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Tabun is a warfare agent that inhibits human acetylcholinesterase (hAChE) by rapid phosphylation of
the catalytic serine. A time-dependent reaction occurs on the tabun adduct, leading to an “aged”
enzyme, resistant to oxime reactivators. The aging reaction may proceed via either dealkylation or
deamidation, depending on the stereochemistry of the phosphoramidyl adduct. We solved the X-ray
structure of aged tabun-hAChEcomplexedwith fasciculin II, andwe show that aging proceeds through
O-dealkylation, in agreement with the aging mechanism that we determined for tabun-inhibited human
butyrylcholinesterase and mouse acetylcholinesterase. Noteworthy, aging and binding of fasciculin II
lead to an improved thermostability, resulting from additional stabilizing interactions between the two
subdomains that face each other across the active site gorge. This first structure of hAChE inhibited by a
nerve agent provides structural insight into the inhibition and aging mechanisms and a structural
template for the design of molecules capable of reactivating aged hAChE.

Introduction

Acetylcholinesterase (AChE;a EC 3.1.1.7) is the target of
numerous natural and synthetic inhibitors, for example,
fasciculin, a polypeptide neurotoxin found in mamba snake
venom;1 therapeutic drugs, in particular the first generation of
anti-Alzheimer drugs;2 and a wide range of toxic esters,
includingorganophosphate (OP) pesticides andnerve agents.3

AChEregulates cholinergic transmission in theperipheral and
central nervous systems by hydrolyzing acetylcholine (ACh)
with a high catalytic efficiency. Although butyrylcholinester-
ase (BChE; EC 3.1.1.8), a closely related enzyme, is present in
numerous vertebrate tissues, its physiological role remains
unclear.4 While BChE inhibition appears harmless, AChE
inhibition results in accumulation of ACh at neuronal sy-
napses and neuromuscular junctions and results in paralysis,
seizures, and other symptoms of cholinergic syndrome.5,6

TheAChEcatalytic site, featuring a Ser203-His447-Glu334
triad [residue numbering refers to human AChE (hAChE)
throughout the manuscript, unless stated otherwise], is at
the bottom of a deep and narrow gorge7 (Figure 1). AChE
inhibition can result frombinding either to the gorge entrance,
called the “peripheral anionic site” (PAS) (viz. fasciculin), or

to the active site (viz. OP). Inhibition of human AChE by OP
compounds involves phosphylation of the catalytic serine and
leads to the formation of stable inactive phosphyl-AChE
adducts. Within the active site, substantial contributions to
the stabilization of boundOPwithin the active site arises from
hydrogen bonding of the phosphyl oxygen within the oxya-
nion hole, viz. Gly121, Gly122, and Ala204, and one of its
substituents in the “acyl pocket”, viz. Trp236, Phe295,
Phe297, and Phe338. Reaction of OP-hAChE conjugates
with oxime antidotes can restore the function of the inhibited
enzyme. The efficiencyof the reactivation reaction depends on
several factors, notably the chemical structures of OPs and
reactivators and the topography of the AChE active center.8

Following phosphylation, a time-dependent elimination
reaction occurs on the OP-ChE conjugate that leads to a
so-called “aged” enzyme. This reaction can proceed either via
dealkylation or deamidation of the phosphorus conjugate,
depending on the OP structure.9-12 The aging reaction results
in a very stable anionic conjugate that is resistant to oxime
reactivation. Crystal structures of aged phosphyl-AChE
conjugates have been produced for Torpedo califonica and
mouse enzymes inhibited by soman, sarin, tabun, VX, fena-
miphos, and diisopropyl fluorophosphate (DFP).13-19

Inhibition of hAChE by tabun and the subsequent aging
reaction are of particular interest; the conjugate indeed dis-
plays an extraordinary resistance toward most oxime reacti-
vators.20On the basis of amass spectrometry (MS) analysis of
aged products of tabun-inhibited hAChE, it was suggested
that the aging mechanism of tabun-AChE conjugate in-
volved deamination of the phosphoramidate moiety.4,21 A
first crystallographic study on mouse AChE (mAChE)
seemed to support a deamination-based aging mechanism,
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but incomplete aging blurred the interpretation.22However, a
recent MS study of tabun-inhibited human BChE (hBChE)
peptide fragments showed that the loss of the dimethylamine
substituent is rather an acid-catalyzed hydrolysis, which
occurs during preparation of MS samples,16 leading to un-
certainties on the tabun aging mechanism.

