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A B S T R A C T

The toxicity of organophosphorus (OP) nerve agents is manifested through irreversible inhibition of

acetylcholinesterase (AChE) at the cholinergic synapses, which stops nerve signal transmission, resulting

in a cholinergic crisis and eventually death of the poisoned person. Oxime compounds used in nerve

agent antidote regimen reactivate nerve agent-inhibited AChE and halt the development of this

cholinergic crisis. Due to diversity in structures of OP nerve agents, none of the currently available oximes

is able to reactivate AChE inhibited by different nerve agents. To understand the mechanism for the

differential activities of oximes toward AChE inhibited by diverse nerve agents in order to aid the design

of new broad-spectrum AChE reactivators, we undertook site-directed mutagenesis and molecular

modeling studies. Recombinant wild-type and mutant bovine (Bo) AChEs were inhibited by two bulky

side-chain nerve agents, GF and VR, and used for conducting reactivation kinetics with five oximes. A

homology model for wild-type Bo AChE was built using the recently published crystal structure of human

AChE and used to generate models of 2-PAM and HI-6 bound to the active-sites of GF- and VR-inhibited

Bo AChEs before nucleophilic attack. Results revealed that the peripheral anionic site (PAS) of AChE as a

whole plays a critical role in the reactivation of nerve agent-inhibited AChE by all 4 bis-pyridinium

oximes examined, but not by the mono-pyridinium oxime 2-PAM. Of all the residues at the PAS, Y124

appears to be critical for the enhanced reactivation potency of H oximes.

Published by Elsevier Inc.
1. Introduction

Organophosphorus (OP) chemical warfare agents, such as tabun
(GA), sarin (GB), soman (GD), cyclosarin (GF), VR and VX, pose
significant threats to both military and civilian populations due to
their possible use in battlefield and terrorist acts. The acute toxicity
of OP nerve agents is generally attributed to the irreversible
inhibition of synaptic acetylcholinesterase (AChE; EC 3.1.1.7), an
enzyme responsible for hydrolyzing the neurotransmitter acetyl-
choline (ACh) at the pre-synapses and terminating signal
transmission at the cholinergic synapses. The accumulation of
ACh causes over-stimulation of post-synaptic receptors, which
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results in a variety of cholinergic effects, including miosis,
increased tracheobronchial and salivary secretions, muscle fasci-
culations and seizures, and respiratory failure [1]. Although the
current antidotal regimen against nerve agent poisoning contains
different components such as an anticholinergic atropine, an
anticonvulsant diazepam, and an oxime reactivator such as 2-PAM
or obidoxime, oxime is the main determinant of the therapeutic
efficacy since it is responsible for reversing the key step in
poisoning—the recovery of nerve agent-inhibited AChE. However,
both experimental data and clinical findings have demonstrated
that different oximes are not equally effective against poisonings
caused by structurally different OP compounds. For example, the
efficacy of mono-pyridinium oxime 2-PAM is very limited against
poisoning by GD and GF [2,3]. For this reason, numerous studies
over the last several decades have focused on developing oximes
with enhanced reactivation efficiency. More potent bis-pyridinium
oximes such as trimedoxime bromide (TMB4) and obidoxime were
examined and obidoxime was fielded by most European countries
[4]. Although these bis-pyridinium oximes demonstrated im-
proved efficacy against poisoning by most nerve agents, the
improvement was very little against certain nerve agents such as
soman and GF.

http://dx.doi.org/10.1016/j.bcp.2010.07.020
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Fig. 1. Two-step reaction for the oxime reactivation of OP-inhibited AChE by oxime.

C. Luo et al. / Biochemical Pharmacology 80 (2010) 1427–14361428
Therefore, in the 70s and 80s, new promising bis-pyridinium
oximes, the so-called Hagerdorn oximes (H oximes) HI-6 and HLo-
7 were synthesized and shown to be very powerful reactivators of
GD-inhibited AChE [5,6]. While HI-6 is ineffective in reactivating
GA-inhibited AChE [7,8], HLo-7 is able to slowly reactivate GA-
inhibited AChE [9]. However, due to the poor stability of HLo-7 in
aqueous solutions and difficulty in synthesis, it is not suitable for
use as a nerve agent antidote [10]. Despite decades of research,
none of the oximes is a broad-spectrum reactivator which can
cover all potential threat agents. Therefore, the development of the
next generation of broad-spectrum oximes faces significant
challenges. To take this challenge and create tools for developing
more potent and broad-spectrum oximes, a better understanding
of the oxime reactivation mechanism of nerve agent-inhibited
AChE is warranted.

During the past decade, numerous studies have investigated the
mechanism of oxime reactivation of OP-inhibited AChE [11–14]. The
active-site of human AChE constitutes three amino acid residues,
S203, E334, and H447 buried close to the bottom of a deep and
narrow gorge lined with 14 conserved aromatic amino acid residues
[15]. The catalytic anionic binding site (CAS) residues including W86
and Y337 facilitate the orientation and binding of the positively
charged substrate ACh. Another important site is the peripheral
anionic site (PAS), which constitutes Y72, Y124, and W286, and an
anionic residue D74. The function of the PAS may be for trapping the
substrate down to the narrow active gorge [16], or for allosteric
modulation of enzyme during catalysis [17]. The inhibition of AChE
by an OP nerve agent involves the formation of a covalent bond
between the g-oxygen of the active-site S203 with the phosphorus
atom of the OP compound. The reactivation of OP-inhibited AChE
proceeds via a two-step reaction (Fig. 1). The first step is to form a
fully reversible Michaelis-type phosphoryl-AChE complex (penta-
coordinate transition state). The second step is the displacement of
the phosphoryl residue from the transition state by forming an
intermediate called phosphoryl oxime (POX) [18]. Kd is the
dissociation constant, which is inversely proportional to the affinity
of the oxime to the phosphoryl AChE. The reactivity of the oxime can
be expressed by the rate constant k2, describing the specific
reactivity. The figure also shows the competing ‘aging’ reaction, in
which the AChE–OP conjugate is converted into a negatively charged
‘aged’ conjugate, which cannot be reactivated by current reactiva-
tors; ka is the ‘aging’ rate constant for this reaction.

