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Covalent drugs have been intensively studied in some very important fields such as anti-tumor and anti-
virus, including the currently global-spread SARS-CoV-2. However, these drugs may interact with a va-
riety of biological macromolecules and cause serious toxicology, so how to reactivate the inhibited tar-
gets seems to be imperative in the near future. Organophosphate was an extreme example, which could
form a covalent bound easily with acetylcholinesterase and irreversibly inhibited the enzyme, causing
high toxicology. Some nucleophilic oxime reactivators for organophosphate poisoned acetylcholines-
terase had been developed, but the reactivation process was still less understanding. Herein, we pro-
posed there should be a pre-reactivated pose during the reactivating process and compounds whose
binding pose was easy to transfer to the pre-reactivated pose might be efficient reactivators. Then we
refined the previous reactivators based on the molecular dynamic simulation results, the resulting
compounds L7R3 and L7R5 were proven as much more efficient reactivators for organophosphate
inhibited acetylcholinesterase than currently used oximes. This work might provide some insights for
constructing reactivators of covalently inhibited targets by using computational methods.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

In recent years, aspirin, the penicillins, omeprazole and clopi-
dogrel were found to interact with targets in the form of covalent
bonds [1]. It has been recognized that covalent drugs possessed
several advantages compared to their non-covalent counterparts,
such as longer curative effect, lower treatment dose and less
resistance. Consequently, covalent drugs were intensively
researched in fields such as anti-cancer and anti-virus [2]. Recently,
two promising antiviral drug candidates were reported exhibiting
excellent inhibitory activity towards SARS-CoV-2 through a cova-
lent interaction [3]. However, for a long time, it was suggested to
avoid introducing electrophilic groups (such as epoxy, acridine,
Michael receptor, etc.) into the molecular structure of drugs,
ei), zzbcaptain@aliyun.com

served.
because they may interact with a variety of biological macromol-
ecules and cause serious toxicology. For an extreme example, or-
ganophosphates (OP) could form a covalent bound easily with the
catalytic serine residue of acetylcholinesterase (AChE), and exhibit
acute toxicity [4]. As a result, OPs can be used as pesticides (e.g.,
paraoxon, parathion, and dichlorvos, Fig. 1) and nerve agents in
armed conflicts (e.g., sarin, VX, tabun and soman, Fig. 1) [5]. The
broad use of the pesticides leads to a serious public health issue
with about 3,000,000 acute intoxications and over 200,000 fatal-
ities annually worldwide [6,7]. Nerve agents could be used as
weapons of mass destruction (Iran-Iraq War) or used for terrorist
attacks (e.g., subway attack in Tokyo in 1995) and murder (e.g., Kim
Jong-nam’s Killing in Kuala Lumpur in 2017) [8]. Thus it is worth
studying reactivation of covalently inhibited targets. In this paper,
design, synthesis and evaluation of reactivators for OP inhibited
hAChE was used as a prologue, which could provide a good refer-
ence for further research about reactivation for covalently inhibited
targets.

OPs inhibit AChE irreversibly though phosphorylation of the
catalytic serine residue (Ser203) [9], causing accumulation of
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Fig. 1. Chemical structures of some organophosphates and currently used pyridinium oxime reactivators.
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neurotransmitter acetylcholine (ACh) at both peripheral and cen-
tral cholinergic synapses, leading to cholinergic crisis, respiratory
distress, convulsive seizures, and ultimately death [10,11]. Previ-
ously, pyridinium aldoximes (e.g., pralidoxime (2-PAM), obidox-
ime, HI-6, Fig. 1) were developed as AChE reactivators [12e15].
However, due to their permanent positive charge, these quaternary
reactivators are unable to cross the blood-brain barrier (BBB) and
show poor central reactivation efficiency [16e18].

To overcome this obstacle, various non-quaternary reactivators
were studied, such as monoisonitrosoacetone (MINA) [19e21]
(Fig. 1) and amidine-oximes (Fig. 1) [22,23]. These nucleophilic
aldoximes were thought to remove the phosphyl moiety from the
active site (A site) serine in phosphyl conjugates and restore the
enzyme’s activity [24]. But these nonquaternary oximes weremuch
less efficient reactivators than 2-PAM in vitro due to their low af-
finities to the inhibited enzyme. Noteworthily, it was found that a
peripheral site (P-site) was located at the entrance of the active
gorge in AChE, which could be served as the binding site for
distinctive substrates [25]. In an earlier study, we had firstly re-
ported a series of salicylic aldoxime conjugates, the biological
evaluation results confirmed that connection of proper peripheral
ligand (PSL) to single aldoximes would dramatically improve
reactivating ability for OP inhibited AChE [26]. Enlightened by the
isonicotinamide ligand in structure of HI-6, its bioisostere amino-
benzamides were introduced as simple PSLs, then the efficient
uncharged reactivators L6M1R3 and L6M1R5 (Fig. 3) with ortho-
methyl or chloro substituted salicylaldoximes were constructed
[27]. However, understanding of the reactivation process was
important for rational design of new efficient reactivators [28].