Crystallographic studies on hBChE inhibited by tabun and
reinterpretation of mAChE data were at the time undertaken
and evidenced that aging of these ChEs proceeds through
dealkylation of the ethoxy group.16 According to the pro-
posed mechanism, the His447 imidazolium stabilizes a devel-
oping negative charge on the C-Oδ- oxygen of the ethoxy
substituent of the tabun-ChE conjugate, thus polarizing and
weakening the C-O bond. Then, a water molecule, stabilized
by Glu202, assists the bond breakage by trapping the short-
lived developing carbocationic center on the Cδþ-O carbon
(Scheme 1). This role of water during the dealkylation of an
ethoxy substituent was originally suggested by a crystallo-
graphic study of hBChE inhibited by echothiophate.23 How-
ever, aging of the tabun-mAChE conjugate was incomplete
in the earlier crystallographic studies, complicating the inter-
pretation of the electron density maps. A crystal structure of
fully aged tabun-inhibited AChE was needed, especially that
of hAChE.

Crystallization of hAChE requires that it is complexed
with fasciculin-II (FAS-II), a three-fingered toxin.24 FAS-II

binds tightly to AChE PAS1 and promotes crystal contacts.25

The hAChE/FAS complex is reminiscent of the complexes
form by FAS with mAChE26 and T. californica AChE
(TcAChE).27 Themain feature of the complexes is a sulfur-π
interaction betweenMet33 from FAS-II and Trp286 (Trp279
in TcAChE) at the rim of the active site gorge (Figure 1). The
toxin completely caps the gorge entrance (interacting surface:
1045 Å2), thereby preventing access to the active site. The
interaction surface involves all conserved structural elements
that constitute the gorge, viz. theΩ loop (C69-C96), thePAS,
the acyl loop (W286-S298), and helix 334-341.

To conclude on the aging pathway of tabun-inhibited
hAChE, we undertook its crystal structure determination
following formation of the aged conjugate in solution. Effects
of FAS-II and tabun aging on hAChE thermal denaturation
were also investigated and drew insights into the stabilization
mechanism in hAChE; our results indicate that the interaction
of the two subdomains that face one another across the active
site gorge is the main contributor to AChE resilience.

Materials and Methods

Racemic tabun solution (2 mg/mL) in isopropanol was from
CEB (Vert-le-Petit, France). FAS-II from Bungarus venom was
purchased from Latoxan (Valence, France). Tabun is a highly
toxic chemicalwarfare agent that belongs to schedule 1Chemicals
(Chemical Weapons Convention). All works with tabun are
regulated by the convention. Handling of tabun is dangerous
and requires trained personal protection and secured facilities.

Production of Recombinant hAChE. The full cDNA of
hAChE was inserted into pGS vector carrying the Glutamine
Synthetase gene marker and expressed in Chinese hamster
ovary (CHO)-K1 cells. The cells were maintained in serum-free
Ultraculture Medium (BioWhittaker) and transfected using
DNA-calcium phosphate coprecipitation. Transfected clones
were selected by incubation in media containing methionine
sulfoximide. The enzyme, secreted into the culture medium, was
purified by affinity chromatography and ion-exchange chroma-
tography as described previously.16 The enzyme was concen-
trated to 15 mg/mL using a Centricon-30 ultrafiltration micro-
concentrator (30000 MW cutoff, from Amicon). The enzyme
concentration was determined from its absorbance at 280 nm
using a molar extinction coefficient of 1.7 for 1 mg/mL of
protein.28

Melting Temperature (Tm) Determination. The fluorescent
dye “Sypro-orange” is sensitive to the polarity of its environ-
ment and thus can be used to monitor protein unfolding.
Unfolding results in exposure of protein hydrophobic regions,
to which the dye binds; this leads to a large increase in fluores-
cence intensity of dye upon binding.29 Each hAChE complex
(free hAChE, aged tabun-hAChE, hAChE/FAS-II, and aged
tabun-hAChE/FAS-II) was diluted to a final concentration of
5 μM in a solution containing 20 mM N-2-hydroxyethylpiper-
azine-N-2-ethanesulfonic acid (HEPES), pH 7.5, 0.15 M NaCl,
and 0.15 mM Sypro Orange (Molecular Probes). Samples were
brought from 25 to 95 �C at a heating rate of 1 �C/min in a real-
time PCR machine (Stratagene Mx3005P; accuracy,(0.25 �C).

