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Introduction

The function of AChE is to recycle acetylcholine (ACh) by
its hydrolysis at cholinergic synapses in order to restore the
membrane potential after propagation of a nerve impulse
[2]. AChE is a target enzyme for biologically active com-
pounds ranging from anti-Alzheimer disease agents [3], act-
ing as reversible inhibitors [4] to pesticides [5] and warfare
agents, acting as reversible or irreversible inhibitors [6].

A large quantity of structure-activity data is currently
available about the quasi-irreversible organophosphorous
inhibitors that phosphorylate AChE at its catalytic site [7-
10]. However, no general and reliable approach to predict-

ing the AChE inhibitory activity of new organophosphorous
inhibitors has yet been established. The known quantitative
structure-activity relationships (QSAR) are limited to ho-
mogeneous series with structural variation at a single sub-
stitution site [11, 12]. The basic reason for the lack of pre-
dictive models of the inhibitory activity is that AChE in-
hibitors bind themselves virtually inside the enzyme and
not on its surface. Hence, each point of an inhibitor’s sur-
face interacts with the enzyme and even small structural
changes distant from the reacting functional group may cause
very important changes in activity. This makes it impossi-
ble to derive a predictive model for the AChE inhibitory
activity without a detailed understanding of how an inhibi-
tor binds to the enzyme and what the structure of the en-
zyme’s binding cavity is.

A first attempt of giving a detailed description of the
binding of organophosphorous inhibitors to AChE was made
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by Järv [13] who started from the analysis of structure-activ-
ity data. He also based his approach on existing models of
the substrate-enzyme interactions including interactions at
the ”catalytic” site [14] and ”peripheral” site [15]. The ”cata-
lytic” site was in turn subdivided into the ”esterasic” site,
comprising among others the reacting serine residue, and the
”anionic” site, whose tryptophan attracts the quaternary ni-
trogen of the choline fragment of ACh. Järv presented the
catalytic site as a combination of distinct pockets, each of
which receives a particular inhibitor’s substituent (e.g. charged
leaving group, non-charged leaving group, alkyl moiety). This
discrete model was able to explain many features of the
organophosphorous ligand action. For example, after analys-
ing the ground state and transition state geometries of tetra-
hedral carbon and pentavalent phosphorus, Järv stated that
the pocket receiving the leaving group of substrates is differ-
ent from the one receiving the leaving group of inhibitors.

More recent studies added new pockets to the ”pocket”
model, which made it even more fuzzy. Hosea et al [1] re-
cently suggested that in mouse AChE the cationic organo-
phosphonate leaving group binds to Asp 74, thus reinforcing
Järv’s hypothesis and ”creating” a new pocket, an anionic
one. Then, Ordentlich et al [16] showed that the p-nitrophenyl
leaving group of paraoxon in human AChE interacts with yet
another pocket, an ”alkoxy” one formed by residues Trp86,
Tyr337 and Phe338.

The increasing complication of the ”pocket” model
prompted us to investigate a new approach to the problem.
The present availability of the three dimensional structure of
AChE [17, 18] with site-specific mutagenesis data [1, 16,
19-21] and structure activity data [8-10]. allows us to con-
struct a new three-dimensional model for the cavity that binds

the organophosphorous inhibitors. In the present study, we
have applied an automated docking technique [22] to a series
of six organophosphorous inhibitors, each with a stereocentre
at the phosphorous atom in both R and S absolute configura-
tions, in order to probe what space is available for these com-
pounds inside the enzyme. Firstly, this study aims to deline-
ate a spatial model of AChE catalytic cavity. The second is-
sue concerns the structures of the inhibitor-enzyme complexes.
These may be used as an input for following 3D QSAR analy-
ses.