It was noteworthy that Allgardsson et al. and Driant et al. had
used the density functional theory (DFT) and QM/MM approaches
to analysis the reactivation mechanism recently. They figured a
plausible near-attack conformation of HI-6 and Sarin, in which the
oxime oxygen of HI-6 is within van der Waals contact distance
(3.3 Å) of the sarin phosphorus atom [29,30]. Based on these
important findings, we proposed there should be a pre-reactivated
pose following the binding of reactivator with AChE at the binding
pose, in which the oxime group located near to the P atom of the
modified Ser203. For example, in the crystal structure of VX
inhibited hAChE in complex with HI-6 (PDB code: 6CQW) [31], the
2

isonicotinamide was located at the P site, the aldoximes was
located at the A site and the distance of the O atom of nucleophilic
aldoximes and P atom of VX was 9.5 Å (Fig. 2). The aldoximes
should overcome the steric hindrance and rotate to reach the pre-
reactivated pose before reactivating the inhibited hAChE. Since
other OPs would modify the Ser with bigger substrates, the steric
hindrance for rotation might be different and thus reduce the scope
of application. Hence we investigated the binding interaction of
L6M1R3 with inhibited AChE by molecular dynamic (MD) simula-
tions, and proposed that compounds whose binding pose was easy
to transfer to the pre-reactivated pose might be more efficient and
broad-spectrum non-quaternary reactivators (Fig. 3).

As a proof of concept, various drug induced simple aromatic or
aliphatic moieties were screened for proper PSLs, and the efficient
methyl or chloro substituted salicylaldoximes were reserved to
construct novel reactivators. Encouragingly, the in vitro evaluation
demonstrated that the resulting conjugates L7R3 and L7R5 (Fig. 3)
exhibited much higher reactivating efficiency than currently used
oximes 2-PAM, obidoxime and HI-6 for both nerve agents (VX,
sarin and tabun) and pesticides (paraoxon, parathion and
dichlorvos) poisoning in most cases. Interestingly, the following
MD simulation study found that L7R3 and L7R5 could form stable
pre-reactivated poses. This work may provide some insights for
constructing efficient reactivators of covalently inhibited targets.
2. Results and discussion

2.1. Design of new reactivator to research pre-reactivated pose

To investigate into the binding interaction of reactivates, mo-
lecular docking was carried out to construct the conformation of
our previously reported L6M1R3 in the VX-inhibited hAChE by
using the “SYBYL-X 2.0” software [32]. Specially, the binding pocket
was explored according to the ligand from the crystal structure of
VX inhibited hAChE in complex with HI-6 (PDB code: 6CQW, res-
olution 2.28 Å) [31].

Firstly, we conducted 50 ns molecular dynamics simulations for
the complex of hAChE-L6M1R3 to get a further insight into the
binding poses and pre-reactivated poses. The root mean square
deviation (RMSD) was monitored during the simulation time to



Fig. 2. Binding interaction of HI-6/inhibited hAChE complex (PDB code: 6CQW). (A) The structure of HI-6/inhibited hAChE complex. The distance of the O atom of nucleophilic
aldoximes and the P atom of VX was marked in red. (B) HI-6 located in the P site in surface model. (C) There is a space between HI-6 and VX modified Ser203.

Fig. 3. Design of novel hybrid nonquaternary salicylaldoxime reactivators.
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investigate the stability of the binding pose of L6M1R3 in hAChE.
We found that most of the residues during the molecular dynamics
showed slight fluctuation with stable RMSD value lower than 1.8 Å
and only a few residues at the terminus had greater variation with
big RMSD value (Fig. 4A). From RMSD analysis, hAChE reached
equilibrium state at approximately 5 ns, with the RMSD value of
1.4 Å (Fig. 4A). However, the conformation of L6M1R3 had slight
changes and then kept stable after 7 ns with the RMSD value of
1.7 Å (Fig. 4A). The part of aldoximes of L6M1R3 located at A site
kept similar conformation. The distance of the O atom of nucleo-
philic aldoximes and P atom of VX was kept at 11.4 Å during first 20
ns and changed to 10.4 Å for the last 30 ns (Fig. 4A). On the other
side, the aminobenzamide part of L6M1R3 had great changes and
was moved out of the P site (Fig. 4B and C).

