
UC San Diego
UC San Diego Previously Published Works

Title
Productive reorientation of a bound oxime reactivator revealed in room temperature X-
ray structures of native and VX-inhibited human acetylcholinesterase

Permalink
https://escholarship.org/uc/item/0h6042r4

Journal
Journal of Biological Chemistry, 294(27)

ISSN
0021-9258

Authors
Gerlits, Oksana
Kong, Xiaotian
Cheng, Xiaolin
et al.

Publication Date
2019-07-01

DOI
10.1074/jbc.ra119.008725
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0h6042r4
https://escholarship.org/uc/item/0h6042r4#author
https://escholarship.org
http://www.cdlib.org/


Productive reorientation of a bound oxime reactivator
revealed in room temperature X-ray structures of native and
VX-inhibited human acetylcholinesterase
Received for publication, April 3, 2019, and in revised form, May 21, 2019 Published, Papers in Press, May 28, 2019, DOI 10.1074/jbc.RA119.008725

Oksana Gerlits‡, Xiaotian Kong§, Xiaolin Cheng§, Troy Wymore¶, X Donald K. Blumenthal�, X Palmer Taylor**,
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Exposure to organophosphorus compounds (OPs) may be
fatal if untreated, and a clear and present danger posed by nerve
agent OPs has become palpable in recent years. OPs inactivate
acetylcholinesterase (AChE) by covalently modifying its cata-
lytic serine. Inhibited AChE cannot hydrolyze the neurotrans-
mitter acetylcholine leading to its build-up at the cholinergic
synapses and creating an acute cholinergic crisis. Current anti-
dotes, including oxime reactivators that attack the OP-AChE
conjugate to free the active enzyme, are inefficient. Better reac-
tivators are sought, but their design is hampered by a conforma-
tionally rigid portrait of AChE extracted exclusively from 100K
X-ray crystallography and scarcity of structural knowledge on
human AChE (hAChE). Here, we present room temperature
X-ray structures of native and VX-phosphonylated hAChE with
an imidazole-based oxime reactivator, RS-170B. We discovered
that inhibition with VX triggers substantial conformational
changes in bound RS-170B from a “nonproductive” pose (the
reactive aldoxime group points away from the VX-bound serine)
in the reactivator-only complex to a “semi-productive” orienta-
tion in the VX-modified complex. This observation, supported
by concurrent molecular simulations, suggested that the narrow
active-site gorge of hAChE may be significantly more dynamic
than previously thought, allowing RS-170B to reorient inside
the gorge. Furthermore, we found that small molecules can bind
in the choline-binding site hindering approach to the phospho-
rous of VX-bound serine. Our results provide structural and
mechanistic perspectives on the reactivation of OP-inhibited
hAChE and demonstrate that structural studies at physiologi-

cally relevant temperatures can deliver previously overlooked
insights applicable for designing next-generation antidotes.

Acetylcholinesterase (AChE)2 (EC 3.1.1.7), an enzyme of the
�/� hydrolase-fold superfamily, has a critical role in synaptic
neurotransmission (1). Nerve agent organophosphorus (OP)
compounds, the most poisonous substances made by man, are
covalent AChE inhibitors (2). The use of these chemicals is
banned internationally. However, recent high-profile incidents
of OP intoxication, including mass population sarin poisoning
in the Syrian Khan Sheikhoun attack in 2017, poisoning of
North Korean dissident Kim Jong Nam with VX, and use of a
Novichok agent against Sergei and Yulia Skripal in 2018, dem-
onstrate the existence of a real threat from these substances.
Chemically, OPs covalently attach to the side chain hydroxyl of
the catalytic serine of AChE to form phosphoserine conjugates
resulting in the enzyme’s inactivation (3, 4). Catalytic function
of the OP-inhibited AChE can be restored through a chemical
reaction with nucleophiles, which attack the phosphorus atom
of the OP-AChE to regenerate the active enzyme (5, 6). Due to
the complexity of the reactivation reaction a universal reactivator
equally effective against all OP-AChE conjugates has not been
identified. In several aspects reactivation efficiency depends on: 1)
the chemical and steric nature of the OP agent; 2) the chemical
structure of the oxime reactivator determining its nucleophilic and
OP-AChE–binding properties; and 3) the spatially constricted
active site environment of the AChE active-center gorge, which
controls the orientation of the bound phosphonyl moiety as well as
oxime access to the phosphorus atom. A structure-based
approach is therefore well-justified for the design of improved
antidotes against OP intoxication.
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Many X-ray structures of AChE:oxime complexes, OP-AChE
conjugates, and complexes of OP-AChE with reactivator oxime
molecules have been published with mouse (mAChE) (6 –11)
and electric ray (Torpedo californica, TcAChE) (12–16) and
only a few with human AChE (hAChE) (17–21). However, this
wealth of structural information has yet to yield improved reac-
tivation efficacy of oxime antidotes (22). Most of the promising
antidotes (the bisquaternary oxime HI-6, as well as novel
bifunctional oximes) occupy only the upper volume of the
TcAChE and hAChE active-center gorges, above the narrow
“choke point” defined by the Tyr-124 (Tyr-121 in TcAChE)
phenolic side chain and physically separated from the targeted
inhibitory P atom. Only some of the longer bispyridinium oxi-
mes, HLo7 and ortho 7, extend into the lower part of the gorge,
beyond the choke point (9). The environment of the active-site
gorge appears to be rigid and unresponsive to both reactivator
binding and OP inhibition that is reflected in the limited number
of the reported AChE side chain fluctuations. Differences in the
side chain conformations were observed for the catalytic histidine
in VX-TcAChE, His-440, and tabun-mAChE, His-447 (3, 7). The
catalytic histidine alone, or with the help of a water molecule, was
suggested (10, 11) to serve as a proton acceptor for the oxime’s
hydroxyl group, thus boosting an essential reactivator property, its
nucleophilicity. Reorientation of the Phe-338 was also captured in
the structures of mAChE inhibited with different nerve agents,
resulting in a narrower gorge that restricts oxime access to the
active site (7, 8). Although there is a large degree of sequence and
structural similarity among AChEs from different species (57%
sequence identity for hAChE/TcAChE, 88% for hAChE/mAChE,
and 59% for TcAChE/mAChE) (18), kinetic data on OP inhibition
and oxime reactivation shows substantial differences between
human and other species (4, 10, 12, 23, 24). It is thus clear that the
most valuable X-ray structural analysis is that of human AChE and
OP-hAChE conjugates in complex with oxime reactivators when
developing highly efficient antidotes for human OP intoxication.

