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Organophosphate compounds (OP) are potent inhibitors of acetylcholinesterases (AChEs) and can
cause lethal poisoning in humans. Inhibition of AChEs by the OP soman involves phosphonylation of
the catalytic serine, and subsequent dealkylation produces a form known as the “aged” enzyme. The
nonaged form can be reactivated to a certain extent by nucleophiles, such as pralidoxime (2-PAM),
whereas aged forms of OP-inhibited AChEs are totally resistant to reactivation. Here, we solved the
X-ray crystal structures of AChE from Torpedo californica (TcAChE) conjugated with soman before
and after aging. The absolute configuration of the soman stereoisomer adduct in the nonaged conjugate
is PSCR. A structural reorientation of the catalytic His440 side chain was observed during the aging
process. Furthermore, the crystal structure of the ternary complex of the aged conjugate with 2-PAM
revealed that the orientation of the oxime function does not permit nucleophilic attack on the
phosphorus atom, thus providing a plausible explanation for its failure to reactivate the aged soman/
AChE conjugate. Together, these three crystal structures provide an experimental basis for the design of
new reactivators.

Introduction

The principal role of acetylcholinesterase (AChE,a EC
3.1.1.7) is termination of nerve impulse transmission at cho-
linergic synapses by rapid hydrolysis of the neurotransmitter
acetylcholine (ACh).1 In keeping with its biological role,
AChE is a very rapid enzyme, with a turnover number of
103-104 s-1, depending on the species. The first X-ray
structure of an AChE, that from Torpedo californica
(TcAChE), revealed that its active site is buried at the bottom
of a deep and narrow gorge.2 It features a catalytic triad
(Ser200, His440, Glu327), typical of serine hydrolases, and a
catalytic anionic subsite (CAS), inwhich the cholinemoiety of
ACh is stabilized via cation-π interactions with Trp84 and
Phe330 and by an electrostatic interaction with Glu199.2,3

Stabilization of ACh in the active site also involves interac-
tionsof its carbonyl oxygenwithin the oxyanion hole (Gly118,

Gly119, Ala201) and of the methyl moiety of its acetyl group
in the acyl pocket (Trp233, Phe288, Phe290, Phe331).4 At the
rim of the gorge, Trp279 is the main component of a so-called
“peripheral” anionic site (PAS) that interacts allosterically
with the active site5 and mediates trapping of the substrate en
route to the active site.3,6

AChE is the target of numerous inhibitors, both covalent
(irreversible) and noncovalent (reversible), including most
approved anti-Alzheimer drugs, and neurotoxins such as the
fasciculins, carbamates, and organophosphates (OPs).1 OPs
include both insecticides and chemical warfare agents that
lead to irreversible inhibition of AChE. Intoxication by OP-
based insecticides is a serious public health problem, causing
the death of some 200000 people per year throughout the
world.7 The lethality of OP nerve agents was evident both
when they were employed by Iraqi troops against Iranian
troops and Kurd civilians in 19888-11 and in the Tokyo
subway terrorist attack in 1995.12 Detailed understanding of
the mechanism of AChE inhibition by OPs is thus of major
importance in a toxicological context, inasmuch as it may
provide crucial information for the rational design of new
antidotes.
Soman, O-(1,2,2-trimethylpropyl) methylphosphonofluor-

idate, is one of the most toxic OPs. Inhibition of AChE by
soman involves covalent modification of Ser200 (TcAChE
residue numbering throughout the manuscript unless stated
otherwise), by a mechanism that implicates nucleophilic
attack of the latter on the phosphorus atom of soman,
with concomitant departure of its fluoride atom (Scheme 1).
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Subsequently, AChE catalyzes the dealkylation of the OP
adduct at a rate ca. 1010 higher than that at which non-
enzymatic dealkylation would occur.13 This second step has
been termed “aging” and transforms the nonaged soman/
AChE conjugate into an aged conjugate that can no longer be
rescued by the available reactivators.14Among all OPs known
to date, with the exception of CH3POF2 and CH3POCl2,

15,16

soman is the one that produces an aged enzyme most
rapidly. Extrapolated half-lives of aging of soman/
AChE conjugates range from seconds to several minutes
under near physiological conditions.13,17-19 For the
soman/TcAChE conjugate, half-lives for aging of 1.9 and
3.9min were reported at pH 6.5 and 7.5, respectively, at room
temperature.17

Themechanismof enzyme-induced aging is not fully under-
stood, and the chemical basis for the unusually fast rate of
dealkylation of soman/AChE conjugates requires further
clarification. Two pathways were considered in which either
protonation of the pinacolyl oxygen14,19 or methyl migration
fromCβ to CR of the pinacolyl group13,17,20 were proposed to
be rate-determining.Regardless of themechanistic details, it is
agreed that dealkylation is accompanied by O-C scission of
the P-O-CH(CH3)C(CH3)3 chain (Scheme 1) and that
Glu199, Phe331, Glu443, His440, and in particular, Trp84,
play important roles in the aging process.13,17,19,20 It is of
interest that the aged soman/AChE conjugate is analogous
to the deacylation tetrahedral intermediate of acetylated
AChE.21-23

Soman contains two chiral centers, the P and CR atoms,
and thus occurs as four stereoisomers. AChEs react preferen-
tially with the PS enantiomers, with phosphylation rates ∼5�
104 higher for the PS than for the PR enantiomers.24,25 An in-
line displacement of fluoride by Ser200 has been proposed,26

implying that the stereochemistry of the phosphorus atom is
reversed following conjugation to the enzyme. The PR con-
figuration in the crystal structure of the nonaged phosphony-
lated TcAChE conjugate obtained by use of the O-ethyl
methylphosphonyl OP, VX, is indeed consistent with inver-
sion at the P atom.27 As for the preference of AChE for the
configuration at theCR atom, the rates of inhibition of human
(hu) AChE,25 bovine AChE,28 eel AChE,28 equine butyryl-
cholinesterase (BChE ; EC 3.1.1.8),25 and huBChE18,29 by the
PSCS stereoisomer are consistently (though only slightly)
higher than by the PSCR stereoisomer.