To explore the interactions in the two systems, MM/GBSA free
energy calculation was performed [33]. The total binding free en-
ergy was �26.9 ± 4.7 kcal/mol in L6M1R3/inhibited hAChE system
(Supplementary Table S1). According to the results, the DEvdw
term contributed greatly to the binding (�45.7 ± 2.8 kcal/mol),
indicating that the interactions were primarily mediated by VDW
interactions. The energy decomposition in this system was calcu-
lated. The p-p interaction between Tyr341 and benzaldoxime, and
the hydrophobic interactions between Trp286 or Tyr72 and the
linker contributed more favorable energies with value lower
than�2.0 kcal/mol (Fig. 4D and E). As the aldoximes was located far
away from P atom of VX and there was enough space between
them, rotating the aldoximes to reach pre-reactivated pose was
possible (Fig. 4E) However, the p-p interaction between Tyr341 and
benzaldoxime, as well the hydrogen bond between Tyr124 and
aldoxime would prohibit the rotation (Fig. 4E). Actually, we tried
3

but failed to generate the pre-reactivated pose in L6M1R3/inhibited
hAChE system with different starting poses of ligand, suggesting
that the pre-reactivated pose might be unstable. Although L6M1R3
was well docked with the inactive hAChE, the rotation was blocked
to generate pre-reactivated pose during the reactivation process,
we guessed that a smaller linker and PSL would be better for the
rotation of ligand to reach pre-reactivated pose.

On the other side, we also calculated the volume of L6M1R3 and
HI-6 by DFT calculation, and found the volume of HI-6 (with value
of 335 Å) was much smaller than L6M1R3 (with value of 507 Å)
(Fig. 5). Moreover, the length of L6M1R3was 2.9 Å longer thanHI-6
(Fig. 5). These results also suggested the L6M1R3might not be easy
to research the pre-reactivated pose. Compounds employing small
volumes and lengths should be designed as better reactivators.

2.2. Proof of concept by synthesis and biological evaluation

2.2.1. Design and synthesis
A representative synthesis route highlighted in Scheme 1 was

used to prepare the conjugate template L7R3 as shown in Fig. 2. R3
was synthesized in a similar way described in our previously paper
[26,27]. Condensation of L7 and R3 to afford the intermediates
L7R3-d1, then it was readily converted to the final oxime conju-
gates L7R3 by treating with hydroxylammonium chloride. The rest
conjugates (Table 1) described in this paper were all synthesized in
a similar way to that of L7R3.

2.2.2. hAChE reactivation and inhibition experiments
Guided by the computation results described above, the simple

and small ligand pyridine linked to the piperidine were used as PSL
along with the linker, the resulting salicylic aldoxime conjugates
L7R3 and L7R5 were synthesized and tested firstly. The in vitro
experiments were conducted with human acetylcholinesterase
serving as enzyme source. 2-PAM, HI-6 and obidoxime were used
as reference reactivators. Three most common nerve agents (VX,
sarin and tabun) were used for the in vitro reactivation experiment.
It was encouraging that both L7R3 and L7R5 emerged as quite
efficient reactivators for both VX and sarin inhibited hAChE in a
primary reactivation evaluation experiment. L7R3 displayed even
higher reactivation potency than 2-PAM, HI-6 and obidoxime for
VX- and sarin-hAChE conjugates at concentration of 100 mM. The
PSL of themwas simple basic aromatic pyridine and the linker was
relatively long and flexible piperazine. Moreover, it was exciting
that L7R3 and L7R5 also showed reactivating efficiency for the
notorious stubborn tabun poisoning. Meanwhile, the inhibition
experiment is necessary for these oximes because strong inhibition
of hAChE would result in heavy toxicity. Recently, a series of non-
quaternary pyridine aldoximes linked to various PSLs were re-
ported as equal or more efficient reactivators for OP inhibited



Fig. 4. Molecular dynamics study to investigate the Binding Interaction of L6M1R3/inhibited hAChE complex. (A) The RMSD of inhibited AChE and L6M1R3, the distance between
the P atom of VX and the O atom of aldoximes, and the RMSD of inhibited AChE during MD simulation. (B) The structure of the docking molecular L6M1R3 in AChE (grays). (C) The
docking pose (gray) and the structure after MD simulation (deep salmon) of L6M1R3/inhibited hAChE complex in surface model, suggesting the aminobenzamide was moved out of
the P site. (D) Binding free energy decomposition of L6M1R3/inhibited hAChE system. (E) The binding interaction of L6M1R3/inhibited hAChE in 3D view, 2D view and in surface
model.