Nearly all of more than 200 AChE X-ray structures deposited
in the Protein Data Bank have been extracted from data col-
lected at nonphysiological cryogenic temperatures (�100 K).
Only one structure of TcAChE was reported as being obtained
at room temperature (25, 26). Although there are many indis-
putable benefits of the cryo-method for macromolecular crys-
tallography, there are several significant disadvantages. For
instance, cryocooling has been documented to affect intermo-
lecular interactions, suggesting that specific contacts observed
in cryo-structures may not be relevant at room (or physiologi-
cal) temperatures (27–29). Cryogenic temperatures can hide
alternative side chain conformations important for protein
function and alter the environment of chemical groups (30),
preventing a complete understanding of how enzymes work
and/or resulting in incorrect interpretations (31, 32). Cryopro-
tectants, which are required for most cryo-crystallographic
experiments, can bind in active sites and displace lower affinity
ligands, thus precluding analysis of the protein-ligand interac-
tions, or can bind to allosteric sites thereby altering conforma-
tions and dynamics of the residues at those locations (33). Phys-
iologically critical conformations of small molecule ligands and
a macromolecule’s amino acid side chains can thus be artifi-

cially altered by nonphysiological cryogenic temperatures of an
X-ray diffraction experiment.

Here we report room and low temperature (LT, 100 K) X-ray
crystal structures of native and VX-phosphonylated recombi-
nant hAChE, both in complex with an imidazole-based oxime
reactivator, RS-170B (Fig. 1), which is structurally similar to but
less potent than HI-6 (34). Comparison of these structures
revealed that covalent inhibition with VX, as well as flash-cool-
ing of hAChE crystals, can trigger changes in how the reactiva-
tor molecule binds within the active-site gorge. Specifically, a
“nonproductive” pose of RS-170B is observed in the reactiva-
tor-only binary complex that is converted into a “semi-produc-
tive” pose in the VX-modified ternary complex at room tem-
perature. In contrast, the reactivator is distributed equally
across these two orientations in the binary complex at LT.
Clearly, the observed conformational diversity of RS-170B,
which is distinctly influenced by experimental conditions of the
X-ray data collection, illustrates the value of RT X-ray crystal-
lography in identifying productive RS-170B interactions with
the VX-hAChE conjugate and guiding structural interpreta-
tions regarding the mechanism and efficiency of the nucleo-
philic reactivation reaction. Furthermore, we found that small
molecules can bind in the choline-binding site possibly affect-
ing the reactivation.

Results

New crystal form of AChE

The hAChE protein, expressed in Gnt1-mutant HEK293
mammalian cell culture using a FLAG-tagged construct (35)
and eluted from the affinity column by specific proteolysis at
the engineered Prescission recognition site, yielded well-de-
fined structures spanning Glu-4 at the N terminus to Thr-543
at the C terminus. This hAChE preparation, when in complex
with the oxime RS-170B, was found to crystallize in the P31 unit
cell with dimensions of a � b � 125.6, c � 131.4 (Table S1). This
unit cell is significantly smaller than those in the previously
reported X-ray structures of hAChE(17–21). None of the pub-
lished AChE structures were from crystals with this unit cell
and space group. The asymmetric unit contains two indepen-
dent molecules that face each other across the active-site
gorges, forming face-to-face dimers (Fig. S1). Importantly, this
packing does not interfere with binding of long inhibitors that
span AChE’s catalytic (Trp-86) and peripheral (Trp-286) sites
such as donepezil (PDB ID 6O4W) or BW286c51 (PDB ID
6O50) or restrict noticeably the diffusion of small molecules in
and out of the active site as demonstrated by our soaking exper-
iments. A brief 4-min soak with a nonvolatile VX analog (Fig. 1)
was sufficient to yield well-defined covalent VX-hAChE:RS-
170B conjugate starting from crystals of the binary hAChE:RS-
170B complex. Examination of the crystal packing also revealed
that physiologically relevant four-helix bundle hAChE dimers,
normally observed in other AChE structures, are formed
through symmetry operations in the current crystal lattice.
Thus, both face-to-face and four-helix bundle dimers were con-
currently observed in our structures. The lack of glycosylation
at Asn-350, one of the three otherwise conserved N-glycosyla-
tion sites, is responsible for the new crystal form. Only Asn-265
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and Asn-464 are found glycosylated in the current hAChE
preparation. The absence of the side chain amide-linked oligo-
saccharide at Asn-350 frees this site for interactions with
another hAChE molecule in the crystal (Fig. S1). This clearly
facilitates crystal packing and, perhaps, promotes growth of
larger crystals, allowing X-ray data collection at room temper-
ature. The absence of glycosylation at these sites, as was dem-
onstrated by site-directed mutagenesis, has minimal effect on
the catalytic activity of hAChE (36). In each complex studied,
the two molecules in the asymmetric unit are structurally very
similar (root mean square deviation on the main chain atoms of
�0.3 Å) and exhibit comparable ligand-binding features. To
simplify the description and comparison of the structures we
henceforth focus on chain A in all hAChE complexes discussed
below, unless stated otherwise.

RS-170B orientations observed in the binary complexes

RS-170B belongs to the family of N-substituted imidazole
aldoximes whose structure has been optimized for high reacti-
vation efficiency of a potential OP bioscavenger, the Y337A/
F338A double mutant hAChE (YAFA) (37). In the binary com-
plex with native hAChE at RT obtained at a resolution of 2.80 Å,
RS-170B binds with its pyridinium ring locked at the peripheral
anionic site (PAS) through �-� interactions with Trp-286,
whereas the rest of the reactivator molecule inserts into the
active-site gorge (Figs. 2A and 3, and Fig. S2). The imidazole
ring, however, is rotated such that the aldoxime group points
away and is �11 Å from the catalytic Ser-203 (Fig. 3), instead
making a weak hydrogen bond with the main chain amide of
Phe-295. In addition, RS-170B makes several weak hydropho-
bic interactions with the side chains of Trp-286 and Tyr-341.
With the aldoxime group turned away from Ser-203, this
RS-170B pose can be considered as nonproductive, because the
reactivator would not be able to approach the OP-modified
Ser-203 and attack the phosphorus atom. In this pose, penetra-
tion of RS-170B deeper into the gorge is guarded by Tyr-124,
Tyr-337, and Phe-338 residues. Interestingly, our DFT cal-
culations of RS-170B in implicit water also demonstrated

that the reactivator molecule favors a similar nonproductive
conformation when free in solution (Fig. S3). Therefore, this
nonproductive conformation is not imposed on RS-170B by
the confines of the active-site gorge, but rather is the most
stable geometry of the reactivator in solution before it enters
the binding site.