Since reactivation is an enzyme-facilitated nucleophilic reac-
tion, both nucleophilicity and orientation of the nucleophile in the
active center with respect to the OP structure are important factors
that influence the effectiveness of the oxime. Another important
factor governing the reactivatibility of OP-inhibited AChE is ‘aging’,
which is a process of dealkylation (leaving of one of the alkyl
groups from the AChE–OP conjugate). Once dealkylation occurs,
the enzyme can no longer be reactivated by any known oxime. This
is especially significant for GD-inhibited AChE, since the ‘aging’ of
this conjugate is very rapid with an aging half-time of <1–30 min
depending on the source of enzyme [19,20]. The difficulty in
reactivating GD-inhibited AChE was once believed to be solely due
to the ‘aging’ of the inhibited enzyme. However, HI-6 and HLo-7,
were shown to be able to rapidly reactivate GD-inhibited AChE
prior to ‘aging’ as compared to other bis-pyridinium oximes [6,8].
Therefore, steric hindrance from the bulky pinacolyl group of GD is
also thought to be a significant factor for the slow reactivation of
GD-inhibited AChE. Indeed, the reactivation of AChE inhibited with
GF, also a nerve agent containing a bulky cyclohexyl side-chain, by
2-PAM was found to be similarly slow although the ‘aging’ of GF-
inhibited AChE is much slower than GD-inhibited enzyme [21–23].
Studies with another relatively bulky side-chain nerve agent, VR,
also showed a similar phenomenon, though to a lesser degree
because the 4-carbon iso-butyl side-chain of VR is smaller than the
6-carbon side-chains of GD and GF [3,24–26]. But, studies with
recombinant human AChE suggested that H oximes can overcome
the steric hindrance imposed by these bulky side-chains and
reactivate GD-, GF-, and VR-inhibited AChE at rates that are 27–
110-fold faster than those for AChE inhibited by GB and VX [24].

Previous studies have suggested that bis-pyridinium oximes
may use residues at the PAS to orient nucleophilic attack by oxime.
A study with MEPQ-inhibited mouse triple mutant (Y72N/Y124Q/
W286A) AChE suggested this possibility since this mutant had a
significantly reduced reactivation by the bis-pyridinium oxime HI-
6 but not by the mono-pyridinium oxime 2-PAM [26]. The
interaction between the second-pyridinium structure and differ-
ent PAS residues of AChE is also supported by modeling and X-ray
crystallographic studies [13,27–29]. In order to understand the
role of different PAS residues in oxime reactivation of nerve agent-
inhibited AChE, we cloned and expressed wild-type and different
site-specific mutant bovine (Bo) AChEs in Chinese Hamster Ovary
(CHO) cells. The enzymes were purified and inhibited with nerve
agents GF and VR, for conducting reactivation kinetics by one
mono-pyridinium and four bis-pyridinium oximes. Also, homology
modeling and docking were used to simulate the binding of oximes
to GF- and VR-inhibited Bo AChEs. Due to a 95% homology between
human and Bo AChE sequences, a homology model for wild-type
Bo AChE was built using the recently published crystal structure of
human apo-AChE (PDB ID:3LII, http://www.rcsb.org). This homol-
ogy model was used to generate models of 2-PAM and HI-6 bound
to the active-sites of GF- and VR-inhibited Bo AChEs before
nucleophilic attack. Results support those from reactivation kinetic
studies and highlight the importance of PAS residues as a whole for
enhancing the reactivation of OP-inhibited AChE by bis-pyridi-
nium oximes, and Y124 for specific oximes such as HI-6 and HLo-7.

2. Materials and methods

2.1. Reagents, oximes, and nerve agents used in the study

Acetylthiocholine iodide (ATC) and 5,5-dithiobis-(2-nitrobenzoic
acid) (DTNB) were from Sigma Chemical Co. (St. Louis, MO) and Bio-
Spin 6 chromatography columns were from Bio-Rad (Hercules, CA).
Oximes 2-PAM, HI-6, HLo-7, MMB-4, and ICD-585 (Fig. 2A) were
obtained from the Division of Experimental Therapeutics, Walter
Reed Army Institute of Research. The purity of all oximes was>99%
as determined by elemental and HPLC analyses. Enzyme conjugates
with nerve agents GF and VR (Fig. 2B) obtained from the U.S. Army
Edgewood Chemical and Biological Center (Aberdeen Proving
Ground, MD) were prepared at the U.S. Army Medical Research
Institute of Chemical Defense (Aberdeen Proving Ground, MD). The
purity of all nerve agents was >98.5% as determined by 31P NMR.

2.2. Cloning and expression of recombinant wild-type and mutant Bo

AChEs

2.2.1. Cloning of Bo AChE cDNA

Total RNA was isolated from calf brain using RNAzol B (Tel-Test,
Inc., Friendswood, TX) according to the manufacturer’s specifica-

http://www.rcsb.org/
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Fig. 2. (A) Structures of oximes used for the reactivation of nerve agent-inhibited

recombinant wild-type and mutant Bo AChEs; (B) structures of organophosphorus

nerve agents.
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tions. The coding sequence for the Bo AChE was obtained using RT-
PCR amplification of the total RNA as specified by Applied
Biosystems (Foster City, CA). Many PCR fragments were isolated
and subcloned into TA vector pCR2.1 (Invitrogen, Carlsbad, CA)
using the manufacturer’s specifications. Two clones were chosen
for further cloning efforts: one (which contained all of exon 2
minus the signal peptide sequence) and two (which contained
approximately 70 base pairs of exon 2 sequence, but all of the
sequences for exons 3, 4, and 6). Each clone was digested with
restriction enzymes EcoRI and NcoI, and subcloned as a single
restriction fragment into the EcoRI site of the pGEM7Z vector.
Colonies were screened for the proper orientation and insert size. A
clone was obtained which contained the entire full length Bo AChE
cDNA sequence in the correct orientation with the correct size in
base pairs. Both strands of this clone were sequenced to determine
its correctness. The sequence was compared (using BLAST) with
the known Bo AChE sequences in GenBank database under
accession numbers AF061813, AF061814, AF061815, and
AF061816 representing exons 2, 3, 4, and 6, respectively.