Scheme 1. Tabun Inhibition Mechanism on ChEs and Subsequent Aging Mechanism

Figure 1. Overview of hAChE/FAS-II complex. hAChE (blue) and
fasciculin (green) are represented by cartoons. Key residues are
represented as sticks with the catalytic triad in red, the acyl-binding
pocket in cyan, and the oxyanion hole in yellow.
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Protein unfolding was monitored through the increase in fluor-
escence of the Sypro Orange probe and was recorded every
minute using the Sybr-Green parameters (wavelength excita-
tion/emission: 492/516 nm). The fluorescence intensity change
rate (dF/dT) was plotted as a function of temperature and then
normalized. The Tm, corresponding to the temperature at the
inflection point, that is, the midtransition of unfolding, was
estimated through a nonlinear fit.

Crystallization of Aged Tabun-hAChEConjugate Complexed
with FAS-II. Purified hAChE (0.1 mM) was inhibited in solu-
tion, in the presence of 1 mM tabun in 10 mM HEPES buffer,
pH 7.4. The reaction mixture was incubated for 1 h at 4 �C. The
inhibited enzyme was then combined with FAS-II (0.2 mM) in
10 mM HEPES buffer, pH 7.4, as described.25 The ternary
complexwas crystallized at a concentration of 0.1mM, using the
hanging drop method. The mother liquor solution was 0.1 M
HEPES buffer, pH 7.4, and 1.3M ammonium sulfate. An equal
amount of the protein and themother liquor weremixed to yield
a 3 μL drop. Crystals grew within a week at 10 �C. The crystals
were transferred to a cryoprotecting solution (0.1 M HEPES
buffer, pH 7.4, 1.6M ammonium sulfate, and 18% glycerol) for
few seconds before theywere flash cooled in liquid nitrogen. The
time span between tabun phosphylation of hAChE and flash
cooling was>2 weeks and thus was sufficient for completion of
the aging reaction.

X-ray Data Collection, Structure Determination, and Refine-

ment of Tabun-hAChE/FAS-II Conjugate. Diffraction data
were collected at the European Synchrotron Radiation Facility
(ESRF, Grenoble) on beamline ID14-eh1, at a wavelength of
0.933 Å. Data sets were processed with XDS.30 The structure
was solved by molecular replacement with Phaser,31 using a
starting model of the structure of recombinant hAChE in
complex with FAS-II (PDB code: 1B41) without ligands, car-
bohydrates, and waters. The model was refined using RE-
FMAC532 and PHENIX.33 Iterative cycles of model building
were performed with Coot.34 Ligand descriptions were gener-
ated by the PRODRG2.5 server (http://davapc1.bioch.dundee.
ac.uk/prodrg/).35 TLS refinement was performed and yielded
significant decreases in Rcryst and Rfree values. TLS groups were
defined using the TLSMD server (http://skuld.bmsc.washing-
ton.edu/∼tlsmd/index.html).36 A SA composite omit map was
calculated, allowing to decrease bias from the model. Protein
structures were illustrated using the program PyMOL (http://
www.pymol.org).37

Results and Discussion

Aged Tabun-hAChE Structure and Inferred Aging Me-

chanisms. hAChE was inhibited and aged in solution, thus
avoiding any possible bias that could arise from inhibition
and aging in crystallo. Cocrystals of the aged ta-
bun-hAChE/FAS-II complex diffracted to 2.95 Å. Data
and refinement statistics are shown in Table 1. The structure
is globally similar to the native hAChE/FAS-II complex
(PDB code: 1B41; rmsd = 0.3 Å). Despite expression of
the full-length enzyme, residues after 543 are not defined in
the electron density maps. Surface loop residues 259-264
are not visible, but external loop residues 493-494, which
were not seen in the original structure (PDB code: 1B41),
could be modeled.