Oximes are capable of reactivating nonaged OP/AChE
conjugates30,31 by nucleophilic attack of the oxime group

(R1R2CdNOH) on the phosphorus atom.32,33 So far, only a
few oximes have been included in therapeutic regimens for
treatment of OP intoxication, viz. N-methylpyridin-1-ium
2-aldoxime methiodide (pralidoxime, 2-PAM), trimedoxime
bromide (TMB-4), and toxogonin.34 The bis-quaternary oxi-
mes, HI-6 and HLö-7, have, so far, been the most effective in
reactivation of most nonaged OP/huAChE conjugates.35 The
nonaged soman/huAChE conjugate obtained by use of the
PSCS isomer has been reported to be significantly more
amenable to reactivation by HI-6 than the PSCR adduct.36

Althoughgreat efforts are beingmade toproducemore potent
reactivators,37 no single broad-spectrum reactivator has, so
far, been described that is capable of reactivating all nonaged
nerve agent/AChE conjugates.38 Furthermore, it has been
observed that phosphonylated oximes, which are formed
during reactivation, are capable of reinhibiting AChE.39,40

The X-ray structures of several nonaged and aged OP/
AChE conjugates have been solved in recent years. Those of
the nonaged VX/TcAChE conjugate27 and of the nonaged
tabun conjugate of murine AChE41 (mAChE) both showed
that a reorientationof the side chain of the catalytic histidine is
necessary to accommodate the ethoxy group common to the
two inhibitors. Upon aging, these structural changes are
reversed and the catalytic histidine in the aged OP/AChE
conjugate reverts to its native conformation. The structure of
the aged soman/TcAChE was determined by crystallizing the
inhibited enzyme, and here, too, the side chain of the catalytic
His residuewas seen tobe in its native orientation.23However,
due to the experimental difficulties imposed by the rapidity of
the aging process, the crystal structure of the nonaged soman/
AChE conjugate had not been reported.
Here, we present the crystal structures of nonaged and in

crystallo aged soman/TcAChE conjugates and of a ternary
complex of the aged conjugate with the oxime reactivator,
2-PAM. These structures provide important information that
can be utilized in clarifying: (a) the influence of the architec-
ture of the catalytic site and of water molecules within the
gorge on the rate andmechanismof the aging reaction and (b)
the resistance of aged OP-AChE conjugates to reactivation.
Hopefully, such clarifications will facilitate the quest for new
reactivators of OP-inhibited AChE.

Results

Nonaged Soman/TcAChE Conjugate. Trapping of the
nonaged soman/TcAChE was achieved by reducing the

Scheme 1. Irreversible Iinhibition of AChE by Soman (Upper Panel) and Reactivation of the Nonaged Enzyme with 2-PAM (Lower
Panel)a

aThe catalytic Ser200 first performs a nucleophilic attack on the phosphorous atom. Then the enzyme catalyzes departure of the pinacolyl group

(dealkylation or “aging”). Prior to “aging”, reactivation of AChE can occur via nucleophilic attack of the oxime group of 2-PAM on the phosphorus

atom of the phosphonyl adduct, resulting in its cleavage from Ser 200 Oγ. Asterisks denote chiral centers.
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soaking time to 6min and raising the pH to 8.2, a pH value at
which aging is significantly retarded.13,14

The structure, solved at 1.95 Å resolution, is displayed in
Figure 1. The initial Fo - Fc electron density map featured a
12σ peak at covalent bonding distance from Ser200 Oγ,
clearly revealing the position of the phosphorus atom of
the phosphonyl group. At lower σ levels, the pinacolyl group
is clearly defined (Figure 2A). It is stabilized by hydrophobic
interaction with Trp84; thus, one of the methyl groups of the
pinacolyl Cβ atom (Scheme 1) is 3.6 Å from the nearest non-
hydrogen atom of Trp84.
The catalyticHis440 isH-bonded toboth Ser200Oγ (2.7 Å)

and Glu327 Oε1 (2.6 Å) through its Nε2 and Nδ1 nitrogens,
respectively. The soman O2 atom is within H-bonding dis-
tance (3.2 Å) of His440 Nε2, although the bond angle is
unfavorable. Thus, the proton on His440 Nε2 is preferen-
tially oriented toward Ser200 Oγ (Nε2-H-Oγ angle 142�,
H-Oγ distance 1.8 Å), rather than toward somanO2 (Nε2-
H-O2 angle 118�, H-O2 distance 2.6 Å). Mimicking the
carbonyl oxygen of the natural substrate, ACh, soman O1
establishes three H-bonds within the oxyanion hole with
Gly118 N (2.7 Å), Gly119 N (2.6 Å), and Ala201 N (3.0 Å;
not shown in Figure 2A). Noteworthy, also, is a weak
H-bond between soman O2 and water 1001, located up the
gorge (3.3 Å), which is also withinH-bonding distance (3.3 Å)
of Tyr121 Oζ. Glu199Oε1 is 3.1 Å from themethyl group on
the CR atom and 4.0 Å from the closest methyl group on the
Cβ atom of soman (not shown). Glu199 itself is stabilized by
Glu443 through hydrogen bonds with the bridging water
1002, just as was observed for native TcAChE.2,42

The pinacolyl moiety in the nonaged conjugate perturbs
the position of the imidazole ring ofHis440; consequently, its
Nε2 nitrogen is shifted by 0.5 Å relative to its position in the
native structure. This is in contrast to the total disruption of
the catalytic triad observed in the nonaged VX/TcAChE
conjugate.27 Several other residues in the vicinity of the
active site are slightly affected by phosphonylation of
Ser200. These include Trp84, Trp233, Phe330, Tyr334, and
Tyr442, all located in the bottom half of the gorge. Their
movements result in a small (6%) decrease in the volume of
the active-site gorge relative to native TcAChE.