In the LT hAChE:RS-170B structure at 2.15 Å resolution, the
reactivator was found in two equally populated poses (Fig. S4),

Figure 1. Chemical diagrams of VX nerve agent, nonvolatile VX analog,
VX metabolite EMPA, and RS-170B oxime reactivator. The leaving groups
of VX and its analog used in this study are colored blue.

Figure 2. Productive reorientation of the reactivator molecule RS-170B
triggered by VX inhibition: RT crystal structures of the native and VX-
phosphonylated hAChE in complex with the oxime reactivator RS-170B.
A, view of the active-center gorge of the native hAChE with bound nonpro-
ductive RS-170B. Here and for panel B, the 2Fo � FC electron density map (red)
is contoured at 1�. RS-170B is shown as ball and stick model with charcoal car-
bon atoms; spheres represent bound water (red) and chloride anion (orange).
Here and in all the panels, blue dashed lines represent possible hydrogen bonding
interactions. B, view of the active-center gorge of the VX-hAChE with bound
semi-productive RS-170B. RS-170B is colored with yellow carbon atoms; EMPA is
in stick model with cyan carbon atoms. C, the overlay of the binary hAChE:RS-
170B (carbon colored green for the active-center gorge residues and yellow for
RS-170B) and the ternary VX-hAChE:RS-170B (the active-center gorge residues
and RS-170B colored charcoal) RT structures. Distances are in Å. Single letter
amino acid residues are used in the figure.
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one being similar to the nonproductive pose seen in the RT
structure, and the second having the imidazole ring rotated
�180° so that the aldoxime group fully extends toward Ser-203
and is only �5 Å from its OH group: a pose required for the
reactivation reaction. This fully extended pose, therefore,
can be considered “productive.” Notably this pose was only
observed in the low temperature structure, whereas the more
compact, nonproductive, pose is only observed in the room
temperature structure. Such temperature-dependent differ-
ences in ligand geometry were previously observed in struc-
tures of carbonic anhydrase in complex with clinically used
inhibitors (38).

Assessment of RS-170B binding poses in the binary complexes
with molecular modeling

To quantify the energetics of the two binding poses, we esti-
mated the free energies and individual energy components of
RS-170B binding to hAChE in the nonproductive and produc-
tive conformations using molecular mechanics-generalized
Born/surface area (MM-GB/SA) method. As summarized in
Table S2, the MM-GB/SA calculation results indicate that the
nonproductive conformation binds more favorably than the
productive conformation to the native hAChE, consistent with
the potential of mean force (PMF) calculation discussed below.
The more favorable binding of the nonproductive conforma-
tion arises mainly from the enthalpic term, whereas the
entropic contributions are highly comparable between the two
different poses. Given a similar amount of entropy decrease and
a more negative enthalpic gain upon RS-170B binding in a non-
productive versus productive pose, the enthalpic contribution
will dominate the free energy of binding at higher temperatures
for the nonproductive conformation more than for the produc-
tive one. This means that as the temperature increases the bind-
ing energy of the productive conformation becomes unfavor-

able sooner than that of the nonproductive pose. Thus, whereas
both conformations may be equally probable at LT, as observed
in the LT binary hAChE:RS-170B complex, the nonproductive
binding pose will be preferred at RT, as observed in the RT
binary hAChE:RS-170B complex.

To further explore the conformational transition between
the two binding poses, we computed the PMF free energy pro-
files for converting RS-170B from the nonproductive confor-
mation to the productive one both in solution and within
hAChE gorge using umbrella sampling molecular dynamics
(MD) simulations. The PMF profiles illustrated in Fig. S5 show
that the nonproductive conformation is thermodynamically
slightly more stable (lower PMF), thus more favorable, than the
productive one both in aqueous solution and in the active-site
gorge of hAChE. The PMF profiles are broadly consistent with
the DFT and MM-GB/SA calculations presented above. It is
interesting to note that the protein environment has a signifi-
cant impact on both the stabilization of the two poses and the
interconversion between them. Although the nonproductive
conformation is only marginally more stable (�2 kcal/mol,
�G3) than the productive one in solution, its stabilization inside
the protein is more significant with a �6 kcal/mol (�G2) free
energy difference between the two conformations. Conforma-
tional ring “flipping” inside the active-site gorge experiences an
energy barrier, �G1, of �12.5 kcal/mol, whereas in solution the
energy barrier, �G3, for this conformational change is only
�1.5 kcal/mol. This suggests that the conformational transi-
tion of RS-170B inside the native hAChE active-site gorge is
more energetically demanding, but possible, and can also be
triggered by a chemical driving force provided by OP binding to
Ser-203 and the subsequent oxime attack on the phosphorus.
The elevated energy barrier to ring flipping could partially
account for the slow reactivation kinetics of the inhibited

Figure 3. Location of RS-170B in the nonproductive conformation in the RT binary complex structure in relation to the active-center gorge (orange
surface). The RS-170B pyridinium ring is anchored by the side chain of Trp-286, whereas the aldoxime oxygen atom is 11 Å away from the hydroxyl of Ser-203
shown by the double-headed arrow. The left and right panels are related by 90° rotation. Single letter amino acid residues are used in the figure.
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hAChE by RS-170B, but by itself would not be the rate-limiting
factor, because the k2 constant (Table S3) suggests a reactiva-
tion energy barrier of �19 –20 kcal/mol.