In the experimental |Fo|- |Fc| map, a strong positive peak
is observed (11.7σ) at covalent bonding distance of the
catalytic Ser203 hydroxyl oxygen (distance, 1.6 Å), a signa-
ture for the phosphorus atom of the tabun adduct. The
structure was unambiguously refined as aN,N-dimethylpho-
sphoramidyl adduct, indicating that the aged adduct results
from the dealkylation of tabun P(R) enantiomer (Figure 2).
This is faithfully in agreement with the aging mechanism

described for tabun-inhibited hBChE and mAChE.16 The
dimethylamino substituent is located in the acyl-binding
pocket, with its methyl groups interacting with Trp236 and
Phe338 aromatic rings (closest distance between carbon
atoms, 3.5 Å to Trp236CZ and Phe338CZ). The oxygen
O2 of the phosphoramidate moiety is H-bonded to the main
chain nitrogens of the three constituents of the oxyanion
hole, viz. Gly121 (2.5 Å), Gly122 (2.7 Å), andAla204 (3.0 Å).
Another strong positive peak is observed in the initial |Fo|- |
Fc| map, in the vicinity of Trp86 (5.4σ). We were not able to
correctly model this density, but the electron-rich microen-
vironment provided by the phosphoramidate oxyanion O3,
Glu202, and the π-system of Trp86 suggests that it is a
positively charged molecule, eventually a weakly coordi-
nated cation. X-ray fluorescence spectra indicate the pre-
sence of zinc in the crystals, eventually coming from the
plasticware used in the crystallization setup. However, an
anomalous map did not confirm the of presence zinc in the
active site.

It was already shown that hAChE reacts preferably with
one enantiomer of tabun,16 in accordance with earlier mea-
surements showing that (-)-tabun reacts 6.3 times faster
than (þ)-tabun with electric eel AChE.38 However, the
absolute configuration of (-)-tabun is unknown. Although
the absolute configuration of the nonaged hAChE conjugate
can be predicted from the crystal structure, we cannot
ascertain which of the two enantiomers is preferred without
making assumptions as per the inhibition mechanism. It is

Table 1. Data Collection and Refinement Statistics

aged tabun-hAChE/FAS-II

data PDB code: 2X8B

space group H32

unit cell axes, a, b, c (Å) 151.31, 247.24

no. of measured reflections 206989

unique reflections 22948

resolution (Å) 46.3-2.95 (3.0-2.95)

completeness (%) 98.2 (98.8)

Rsym (%)a 8.2 (66.7)

I/�o(I) 25.0 (3.5)

redundancy 7.2 (7.0)

refinement statistics

R-factorb (R-freec) 18.3 (25.3)

no. of atoms

protein 4 655

water 235

ligands 47

Wilson B-factor (Å2) 61.3

average B-factor (Å2)

protein 59.5

water 105.4

ligands 72.7

Ramachandran statistics (%)

core 84.2

allowed regions 14.1

generously allowed region 0.8

disallowed regions 0.8

rms from ideality

bond length (Å) 0.006

angles (deg) 0.999

chiral (Å3) 0.066
aRsym= (Σ|I- ÆIæ|)/ΣI, where I is the observed intensity and ÆIæ is the

average intensity obtained from multiple observations of symmetry-
related reflections after rejections. b R factor= Σ|Fo|- |Fc|/Σ|Fo|, where
Fo and Fc are observed and calculated structure factors. c R-free set uses
5% of randomly chosen reflections.
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usually assumed that phosphylation occurs “in-line”, that
is, with the leaving group (CN) oriented opposite to the
catalytic serine.39 According to this mechanism, (R)-tabun
reacts with hAChE to form the observed P(R) ethyl N,N-
dimethylphosphoramidyl adduct. However, a recent QM/
MM study reported that the “in-line” reaction is energeti-
cally less favorable than that which would occur if the
departing group were adjacent to the catalytic serine.40 In
this proposed mechanism, (S)-tabun enatiomer should react
with hAChE to form the observed P(R) ethylN,N-dimethyl-
phosphoramidyl adduct. This hypothesis is supported by the
phosphylationmechanism of optically active dioxaphospha-
decalins.41 Its confirmation will require determination of the
absolute configuration of (()-tabun and crystallographic
studies of hAChE inhibited by the pure tabun enantiomers.