The automated docking we developed can serve as a com-
plement to earlier experimental [1, 16-21] and modelling [1,
16, 23] studies on the inhibition of AChE by organo-phos-
phorous ligands. This method is different from manual dock-
ing or molecular dynamics in that the space available within
the enzyme is systematically probed by the bulky compounds
in every possible conformation and orientation, so that every
low energy ligand-enzyme complex structure will be found.
The agglomerate of the ligands extracted from all the low
energy complexes obtained represents a mould of the en-
zyme’s cavity.

Methods

Enzyme structure

The AChE crystal structures were obtained from Brookhaven
Protein Data Bank (PDB). Currently, PDB has two types of
3D AChE structures available: (i) AChE from the Torpedo
californica electric organ (PDB code: 1ACE [17]) further re-
ferred to as TAChE and (ii) AChE from mouse (PDB code:
1MAH [18]) further referred to as MAChE. The inhibitory
activity data used in the present study were measured on the
AChE from bovine erythrocytes whose three dimensional
structure is currently not available.

We studied the homology between the bovine and avail-
able acetylcholinesterases in order to find out which avail-
able structure better fits the bovine enzyme. To carry out this
comparison, we aligned MAChE, TAChE and the bovine
AChE. At this step it was found that MAChE and bovine
AChE are easily superimposable. Superimposing catalytic
Ser203 of these two proteins aligns almost the entire protein
sequence (583 residues). A one by one comparison of these
583 residues revealed 44 differing residues.

The difference between TAChE and bovine AChE is much
more significant. TAChE can be divided into three regions,
each of which can be aligned with the corresponding region
in bovine AChE. The links between these regions are differ-
ent in both enzymes. In total, within the three superimposable
regions, which number 536 residues, the one by one com-
parison of residues revealed 232 differing residues. Two of
the differing residues, Phe330→Tyr337 and Ile439→Pro446,
are located close to the catalytic site and may interact with
the inhibitors. It was recently shown that even rather insig-
nificant mutations such as F295Y or E202Q can cause a sig-

Figure 1 The automated docking procedure. The piperidinic
nitrogen was projected on place of the edrophonium’s qua-
ternary nitrogen. This position was used as an anchor point
for rotations of the studied molecules studied around X, Y
and Z axes. A conformational search was performed at each
molecule’s orientation
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nificant change in the enzyme activity [1, 21]. Thus taking
MAChE as the object of our docking study decreased the risk
of having non-pertinent results, since this enzyme has no dif-
fering residues at the catalytic site as compared to the bovine
one.

To make its structure suitable for further modelling, hy-
drogen atoms were added to the original PDB structure using
the BIOPOLYMER module of Sybyl [24]. Then the geom-
etry of the protein was optimised using the AMBER force
field [25].

Our further intention was to exploit known crystal struc-
tures of ligand-enzyme complexes as a source of geometric
constraints for the automated docking procedure. However,
crystallised ligand-enzyme complexes are only available for
TAChE whose structures of TAChE complexed with decam-
ethonium, edrophonium and THA have recently been reported
[26]. Two of the three inhibitors, decamethonium and
edrophonium, possess a quaternary nitrogen atom binding at
the anionic site interacting with residue Trp84 by means of
π-cation interactions [27]. When docking ACh, it appeared
suitable to locate its quaternary nitrogen in the same position
as the decamethonium’s nitrogen or the edrophonium’s one.
Hence, the position of this atom can be used as a required
geometric constraint for ACh. We then projected the quater-
nary nitrogen from TAChE onto MAChE as described in
Bernard et al [22].

Ligands

The compounds used in this paper are listed in Table 1 with
their AChE inhibitory activities [8]*. The enzymatic meas-
ures for these stereochemical organophosphorous compounds
are expressed in the form of inhibition constants (KI). As the
experiments were performed at pH=7.7, the compounds hav-
ing a basic nitrogen atom were considered in their proto-
nated forms. For compounds 5, 6, the KI values were not avail-
able. However, we selected these inhibitors since they are
extremely toxic in rats. Compound 5 has a LD50 value of 66
µg·kg–1 and that for compound 6 is 16.8 µg·kg–1. This high
toxicity indicates that the inhibitory potency of these com-
pounds should also be high. Additionally, compound 5 si-
multaneously possesses a charged group, a bulky aromatic
group, and a bulky alkyl group, which together make it an
ideal probe for the AChE binding cavity.