The soman soaked into the crystals was a mixture of the
four stereoisomers, PR/SCR/S. As mentioned above,23 in
aqueous solution, AChE reacts preferentially with the PS

enantiomers of soman (Figure 2A). The crystal structure
permits assignment of the absolute configuration of the
phosphorus atom as PS and the fact that the pinacolyl group
is retained in the nonaged conjugate permits assignment of
the absolute configuration of the CR carbon to be CR. It
should be noted that the methyl group on the CR carbon
hinders its direct interaction with the carboxyl group of
Glu199 (distance CR-Oε1 4.2 Å; Figure 2A).

Aged Soman/TcAChE Conjugate. To favor the dealkyla-
tion reaction,13,14 the pH of the soaking solution was de-
creased relative to that used to obtain the nonaged conjugate
and the time of soaking was increased. The structure of the
aged conjugate was solved at 2.2 Å resolution (Figure 2B).
No electron density is observed for the pinacolyl group,

Figure 1. Overall view of the nonaged soman/TcAChE conjugate.
The backbone of the enzyme is displayed as a gray ribbon, with the
entrance to the active-site gorge at the top. The catalytic triad
residues (Ser200, His440, and Glu327), as well as the main residues
of the CAS and PAS, Trp84, and Trp279, respectively, are repre-
sented as yellow sticks and the OP moiety as orange sticks.

Figure 2. Active sites of the nonaged (A) and aged (B) soman/
TcAChE conjugates and their superposition (C). The Fo - Fc omit
maps are contoured at 3σ. The catalytic triad residues (Ser200,
His440, and Glu327), Trp84, and the OP adducts are displayed as
sticks, with oxygen atoms in red, nitrogen atoms in blue, and the
phosphorus atom in purple. Carbon atoms of the nonaged con-
jugate are shown in yellow and those of the aged conjugate in green.
Awatermolecule (1001) interactingwith somanO2 is represented as
a red ball in (A) and (B), and as yellow and green balls in the
nonaged and aged structures, respectively, in (C). Hydrogen bonds
and a salt bridge are represented as black and red dashed lines,
respectively. The apical nitrogen atom of His440 forms a salt bridge
(dashed line) with the negatively charged O2 atom of the soman
adduct in the aged conjugate.
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demonstrating that the in crystallo dealkylation of soman,
viz., aging of the conjugate, had indeed occurred. The
phosphorus atom adopts a tetrahedral conformation, being
linked to Ser200 Oγ, to the methyl carbon, and to the two
oxygens. As observed in the nonaged conjugate, theO1 atom
of the phosphonyl moiety is stabilized by H-bonds with
the three components of the oxyanion hole, viz. Gly118 N
(2.7 Å),Gly119N (2.6 Å), andAla201N (2.8 Å; not shown in
Figure 2B). The negatively charged O2 atom points toward
Trp84 and establishes a salt bridge43,44 with His440 Nε2
(2.7 Å). This interaction distance value is in agreement with
that reported by Shafferman et al. (2.8 Å)19 and with that
previously observed in the crystal structure of the aged
soman/TcAChE conjugate (2.6 Å).23 His440 is also hydro-
gen-bonded to Ser200 Oγ through its Nε2 nitrogen (3.0 Å)
and to Glu327 through its Nδ1 nitrogen (2.7 Å). The methyl
group of the phosphonyl moiety points toward the acyl
pocket (distance of 3.6 Å between closest non-hydrogen
atoms). The limited conformational changes reduce the
volume of the gorge by 3% compared to the volume of the
gorge of the native enzyme.
No significant differencewas observed between our crystal

structure and that reported earlier after crystallization of the
aged conjugate,23 showing that aging in solution and in
crystallo produce the same final state.
Superposition of the structures of the nonaged and aged

conjugates reveals a small, yet crucial, movement within the
active site (Figure 2C): the imidazole ring of His440 is tilted
back (Nε2 shifts by 0.8 Å) to a native-like conformation after
aging. The resulting proximity between soman O2, which is

negatively charged, andHis440Nε2, results in formation of a
salt bridge (2.7 Å) (Figure 2B). It should be noted that water
molecule 1001, which interacts with soman O2 in the non-
aged crystal structure (Figure 2A), is not within H-bonding
distance (3.7 Å) of O2 in the aged crystal structure
(Figure 2B).