Comparison of Free- and Tabun-Inhibited hAChE/FAS-II

Complexes. The structures of hAChE/FAS-II and aged ta-
bun-hAChE/FAS-II are very similar. Only limited confor-
mational changes occurs upon aging of the enzyme (Figure 3).
A slight tilt ofHis447 is observed (changes in χ1 and χ2 are 15�
for both), resulting from the formation of a salt bridge
between phosphoramidate O3 and His447Nε2. The most
important conformational change concerns Tyr337, whose
CR shifts by 0.9 Å, while its side chain adopts a new rotamer
(changes in χ1 and χ2 are þ70 and -27�, respectively). The
conformation of Tyr337 in the aged tabun-hAChE/FAS-II
structure results in interaction between theTyr337OHand the
cation bound in the choline-binding pocket. This conformer
of Tyr337 is further stabilized by a parallel aromatic stacking
with Phe338, whose side chain χ2 angle also changes byþ40�.
This conformation is actually very close to that observed in
mAChE-FAS-II complex42 (PDB code: 1KU6). By contrast,
both aromatics are involved in a T-stacking interaction in
the hAChE-FAS-II complex. Still, Tyr337 orientation in

hAChE-FAS-II is likely influenced by the presence of a
ligand visible in the electron density map, modeled as a tight
group of three water molecules.25 We note that Tyr337 in
hAChE is equivalent to Phe330 in TcAChE; this residue was
also shown to rotate toward the active site upon binding of
substrate and substrate reaction product, thereby acting as a
bouncer that prevents access to the active site when it is
already occupied.43

Conformational Changes upon Aging. Recently, we re-
ported the structures of nonaged and aged forms of tabun
conjugate with mAChE.16 The fact that aging was incom-
plete in mAChE made impossible the characterization of
conformational changes that occur upon aging. Here, we
report the structure of a completely aged conjugate of tabun
with hAChE. Because FAS is required for hAChE to crystal-
lize, it was not possible to obtain the nonaged tabun-
hAChE structure. Therefore, we are left with no better
option than to critically compare the nonaged tabun-
mAChE and aged tabun-hAChE structures. This interspe-
cies structural comparison is yet likely of relevance, since all
key residues in the active site gorge, apart from Tyr337
(discussed earlier), are identical and adopt the same con-
formation inmAChE and hAChE (rmsd<0.5 Å). Thus, it is
expected that conformational differences between the non-
aged tabun-mAChE and the aged tabun-hAChE struc-
tures mostly reflect the rearrangement of residues upon
aging.

Changes resulting from aging of tabun-hAChE are not
limited to catalytic histidine movement as seen for the aged
VX-TcAChE conjugate;13 rather, they extend to residues in
helix 334-341, one constituent of the active site gorge wall.
The large concerted movement of helix 334-341 originates
from the release of steric strain upon dealkylation of bound
tabun. In the nonaged conjugate structure, the side chain of

Figure 2. Active site of aged tabun-hAChE/FAS-II conjugate.
Key residues are represented as sticks with carbon atoms in blue,
nitrogen atoms in deep blue, the phosphorus atom in orange,
and oxygen atoms in red. Hydrogen bonds are represented by red
dashes. The electron density |Fo| - |Fc| omit map is represented by
green mesh contoured at 3σ. The blob of electron density between
Trp86 and the phosphyl moiety was interpreted as a disordered
cation interacting with the π-system of Trp86, the phosphyl oxya-
nion, and the negatively charged Glu202 residue.

Figure 3. Superimposition of X-ray structures of hAChE/FAS-II
in green (1B41), nonaged tabun-mAChE in gray (3DL4), and aged
tabun-hAChE/FAS-II in blue (2X8B).
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catalytic His447 is pushed away from its native position
(χ1=178�, and χ2=80�) by the ethoxy substituent of tabun
(χ1= 48�, and χ2=61�). Upon aging, it is allowed to switch
back to its original conformation and to reform a strong
hydrogen bond with its catalytic triad partner, Glu334, on

top of the above-mentioned salt bridge with phosphorami-
date O3. Noteworthy is the 3 Å shift of the Phe338 aromatic
ring that allows it to maintain contact with the side chain of
His447, while stacking against that of Phe295. Together with
the reorientation of Tyr337, this leads to the formation of an
aromatic stacking pile made of Tyr337, Phe338, and Phe295.