2.2.2. Cloning Bo AChE cDNA into pCIneo mammalian expression

vector

The signal peptide sequence of Bo AChE was determined
through PCR amplification of bovine genomic kidney DNA using
degenerate oligonucleotides to the bovine signal peptide amino
acid sequence and an oligonucleotide made from the coding
sequence found at the end of exon 2 utilizing the high fidelity Pfx
DNA polymerase from Invitrogen (Carlsbad, CA). Both strands of
this PCR fragment were sequenced to determine its correctness. An
EcoRI site was placed at the 50 end of the PCR fragment and an NcoI
site was found near the end of exon 2. The PCR generated genomic
DNA fragment (containing exon 2 and the bovine signal peptide
sequence), and the Bo AChE cDNA (containing exons 3, 4, and 6)
from the pGEM7Z clone were digested with the restriction
enzymes (EcoRI and NcoI), fragmented by agarose gel electropho-
resis, the desired DNA fragments were isolated, agarose gel DNA
purified, and ligated together. Therefore, a continuous open
reading frame coding for the Bo AChE T-subunit was subcloned
into the EcoRI site of the pCIneo vector from Promega.

2.2.3. Establishment of stable cell lines expressing Bo AChEs

The establishment of stable cell lines expressing Bo AChEs was
conducted similarly as that described previously for the expression
of rhesus monkey AChE [30].

2.2.4. Mutagenesis of recombinant Bo AChE

Site-directed mutagenesis was conducted using the Quik-
Change II XL Site-Directed Mutagenesis Kit protocols (Stratagene,
La Jolla, CA). PCR was performed using pairs of forward and reverse
mutagenic oligonucleotide primers. The desired mutation oc-
curred at the same position but on opposite strands of the plasmid.
After site-directed mutagenesis was completed, colonies were
picked, grown as minipreps, and their DNAs were isolated and
sequenced to identify the mutation and to confirm that no spurious
changes had occurred. In the case of the quadruple mutant Y72N/
D74G/Y124Q/W286A, it was necessary to make each change
separately before proceeding to the next mutation. Each mutant
DNA clone was used to perform transfection of CHO-K1 cells,
transient expression, and establishment of a stable cell line as
described above.

2.2.5. Purification of recombinant Bo AChEs

Recombinant wild-type and mutant Bo AChEs expressed in the
cell media of CHO cells were purified using procainamide-
sepharose 4B gel (Sigma Chemical Co., MO) [31] followed by
anion exchange chromatography using DEAE Sepharose Fast Flow
gel (Pharmacia, NJ) in 50 mM sodium phosphate buffer, pH 8.0. The
(Y72N/D74G/Y124Q/W286A) quadruple mutant AChE did not bind
to procainamide-sepharose 4B gel and the tetrameric form of this
enzyme was partially purified by gel filtration chromatography on
a 1.5 M Bio Gel A column (Bio-Rad, CA).

2.3. Enzyme kinetic studies

2.3.1. Assay for AChE activity

AChE activity was determined by the Ellman method [32]. The
assay mixture contained 1 mM ATC as the substrate and 0.5 mM
DTNB in 50 mM sodium phosphate buffer, pH 8.0. The formation of
product was measured at 412 nm at 25 8C.

2.3.2. Determination of rate constants for the reactivation of nerve

agent-inhibited AChEs by oximes

Kinetic constants for the reactivation of nerve agent-inhibited
AChEs were determined using a non-continuous method used [13].
However, in order to minimize the aging of nerve agent-inhibited
AChEs, enzyme conjugates for reactivation studies were prepared
in 100 mM TAPS buffer, pH 9.5. Excess nerve agent was either
removed from AChE–nerve agent conjugate by passing the solution
through a Bio-Spin 6 column or neutralized by adding fresh
enzyme to the solution. AChE–nerve agent conjugates were stored
at �20 8C in 50% glycerol until use. Oxime reactivation was
initiated by making at least a 20-fold dilution of the AChE–nerve
agent conjugate in 50 mM sodium phosphate buffer, pH 8.0,
containing 0.05% bovine serum albumin (BSA) and different
concentrations of oxime. The solution was maintained at 25 8C
and at specified time intervals, 5–10 ml of the reactivation mixture
was transferred into a cuvette containing 1–3 ml of assay mixture,
to monitor AChE activity. The final concentration of enzyme in the
assay mixture varied from 0.01 to 0.1 nM. Three control groups
(AChE control, nerve agent-inhibited AChE control and AChE with
oxime control) were also set up for the simultaneous monitoring of
AChE activity at different time intervals. Four to six oxime
concentrations ranging from 1 mM to 6.4 mM were used for
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determining the reactivation rate constants depending on the
oxime and OP conjugate. In order to minimize the possible re-
inhibition of reactivated enzyme by POX and to ensure an accurate
determination of the reactivation rate constants, the concentration
of AChE–nerve agent conjugate was kept as low as possible, and
0.05 U/ml of rabbit paraoxonase (PON1) was included in the
reactivation media to break down any POX formed during
reactivation process [33,34]. PON1 from rabbit serum was purified
following a previously reported procedure using column chroma-
tography of Cibacron Blue 3GA-agarose Type 3000CL gel (Sigma,
MO) and DEAE Sepharose Fast Flow gel (Pharmacia, NJ) [35]. The
first-order reactivation rate constant, kobs, was determined by
fitting the experimental data to the equation for one-phase
exponential association:

% ðEreactÞt ¼ Að1� e�kobs�tÞ (1)

where t is the time at which the sample was withdrawn; % (Ereact)t

is percent reactivation measured at time t; and A is percent of
maximum reactivation measured after 24 h.