Each of the ligands was modelled using Sybyl 6.3 on a
Silicon Graphics INDY R5000 workstation. The starting con-
formations were optimised by a molecular mechanics algo-
rithm using the Tripos Force Field [28]. The lowest energy
conformations were found by means of the SYBYL/SEARCH
option and then used as initial conformations for docking.

Ligand-enzyme docking

A three step docking strategy was applied in order to optimise
the use of available structural constraints, thus minimising
the computational time. The first step was to dock ACh with
its quaternary nitrogen anchored in the position of the
edrophonium’s quaternary nitrogen (see the Enzyme Struc-
ture section for details). The automated docking procedure
consisted reorienting of the inhibitor inside the fixed enzyme
while simultaneously twisting all rotatable bonds. The in-
hibitor was reoriented relative to three coordinate axes, as
shown in figure 1, with an angle step of 30°. Sybyl’s SYS-
TEMATIC SEARCH was performed for each orientation of
the inhibitor. The angle step for the search was 30° and the
energy of the entire inhibitor-enzyme complex was calcu-
lated at each step. The position of the ACh carbonyl group
resulting from this docking analysis then served as the centre
of the region probed for placing the inhibitors’ phosphoryl
group.

The purpose of the second step was to find an appropriate
position for the phosphoryl group. At this step not only did
we reorient the inhibitor and twist the rotatable bonds but
also translated it within the enzyme cavity. The systematic
translation consisted moving the phosphorous atom from one
lattice intersection to another. The period of the lattice was
0.5 Å and it was limited by a cube with a 2 Å edge. This
resulted in 125 lattice intersections within the cube. This cube
within the protein’s active site is shown in figure 2. The cen-
tre of the cube was placed onto the point identified at the first
step of the study as a position for the ACh carbonyl carbon
atom. A bulky and very active organophosphorous inhibitor,
the S-enantiomer of compound 2 was selected for the second
step. Three criteria were taken into account when selecting

Figure 2 The green cube illustrates the region scanned by
the phosphoryl group within the catalytic site of MAChE
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Table 1 Stereospecific AChE inhibitors with chiral phosphorous and inhibition constants for R- and S-enantiomers
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the phosphorous positions corresponding to the productive
inhibitor-enzyme complex namely (i) the ligand-enzyme com-
plex energy, (ii) the distance from the catalytic serine residue
- we did not consider the most distant phosphorous positions
- and (iii) the orientation of the phosphoryl group - the orien-
tations towards the oxyanion hole were given a higher prior-
ity.

At the third step, the other inhibitors were docked to the
enzyme. The position selected for the phosphorus atom at

the second step was used as the anchor point. The docking
procedure was applied to these inhibitors in the same manner
as it was applied to ACh at the first step but using the phos-
phorus atom instead of the quaternary nitrogen as the anchor
point.

The lowest energy complexes obtained in the course of
the automated docking procedure were optimised using the
AMBER force field.
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Figure 3 ACh docked to the catalytic site of MAChE Figure 4 Three conformers found for the S-isomer of com-
pound 2 which form low energy complexes within the cata-
lytic site

Results

First step: Acetylcholine

The systematic docking of ACh revealed a number of low
energy enzyme-ACh complexes. This result suggests that the
enzyme possesses a rather spacious cavity which is able to
bind the ACh molecule in various conformations and orien-
tations. However we were interested in selecting a single struc-
ture of the substrate-enzyme complex which would serve as
a model for the Michaelis complex whose formation precedes
the acylation. A high turnover of the substrate indicates that
the Michaelis complex is much more probable than any other.
For a particular complex the probability of formation is de-
termined by the entropy which is not taken into account in
the molecular mechanics energy calculations. We used some
external information in order to select the model of the
Michaelis complex from the list of eight low energy com-
plexes. The energy of complex formation could not serve as
a reliable selection criterion because it varied within quite a
narrow range, 4 kcal·mol–1. Some recent crystallographic stud-
ies on AChE complexed with substrate analogues [20, 29]
suggest that the ACh carbonyl group should be oriented to-
wards the triad Gly121, Gly122 and Ala204, referred to as
the ”oxyanion hole” [30]. Only two of the eight low energy
complexes had the ACh carbonyl group oriented towards the
”oxyanion hole”. The substrate geometries in these two com-