Ternary Complex of 2-PAMwith the Aged Soman/TcAChE
Conjugate. The structure of the ternary complex of the aged
conjugate with the oxime reactivator, 2-PAM, was solved at
2.2 Å resolution.Amolecule of 2-PAMis seen at theCASbut
not at the PAS. 2-PAM interacts via parallel π-stacking with
the indole moiety of Trp84 (distance of 3.5 Å between closest
non-hydrogen atoms) (Figure 3). The oxime oxygen is 2.5 Å
fromHis440 O. The conformation of the phosphonyl adduct
on Ser200 is not affected by the presence of 2-PAM, and the
oxime oxygen is 6.8 Å from the phosphorus atom. This
distance precludes nucleophilic attack at the soman phos-
phorus atom by the oxime, which would be essential for
displacing it from Ser200 Oγ. Water molecule 1001
(Figure 3) bridges 2-PAM and the phosphonyl adduct; it is
H-bonded to somanO2 (2.8 Å) and interacts electrostatically
with 2-PAM N1 (3.4 Å). Noteworthy is the rotation of
Phe330 χ1 and χ2 angles, both by ∼50�, which brings the
residue across the gorge. It should be noted that a PEG
molecule spans the gorge (not shown) from the vicinity of
Tyr70/Trp279 down to residues Tyr334/Phe330/Phe331, in
the middle of the gorge; yet it does not interact with 2-PAM
(distance of 5.9 Å between closest non-hydrogen atoms). The
crystal structure presented was solved after soaking crystals
of the aged conjugate with 2-PAM at pH 5.6. A structure
solved after soaking in 2-PAM at pH 8.2 reproduced all the
structural details shown in Figure 3 (data not shown). Thus,
the ionization state of the oxime group in solution (pKa=
7.8)45 does not appear to influence the mode of 2-PAM
binding, which is likely to be governed principally by the
hydrophobic interaction with Trp84.

Discussion

This studypresents, for the first time, the crystal structureof
a nonaged soman/AChE conjugate that was obtained by
rapid flash-cooling of crystals ofTcAChE soakedwith soman
at high pH and low temperature, so as to preclude significant
aging. The corresponding aged conjugate was generated in
crystallo by a longer incubation of the soman-soaked crystals
at a lower pH.The aged conjugatewas further used toobtain a
tertiary complex with the oxime reactivator, 2-PAM. These
structures provide valuable information for understanding:
(a) the molecular details of the rapid phosphonylation of
AChE by soman and of the aging process and (b) the
resistance of the aged enzyme to the theoretically possible

Figure 3. Ternary complex of 2-PAM with the aged soman/
TcAChE conjugate. The Fo - Fc omit map is contoured at 3σ.
The catalytic triad residues (Ser200,His440, andGlu327) andTrp84
are represented as sticks, and color-coding of these residues, of the
OP adduct and of 2-PAM, are as in Figure 2A. A water molecule
(1001) interacting with O2 of soman and with the nitrogen atom of
2-PAM is represented as a red ball. Hydrogen bonds are shown as
dashed lines.

Scheme 2. Phosphylation Reaction Scheme of AChE with Either Soman (Upper Panel) or VX (Lower Panel)
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reactivation. These, in turn, may provide a basis for design-
ing more efficient antidotes against nerve agent intoxi-
cation.

Soman Inhibition ofTcAChE. It is well established that the
PSCS stereoisomer of soman is the one that interacts pre-
ferentially with AChE.25,28 Examination of the 3D structure
of the nonaged soman/TcAChE conjugate permits unequi-
vocal assignment of the chirality of the covalently bound OP
moiety. This is seen to be PSCR. The observation that the
same absolute configuration (viz., PS) is retained at the P
atom in the nonaged adduct is attributed to stereoinversion
at the P atom and to replacement of the fluoride leaving
group by Ser200 Oγ, which has lower priority order than the
fluorine atom in assignment of the absolute configuration
(Scheme 2). Similar inversion and retention of the absolute
configuration of the P atom was reported by Cygler et al.,46

who determined the crystal structure of a lipase conjugated
to a methyl hexylphosphonate transition state analogue.
Stereoinversion at the P atom was also observed for the
VX-TcAChE adduct,27 as well as for the VX/mAChE ad-
duct;47 however, in these cases, the PR configuration was
assigned because the O-CH2CH3 moiety has lower priority
order than Ser 200 in determining the absolute configuration
(Figure 4; Scheme 2). Recently, inversion of the configura-
tion at the P atom was reported for reaction of tabun with
mAChE and huBChE.48 Thus, an in-line displacement is
envisaged in all the cases reported for ChEs, regardless of the
nature of the leaving group or the size of the O-alkyl
substituent on the OP. This mode of nucleophilic attack is
due to the steric constraints within the catalytic site that
enforce the approach of the catalytic serine from the face
opposite to the leaving group (Figure 4).
The PS configuration of the soman/TcAChE adduct was

anticipated on the assumption that phosphonylation pro-
ceeds via an in-line displacement mechanism. However, the
CR stereochemistry of the pinacolyl CR atom seen in the
crystal structure is at odds with the kinetic measurements
performed on various AChEs and BChEs, all of which
slightly favor the PSCS diastereoisomer.25,28 Two possible
explanations may be provided: (a) Even though the PSCS

isomer can be docked computationally into the active site
without its distortion (not shown), steric constraints pro-
duced by crystal packing could change the chiral preference
at CR. (b) A second possibility is that inhibition of TcAChE
by the PSCS isomer is followed by a rapid rearrangement at
the CR atom, resulting from formation of a planar pinacolyl
carbenium ion species that realkylates the oxygen of the OP

moiety. This would preferentially generate the more stable
PSCR adduct under the experimental conditions employed.
Furthermore, we cannot rule out the possibility thatTcAChE
preferentially selects the PSCR epimer. It would, therefore, be
of interest, not only to compare the 3D crystal structures of
soman/TcAChE conjugates obtained from the individual
PSCS and PSCR epimers but also to investigate the kinetics
of their reaction with soluble TcAChE. We note that similar
rates of aging were observed for various AChEs inhibited
with either the PSCR or the PSCS diastereoisomer.13,18,25