Ser-203 hydration shell

In both RT and LT structures of hAChE:RS-170B water mol-
ecules are present near the unmodified Ser-203 (Fig. 2A and Fig.
S4), indicating that it is well-hydrated even though it is buried
�20 Å below the protein surface. One water molecule is
directly hydrogen-bonded to the Ser-203 side chain oxygen,
with O . . . O distances of 2.5 Å in the RT and 2.4 Å in LT
structures, and additional interactions made with the main
chain amides of the oxyanion hole residues Gly-121 and Gly-
122. The other water molecule, clearly visible only in the LT
structure, is within hydrogen-bonding distance from the first
water. Similarly positioned water molecules were observed pre-
viously in the LT structure of hAChE in complex with the inhib-
itor dihydrotanshinone I (19), and such a water molecule can
also be fitted into the unmodeled residual electron density at
the active site of apo-hAChE (18). When hAChE is inhibited
with VX, these waters are displaced from the active site (Fig. 2,
B and C, and Fig. S6). The choline-binding site, proximal to
Ser-203, is occupied by a chloride ion in the RT hAChE:RS-
170B structure, coming from NaCl present in the buffer. In the
LT structure of the binary complex the halide is replaced by a
glycerol molecule used as a cryoprotectant (Fig. S4). Affinity of
the choline-binding site for various kinds of molecules or ions,
such as halides, SO4

2�, 2-pralidoxime, etc., is well-documented
in the literature (20, 39 – 41). However, significant residual elec-
tron density, probably belonging to various cryoprotectant
molecules, is not modeled in many published AChE structures.

Inhibition with VX analog

In the RT and LT structures of VX-hAChE:RS-170B
obtained at resolutions of 2.80 and 2.45 Å, respectively, the VX
moiety is unmistakably observed attached to the side chain of
Ser-203, with the highest electron density peak corresponding
to the phosphorus atom (Fig. 2B and Figs. S2 and S6). In the
VX–Ser-203 adduct, the methyl group of the phosphonyl moi-
ety points toward the acyl-binding pocket made up of residues
Trp-231, Phe-295, and Phe-297. The OEt substituent faces, but
is not inserted into, the choline site with its oxygen making
weak interactions with the catalytic His-447, and the phospho-
nyl oxygen occupying the oxyanion hole. The covalent modifi-
cation of hAChE with VX does not alter the secondary structure
of the native enzyme (in both RT and LT, binary and ternary
structures have root mean square deviation of 0.2 Å); however,
the changes in the RS-170B– binding mode in the ternary com-
plex relative to the binary complex at RT are pronounced. In the
RT structure of the ternary VX-hAChE:RS-170B complex the
reactivator’s imidazole ring is flipped about 180° relative to its
geometry in the RT structure of the binary complex, placing the
oxygen atom of the oxime group �7 Å away from the phospho-
rus atom of the VX moiety (Fig. 2C and Fig. S2) and resulting in
a more extended conformation. Because in solution, RS-170B
exists predominantly in a more compact conformation, as evi-
denced by our DFT and MM-GB/SA calculations, we propose
that it could reorient from this solution pose (also seen in

hAChE:RS-170B at RT) either prior to or after association with
the VX-hAChE conjugate active-site gorge. Such a reorienta-
tion inside the enzyme may be energetically costly, as it may
require movement of Tyr-337, Tyr-341, Tyr-124, and Phe-297
residues to avoid a clash with the aldoxime group of RS-170B
but has not been detected in the existing hAChE structural data.
MD simulations were therefore performed for 300 ns using the
structure of ternary VX-hAChE:RS-170B complex, containing
no bound ligand in the choline-binding site, as a starting model.
Remarkably, the pose of the reactivator remained the same as in
the X-ray structure for several nanoseconds (ns). Subsequently,
RS-170B reoriented in concert with subtle changes to the
VX–Ser-203 conformation to bring its aldoxime group within
3.4 Å of the P atom of VX–Ser-203 at 11 ns, essentially produc-
ing a near-attack configuration (Fig. 4). By 19 ns, the reactivator
began translating away from the P atom and, after 22 ns of
simulation, RS-170B flipped to a nonproductive orientation,
with the aldoxime group now pointing away from the VX–Ser-
203 moiety. Following this transition, RS-170B began translat-
ing out of the active site until a soft restraint imposed in the MD
simulation was activated to bring the oxime back into the hAChE
gorge (see “Experimental procedures”). Thus, these MD simula-
tions demonstrate that RS-170B can indeed rotate between pro-
ductive and nonproductive conformations inside the active-site
gorge and only subtle fluctuations in both RS-170B and VX–Ser-
203 moiety are required to generate the reactivator pose suitable
for the reactivation reaction.

Although the RS-170B orientation seen in the structure of
VX-hAChE:RS-170B complex can be considered semi-produc-
tive, as it resembles the fully extended pose found in the LT
structure of hAChE:RS-170B, the reactivator is still not primed
for an in-line attack on the phosphorus of VX–Ser-203. The
oxime group is rotated by 60° out of the plane of the imidazole
ring, which is in sharp contrast to an almost coplanar geometry
of the two groups (17° out of plane) observed in the extended
RS-170B orientation in the binary complex at LT. The deviation
in co-planarity between the oxime group and an adjacent aro-
matic ring is not surprising, as it was previously observed for
other reactivators (6, 15) and is always a result of steric con-
straints. In our RT VX-hAChE:RS-170B structure, the OEt sub-
stituent of VX–Ser-203 pushes the aldoxime group of RS-170B
away from the VX moiety (Fig. 5). Importantly, no direct or
indirect interactions are observed between the aldoxime func-
tional group and the catalytic His-447 residue, whose imidazole

Figure 4. Snapshots from the MD simulation of the VX-hAChE:RS-170B
complex revealing translational and conformational changes that bring
the oxime within a reactive pose (green) and subsequently to an unpro-
ductive one (purple), after which the oxime is able to leave the active site.
RS-170B colored in blue corresponds to a snapshot at 2 ns, green at 11 ns, red
at 19 ns, and purple at 22 ns.
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side chain is assumed to play a role in the hAChE reactivation as
a possible proton acceptor from the aldoxime group of an
incoming reactivator (10, 11). Instead, we find that the oxime’s
oxygen is positioned equidistantly (�3.4 Å) from the hydroxyl
groups of Tyr-124 and Tyr-337 (Fig. 2C), suggesting a possible
proton acceptor role for either of these phenolic side chains,
assuming RS-170B binds with its aldoxime group protonated.
Conversely, if the reactivator molecule is deprotonated when it
enters the active site, as was proposed based on earlier reacti-
vation kinetics data (42), Tyr-124 and Tyr-337 may stabilize the
negative charge on the aldoxime’s oxygen atom. Interestingly,
the overlay of the RT VX-hAChE:RS-170B and LT hAChE:RS-
170B structures places the nucleophilic oxygen of the extended
RS-170B conformer of the LT binary complex only 4.4 Å away
from the VX phosphorus atom (Fig. 5).