An important question is whether dealkylation precedes
His447 reorientation or vice versa. Data gathered so far on
the role of His447 (or its equivalent) in the aging of ChEs
boils down to the following: (i) Catalytic His447 (or its
equivalent) is mobile in AChEs13,44-46 and immobile in
hBChE.16,23 (ii) The absence of mobility of hBChE’s cataly-
tic His438 arises from stabilization by adjacent aromatic
residue Phe398: Phe398 restricts the conformational freedom
of His438 and stabilizes its protonated form by a π-charge
interaction. hAChE lacks this stabilizing effect as Phe398 is
replaced by aliphatic residue Val407.45 (iii) The locked
hBChE’s histidine is in a conformation always favorable
for water-assisted dealkylation of OP ethoxy-substituted
adducts by contrast to the mobile histidine of AChEs, which
explains why BChEs generally age faster than AChEs.11,23,47

Altogether, these data suggest that the catalytic His447
should be in its native position to promote tabun dealkyla-
tion. It is likely, however, that the steric strain imposed by the
presence of the adduct disfavors this conformation in
hAChE, thereby delaying aging. Accordingly, any mutation
stabilizing the non-native conformation of His447 should
slow down the aging process. We believe that this explains
the 160-fold decrease in soman-hAChE aging rate for the
F338Amutation.48 Indeed, themutation leads to the appari-
tion of a void in between Tyr337 and Phe295, where it is
possible that the His447 side chain may fit in a conformation
unfavorable to aging, similar to that observed in the nonaged
tabun-mAChE. Such slow-aging mutants of AChE are of
particular interest as pseudo catalytic bioscavengers.49,50

Figure 4. Thermostability of hAChE and its complexes with tabun
and FAS-II was determined by a fluoresence-based thermal shift
assay. Normalized plots of fluorescence change as a function of
temperature were represented for hAChE (b), aged tabun-hAChE
(O), hAChE/FAS-II (9), and aged tabun-hAChE/FAS-II (0). The
Tm determined at the maximum of fluorescence change was about
56.1, 61.1, 64.8, and 65.8 �C, respectively.

Figure 5. Structural representation of the stabilizing effect of tabun (in red) and fasciculin (in green) on both hAChE subdomains that face one
another across the active site gorge. Residues of hAChE are represented by dots and colored in cyan for the first helical subdomain containing
the acyl loop and three-helix bundle (241-288) and in blue for the helical second subdomain containing theΩ loop and residues (334-409 and
526-544). The rigid core of hAChE is colored in gray.
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Thermostability Screening of hAChE Complexes. Thermo-
stability of cholinesterases (ChEs) has been shown to in-
crease in the presence of bound ligands or upon aging.51,52

To estimate the relative contributions of FAS-II and aging
on the stability of hAChE, we determined the midpoint
denaturation temperature (Tm) of native hAChE, aged
tabun-hAChE, hAChE/FAS-II, and aged tabun-hAChE/
FAS-II. The Tm, corresponding to the temperature where
dF/dt= 0, that is, at mid-denaturation, are 56.1, 61.1, 64.8,
and 65.8 �C for native hAChE, aged tabun-hAChE,
hAChE/FAS-II, and aged tabun-hAChE/FAS-II, respec-
tively (Figure 4). There is a significant increase in Tm of
hAChE inhibited by aged tabun as compared to native
hAChE (þ5 �C) and a much larger one for hAChE com-
plexed with FAS-II (þ9 �C). This indicates that the stabiliz-
ing effect arising from the complexation of FAS-II with
hAChE is stronger than that coming from the aged adduct.
In view of the hAChE/FAS-II structure, this is faithfully
understandable; while the aged adduct stabilizes the enzyme
by interactions mostly confined in the active site and the
bottom part of the acyl loop, interaction with FAS tightly
associates the two subdomains that face one another across
the active site gorge, the acyl loop, and theΩ loop (Figure 5).
There is a marginal increase in the Tm of aged tabun-
hAChE/FAS-II ternary complex as compared to that of
hAChE/FAS-II (þ1 �C), indicating no significant additional
contribution of the aged adduct to the stabilization provided
by fasciculin (Figure 5).

In summary, we report the first structure of human AChE
inhibited by a nerve agent. This structure provides structural
insight on the inhibition and aging mechanisms and infers
that tabun aging proceeds via dealkylation of the ethoxy
substituent. It also provides a structural template to design
new molecules for reactivating aged hAChE.
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