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AbstractÐMolecular interaction between enantiomeric fonofos oxon (O-ethyl S-phenyl ethylphosphonothiolate) and acetyl-
cholinesterase (AChE) of Torpedo californica was evaluated by using the Cerius2 program. It was suggested that the di�erence in
the inhibitory activity of the two enantiomers of fonofos oxon on AChE is due to the steric hindrance in binding to the AChE active
site. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Acetylcholinesterase (AChE) catalyzes ester hydrolysis
of the neurotransmitter acetylcholine, resulting in ter-
mination of neurotransmission.1,2 The X-ray structure
of the catalytic subunit has been solved for the Torpedo
californica enzyme.3 The active site is found at the bot-
tom of a deep and narrow gorge and consists of at least
six domains: (1) an esteratic subsite containing a cata-
lytic triad:3±6 the nucleophilic serine (Ser 200)3,4 and the
residues (His 440 and Glu 327)3 responsible for the
transition state stabilization, (2) the hydrophobic site7±9

for the alkoxy group of the substrate including residues
Trp 84, Phe 330, and Phe 331, (3) the oxyanion hole3,10±12

consisting of residues Gly 118, Gly 119, and Ala 201, (4)
an acyl pocket (Phe 288 and Phe 290)7,13,14 that binds
the acetyl group of the substrate, (5) an anionic subsite
(Trp 84)3,6,15±17 that accommodates the positive choline
moiety of the substrate, and (6) a second peripheral
anionic subsite (Trp 279)6,12,16,18 which lines the gorge
entrance.

Torpedo AChE employs a catalytic triad of Glu 237, His
440, and Ser 200, where the Ser 200 is the proximal
nucleophile in the hydrolysis. AChE also catalyzes the
hydrolysis of organophosphonates, ligands which react
with the enzyme by rapidly phosphonylating the active
site Ser 200, by acylation of the enzyme.19 The reaction
of AChE with organophosphonates displays marked

stereospeci®city and dependence on substituent size.20

The absolute con®guration of fononofos (O-ethyl S-
phenyl ethylphosphonodithioate) and its active form,
fonofos oxon (O-ethyl S-phenyl ethylphosphono-
thiolate) was established by X-ray di�raction analysis.21

This is the ®rst case of the resolution and determination
of the absolute con®guration of a thionate organopho-
sphorus insecticide, to our best knowledge. The activity
of chiral isomers of fonofos oxon was determined in the
in vitro inhibition of electric eel, house ¯y-head and
bovine erythrocyte AChE, horse serum cholinesterase,
and variety of esterases.22 Although the data for Tor-
pedo AChE is not available, the results for electric eel
were used in the molecular simulation. Thus, the avail-
ability of X-ray chrystallography of resolved enantio-
merically pure fonofos oxon o�ers a unique means for
analysis of con®guration and spatial orientation in the
active center in respect of the available three dimen-
sional coordinates of T. californica AChE. Herein, we
examine the role of these six domains of T. californica
AChE indicating stereospeci®city for enzyme phospho-
nylation by fonofos oxon and describe the positioning
of tetrahedral ligands in the active center of the enzyme.
The di�erence in inhibition between these enantiomers
is investigated in terms of stabilization of fonofos oxon
in an oxyanion hole and the Ser 200 toward the phos-
phorus atom.

Results and Discussion

When the structure of a more active enantiomer (S)-
form is viewed with the leaving group (thiophenyl)
toward the observer and P�O group vertical (P down),
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a smaller substituent (ethyl) is located at the left side
and a larger one (ethoxy) toward the right (Fig. 1). This
is the case for the most reported compounds.23±28 When
the inhibitor with a stable conformation interacts with
the enzyme active center to form hydrogen bonds
between the phosphoryl oxygen and the backbone
amide nitrogens of Gly 118, Gly 119 and Ala 201 in the
oxyanion hole, the most probable leaving group is
placed in the direction of Trp 84. The leaving group
points toward the gorge entrance, favoring a backside
attack of the active Ser 200 on the phosphorus atom.
The Ser 200 OH, which is activated by the charge relay
system consisting of His 440 and Glu 327, attacks the
phosphorus from the opposite side of the leaving group,

i.e. aromatic ring, of (S)-form (Fig. 2). This places the
leaving group approximately 180� from the side chain
oxygen of Ser 200 and directed out of the gorge, facil-
itating concomitant apical displacement with apical
attack. This orientation has already been evidenced for
O-alkyl methylphosphonothiolates.29,30

Meanwhile, the Ser 200 OH attacks the phosphorus
from the opposite side of the phosphoryl-O of (R)-form
(Fig. 3). The smaller non-leaving group of the (R)-
enantiomer, i.e. ethyl, su�ers steric restraint with Ser
200 and does not ®t into the acyl pocket. Steric limita-
tion of the acyl pocket may prevent the accommodation
of bulkier O-ethyl moiety in the (R)-form. Total energy
value of (S)-form for binding with the activie site of
AChE was 32,443.4 kcal, whereas that of (R)-form was
35,252.4 kcal. Thus, minimization of chiral fonofos
oxon and AChE showed that the less active (R)-form
had larger steric hindrance in its interaction with the
active site of AChE than the more active (S)-form.
Therefore, it is most likely that the more active (S)-form
adapts the orientation depicted in Figure 4 when bind-
ing to the active site of the enzyme. This clearly shows
that substrate selectivity and enantiomeric preference of
AChE as well as rates of covalent reaction are all gov-
erned in a large part through steric limitations imposed
with the narrow acyl pocket.

Figure 2. Superposition of (S)-fonofos oxon with six domains of
AChE.

Figure 3. Superposition of (R)-fonofos oxon with six domains of
AChE.
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Since the pentacoordinate intermediate would have to
undergo at least one Berry pseudorotation31 (or turn-
stile rotation32) before the release of the leaving group,
this process results in the retention of the phosphorus
con®guration. Whereas the process for (R)-form results
in the inversion of the phosphorus con®guration, corre-
sponding to the model of JaÈ rv et al.33 However, this is
still to be clari®ed by X-ray crystallography of the active
center of AChE phosphonylated with enantiomeric
fonofos oxon.

Experimental Procedure

Enzyme and ligands

The coordinate for T. californica AChE was obtained
from the Protein Data Bank at Brookhaven National
Laboratory3,34 and fonofos oxon from Allahyari et al.21

(S)-Fonofos oxon was 9.3 times more active than the
(R)-form in the inhibition of electric eel AChE.22

Molecular modeling

All molecular simulations were conducted with Mole-
cular Simulations Incorporated's Cerius2 3.8 environ-
ment on a Silicon Graphics O2, runnning under the
IRIX 6.5 operating system. The ligands were docked
manually in the active site in a position that would
minimize collisional interactions between molecules and
in a position appropriate for an SN2 type reaction
involving Ser 200. AChE-fonofos oxon complexes were

minimized as follows in two steps using Universal 1.02
force®eld and steepest descents method. First, the
energy expression (an equation describing the energy of
the system as a function of its coordinates) was de®ned
and evaluated for a given conformation. Energy
expressions were de®ned that include external restrain-
ing terms to bias the minimization, in addition to the
energy terms. Next, the conformation was adjusted to
lower the value of the energy expression. A minimum
was found after a maximum number of 500 iterations.
The e�ciency of the minimization is therefore judged by
both the time needed to evaluate the energy expression
and the number of structural adjustments (iterations)
needed to converge to the minimum.
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