Comparison of the Inhibition of TcAChE and of Human
Carboxylesterase by Soman. It is of interest to compare the
nonaged soman/TcAChE crystal structure with that of the
corresponding nonaged conjugate of human carboxylester-
ase 1 (huCE1; EC 3.1.1.1). It should be noted that the soman/
huCE1 crystals were obtained by crystallization of the
soman/huCE1 conjugate produced with soman (stereoisom-
eric mixture PR/SCR/S), which thus displayed no tendency to
age over a period of 1-4 weeks,49 as already reported for the
rat CE1 conjugate.50 huCE1 is a cholinesterase-like R/β
hydrolase that contains a catalytic triad, an oxyanion hole,
and a glutamate equivalent to Glu199. Figure 5 shows that
all these residues can be superposed on the homologous
residues in TcAChE. However, the substrate specificity
pockets in the two enzymes differ in size. Whereas the acyl-
binding pocket in TcAChE is too small to accommodate the
bulky pinacolyl goup of soman, the analogous pocket in
huCE1 is large enough to do so. In contrast, the pocket in
huCE1 that is homologous to the large choline-binding
pocket inTcAChE is much smaller. Thus, the two enzymatic
active sites bear a “mirror image” relation. This explains the
difference in enantioselectivity betweenTcAChEand huCE1
with respect to their reaction with soman. It was indeed
recently shown that huCE1 reacts preferentially with the PR

isomer of soman in aqueous solution (Matthew Redinbo,
personal communication), and it is the PR configuration that
is observed in the crystal structure of the soman/huCE1
conjugate.49 This suggests that phosphonylation of huCE1
proceeds by a mechanism similar to the standard in-line
displacement proposed for ChEs and lipases.46

Structural Comparison of the Nonaged Conjugates of
AChEs with Soman, VX, and Tabun. Comparison of the
crystal structure of the nonaged soman/TcAChE conjugate
with those of the nonaged VX/TcAChE conjugate27 and of
the nonaged tabun/mAChE conjugate48 reveals an interest-
ing difference. In the VX/TcAChE conjugate, there is a
disruption of the catalytic triad, resulting in H440 Nε2

Figure 5. Superposition of the active sites of nonaged soman/
TcAChE (orange) and soman/huCE1 (blue) conjugates. The resi-
dues and the OP moieties are represented as ball-and-stick models.
Labels for TcAChE and huCE1 residues are in orange and blue,
respectively.

Figure 4. Superposition of the active sites of the nonaged soman/
TcAChE and nonaged VX/TcAChE conjugates. Carbon atoms of
the soman/TcAChE conjugate are shown in yellow, and those of the
VX/TcAChE conjugate in purple. Oxygen and nitrogen atoms are
in red and blue, respectively, for the two structures, and phosphorus
atoms in orange. Hydrogen bonds are represented as dashed lines.
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forming an H-bond with Glu199 instead of with Glu327,
while in the tabun/mAChE conjugate, catalytic His447 and
Phe338 shift in concert to avoid unfavorable contacts with
the phosphoramidate group. In contrast, inhibition of
TcAChE by soman results in only a slight reorientation of
the imidazole ring of His440 without disruption of the
catalytic triad. A movement similar to that occurring upon
phosphonylation with VX is precluded by the presence of the
pinacolyl moiety, which is much more bulky than the ethoxy
group of VX (Figure 4). Indeed, His440 Nε2 would be only
2.3 Å from the nearest methyl carbon of the pinacolyl moiety
if it adopted the same conformation as in the nonaged VX/
TcAChE conjugate. The absence of a major conformational
change of the catalytic histidine during aging of the soman/
TcAChE conjugate could explain partially its accelerated
rate of aging relative to the VX/TcAChE conjugate. By
contrast, in the nonaged tabun/huBChE conjugate, catalytic
His438 is restrained by Phe398, a residue that is absent in the
AChEs.48

Mechanism of Aging of the Soman/TcAChE Conjugate.
The mechanism of aging (viz., dealkylation of the OP
moiety) of conjugates of OP nerve agents with ChEs has
been the topic of intense investigation and debate over the
past 50 years. Aging of the soman/AChE conjugate has been
a particular focus because its rapid rate presents a para-
mount toxicological challenge. The availability of a high-
resolution crystal structure of the nonaged soman/TcAChE
conjugate, together with that of the homologous aged con-
jugate, at last permits a critical examination of the proposed
mechanisms at the atomic level.
The proposed mechanisms were generated on the basis of

kinetic data51 and product analysis.14After the 3D structures
ofTcAChE,2 and subsequently ofmAChE52 and huAChE,53

became available, dynamic modeling was attempted19 and
various mechanistic proposals were tested by site-directed
mutagenesis.19 On the basis of the pH-rate profile of agi-
ng13,18 and the increased resistance of certain mutants to
aging,17,54 the following residues have been implicated in the
aging of soman/AChE conjugates (TcAChE numbering,
with huAChE numbering in brackets): His440 (447), Trp84
(86), Glu199(202), Glu443(450), Phe331(338).17,19,54

Comparison of the crystal structures of the nonaged and
aged soman/TcAChE conjugates reveals a small, yet signifi-
cant, movement of the imidazole ring of His440
(displacement of Nε2 by ∼0.8 Å) that results in formation
of a salt bridge with soman O2 in the aged conjugate
(Figure 2C). In the case of the VX/TcAChE conjugate, there
is a much larger movement, which involves reformation of
the catalytic triad and concomitant establishment of a salt
bridge homologous to that seen in both the aged soman and
aged sarin conjugates.23 In the case of the tabun/mAChE
conjugate, inspection of the crystal structure of the aged
conjugate revealed a continuum of conformations that was
ascribed, at least in part, to incomplete aging.48