plexes were so similar that with the geometry optimisations
both fell into the same energetic minimum. We considered
this optimised structure shown in figure 3 as a model for the
Michaelis complex and used the co-ordinates of the carbonyl
carbon atom as a starting point for the second step of the
docking analysis.

Second step: S-enantiomer of compound 2

Translation of the inhibitor’s phosphoryl through the 125 lat-
tice intersections near the catalytic serine, in combination
with the re-orientation and torsion of rotatable bonds for the
whole molecule, resulted in a number of reliable phospho-
rous atom positions, i.e. those positions which led to low-
energy complexes. More particularly, 15 positions lying in a
compact (1.5Å ×1Å ×0.5Å) region produced, for this inhibi-
tor, three conformational families, i.e. groups of similar con-
formations whose orientation and torsion angles do not dif-
fer by more than 30°. The first family occupies 7 lattice in-
tersections and has its phosphoryl group oxygen oriented to-
wards the oxyanion hole (Gly121, Gly122, Ala204) and the
quaternary nitrogen towards the entrance of the gorge (Asp74).
The second family of conformers occupies 6 lattice intersec-
tions and differs from the first family by the position of the
quaternary nitrogen which interacts with Trp86. The third
family occupies 2 lattice intersections and has its phosphoryl
group oxygen oriented away from the oxyanion hole. Figure
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4 shows lowest energy representatives for each family aligned
according to their orientations within the enzyme cavity.

In order to define the lattice intersection and the inhibi-
tor’s conformer that lead to the most stable inhibitor-enzyme
complex, we optimised the geometry for all the selected low
energy complexes. In the first family, two conformers lead to
two lowest energy complexes. Their complex formation en-
ergies (∆EC) (-55.90 and -53.70 kcal.mol-1) are comparable
and are substantially lower than those of the other members
of the family. The phosphorus atoms of these two conform-
ers are very close from each other (0.30 Å). The torsion an-
gle differences that exist between the conformers in non-
optimised structures were decreased in the course of
optimisation. The high degree of similarity between these
two conformers suggests that they lead to the same inhibitor-
enzyme complex and the slight differences between them are
only due to an inaccuracy inherent to the optimisation algo-
rithm. For our further analyses, we selected a single structure
leading to a slightly lower complex formation energy (-55.90
kcal.mol-1).

In the second family, the choice was facilitated by the
fact that the lowest energy complex (∆EC=-68.94 kcal·mol–1)
had an energy 15 kcal·mol–1 lower than that of its nearest
energetic neighbour. This significant difference allowed us

to select the corresponding conformer and phosphorus atom
position for the next step of the study.

For the third family, the lowest energy complexes had
energies 20-30 kcal·mol–1 higher than those of the lowest en-
ergy members of the first and second families. Hence, no
conformers were selected from this family.