It is possible that the extended conformation of RS-170B
seen in the LT hAChE:RS-170B structure represents the reac-
tivator orientation optimal for in-line attack, provided the OEt
substituent of VX–Ser-203 moves away and into the choline-
binding site. The view along the O�-P bond of the VX-phos-
phonylated Ser-203 clearly shows that the only obstacle for the
aldoxime group in the semi-productive RS-170B conformation
seen in the RT VX-hAChE:RS-170B structure is the OEt sub-
stituent of the phosphonyl group (Fig. 5). The choline-binding
site is large enough to allow rotations of VX–Ser-203 around
the single bonds of P-O2 and O2-C2. Therefore, if the choline
site is not occupied, the OEt substituent would be very
dynamic, continuously exposing the phosphorus atom to the
nucleophilic attack. However, if the choline-binding site is
occupied, the bound molecule’s steric hindrance may restrict
possible conformations the VX moiety can have.

Remarkably, we discovered a product of VX analog hydroly-
sis, EMPA, bound at RT in the choline-binding site above the
Trp-86 indole side chain. The O3 atom of EMPA makes a 2.8 Å
hydrogen bond interaction with the Glu-202 carboxylate O�1,

suggesting that one of these oxygen atoms must be protonated
(Fig. 5). The EMPA’s O3 is also within hydrogen-bonding dis-
tance (3.1 Å) to the imidazole of His-447. It is well-known that,
in addition to covalent inhibition of hAChE, VX is quickly
hydrolyzed into EMPA and diisopropylethyl mercaptoamine
(DESH) when absorbed into mammalian tissues (43, 44).
Detection of the VX decomposition products is often per-
formed for verification of exposure to the nerve agent; however,
little is known about VX metabolism in vivo. Nevertheless, it is
unlikely that large amounts of EMPA can be generated in vivo
from exposure to VX. In addition, our enzyme kinetics experi-
ments showed that, in solution under physiological conditions,
EMPA demonstrates high (�40 mM) dissociation constants for
both native hAChE (Fig. S7) and VX-hAChE conjugate (Fig.
S8), which underscores the suggestion that in vivo EMPA would
not be a significant factor in oxime reactivation. The presence
of EMPA in our RT structure of VX-hAChE:RS-170B complex
is most probably due to spontaneous hydrolysis of the VX ana-
log in aqueous solution (45) before or during crystal soaking.

In the RT VX-hAChE:RS-170B structure, EMPA appears to
hinder rotation of the OEt group of VX–Ser-203, thus possibly
restricting the latter’s conformational freedom and keeping VX
in a conformation with the OEt blocking access to the phospho-
rus. In the LT structure of the VX-hAChE:RS-170B complex we
detect a molecule of cryoprotectant glycerol bound to the cho-
line-binding site instead of EMPA. We note that the glycerol
concentration of 25% used for cryoprotection, corresponding
to a concentration of �3 M, is very high and can easily out-
compete a low-affinity ligand for binding at the choline-binding
site. In addition, like EMPA, the glycerol molecule is bulky
enough to prevent rotation of the OEt substituent of VX–Ser-
203, keeping its conformation the same as in the RT structure.
We hypothesize that the presence of a small molecule with high
affinity for the choline site could influence the dynamics of the
whole VX–Ser-203 moiety and stabilize a conformation that
prevents oxime access to the phosphorus of VX–Ser-203. The
choline site-bound molecules could thus add to the steric bulk
of the active site helping to shield the phosphorous atom from
the reactivator’s aldoxime group. Similar conformations of the
VX group are found in other previously published structures of
VX-AChE conjugates (21).

Distinct conformations of RS-170B observed in all studied
complexes

Comparison of the alternative RS-170B conformers observed
in the noncrystallographic monomers A and B of the hAChE
complexes studied here (see Table S1) clearly demonstrates
that they can be grouped into two clusters distinguished by the
position of the imidazole ring and the reactive aldoxime moiety
(Fig. 6 and Fig. S3). Depending on their respective orientations
relative to the Ser-203 or VX–Ser-203 moieties we refer to
these orientations as nonproductive (Fig. 6, B and E, and Fig. S3)
or extended productive (Fig. 6, C and F, and Fig. S3). Although
the overall resolutions of these structures (2.15–2.80 Å; Table
S1) may not allow for fine analyses of structural differences, the
distances between the two clearly identifiable atoms in each
oxime molecule, the pyridinium N and oxime O, were either
5.4 � 0.8 Å for the nonproductive conformation or much lon-

Figure 5. Possible effects of the constricted active-site environment on
the RS-170B conformation. Overlay of the RT VX-hAChE:RS-170B (carbons
colored green for the VX-hAChE and yellow for RS-170B) and LT hAChE:RS-
170B (carbons colored magenta). For the LT hAChE:RS-170B only stick model
of the fully extended RS-170B conformer is shown for clarity. EMPA is shown
in ball and stick representation with cyan carbon atoms. Distances are in Å.
Single letter amino acid residues are used in the figure.
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ger, 8.3 � 0.4 Å, for the extended pose. In the context of the
active-center gorge of the VX-hAChE conjugate (Fig. 6D) only
extended conformers can penetrate with their aldoxime groups
into the hAChE catalytic site beyond the choke point of the
gorge and assume an orientation that might be productive for
the nucleophilic attack on the conjugated phosphorus of VX.
This is consistent with the longer distances between the N
atoms of their pyridinium rings, making �-� interactions with
Trp-286, and their oxime O atoms of �8.3 Å. These distances
are significantly longer than �7 Å distance between Trp-286
and the opening of the catalytic site defined by the choke point
(Fig. 6, E and F). Therefore, the nonproductive RS-170B con-
formers would be ineffective not only because their reactive
aldoxime groups point away from the VX’s P atom target, but
also because they are physically prevented from entering the
catalytic site of VX-hAChE by the choke point. It is nonetheless
encouraging that in the RT structure of VX-hAChE:RS-170B,
obtained at a near-physiological temperature, the reactivator is
observed in a semi-productive conformation, consistent with
the functional data.