The pH/rate profile of aging provides evidence thatHis440
is involved in the process. In the nonaged soman/TcAChE
conjugate, Nε2 of its imidazole ring is within H-bonding
distance of both Ser 200 Oγ (2.7 Å) and O2 of the pinacolyl
moiety (3.2 Å). The unfavorable bond angle for the H-bond
with the pinacolyl O2, taken together with the restricted
movement of the imidazole ring imposed by the bulky
pinacolyl group, render it unlikely that His440 is directly
involved in the aging process by protonation of O2. How-
ever, the proximity of the protonated Nε2 may confer a

stabilizing electrostatic effect that could contribute to the
observed pH-dependence.
Mutation ofGlu199 (huAChE 202) toGln slows the aging

of soman-inhibited TcAChE and huAChE to a similar
extent.17,19 In the electrostatic push-pull mechanism for
dealkylation proposed byViragh et al.,13 Glu199 is proposed
to play the “pusher” role, in conjunction with Trp84, trigger-
ing methyl migration from Cβ to CR, with concomitant
transformation of Cβ into a positively charged carbenium
atom, resulting in CR-O2 bond breakage. Because Cβ is
near Trp84 in the crystal structure of nonaged soman/
TcAChE (4.6 Å; Figure 2A), the carbenium ion may indeed
be stabilized by a cation-π interaction as proposed.13 Once
the carbenium ion is formed, it undergoes rapid rearrange-
ment that could explain the composition of the low molec-
ular weight products of “aging” as identified by Michel
et al.14 Because Glu199 is actually closer to CR than to Cβ
in the crystal structure, it seems unlikely that it would indeed
play a “pushing” role. It may, however, stabilize the devel-
oping carbenium ion. Such an electrostatic stabilization is
supported by the effect of mutagenesis of Glu199 to Gln (see
above) and also by mutation of Glu443 (Glu450 in hAChE)
to Ala; this latter residue is linked to Glu199 via a conserved
water molecule (numbered 1002) and may thus be expected
to stabilize its position.2,42 Arguing against the push-pull
mechanism as proposed by Viragh et al.13 is the contention
that methyl migration prior to carbenium ion formation
would bemost unfavored in energetic terms.Wewere unable
to find an example in the literature in which methyl migra-
tion preceded carbenium ion formation. But methyl migra-
tion following carbenium ion formation is an accepted
mechanism.55 Indeed, in studies on the dealkylation ofmodel
OP compounds,56 the composition of the observed olefin
products was in line with the initial formation of a pinacolyl
ion. The crystal structure of the nonaged conjugate described
in the present paper provides a plausible mechanism for
enhancement of carbenium ion formation as follows. The
conserved water molecule 1001, which is hydrogen-bonded
to Tyr121 Oζ, may enhance cleavage of the O2-CR bond by
increasing its polarity through hydrogen bonding to O2
(Figure 2A), while His440 would stabilize the partial charge
on O2, thus releasing the unstable pinacolyl carbenium ion.
This species immediately rearranges by methyl migration
from Cβ to CR to form the 2,3-dimethylbutyl carbenium ion
that accounts for the principal olefin isolated. Trp84 may
contribute to acceleration of dealkylation by stabilizing the
developing positive charge on the pinacolyl moiety. In this
context, it is interesting to note that the pinacolyl O2-CR
bond is elongated by 0.3 Å and thus weakened, if geometric
restraints of this bond are down weighted in an alternate
refinement of the nonaged soman/TcAChE conjugate (see
Supporting Information). The role of water 1001 in deal-
kylation could be checked experimentally by mutagenesis of
Tyr121 (Tyr124 in huAChE). This mutation does not signi-
ficantly affect the rate of phosphonylation,57 but the aging
rate of an OP conjugate of the mutant enzyme has not been
compared to that of the corresponding conjugate of the wild-
type enzyme.
In huAChE, mutation to Ala of Phe338 (Phe331 in

TcAChE) decreased the rate of aging of the soman conjugate
by 160-fold,19 whereas no effect was observed upon similar
mutation of Phe337 (Phe330 in TcAChE). Visual inspection
of the 3D structure of the nonaged conjugate suggests that
this mutation opens up a cavity into which the imidazole ring



Article Journal of Medicinal Chemistry, 2009, Vol. 52, No. 23 7599

of the catalytic His residue can move. This, in turn, could
weaken the electrostatic stabilization of the developing
carbocationic charge on the pinacolyl moiety.
Finally, it should be noted that the solvent-accessible

volume of the gorge in the nonaged conjugate is decreased
(6%) compared to the native structure. This decrease in
gorge volume may generate a more suitably tuned vessel
for catalyzing the dealkylation reaction by relevant enzyme
residues. After dealkylation, a slight volume increase of 3%
is observed but the volume of the gorge of the aged enzyme is
still 3% less than that of the native form. Osmotic vs
hydrostatic pressure, differential scanning calorimetry, and
neutron scattering studies indicate that the thermodynamic
stability of aged ChEs is strongly increased and that enzyme
dynamics is altered compared to native enzymes.58-60 Incr-
eased thermodynamic stability of aged ChEs was explained
by dehydration at the bottom of the gorge so that the salt
bridge betweenHis440 and the phosphonylmoiety is in a low
dielectric environment.