The two conformers selected from the first and second
families are rather different. One of them (∆EC=-55.88
kcal·mol–1) has its cationic substituent oriented towards the
entry of the gorge (Tyr337, Tyr121 and Asp 74) and its O-
cyclopentyl group located in a hydrophobic cavity formed
by residues Trp86, Tyr133, Ile451 and Glu202. The other
(∆EC=-68.94 kcal·mol–1) has its quaternary nitrogen inter-
acting with the ”anionic” site (Trp86). The probability of each
of these two complexes existing will be discussed below in
the context of the results obtained for the other inhibitors. At
this stage, the most important issue is to define the phospho-
rus atom position as the anchor point for further docking
analyses. From this point of view, the two pre-selected con-
formers are not too different, as their phosphorus atoms oc-
cupy the neighbouring lattice intersections. To reduce the
computational time of further analyses, we chose a single
anchor located at the middle point between these two lattice
intersections. This makes an acceptable 0.25 Å deviation from
each selected position, that equalises the chances for appear-
ing conformers with the cationic group oriented towards ei-
ther Trp86 or Trp286. The resulting anchor point is situated
at 2.29 Å, 1.74 Å and 3.04 Å from the oxyanion hole triad
(Gly121, Gly122, Ala204, respectively) and at 3.54 Å from
the reacting Ser203.

Figure 5 Four conformers found for the R-isomer of com-
pound 1 which form low energy complexes within the cata-
lytic site

Figure 6 Low energy complexes obtained for (a) the R-iso-
mer and (b) S-isomer of compound 4
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Third step: Other inhibitors

Compound 1 - Docking the S-enantiomer of compound 1
resulted in three different low energy complexes. Two of these
complexes have slightly lower energies than those of the com-
plexes obtained by docking the R-enantiomer of the same
inhibitor. The conformations and orientations of the inhibi-
tor in these complexes are very similar to those in the two
”best” complexes with the S-enantiomer of compound 2. The
complex formation energies are -45.77 kcal·mol–1 for the com-
plex with the inhibitor’s quaternary nitrogen oriented towards
Trp86 and -44.74 kcal·mol–1 for the complex with this qua-
ternary nitrogen oriented towards Asp74 and the methyl
substituent oriented towards Phe295. The third conformer
(∆EC=-33.05 kcal·mol–1) has its quaternary nitrogen inter-
acting with Asp74 and the methyl substituent oriented to-
wards Phe297.

Docking the R-enantiomer of compound 1 produced four
different low energy complexes. The inhibitor in the lowest
energy complex (∆EC=-42.60 kcal·mol–1) has its phosphoryl
oxygen oriented towards the oxyanion hole, the quaternary
nitrogen interacting with Trp86 and the methyl substituent
oriented towards Phe297 and Tyr124. In three other com-
plexes, the inhibitor’s phosphoryl groups are similarly ori-
ented but turned 60° around the P=O axis relatively to the
phosphoryl’s orientation in the lowest energy complex, as
shown in figure 5. Of the three latter complexes, the most
stable one (∆EC=-39.24 kcal·mol–1) has the inhibitor’s qua-
ternary nitrogen interacting with Trp86. The other two have
the inhibitor quaternary nitrogens interacting with (i) Asp74
(∆EC=-29.41 kcal·mol–1) and (ii) Tyr133/Glu202 (∆EC=-23.03
kcal·mol–1).

Compound 2 - Two low energy complexes were found for
the R-enantiomer of compound 2. In the first complex (∆EC=
–38.45 kcal·mol–1), the cyclopentyl group is directed towards
the entry of the cavity. The cationic nitrogen is placed 3.3 Å
away from the Tyr133 hydroxyl and 4.2 Å away from the
Glu202 carboxyl group. Two attractive interactions probably
stabilise this complex, namely an electrostatic interaction with
Glu202 and a hydrogen bond between the Tyr133 hydroxyl
oxygen and the hydrogen bonded to the cationic nitrogen.
For the other conformer found (∆EC=-42.62 kcal·mol–1), the
cyclopentyl group occupies the pocket formed by Ile451,
Tyr133, Trp86 and Glu202 and the cationic group is oriented
towards Trp86.

Compound 3 - This compound has a long cationic group.
For the more active S-enantiomer we found two low energy
complexes. Again, the phosphoryl group and substituents are
oriented almost in the same way as those of the S-enantiomers
of compounds 1 and 2. The formation energy for the com-
plex with the inhibitor’s quaternary nitrogen interacting with
Trp86 is -44.68 kcal·mol–1. The formation energy of the sec-
ond complex is -39.53 kcal·mol–1 and the inhibitor’s quater-
nary nitrogen is oriented towards Asp74. In both complexes,
the inhibitor’s long cationic substituent is folded.