A secondary plot of kobs vs. [oxime] was used to obtain the
overall reactivation rate constant:

kobs ¼
k2

1þ Kox=½oxime� (2)

kr ¼
k2

Kox
(3)

where k2 is the intrinsic reaction constant; Kox is the apparent
equilibrium constant; and kr is the overall reactivation rate
constant.

2.4. Molecular modeling studies

The three-dimensional coordinates for the model of Bo AChE
were generated using the published sequence of Bo AChE [36] and
the crystal structure of human apo-AChE (PDB ID:3LII; http://
www.rcsb.org) as the template. The homology model of Bo AChE
was built using only the protein chain (A-chain) of human apo-
AChE and the homology building module of MOE (Molecular
Operating Environment, Chemical Computing Group, Quebec,
Canada). The initial homology model was subjected to energy
minimization using MMF94x force field available in MOE. The
homology model was further refined using the protein contact and
protein geometry modules of MOE. The energy minimized model
of Bo AChE was further refined by subjecting it to a molecular
dynamics (MD) equilibration of 50 ps, a MD simulation of 200 ps,
followed by energy minimization. For all the above calculations,
the reaction field salvation model was considered to mimic solvent
molecules. Energy minimized models for Bo AChE inhibited by the
S-isomers of GF or VR, were generated by covalently linking the
OPs to g-oxygen of the active-site S203 in Bo AChE followed by
energy minimization using the above protocol.

To simulate the position and the orientation of an oxime before
reactivation, the mono-pyridinium oxime, 2-PAM was manually
docked into the active-site of GF-inhibited Bo AChE, such that the
distance between the nucleophile oxygen of 2-PAM and the
phosphorus atom of GF covalently attached to the g-oxygen of the
active-site S203 was restrained around 4.2 Å and the angle formed
by the g-oxygen of the active-site S203, the phosphorus atom of GF
and the nucleophile oxygen of 2-PAM was restrained around 1608.
The distance and angle restrains were required for 2-PAM to
position and orient for a productive nucleophilic attack. This
minimized structure was subjected to a short MD simulation using
MOE in order to better fit the oxime into the binding site. The above
mentioned constraints for the distance (�4.2 Å) and the angle
(�1608) were placed during all MD simulation. At the end of the
MD simulation, the model of the GF-inhibited Bo AChE�2-PAM
complex was subjected to energy minimization in order to
generate the final model of the complex. The above procedure
was repeated to generate the final energy minimized model for VR-
inhibited Bo AChE�2-PAM complex.

The three-dimensional model for HI-6 was generated by
calculating the energies of various conformations of HI-6 produced
by varying all single bonds using MOE. From the conformation
energy values, one hundred forty seven energetically favorable
unique conformations for HI-6 were identified. The ring containing
the attacking oxime group of HI-6 was superposed on the
corresponding structure of 2-PAM in the energy minimized
structure of GF-inhibited Bo AChE�2-PAM complex. Because there
are two ways of superposing the two six-membered aromatic rings
between 2-PAM and HI-6, many orientations of HI-6 in the active-
site gorge of Bo AChE were generated. From the calculated
interaction energies of HI-6 with GF-inhibited Bo AChE, the
complex with the highest favorable interaction energy was
identified. As discussed above for the docking of 2-PAM, energy
minimization followed by MD simulations were carried out in
order to generate the final energy minimized models for GF-
inhibited Bo AChE�HI-6 complex. The same procedure was used for
generating the final energy minimized model for VR-inhibited Bo
AChE�HI-6 complex.

3. Results

Five different oximes (Fig. 2A) were examined in our reactiva-
tion kinetic studies with the recombinant wild-type and six single
and one quadruple mutant Bo AChEs after inhibition with nerve
agents GF and VR. The reason for choosing GF and VR for these
studies was that these two nerve agents are similar to GD in that
they contain bulky side-chain structures, which may significantly
hinder reactivation by oximes [3,13,24,25]. Due to the rapid aging
of GD-inhibited AChE, we did not conduct studies with this
conjugate. Fig. 3 shows the reactivation kinetic profile of GF-
inhibited wild-type Bo AChE by MMB4. In this and similar cases,
the plot of pseudo first-order reactivation rate constant (kobs) vs.
[oxime] yielded a saturation curve, and the overall reactivation
rate constant (kr) was obtained by dividing the intrinsic reaction
constant k2 by dissociation constant Kox. However in some cases
the plot of kobs vs. [oxime] was linear as shown for the reactivation
of VR-inhibited Y72N Bo AChE by HLo-7 (Fig. 4). Under such
situations, Kox and k2 could not be determined and kr was
estimated from the slope of the line. The estimation of the kr value
using the slope of the linear line for the second-order oxime
reactivation constant has been used in many previous studies
[24,26]. Under such situations, the active-sites of the enzyme
conjugate have not been fully occupied by oxime with the oxime
concentration that still allows the measurement of reactivation
progress, making linear regression for kr approximation reason-
able.

Tables 1–3 summarize different rate constants (k2, Kox, and kr)
for the reactivation of GF-inhibited recombinant wild-type and
mutant Bo AChEs with five oximes. The reactivation potency of
these oximes measured by kr values follows the rank order: HLo-
7 > HI-6 > ICD-585 > MMB4 > 2-PAM. From the Kox and k2

values, it is obvious that both parameters contribute to the
higher reactivation rate (kr) of the 4 bis-pyridinium oximes
compared with the mono-pyridinium oxime 2-PAM, but a lower
Kox value contributes to a higher kr. Of different mutant Bo AChEs
examined, mutations of D74 to Gly and Y337 to Ala resulted in
significantly faster oxime reactivations compared to wild-type
enzyme in most cases. The other four single PAS mutants (Y72N,
Y124Q, Y124F, and W286A) all showed reduced reactivations to

http://www.rcsb.org/
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Fig. 3. Reactivation of GF-inhibited wild-type Bo AChE by MMB4. (A) Plot of percent reactivation vs. time to obtain kobs for each concentration of MMB4; (B) plot of kobs vs.