Nonfunctional Orientation of 2-PAM in the Ternary Com-
plex with the Aged Soman/TcAChE Conjugate. The crystal
structure of the ternary complex of 2-PAM with the aged
soman/TcAChE conjugate clearly reveals how 2-PAMbinds
within the CAS of the aged enzyme. The aromatic ring of 2-
PAM stacks against the side chain of Trp84 in such a way
that the oxime group points toward His440 O (the main-
chain oxygen), at a distance of 2.5 Å; not only does it point
away from the soman phosphorus atom, with its oxygen
atom at a distance of 6.8 Å, but it is also on thewrong side for
direct nucleophilic attack on the P-Ser200 Oγ bond. The
orientation of 2-PAM differs from that seen in the complex
of 2-PAM with native TcAChE (Harel, Silman & Sussman,
unpublished; PDB code 2VQ6). In this structure, too, the
2-PAM moiety is stacked against Trp84, but in a reversed
orientation, so that its oxygen atom is 4.8 Å from Ser200 Oγ
and could be substantially closer to the P atom in a putative
OP conjugate.
Attempts were made to trap and solve the 3D structure of

the ternary complex of 2-PAM with the nonaged soman/
TcAChE conjugate. To this end, crystallographic data were
collected on a TcAChE crystal that had been soaked for
5 min in a solution containing soman, at pH 8.2, followed by
5min soaking in a 10mMsolution of 2-PAMat the same pH.
No electron density was found that could account for the
presence of 2-PAM, whereas the pinacolyl moiety of non-
dealkylated soman was observed at the same position as in
the nonaged soman/TcAChE conjugate, viz., in proximity to
Trp84, which would preclude binding of 2-PAM at that
position as observed for the native enzyme and for the aged
soman/TcAChE conjugate (data not shown).
2-PAM thus binds poorly to the nonaged phosphonylated

enzyme and binds in an unfavorable conformation after
aging. Apart from 2-PAM, the oximes in use or under
consideration for treatment ofOP intoxication are elongated
molecules and it was tacitly assumed that they span the
active-site gorge, linking the PAS and the CAS, just like
such potent bivalent AChE inhibitors as decamethonium61,62

and heptylene-linked bistacrine.63,64 Indeed, such an as-
sumption was made in the design of an effective heptylene-
linked bis-pyridinium aldoxime reactivator, Ortho-7.65

However, the crystal structures of the complexes of three
bis-quaternary oximes with mAChE, including Ortho-7,66

provide strong evidence that their oximate groups attackOP/
AChE conjugates from a position up the gorge axis, remote

from the Trp residue in the CAS, and it is plausible that
2-PAM also acts on phosphylated conjugates from a similar
angle and not asmight be inferred from the crystal structures
of the 2-PAM/TcAChE complex or of its ternary complex
with the aged soman/TcAChE conjugate.
These findings should stimulate new approaches for im-

provement in the design of reactivators with better affinity
for the nonaged conjugate or that could bind in the proper
orientation after aging. Furthermore, because a nucleophilic
attack is not prevented by the negative charge on the
phosphonyl group,67,68 reactivation of aged enzymes should
in principle be made possible.

Template for Designing Novel Reactivators. A large num-
ber of putative reactivators have already been synthesized,
some of which are currently being tested.66,69 As already
mentioned, they are mostly elongated molecules designed to
bind simultaneously at the CAS and PAS of AChE. How-
ever, no molecule able to reactivate an aged OP/ChE con-
jugate has yet been found. Furthermore, there is scope for
improving the potency of reactivators such as 2-PAM, HI-6,
HLö-7, and MMB-4.

2-PAM, and its bisquaternary analogue, HI-6, are both
2-pyridinium monoaldoximes and yet, as mentioned above,
display substantially different potencies in the reactivation of
soman/AChE adducts.70 Bimolecular rate constants of the
reactivation for soman-inhibited AChEs by various oximes
showed that in the case of human AChE HI-6 is 4�105-fold
more potent than its monoquaternary parent analogue,
2-PAM. Furthermore, HI-6 was shown to reactivate the
conjugate of mAChE obtained with the PSCS isomer sig-
nificantly faster than that generated with the PSCR isomer36

Similar results were reported for electric eel AChE inhibited
with the same two potent soman epimers.28 In this context,
the crystal structure of the nonaged soman/TcAChE con-
jugate presented here provides a valuable template for
designing more potent reactivators. In particular, we pro-
pose to conduct molecular dynamics (MD) simulations of
the nonaged soman/TcAChE conjugate and take minor
conformations accessed during the simulation into account
in the design process. Indeed, a recent study showed that side
chain conformations of gorge residues in crystallographic
AChE-ligand complexes, which differ from those observed
in native AChE, are already accessed in a MD simulation of
native AChE.71,72 Conformational changes upon ligand-
binding in AChE thus involve pre-existing equilibrium dy-
namics, rather than an induced fit, and can be predicted to a
certain extent. In the light of the considerations referred to
above, it should also be of value to conduct docking experi-
ments for 2-PAM and suitable bifunctional reactivators
utilizing the crystal structures of native Torpedo and mam-
malian AChEs as well as of the nonaged and aged soman/
TcAChE conjugates.

Experimental Section

Materials. Polyethyleneglycol (PEG) 200 and morpholi-
noethylsulphonic acid (MES) were from Sigma Chemical Co.
(St Louis, MO). O-(1,2,2-trimethylpropyl) methylphosphono-
fluoridate (soman) was obtained from the CEB (Centre d’�Etude
du Bouchet, Vert-le-Petit, France) and pralidoxime (N-methyl-
pyridin-1-ium 2-aldoxime methiodide, 2-PAM) from EGA-
Chemie (Steinheim, Germany). TcAChE was purified as de-
scribed previously.2