Discussion

Our findings provide several new mechanistic insights
regarding the reactivation of OP-inhibited hAChE by oximes
such as RS-170B. The RT X-ray structures and molecular sim-
ulations suggest that most RS-170B molecules initially enter the
hAChE active-site gorge not poised for the reactivation reac-
tion, but in a compact nonproductive orientation, which is
energetically the most stable pose both in solution and within

the active-site gorge. Either prior to and/or after association
with the active-site gorge of the native hAChE, RS-170B may
then flip between nonproductive and productive conforma-
tions. Inhibition of hAChE with VX may trigger an addi-
tional change in the conformation of RS-170B by providing a
chemical driving force for the subsequent attack on the
phosphorus by the oxime, resulting in the predominant
semi-productive extended reactivator orientation caused by
a flip of the imidazole ring. When in the productive confor-
mation, the RS-170B nucleophilic oxygen atom of the aldo-
xime group could be as close as 4.4 Å to the phosphorus of
VX–Ser-203 as indicated by the LT binary complex structure
superimposed with the RT VX-hAChE:RS-170B structure or
even as close as 3.4 Å as observed in our MD simulations.
Additionally, choline-binding site interactions with various
kinds of small molecules and ions may affect the conforma-
tional flexibility of the OP substituent bound to Ser-203, thus
masking the phosphorus atom and making it less accessible
to attack by reactivators.

The observed reorientation of RS-170B also allows us to pro-
vide a possible explanation for poor reactivation abilities of
RS-170B. If the nonproductive orientation binds to VX-hAChE
with higher affinity, and RS-170B must reorient in the active
site to assume the productive conformation, this would likely
impair its ability to reactivate OP-inhibited hAChE. In fact,
RS-170B demonstrated superior ability to reactivate soman-
inhibited YAFA hAChE compared with the structurally similar
but conformationally more rigid bispyridinium aldoxime HI-6

Figure 6. Clusters of RS-170B conformers created using the �-carbon protein backbone overlay of the eight hAChE monomers from the structures
reported in Table S1. A, all 10 conformers. B, four nonproductive conformers. C, six extended conformers. Average distances indicated in B and C are between
pyridinium N and aldoxime O for the RS-170B conformers of the respective clusters. D, all conformers in the context of the VX-hAChE active-center gorge
stabilized by Trp-286 and Tyr-341. E, nonproductive conformers cluster above the narrow choke point (defined by Trp-124, Tyr-337, and Phe-338 side chains)
with aldoxime oxygens pointing away from the conjugated VX. F, only extended conformers can span the �7 Å distance between the main RS-170B anchoring
point (Trp-286) and the choke point and project their nucleophilic aldoxime groups into the catalytic hAChE site toward conjugated VX.
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(37). However, RS-170B is about 1 order of magnitude slower
and less efficient than HI-6 in reactivation of native hAChE
(Table S3). In YAFA, replacement of the bulky aromatic side
chains of Tyr-337 and Phe-338 with much smaller methyl sub-
stituents creates a substantially larger volume in the active-site
gorge (�345 Å3 compared with �170 Å3 in native hAChE),
which might allow the imidazole ring of RS-170B to freely
rotate.

Finally, it is instructive to compare the overall binding of the
RS-170B reactivator in the current structures to that observed
previously for other oximes that have similar variable-length
alkyl linkers flanked by two heterocyclic rings. Binding of such
reactivators was demonstrated to induce a conformational
change of Trp-286 (Trp-279 for TcAChE) at the PAS relative to
its position in the apo-enzyme, allowing �-� sandwich forma-
tion between the nonreactive pyridinium heterocycle of HI-6
(4, 6, 10, 11), HLo-7 (9), ortho-7, or obidoxime (6, 9, 14) and the
side chains of Trp-286 and Tyr-72, or Trp-286 and Tyr-124.
The sandwiched heterocycle was often characterized by well-
defined electron density, most likely signifying tight binding of
the ligand within the �-� sandwich. In addition, in all such
binary and OP-inhibited ternary AChE structures, the reactiva-
tor adopted a conformation in which the two heteroaromatic
rings were nearly perpendicular to each other. In hAChE:RS-
170B and VX-hAChE:RS-170B complexes, the reactivator does
not alter the position of Trp-286, and enters the active-site
gorge in a flattened conformation with the pyridinium and im-
idazole rings roughly in the same plane (Fig. 3). The electron
density for RS-170B in our structures is somewhat less distinct
compared with that of reactivators in the aforementioned
structures. Nevertheless, the positions of the oxime groups
could be accurately determined in all our RS-170B conformers.
Thus, RS-170B bound in the active-site gorge is conformation-
ally dynamic and only a fraction of the oxime molecules
assumes a productive orientation for facile access to the OP-
conjugated Ser-203 residue. It is worth noting that improved
reactivation of the tabun-inhibited mAChE Trp286–Ala variant
relative to the WT enzyme by bis-pyridinium reactivators was
observed recently (46). The Trp286–Ala substitution would not
only facilitate initial oxime association by increasing the size
of the active center opening, but also avert �-� stacking
interactions between the PAS Trp residue and a reactivator,
thus precluding formation of a �-� sandwich and possibly
increasing the reactivator’s conformational freedom. The
observation with the Trp286–Ala variant supports the
hypothesis that more efficient reactivators could benefit
from a weaker interaction with the PAS Trp when reactiva-
tor is bound in the reversible reactant complex that precedes
transition-state formation. Proper stabilization of the tran-
sition-state geometry for many bisquaternary oximes would
not require stabilizing interactions with Trp-286, thus per-
mitting the oxime to slide deeper into the gorge to reach the
phosphorus of OP–Ser-203 thereby avoiding the choke point
to allow for quick transphosphorylation and recovery of
AChE catalytic activity.