[MMB4] to obtain kr.

[(Fig._4)TD$FIG]

Fig. 4. Reactivation of VR-inhibited Y72N Bo AChE by HLo-7. (A) Plot of percent reactivation vs. time to obtain kobs for each concentration of HLo-7; (B) plot of kobs vs. [HLo-7] to

estimate kr from the slope of the line.
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different extents. The mutation of W286 to Ala had the least effect
except for reactivation by 2-PAM, which showed a 6-fold
reduction (Table 1). The mutation of Y72 to Asn reduced
reactivation by bis-pyridinium oximes from 1- to 9-fold, but
did not affect reactivation by 2-PAM. The most significant
reduction by a single mutation was observed in the reactivation
of Y124Q by the two H oximes HI-6 and HLo-7 and HI-6 analog
ICD-585 (78-, 43-, and 17-fold, respectively). But, this mutant
showed only a 4-fold reduction in reactivation by MMB4 and even
promoted reactivation by 2-PAM (Table 1). Interestingly, when
Y124 was replaced by Phe, which removed the hydroxyl group
while maintaining the aromatic ring, there was very little effect on
Table 1
Rate constantsa for the reactivation of GF-inhibited wild-type and mutant Bo AChEs by

Enzyme 2-PAM

k2 (min�1) Kox (mM) kr (M�1 min

Wild-type 0.051�0.017 0.674�0.220 57

Y72N NAb NAb 77

D74G 0.029�0.022 1.920�0.262 15

Y124Q NAb NAb 97

Y124F 0.022�0.004 0.508� 0.026 44

W286A 0.026�0.009 3.134�1.102 8

Y337A 0.018�0.008 0.265�0.041 68

Quadruple NAb NAb 13c

a Data are mean� standard errors from 2 to 4 determinations.
b Value could not be determined due to the linear relationship of kobs vs. [oxime].
c Only one time determination due to the limited availability of this mutant.
reactivation by H oximes (Tables 2 and 3). The most dramatic
changes observed on oxime reactivation were with a quadruple
mutant of the whole PAS residues—Y72N/D74G/Y124Q/W286A.
The reactivation of GF-inhibited quadruple mutant Bo AChE by all
four bis-pyridinium oximes was 180–1500-fold slower than
wild-type AChE. However, only a 3-fold reduction was observed
for the reactivation of GF-inhibited quadruple mutant Bo AChE by
2-PAM.

As summarized in Tables 4–6, the overall rate constants for the
reactivation of VR-inhibited wild-type Bo AChE by these 5 oximes
were relatively similar to that of GF-inhibited AChE. The potency
rank order for these oximes was exactly the same as that for GF-
2-PAM and MMB4.

MMB4

�1) k2 (min�1) Kox (mM) kr (M�1 min�1)

0.042� 0.024 0.169�0.042 252

0.005� 0.003 0.182�0.093 24

0.075� 0.037 1.041�0.262 410

0.102� 0.059 2.082�1.410 49

0.635�0.246 1.642�0.771 387

0.106� 0.021 0.771�0.127 138

0.031� 0.015 0.155�0.044 203

NAb NAb 1.4c



Table 2
Rate constantsa for the reactivation of GF-inhibited wild-type and mutant Bo AChEs by HI-6 and ICD-585.

Enzyme HI-6 ICD-585

k2 (min�1) Kox (mM) kr (M�1 min�1) k2 (min�1) Kox (mM) kr (M�1 min�1)

Wild-type 0.172� 0.088 0.126� 0.059 1,345 0.128� 0.055 0.275�0.129 467

Y72N NAb NAb 482 0.164� 0.047 0.472�0.185 347

D74G 0.236� 0.083 0.024�0.012 9,990 0.126� 0.032 0.053�0.021 2388

Y124Q 0.125� 0.027 7.310�1.329 17 0.020�0.015 0.769�0.230 26

Y124F 0.293� 0.168 0.552� 0.325 531 0.162� 0.075 0.602�0.330 269

W286A NAb NAb 471 0.083�0.035 0.173�0.053 478

Y337A 0.311� 0.203 0.017�0.013 17,970 NAb NAb 8219

Quadruple NAb NAb 1.9c NAb NAb 2.0c

a Data are mean� standard errors from 2 to 4 determinations.
b Value could not be determined due to the linear relationship of kobs vs. [oxime].
c Only one time determination due to the limited availability of this mutant.

Table 3
Rate constantsa for the reactivation of GF-inhibited wild-type and mutant Bo AChEs

by HLo-7.

Enzyme k2 (min�1) Kox (mM) kr (M�1 min�1)

Wild-type 0.154�0.067 0.045� 0.029 3,413

Y72N 0.050� 0.021 0.055� 0.020 909

D74G 0.401� 0.143 0.008�0.002 53,570

Y124Q 0.145�0.066 1.849�0.812 78

Y124F NAb NAb 1,274

W286A 0.098� 0.039 0.049� 0.028 1,892

Y337A 0.394�0.216 0.075� 0.033 52,380

Quadruple NAb NAb 2.3c

a Data are mean� standard errors from 2 to 4 determinations.
b Value could not be determined due to the linear relationship of kobs vs. [oxime].
c Only one time determination due to the availability of this mutant.
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inhibited enzyme, indicating the similarity of GF- and VR-inhibited
AChE with regard to oxime reactivation. Interestingly, the effects of
single and multiple mutations on reactivation by these five oximes
were similar too with only a few exceptions. While the overall
reactivation rate constants for GF-inhibited D74G AChE by MMB4
and ICD-585 were 0.6- and 4.1-fold higher, that of VR-inhibited
AChE was 2.2- and 0.6-fold lower, compared to wild-type AChE.
Another difference observed was in reactivation by 2-PAM, with
little effect on GF-inhibited conjugate but a 1-fold increase for VR-
inhibited enzyme compared with wild-type enzyme. Significant
reductions in reactivations of VR-inhibited Y124Q AChE were also
observed with HI-6, HLo-7, and ICD-585 (80-, 22-, and 18-fold,
respectively), while such reductions were not observed for Y124F
AChE. The 580–813-fold reductions in oxime reactivation ability of
VR-inhibited quadruple mutant of the PAS by all bis-pyridinium
oximes were also observed, but again, only a 3.3-fold reduction
was observed with 2-PAM (Tables 4–6).
Table 4
Rate constantsa for the reactivation of VR-inhibited wild-type and mutant Bo AChEs by