Crystallization and Soaking Procedures. Trigonal crystals of
TcAChE (space groupP3121) were obtainedby the vapor diffusion
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method at 4 �C in hanging drops in 32-34% PEG 200 and 150
mM MES, at pH 5.8-6.1. Conjugates and complexes were
formed by soaking crystals of the native enzyme at 4 �C into
solutions based on either 36% PEG 200/150 mM MES, pH 5.8
(referred to as soaking solutionA) or 36%PEG200/150mMTris/
HCl, pH 8.2 (referred to as the soaking solution B). To obtain the
nonaged soman/TcAChE conjugate, crystals were soaked for 6
min in soaking solution B containing 1.3 mM soman (mixture of
the four stereoisomers PR/SCR/S). Because of the cryoprotective
capacity of PEG 200 itself, no additional cryoprotectant was
necessary and the crystal was directly loop-mounted and flash-
cooled in liquid nitrogen. The aged soman/TcAChE conjugate
was obtained by soaking crystals for 2 h in soaking solution A
containing 1.3mM soman. Crystals of the ternary complex of the
aged soman/TcAChE conjugate with 2-PAM were obtained in
two stages: first, crystals of the aged conjugate were obtained as
described above; these crystals were then transferred for 12 h into
soaking solution A or B containing 10 mM 2-PAM (solubilized
initially at 100 mM in 150 mMTris/HCl, pH 8). All soaking and
flash-cooling operations were performed at the Centre de Rech-
erches du Service de Sant�e des Arm�ees (La Tronche).

Data Collection and Processing. All data collection was
performed at the European Synchrotron Radiation Facility
(ESRF, Grenoble) on beamlines ID14-2 and ID14-4. The
loops containing flash-cooled crystals were transferred on the
goniometer head into the cryostream of a cooling device (700
series, Oxford Cryosystems, Oxford, UK) operating at 100 K.

For details concerning data collection, see Table 1. Reflections
were indexed and integrated using XDS.73 The intensities of
integrated reflections were scaled using XSCALE, and structure
factors were calculated using XDSCONV. Refinement of the
models was carried out using Refmac5,74 with the native struc-
ture of TcAChE (PDB entry code 1EA5) as the starting model.
For calculation of Rfree, the same structure factors as the ones
used for refinement of the starting model (1EA5) were flagged.
For all three structures (viz., the nonaged soman/TcAChE
conjugate, the aged conjugate, and the ternary complex of the
aged conjugate with 2-PAM), a rigid-body refinement was first
carried out using reflections in the range of 20-4 Å. All model
building and graphic operations were carried out using Coot.75

In each model, the first set of water molecules was added
automatically using the water-picking feature in Coot. Solvent
molecules, ligands, and sugar residues of the covalently attached
glycan chains, viz., N-acetylglucosamine (NAG) and fucose
(FUC), were added subsequently. The occupancies of the soman
adduct in the nonaged and in the aged conjugateswere estimated
to be 90% and 100%, respectively. 2-PAM and soman in the
ternary complex were estimated to display full occupancy.
Successive alternation of refinement cycles and manual model
building were performed until Rcryst and Rfree did not decrease
any further. Refinement comprised energy minimization and
individual isotropic B factor refinement, using the full range of
recorded reflections for each data set. The simulated-annealing
omit maps shown in Figures 2 and 3 were calculated using CNS

Table 1. Crystallographic and Refinement Statistics

nonaged soman/TcAChE aged soman/TcAChE ternary 2-PAM/aged soman/TcAChE complex

PDB entry code 2wfz 2wg0 2wg1

ESRF beamline ID14-4 ID14-2 ID14-2

temperature (K) 100 100 100

no. of frames 120 100 90

exposure time (s/frame) 1 (transmission 20%) 2 4

wavelength (Å) 0.939 0.933 0.933

space group P3121 P3121 P3121

unit cell parameters (Å)

a = b 111.4 111.6 111.9

c 137.4 136.8 137.2

resolution range (Å)a 20.00-1.95 (2.00-1.95) 20.00-2.20 (2.30-2.20) 20.00-2.20 (2.30-2.20)

completeness (%)a 99.3 (98.8) 99.4 (99.9) 99.5 (99.4)

Rsym (%)a,b 7.3 (59.8) 13.7 (48.8) 8.0 (49.5)

I/σ(I)a 17.64 (3.12) 10.02 (3.25) 16.12 (3.30)

unique reflectionsa 71726 (5103) 50212 (6216) 50657 (6244)

redundancy 7.1 5.6 5.5

Rcryst (%) 16.62 17.72 16.58

Rfree (%) 19.56 22.89 21.18

rmsd bond length (Å) 0.012 0.014 0.013

rmsd bond angles (deg) 1.3 1.5 1.4

no. of non-hydrogen atoms in ASU

total 5206 5113 5221

protein 4395 4297 4449

water 660 620 555

ligands 151 196 217

carbohydrates 52 56 38

soman 10 4 4

2-PAM 10

B factor (Å2)

overall 31.4 25.4 31.2

protein 28.3 22.4 28.2

water 45.7 37.1 42.7

ligands 57.7 54.0 64.3

carbohydrates 61.2 56.6 64.6

soman 32.6 20.8 21.1

2-PAM 33.3

aValues in brackets refer to the highest resolution shell. bRsym ¼
P

hkl

P

i

I iðhklÞ-I ðhklÞ
�
�

�
�

P

hkl

P

i

I i ðhklÞ
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version 1.276 after omitting soman adducts and/or 2-PAM.
Figures were produced with Pymol.77 Active-site gorge volumes
were calculated using the CASTP server78 after removal of
ligands and water molecules from the models. Alignment of
huCE1 and TcAChE structures was achieved with Theseus.79

Final models were validated using MOLPROBITY80 and
WHATCHECK.81 Parameters and topologies of PEG, MES,
NAG, FUC, 2-PAM, and of nondealkylated and dealkylated
soman adducts were generated using the PRODRG server at
Dundee University.82
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