The R-enantiomer forms the only low energy complex
(∆EC=-30.54 kcal·mol–1) with the inhibitor’s phosphoryl and
methyl groups oriented in the same way as in the complex
with the S-enantiomer, whose quaternary nitrogen is oriented
towards Asp74. It was also found that the cationic subsituent
of the R-enantiomer does not have enough space to adopt the
orientation towards Trp86.

Compound 4 - In contrast to the other compounds studied,
compound 4 is not charged. Another particularity of this in-
hibitor is that its R-enantiomer has a higher inhibitory activ-
ity. Two low energy complexes were found for this R-
enantiomer. The more stable complex (∆EC=-27.78
kcal·mol-1) has its leaving group oriented towards the entry
of the gorge. The second complex has a formation energy of
-13.07 kcal·mol–1 and its leaving group is oriented towards
Trp86.

For the S-enantiomer, our automated docking produced
two low energy complexes. In both of them the inhibitor’s
phosphoryl and methyl groups are oriented similarly to those
in the lowest energy complex of the R-enantiomer, as shown
in figure 6. Hence, the breaking bond P-O is oriented differ-
ently than that of more active R-enantiomer. The leaving
nitrophenyl is oriented towards Asp74 in the lower energy
complex (∆EC=-26.51 kcal·mol–1) and towards Trp86 in the
other.

Figure 7 Low energy complexes obtained for (a) the R-iso-
mer and (b) S-isomer of compound 5
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Compound 5 - For this inhibitor, the docking analysis yielded
unambiguous results. Two low energy complexes (one per
enantiomer) were found and their alignment is shown in fig-
ure 7. The corresponding complex formation energies are -
58.64 kcal·mol–1 for the S-enantiomer and -55.39 kcal·mol–1

for the R-enantiomer. In both complexes the leaving
coumarinyl group is oriented towards the entry of the gorge.
It probably has favourable interactions with a triad of the
side chains belonging to Asp74, Tyr124 and Tyr337. The cati-
onic substituent has different spatial arrangements in these
two complexes. The quaternary nitrogen of the S-enantiomer
interacts with Trp86, while the quaternary nitrogen of the R-
enantiomer is oriented towards and probably interacts with
Tyr133 and Glu202.

Compound 6 - Two low energy complexes were found for
the S-enantiomer of this inhibitor. The inhibitor in the lower
energy complex (∆EC=-54.87 kcal·mol–1) has similar geom-
etry and orientation as those observed in the unique complex
of the S-enantiomer of compound 5, i.e. the coumarinyl
substituent is oriented towards the entry of the gorge and the
quaternary nitrogen interacts with Trp86. The inhibitor in the
higher energy complex (∆EC=-52.61 kcal·mol–1) has the same
geometry as in the low energy complex but its orientation is
different. The higher energy complex can be obtained from
the lower energy one by turning it 120° around the P=O axis.

The inhibitor’s geometry inside the lowest energy com-
plex found for the R-enantiomer (DEC=-60.36 kcal·mol–1)
mimics that inside the unique complex obtained for the
R-enantiomer of compound 5. Again, as in the case of the
S-enantiomer, the second low energy complex for the
R-enantiomer (DEC=-40.63 kcal·mol–1) can be obtained from
the first one by turning it 120° around the P=O axis.

Discussion

The first clear result of this study concerns the orientation of
the phosphoryl group. For every compound studied, the ori-
entation of the phosphoryl’s oxygen towards the oxyanion
hole was more energetically favourable than the opposite di-
rection.