Recently, six new LT crystal structures of hAChE in complex
with the HI-6 reactivator in the binary and VX-inhibited ter-
nary forms have been reported by Height et al. (21). Some

aspects of the authors’ interpretation of the results and their
conclusions, however, do not fully align with our observations
based on the RT and LT structures reported here. According to
our experimental observations, the post-reactivation state of
hAChE proposed by Height et al. (21) with noninhibited Ser-
203 and bound HI-6 and EMPA molecules, would have been
difficult to achieve under the given experimental conditions. To
capture this state, hAChE crystals were pre-soaked in �4 mM

PR/S-VX for 6 min, then incubated for 10 min in a solution of 11
mM HI-6 supplemented with 20 –25% ethylene glycol, and then
mounted for LT X-ray data collection. A complete absence of
covalent inhibitor in hAChE would have been expected with
the reactivation constant (k2 � 0.63 � 0.04 min�1) determined
in the same study but in solution. From our experience with
RS-170B and with other more efficient bisquaternary reactiva-
tors, a complete reactivation under the described experimental
conditions would be hard to reach in the crystalline state. An
alternative explanation is more plausible: due to the low con-
centration of the VX analog and its instability in aqueous solu-
tion, only a very small fraction of hAChE molecules in the crys-
tal, undetectable by X-ray crystallography, were probably
inhibited. Based on our experience with interactions between
cryoprotectants and EMPA in the choline-binding site, a disor-
dered ethylene glycol molecule could have been easily mistaken
for EMPA, as the cryoprotectant was present at the very high
concentration of �25% (�4 M) in the soaking drop. In addition,
the proposed mechanism of HI-6 reactivation, in which HI-6
enters the hAChE active site as a deprotonated oxime, was
devised from the structure of the PR-VX-hAChE:HI-6 ternary
complex. In this structure, HI-6 is drawn into the choline-bind-
ing site, with its aldoxime group making a very short (2.5 Å)
interaction with the His-447 main chain carbonyl, suggestive of
a strong hydrogen bond. Such a short hydrogen bond between
two oxygens is only possible if one of them is protonated, in
this case, it must be the oxime. Furthermore, this HI-6 bind-
ing pose is allowed because the sterically small methyl group
of the PR-VX–Ser-203 side chain points to the choline-bind-
ing site and the larger ethoxy group is situated in the acyl
pocket. In this conformation of the enzyme, the phosphorus
atom of the adduct is fully exposed for the nucleophilic
attack. Therefore, if the HI-6 reactivator would enter the
active site in the deprotonated form, it should have no diffi-
culty attacking the phosphorus; yet, reactivation of PR-VX–
hAChE was almost undetectable. Finally, our soaking exper-
iments in which VX analog is added to the oxime:hAChE
binary complex clearly contradict the proposed mechanistic
model in which bound oxime blocks the flow of small mole-
cules in and out the active site.

In conclusion, we demonstrated here that with RT X-ray dif-
fraction data, we were able to observe RS-170B reorientation
due to VX inhibition and to capture the VX hydrolysis product,
EMPA, bound in the choline-binding site. This information
provides a new structural perspective on the reactivation of
OP-inhibited hAChE, offers a new mechanistic hypothesis for
the reactivation reaction, and demonstrates the power of com-
bining RT and LT X-ray crystallography for more complete and
in-depth structural analyses.
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Experimental procedures

Chemicals

Imidazole aldoxime RS-170B was synthesized as described
earlier (34) and dissolved in DMSO at 100 mM concentration.
The low toxicity VX analog (Fig. 1) was synthesized and kindly
provided by Dr. Gabriel Amitai of the IIBR, Ness Ziona, Israel
(47). EMPA (Fig. 1) and acetylthiocholine (ATCh) were pur-
chased from Sigma.

Protein expression and purification

Monomeric human AChE expressed in the Gnt1-HEK293
mammalian cell culture deficient in complex N-glycans using a
FLAG-tagged construct (35) was eluted from the anti-FLAG
affinity column by specific HRV 3C (Sino Biological Inc.) pro-
teolysis, cleaving the FLAG tag off, at the engineered Prescis-
sion protease recognition site. The resulting N-terminal
sequence of the pure eluted hAChE was G-P-L-E-G-R- . . . ,
where the amino acid sequence of the mature hAChE protein
starts at E-G-R- . . . and ends at the truncated C terminus (35)
with sequence . . . -S-A-T-D-T-L-D547. Physiologically rele-
vant hAChE dimers spontaneously and reversibly associate in
solution from the expressed monomers.

Enzymatic activity, reversible EMPA inhibition, and
reactivation kinetics

Activity of hAChE was measured using a spectrophotometric
Ellman assay (48) in 0.1 M phosphate buffer, pH 7.4, containing
0.01% BSA at room temperature. Reversible inhibition of
hAChE by EMPA was measured as described before (49) where
either (EMPA � ATCh) was pipetted at varying concentrations
into buffered solution of hAChE, or hAChE solution was
pipetted into varying concentrations of EMPA and ATCh in the
buffer. hAChE inhibition reactions with VX analog and oxime
reactivation measured at 37 °C in phosphate buffer were done
as described before (37).

Crystallization

For crystallization experiments a sample of hAChE was dia-
lyzed in 10 mM NaCl, 10 mM HEPES, pH 7, and concentrated to
6 –10 mg/ml. About 1 h prior to crystallization, the solution of
hAChE was combined with a 100 mM stock solution of RS-170B
reactivator in DMSO at a molar ratio of 1:5 or 1:10 to obtain a
binary complex of hAChE:RS-170B. Crystals were grown by
vapor diffusion at 10 °C in sitting drop microbridges or 9-well
glass plates (Hampton Research, Aliso Viejo, CA) using well
solutions containing 10 mM sodium citrate, 100 mM HEPES, pH
7, and 6 – 8% PEG6000.

Soaking experiments

For the soaking experiments 3 �l of 50 mM VX analog solu-
tion in DMSO were diluted with 200 �l of solution of 10 mM

sodium citrate, 100 mM HEPES, pH 7, and 7% PEG6000 to give
a 0.75 mM solution of the VX analog. This solution was then
used to obtain the ternary complex of VX-hAChE:RS-170B
through a 4-min soak at RT (�22 °C) of crystals of the binary
hAChE:RS-170B complex. The soaking drop (10 �l of the VX
solution) for the crystal intended for the RT X-ray data col-

lection was supplemented with 0.5 �l of the RS-170B stock
solution.