Enzyme 2-PAM

k2 (min�1) Kox (mM) kr (M�1 min

Wild-type 0.073� 0.031 0.938�0.326 79

Y72N NAb NAb 78

D74G 0.004� 0.002 1.729� 0.463 2.3

Y124Q NAb NAb 96

Y124F 0.078� 0.026 0.482�0.215 162

W286A 0.027� 0.009 0.638�0.212 42

Y337A 0.066� 0.039 1.082�0.421 61

Quadruple NAb NAb 18c

a Data are mean� standard errors from 2 to 4 determinations.
b Value could not be determined due to the linear relationship of kobs vs. [oxime].
c Only one time determination due to the limited availability of this mutant.
Molecular modeling studies were conducted to simulate the
interaction of 2-PAM and HI-6 before nucleophilic attack on GF-
and VR-inhibited Bo AChEs. Since an X-ray crystal structure for Bo
AChE was not available and Bo AChE shares 95% sequence
homology with human AChE, we built the homology model for
Bo AChE using the crystal structure of human AChE. The folds in the
homology model of Bo AChE were assumed to be the same as those
observed in the crystal structure of human AChE and no differences
in the binding sites for the two sequences were observed. Also, a
comparison of AChE and BChE structures from different species
showed that, the binding site residues are within a root-mean
square deviation of 0.5 Å, suggesting that the homology model is
good enough for calculations presented in the manuscript.

A plot of the calculated interaction energies of these complexes
vs. the experimentally determined Kox values is shown in Fig. 5.
Within experimental error, we were able to predict the binding of
oximes to GF- and VR-inhibited AChEs with an r2 value of 0.99. The
distances of the nucleophiles from the phosphorus atoms were
around 4 Å and the angles of attack were around 1508. Fig. 6A
shows the amino acid residues of GF-inhibited Bo AChE that are
interacting with 2-PAM. As shown in this figure, the six-membered
cyclohexyl group in GF forms a favorable and rigid chair
conformation. The critical amino acid residues in the binding site
can be grouped into six regions (RI: D74; RII: G82, T83, W86, N87;
RIII: S125; RIV: E202; RV: Y337, Y341; and RVI: H447). The
calculated interaction energies between 2-PAM and these residues
are listed in Table 7, which shows that the major contributions to
the binding energies are from two aromatic residues, W86 and
Y337. The pyridinium ring of 2-PAM is sandwiched (stacking)
between these two aromatic residues: (1) W86 forms a cation-p
interaction with the positively charged nitrogen, and (2) the –OH
group of Y337 forms an electrostatic interaction with the positively
charged nitrogen atom. This ‘‘cation-p’’ stacking helps to position
and orient the nucleophile ready for attack on the OP. Fig. 6B shows
2-PAM and MMB4.

MMB4

�1) k2 (min�1) Kox (mM) kr (M�1 min�1)

NAb NAb 871

NAb NAb 105

0.042�0.030 0.155� 0.079 270

NAb NAb 181

NAb NAb 692

NAb NAb 796

0.063�0.020 0.081� 0.056 780

NAb NAb 1.5c



Table 5
Rate constantsa for the reactivation of VR-inhibited Bo wild-type and mutant AChEs by HI-6 and ICD-585.

Enzyme HI-6 ICD-585

k2 (min�1) Kox (mM) kr (M�1 min�1) k2 (min�1) Kox (mM) kr (M�1 min�1)

Wild-type 0.207�0.110 0.094� 0.047 2193 0.167� 0.092 0.188�0.010 896

Y72N NAb NAb 419 NAb NAb 297

D74G 0.456�0.144 0.051� 0.019 9038 0.201� 0.064 0.369�0.089 543

Y124Q 0.053�0.039 0.1.963�1.426 27 0.041� 0.022 0.841�0.332 48

Y124F 0.172�0.079 0.830� 0.311 823 0.093� 0.018 0.324�0.052 287

W286A NAb NAb 1052 0.099� 0.025 0.098�0.051 1017

Y337A 0.054�0.031 0.007� 0.005 8072 0.213� 0.136 0.049�0.033 4380

Quadruple NAb NAb 3.7c NAb NAb 4.5c

a Data are mean� standard errors from 2 to 4 determinations.
b Value could not be determined due to the linear relationship of kobs vs. [oxime].
c Only one time determination due to the limited availability of this mutant.
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the amino acid residues of VR-inhibited Bo AChE that are
interacting with 2-PAM. The conclusions from this model are
similar to those from the GF-inhibited Bo AChE�2-PAM complex
except the iso-butyl group in VR is flexible enough to move and fill
up the binding pocket better than the rigid cyclohexyl ring in GF.
The calculated interaction energies between 2-PAM and the critical
residues listed in Table 7 are also similar. The mutation of Y337 to
Ala will provide additional space for the accommodation of 2-PAM,
which will result in increased reactivation, as was observed in
reactivation studies with the Y337A mutant. In both models, the R-
groups of GF and VR point toward the pockets formed by four
amino acid regions: RI: F123, Y124; RII: W236; RIII: F295, F297,
V300; and RIV: W407. This binding pocket can accommodate R-
groups of various sizes—small as in GB as well as larger groups as in
GD, GF and VR. Amino acid residues Y72, D74, and W286 at the PAS
do not interact with 2-PAM and thereby do not affect the
reactivation abilities of 2-PAM.

