conformation of the aromatic cavity and hence, that of the 
AChE active-center and PAS. Therefore, the pattern of the ethanol effect 
with other substrate analogues will depend on the occupation of particular 
sites and its consequence on the enzyme reaction. For example, anti- 
cholinesterase agents interacting with PAS in addition to the active center 
may show a covalent inhibition of AChE enhanced by ethanol unlike that 
observed with paraoxon ethyl. This dual solvent effect is well represented 
by our results for substrate activation and inhibition of the AChE reaction 
(cf. Figure 1). 

The development of an analytical method based on the insecticide inhibi- 
tion of AChE activity thus requires to minimize the action of ethanol on the 
functional characteristics of the enzyme. One solution would be to perform 
in vitro mutagenesis of residues lining the aromatic gorge so as to obtain a 
higher stability of inhibitors at the enzyme active-site. Such mutant AChE is 
also predicted to be more susceptible to insecticide compounds than the 
wild type. Still, the best sensitivity of Drosophilu AChE towards the organo- 
phosphate insecticides allows efficient inhibition by paraoxon ethyl in the 
presence of ethanol at up to 15% with bimolecular reaction constant ki 
values similar to that reported for inhibition of anthor AChE (e.g. electric 
eel) in a pure water system. 
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