X-ray data collection

For both complexes, X-ray crystallographic data were col-
lected at room temperature (�22 °C) and from frozen crystals
at 100 K. Prior to data collection at 100 K crystals were sub-
jected to two very brief consecutive soaks in the cryoprotectant
solutions, first in 12% glycerol followed by 25% glycerol, and
then flash cooled by plunging into liquid nitrogen. For the RT
data collection, crystals were mounted on the Litholoops
(Molecular Dimensions, Maumee, OH) directly from the crys-
tallization or soaking drops and kept hydrated using the
MiTeGen (Ithaca, NY) room temperature setup. Diffraction
data were collected from a single crystal for each complex on
the ID19 beamline at SBC-CAT using a Pilatus3 	 6M detector
at the Advanced Photon Source (APS). X-ray diffraction data
were integrated and scaled using the HKL3000 software suite
(50). The structures were solved by molecular replacement
using the CCP4 suite (51). The structure of the apo-hAChE
(PDB ID 4EY4) (18) was used as a starting model with all waters
and the N-linked glycosylated saccharides removed. Refinement
was performed using the phenix.refine program in the PHENIX
(52) suite and the resulting structure analyzed with molprobity
(53). The structures were built and manipulated with the program
Coot (54). Figures were generated using PyMol molecular graphics
software (version 1.5.0.3; Schrödinger LLC). A summary of the
crystallographic data and refinement is given in Table S1. Crystal-
lographic data have been deposited to the PDB with the following
codes: 6O5R for RT hAChE:RS-170B, 6O5S for RT VX-hAChE:
RS-170B, 6O5V for LT hAChE:RS-170B, and 6O66 for LT
VX-hAChE:RS-170B.

DFT quantum chemical calculations

Geometry optimization of RS-170B in implicit solvent was per-
formed using density functional theory with B3LYP (55–58), the
def2-TZVPP (59, 60) basis set, the D3 dispersion correction (61,
62), and the COSMO implicit solvent model with the dielectric
constant set to 80 (63) using the ORCA (64) software version 3.0.3.
Tight convergence parameters were used for both the energy min-
imization and geometry optimization. The optimized conforma-
tion of RS-170B reactivator is shown in Fig. S2.

MM-GB/SA calculations

The MM-GB/SA method (65, 66) was used to estimate the
binding free energies of RS-170B with hAChE in the two con-
formations observed in the LT binary hAChE:RS-170B com-
plex. The total binding energy �Gbind was defined as �Gbind �
Gcomplex � Greceptor � Gligand. Each free energy term consisted
of the gas phase MM energy (�EvdW � �Eele), the solvation-free
energy (�Gsol), and the vibrational entropy contributions
(T�S). �Gsol was estimated from the GB theory and solvent
accessible surface area calculations, which yielded �GGB and
�GSA, respectively. In GB, energies were evaluated at 0.1 M

NaCl concentration. A surface tension coefficient (�) of 0.0072
kcal/(mol Å2) was used to calculate the nonpolar solvation-free
energy contribution. The entropy contribution was obtained by
performing normal mode analysis on the two complex structures
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only as entropy contributions from the protein and the ligand
alone can be neglected due to RS-170B binding to the same pro-
tein. �EvdW, �Eele, �GGB, and �GSA were computed for 7000
frames, normal mode analysis was performed on 140 frames, both
extracted evenly from 30�100 ns of the MD trajectories. Error
bars are mean � S.E. computed with block averaging.

PMF calculations

MD simulations coupled with umbrella sampling (67, 68)
were used to compute the PMF profiles for the interconversion
in solution and in hAChE between the two conformations
observed in the LT binary hAChE:RS-170B complex. Umbrella
windows were generated by driving the intramolecular rotation
of RS-170B about the C12-N13 bond by 360°, from which 18
windows (every 20°) were selected for umbrella sampling along
the reaction coordinate of the torsional angle C11-C12-N13-
C17 (Fig. S5). Umbrella sampling simulations (independent
simulations in each window) were performed at T � 298.5 K,
with a harmonic potential applied to the torsional angle C11-
C12-N13-C17. Post-processing of the umbrella simulations to
calculate the PMF profiles was performed using the weighted-
histogram analysis method (69, 70), using the last 3 ns of each
production umbrella window trajectory, with 50 bins. Error
estimates for the weighted-histogram analysis method were
obtained from bootstrapping.

MD simulations

MD simulations of the binary hAChE:RS-170B complex,
coupled with umbrella sampling, were performed in the NPT
ensemble, with P �1 bar and T � 298.5 K, using the Amber
software suite (71). Temperature was maintained using the
Berendsen thermostat and pressure was controlled using the
Berendsen barostat (72). To allow for an integration time step
of 2 fs for all simulations, all bonds involving a hydrogen atom
were constrained using the SHAKE algorithm (73). Amber
ff14SB (74) and TIP3P (75, 76) force fields were used for protein
and water, respectively. Force field parameters for RS-170B
were taken from the Amber general force field (77). MD simu-
lations of the ternary VX-hAChE:RS-170B complex were per-
formed in a similar fashion using CHARMM/OpenMM (78)
running on Graphic processing units and using periodic bound-
ary conditions and particle mesh Ewald for the treatment of
long-range electrostatics. The force field parameters for
RS-170B and the conjugated Ser-203 were obtained from the
CGENFF software (79) and DFT calculations. Hydrogen atoms
were added to the protein using HBUILD in CHARMM. All
protein residues were assigned to their canonical protonation
state. His-447 was represented by neutral or protonated states
in separate simulations. All tautomeric states of other histidines
were assigned based on visualization of surrounding residues.
The VX-hAChE:RS-170B complex was surrounded by a cube of
water molecules (TIP3P model) (75, 76) with 99.0 Å sides with
potassium chloride ions corresponding to 0.15 mmol concen-
tration and sufficient to bring the summed charge of the system
to zero. The total atom count was 91,100 atoms. Three simula-
tions were run for 300 ns each using a slightly altered restraint
between the middle carbon atom of the reactivator’s central
alkyl linkage, which connects imidazole and pyridinium rings,

and the phosphorus atom on the VX-conjugated Ser-203 in
each simulation. This restraint was only active if this distance
reached 11.0, 13.0, and 15.0 Å, respectively. In this manner, the
substrate would experience a force only if it drifted outside the
active site and thus provide an opportunity for the substrate to
rebind to the active site.
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