A second point concerns the orientation of the leaving
group. We attempted to construct a model of the productive
Michaelis complex which would explain the difference in
activity between S- and R-enantiomers. At present, there are
two major hypotheses on how the leaving group is located
within this complex. The first trivial one supposes the leav-
ing group occupies approximately the same position as the
leaving group of the substrate does, i.e. oriented towards
Trp86. The second hypothesis recently advanced by Hosea
et al [1] and also supported by Albaret et al. [23] suggests
that the thiocholine leaving group of organophosphate in-
hibitors is oriented towards Asp74. According to Hosea et
al., this orientation represents ”a productive configuration
allowing for facile direct in-line attack by the γ-oxygen of
Ser203 and easy displacement of the thioate moiety”.

With respect to these two hypothesesn our inhibitors can
be classified into two groups. The first group includes the R-
and S-enantiomers of compounds 1, 2 possessing a thiocholyl
leaving group. For the more active S-enantiomers of these
two inhibitors, low energy complexes satisfying both hypoth-

Figure 8 Complexation energies for more active isomers
(squares) and less active  isomers (triangles) of compounds
1-4

Figure 9 Complete accessible volume within the catalytic
site of MAChE resulting from the alignment of irreversible
inhibitors
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eses were isolated in the course of our docking study. In the
first type of complexes, the cationic group is oriented to-
wards the entry of the gorge, the O-alkyl substituent is re-
ceived within the hydrophobic region formed by Ile451,
Tyr133, Glu202, while the methyl group is oriented towards
His447. In the second type of complexes, the cationic group
interacts with Trp86, the O-alkyl group is oriented towards
residues Tyr124, Phe297 at the entry of the gorge and the
methyl group occupies the pocket formed by Ile451, Tyr133
and Glu202.

The R-enantiomers of compounds possessing a thiocholyl
leaving group can easily adopt such a position within the
cavity when this group interacts with Trp86, while the orien-
tation of the leaving group towards Asp74 is less accessible
to them. Instead of taking this direction the leaving group
takes the intermediate one towards residues Tyr133, Glu202.

The equal facility for R- and S-enantiomers to form the
inhibitor-protein complex with the inhibitor’s thiocholyl leav-
ing group interacting with Trp86 leads us to suppose that this
type of complexes is non-productive. Indeed, much less ac-
tive R-enantiomers should not normally so easily form the
Michaelis complex. This is the case for the second type of
complexes, where the S-enantiomers easily place the
thiocholyl group in the direction of Asp74 allowing an effec-
tive in-line attack by the γ-oxygen of Ser203, while R-
enantiomers have their breaking P-S bond slightly disoriented
from the ideal direction allowing the in-line attack. This diso-
rientation is probably a reason for the lower inhibitory activ-
ity.

The second group contains compounds 4-6 that have more
sterically constrained aromatic leaving groups. For these in-
hibitors, there is not enough room to orient the aromatic leav-

Figure 10 Complete accessible volume within the active site of MAChE resulting from the alignment of reversible (yellow)
and irreversible (green) inhibitors, (a) view from the anionic subsite side, (b) view from the esterasic subsite side
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ing group towards Trp86. The models of the Michaelis com-
plex obtained for these compounds allow us to explain the
difference between more and less active enantiomers. For
example, the P-S bond of the less active S-enantiomer of com-
pound 4 cannot take an ideal orientation allowing an effec-
tive in-line attack since the thiobutyl group cannot fit the
pocket formed by His447, Phe295 and Phe297 because of
the steric hindrance.

An important question arising after identifying a new po-
tent inhibitor is which of its two enantiomers is the more
active. An essential parameter helping to answer this ques-
tion is the inhibitor-enzyme interaction energy. The more
active enantiomer should fit the active site better. The dia-
gram in figure 8 shows the differences between the energies
obtained for more active and less active enantiomers. For all
three inhibitors whose activity was measured separately for
each enantiomer, the interaction energy of the more active
enantiomer is lower than the energy obtained for the less ac-
tive one. Moreover, the difference in energy between more
active and less active enantiomers is proportional to their
activity difference.