Fig. 7A shows the amino acid residues of GF-inhibited Bo AChE
that are interacting with HI-6. In this case, critical amino acid
residues in the binding site can be grouped into seven regions (RI:
Y72, D74; RII: G82, T83, D84, W86, N87; RIII: Y124, S125; RIV:
E202; RV: Y337, Y341; RVI: H447; and RVII: W286, R287). The
calculated interaction energies between HI-6 and these residues
are listed in Table 7, which shows that the major contributions to
the binding energies are from three residues, D74, W86 and Y337.
The binding sites of the pyridinium rings containing the oxime are
the same as those for the 2-PAM models. However, the ‘‘sandwich’’
stacking energies between the pyridinium ring containing the
oxime and W86 and Y337 are more favored with HI-6 because of
interactions with the oxygen in the linker connecting the two
pyridinium rings. The negatively charged carboxyl group of D74
interacts favorably via electrostatic interactions with the positively
charged nitrogen in the two pyridinium rings of HI-6. Y124
interacts favorably with HI-6 via an end-on stacking with the
pyridinium ring containing the amide group. As indicated above,
Table 6
Rate constantsa for the reactivation of VR-inhibited wild-type and mutant Bo AChEs

by HLo-7.

Enzyme k2 (min�1) Kox (mM) kr (M�1 min�1)

Wild-type 0.373� 0.224 0.096�0.062 3,892

Y72N NAb NAb 1,080

D74G NAb NAb 10,835

Y124Q 0.307�0.131 1.807�1.229 170

Y124F 0.169� 0.051 0.084�0.026 2,017

W286A NAb NAb 1,648

Y337A 0.401�0.286 0.055�0.026 7,309

Quadruple NAb NAb 5.4c

a Data are mean� standard errors from 2 to 4 determinations.
b Value could not be determined due to the linear relationship of kobs vs. [oxime].
c Only one time determination due to the availability of this mutant.
additional van der Waals and electrostatic interactions for HI-6
were identified with W286 and R287, respectively, in the seventh
region (RVII), but the net interaction energy is �0.2 kcal. This
suggests that HI-6 makes a weak contact with W286. Fig. 7B shows
the amino acid residues of VR-inhibited Bo AChE that are
interacting with HI-6. The conclusions from this model are similar
to those from the GF-inhibited Bo AChE�HI-6 complex. The
calculated interaction energies between HI-6 and amino acid
residues suggest that the binding of HI-6 is favored with VR-
inhibited Bo AChE compared to GF-inhibited Bo AChE.

4. Discussion

Oxime reactivation of nerve agent-inhibited AChE proceeds via
nucleophilic attack on the phosphorus atom and is greatly
facilitated by the proper orientation of the nucleophile in the
active-site of the enzyme. The facilitation for mono-pyridinium
oxime 2-PAM is due to the interaction of the positively charged
pyridinium ring with residues in the CAS of the enzyme. Bis-
pyridinium oximes, on the other hand, may use the second-
pyridinium ring to interact with residues at the PAS to facilitate
reactivation. Indeed, results from this study using wild-type and
different mutant Bo AChEs indicate that when all four PAS residues
were replaced, reactivation rates were reduced from 180- to 1500-
fold. This explains the superiority of bis-pyridinium oximes over
the mono-pyridinium oxime, especially when the enzyme is
inhibited by nerve agents with bulky side-chains such as soman,
GF, and VR. In fact, reactivation rate constants for GF- and VR-
inhibited quadruple mutant by all four bis-pyridinium oximes
Fig. 5. A plot of experimentally determined binding constants vs. calculated

interaction energies for various oximes.
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Fig. 6. The binding site of 2-PAM in the energy minimized models of GF-inhibited

Bo AChE (A) and VR-inhibited Bo AChE (B). Amino acid residues with binding

energies equal to or less than �1.0 kcal with 2-PAM are shown and labeled.

Amino acid residues of Bo AChE are shown as color-coded bonds based on atoms

(carbon: green, oxygen: red, nitrogen: blue, phosphorus: yellow). The color

coding for 2-PAM is the same except that carbon: magenta. Nucleophilic attack on

OP is shown by yellow dashed lines. The cyclohexyl group of GF and the iso-butyl

group of VR are shown in cyan in panels A and B, respectively. Hydrogen atoms

are not shown for clarity.

Table 7
Calculated interaction energies (in kcal) between the oxime and the critical amino

acid residues in GF- and VR-inhibited Bo AChEs.

Amino acids GF-2-PAM VR-2-PAM GF-HI-6 VR-HI-6

RI

Y72 – – �7.3 �7.6

D74 �5.5 �4.9 �37.7 �38.1

RII

G82 �7.8 �7.6 �8.5 �9.2

T83 �4.2 �4.1 �6.3 �6.7

D84 – – �3.5 �3.7

W86 �14.7 �14.2 �26.0 �24.9

N87 �3.7 �3.4 �10.8 �11.0

RIII

Y124 – – �3.9 �5.5

S125 �2.0 �2.3 �4.4 �3.7

RIV

E202 �2.4 �3.1 �4.8 �4.7

RV

Y337 �12.8 �12.7 �16.8 �17.0

Y341 �2.0 �2.0 �6.0 �6.1

RVI

H447 �4.4 �5.0 �4.3 �3.8

RVII

W286 – – 0.9 �0.8

R287 – – �1.1 �1.1
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were several fold lower than that for the mono-pyridinium oxime
2-PAM even though they were over 50 times more potent (such as
HLo-7) before the PAS residues were mutated. The data provide
very strong evidence that these bis-pyridinium oximes reactivate
nerve agent-inhibited AChE by interacting with residues at the PAS
of the enzyme. It also indicates that the larger bis-pyridinium
oximes are less flexible than the mono-pyridinium oxime in
interacting with residues at the CAS, since three of the four bis-
pyridinium oximes (HI-6, HLo-7, and ICD-585), which contain a
first pyridinium ring that is identical to 2-PAM, demonstrated
lower reactivation ability when these PAS residues were replaced.
A previous study with recombinant mouse AChE inhibited by
MEPQ, demonstrated that triple mutation (W286A/Y72N/Y124Q)
at the PAS significantly decreased the reactivation ability of HI-6
but to a lesser extent by 2-PAM possibly due to the less bulky OP
structure of MEPQ compared to that of GF and VR [26]. Therefore,
our results suggest that the second-pyridinium structure plays a
crucial role in the enhanced reactivation activity of all bis-
pyridinium oximes over the mono-pyridinium oxime.