The inhibitor structures when extracted from the models
of the Michaelis complex obtained in this study constitute a
specific alignment which may be used for calculating CoMFA
[31] fields and establishing a CoMFA model. Such a type of
alignment referred to as ”natural” was successfully applied
to a series of reversible AChE inhibitors in our previous study
[22]. The same approach can be used further to establish a
three dimensional QSAR model for the organophosphorous
inhibitors.

Finally, our study delineated the three-dimensional ge-
ometry of the cavity available to the irreversible AChE in-
hibitors at the active site of the enzyme. Unlike the previous
approaches to describe the active site, which could be re-
ferred to as protein-based approaches, this one is inhibitor-
based. Indeed, the previous studies of the AChE active site
exploited site-specific mutagenesis based firstly on the knowl-
edge of the enzyme’s primary structure and then on its three-
dimensional structure [1, 10, 13, 20]. These studies resulted
in a simple and reliable model of the active site consisting of
the anionic and esterasic subsites which together form the
catalytic site and the peripheral anionic site. Additionally, an

Figure 11 Naturally aligned
structures of organophos-
phorous inhibitors extracted
from the productive enzyme-
ligand complexes obtained by
automated docking
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”acyl pocket” receiving either the acyl group of the substrate
or the small non-leaving group of the organophosphorous
compounds [21] was recently described. This modular model
of the active site advanced the design of new inhibitors. How-
ever, this degree of simplification does not always allow us
to explain or to predict the activity of a new inhibitor.

In our studies, we used the inhibitors as probes in order to
obtain a mould of the space available to a ligand within the
enzyme. In the course of our automated docking, we col-
lected hundreds of low energy complexes with different in-
hibitors. Not all these complexes are necessarily productive,
but the purpose of this part of our study was to probe a possi-
bly large portion of the sterically available space. Figure 9
shows the volume obtained by superposition of all the
organophosphorous inhibitors studied extracted from the low
energy complexes that were studied. Figure 10 shows the com-
bined volume obtained by probing the cavity with
organophosphorous inhibitors and with reversible inhibitors
whose docking was reported in our previous paper [22]. The
volumes shown in figures 9 and 10 illustrate the fact that the
cavity within the enzyme has smooth surface and does not
consist of easily distinguishable pockets. These moulds could
be helpful in constructing a specific inhibitor which would
have structural features of both reversible and irreversible
inhibitors. Figure 11 shows that the location of the inhibi-
tors’ most important functional groups, e.g. the phosphoryl
group or the quaternary nitrogen, within the enzyme can
widely vary depending on the shape and volume of the other
groups in the molecule and on the chirality of the phospho-
rus atom. On the other hand, for different inhibitors there are
some regularities among the complexes obtained. For exam-
ple, the aromatic leaving groups lie practically in the same
plane and are probably stabilised by interactions with Tyr124
and Tyr341. The quaternary nitrogen atoms or the tertiary
sulphur atoms belonging to the cationic leaving group are
located close to the centre of the aforementioned plane of the
aromatic leaving group. The most probable stabilising factor
in this case is an electrostatic interaction of the cation with
Asp74.

Conclusion

Our automated docking for a series of S- and R-enantiomers
of 6 organophosphorous irreversible inhibitors of acetylcho-
linesterase suggests that the leaving group in the Michaelis
complex is directed towards the entry of the active site
(Asp74). This orientation supports an effective in-line attack
of the phosphorus atom, as it was recently suggested by Hosea
et al [1].

The totality of low energy complexes obtained in the
course of the automated docking study allowed to create a
three-dimensional model of the catalytic cavity available to
various organophosphorous compounds within the active site.
We have not taken in this approach, in first approximation,
the potent contribution and/or of perturbation of water mol-
ecules in the interaction process ligand/AChE. Work is

underway to study this point on model compounds with mo-
lecular dynamics.

The structures of docked inhibitors constitute a ”natural”
alignment which is being currently used to establish three
dimensional quantitative structure-activity relationships by
CoMFA in support of the computer-aided molecular design
of organophosphorous antidote compounds.
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