Results of single amino acid substitutions at the PAS revealed
that most single residue changes affected oxime reactivation
moderately. Of all the four bis-pyridinium oximes tested, the most
significant reductions were observed with Y124 Q AChE when HI-
6, HLo-7, and ICD-585 were used as reactivators. However, when
Y124 was replaced with Phe, there was no significant drop in the
reactivation ability of these oximes, indicating that the facilitation
effect of Tyr is through interaction with the aromatic structure, and
not through the hydroxyl group. Indeed, results of modeling
studies support such a stacking interaction of the second-
pyridinium ring with Y124 for both GF- and VR-inhibited Bo
AChE (Fig. 7A and B). In the active-site of AChE, F297, Y124, W286
and Y72 form a cluster of aromatic amino acids with favorable
stacking interactions. F297 interacts with the R-group of OP nerve
agent, while W286 and Y72 form stacking interactions. Y124 is
critical in maintaining the binding pocket for interactions with the
second-pyridinium ring of H oximes and also forms favorable end-
on stacking interactions with F297 and W286. This is only possible
if the residue at position 124 is either Tyr or Phe and any change in
these interactions will be relayed like a ‘‘domino effect’’ to the
peripheral residues W286 and Y72.

Previously, the X-ray crystal structure of mouse AChE�HI-6
complex revealed that the second-pyridinium ring of HI-6 could
form a sandwich stacking with Y124 and W286 [29]. This
interaction was also observed in the X-ray structure of a co-
crystal of HI-6 with GB-inhibited mouse AChE [37]. The involve-
ment of W286 in such a sandwich interaction in GF- and VR-
inhibited Bo AChE�HI-6 complex is not supported by our site-
directed mutagenesis studies since the mutation of W286 to Ala
reduced the reactivation abilities of H oximes by a maximum of 2-
fold. The results of modeling studies with both GF- and VR-
inhibited Bo AChE�HI-6 complexes did not show the involvement
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Fig. 7. The binding site of HI-6 in the energy minimized models of GF-inhibited Bo

AChE (A) and VR-inhibited Bo AChE (B). Amino acid residues with binding energies

equal to or less than �1.0 kcal with HI-6 are shown and labeled. Amino acid

residues of Bo AChE are shown as color-coded bonds based on atoms (carbon: green,

oxygen: red, nitrogen: blue, phosphorus: yellow). The color coding for HI-6 is the

same except that carbon: magenta. Nucleophilic attack on OP is shown by yellow

dashed lines. The cyclohexyl group of GF and the iso-butyl group of VR are shown in

cyan in panels A and B, respectively. Hydrogen atoms are not shown for clarity (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of the article.).
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of W286 in a sandwich stacking either. These results suggest that
the position and interaction of HI-6 with residues at the PAS of
AChE is not only influenced by the presence of OP in the active-site
of AChE, but also by the structure of OP compound.

The loss of a negative charge as in D74G AChE is expected to
weaken the interaction with the positively charged oxime. As
shown in Table 7, the negatively charged side-chain of D74
interacts very strongly with the two positive charges of H oximes
compared to any other interactions. The charge–charge interac-
tions might affect the release of the products. Thus, the mutation of
D74 to Gly will reduce this interaction and enhance the
reactivation process. Although, the energy for the interaction of
D74 with 2-PAM (Table 7) is less compared to that for its
interaction with HI-6, but the significance of this interaction is
demonstrated by the reduced reactivation of the D74G mutant by
2-PAM. The active-site mutant Y337A AChE also showed increased
oxime reactivation in most cases. Results of modeling studies
suggest that the removal of aromatic residue at the active center of
the enzyme may enlarge the available space for bis-pyridinium
oximes and therefore facilitate oxime reactivation, which was also
observed with mouse AChE [17].
In summary, the results of this study on oxime reactivation of
wild-type and mutant Bo AChEs reveal that amino acid residues at
the PAS as a whole group play a critical role in the enhanced
reactivation ability of all bis-pyridinium oximes compared to
mono-pyridinium oxime. Y124 is an important residue for the
potent reactivation ability of HI-6, ICD-585, and HLo-7, but has
much less or no involvement in reactivation by MMB4 and 2-PAM.
A comparison of the reactivation of nerve agent-inhibited Y124Q
and Y124F AChEs by these bis-pyridinium oximes and molecular
modeling studies did not support the sandwich interaction of
Y124, W286 and the second-pyridinium structure of HI-6 proposed
by X-ray crystallographic studies of HI-6�AChE and GB-inhibited
AChE�HI-6 complexes. Instead, the data are more supportive to the
stacking between H oximes and Y124 only. Although these results
were obtained with GF and VR, two nerve agents containing bulky
side-chains, the enhanced reactivation of soman-inhibited AChE by
H oximes has been demonstrated in many previous studies
[3,9,24]. The reported molecular volume of GF’s OR group is about
25–30% more than that for VR [38,39]. The calculated molecular
volume for the six-carbon pinacolyl group of soman is only 9%
more than that for the cyclohexyl group of GF (unpublished
observation). Unfortunately, the fast aging of soman-inhibited
enzyme precludes the accurate determination of reactivation rate
constants, thus it is difficult to compare the reactivation potency of
H oximes toward soman- and GF-inhibited AChEs. However,
results of this study highlight the contribution of the interaction
between Tyr124 and the amide-containing pyridinium ring of H
oximes for their potency in reactivating AChE inhibited by bulky
side-chain nerve agents.
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