Fig. 5. The volumes and lengths of HI-6, L6M1R3 and L7R3.

Scheme 1. Preparation of conjugates L7R3. Conditions and reagents: a) DCM, NEt3, r.t. 81%; b) HONH2HCl, NaOAc, EtOH/DCM, 76%.
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hAChE in comparison to the pyridinium oximes HI-6 and obidox-
ime [34e39], nevertheless, these new-generation aldoxime reac-
tivators were relatively heavy inhibitors of hAChE (IC50 < 20 mM). It
was encouraging that both conjugates L7R3 and L7R5 (IC50 values
were 484 ± 93.3 and 262 ± 30.8 mM respectively, Table 1) were
much slighter inhibitors of hAChE in contrast to these reported
pyridine aldoxime reactivators.

The primary success encouraged us to proceed for a broader
attempt, various drug induced simple aromatic or aliphatic moi-
eties (such as pyrazole, triazole, sulfathiazole, benzimidazolinone,
venlafaxine, morpholine and pyridine) were screened for proper
PSLs, and both relative long flexible and inflexible linkers were used
to construct novel hybrid nonquaternary salicylaldoximes, such as
piperidine, piperazine and benzene or pyridine ring (Table 1). The
reactivation results showed that most of the newly synthesized
4

compounds were inefficient reactivators for VX, sarin and tabun
inhibited hAChE. Both aromatic and aliphatic moieties containing
PSLs connected to the inflexible aromatic linkers could not reac-
tivate the hAChE inhibited by any of the tested nerve agents, such as
the L8, L10, L12, L13 and L14 series. Meanwhile, the aromatic
benzimidazolinone and venlafaxine derivative PSLs (L9 and L15
series) connected to flexible linkers such as piperidine also hardly
reactivated the inhibited enzyme. It was noteworthy that all these
inefficient reactivators also exhibited quite slight inhibition po-
tency towards hAChE with IC50 higher than 500 mM L11R3 was an
exception among those containing inflexible aromatic linkers; it
showed moderate reactivating capacity for hAChE poisoned by VX.
Interestingly enough, L11R3 was also moderate inhibitor of hAChE,
while the choloro substituted weak inhibitor L11R5 could not
reactivate VX-hAChE at all; nevertheless, both of them were



Table 1
a. Reactivation of VX, sarin and tabun inhibited hAChE by newly synthesized reactivators and the reference oximes (0.1 mM, the reactivation time was 30 min for VX and sarin,
was 120 min for tabun). b. IC50 of the reference and new synthesized reactivators.

Compound R1 R2 Reactivation (%) IC50 (mM)

VX sarin tabun

2-PAM e e 50.6 ± 4.0 26.8 ± 3.4 13.4 ± 0.3 996 ± 107
HI-6 e e 66.4 ± 1.2 67.9 ± 4.6 6.9 ± 0.6 636 ± 148
obidoxime e e 78.5 ± 3.4 22.4 ± 2.5 36.7 ± 1.7 2169 ± 234
L7R3 -Me 80.2 ± 0.7 90.6 ± 4.1 28.3 ± 0.5 484 ± 93.3
L7R5 -Cl 61.3 ± 3.4 69.6 ± 1.4 26.3 ± 0.4 262 ± 30.8

L8R3 -Me 1.9 ± 0.1 1.7 ± 0.3 1.1 ± 0.1 5149 ± 1917
L8R5 -Cl 1.1 ± 0.8 1.5 ± 0.2 1.2 ± 0.2 4275 ± 1064

L9R3 -Me 2.0 ± 0.3 1.9 ± 0.1 2.3 ± 0.4 1905 ± 229
L9R5 -Cl 0.4 ± 0.1 0.6 ± 0.3 1.3 ± 0.2 4148 ± 492

L10R3 -Me 1.0 ± 0.2 0.5 ± 0.1 1.4 ± 0.1 3183 ± 801
L10R5 -Cl 0.4 ± 0.2 0.8 ± 0.1 1.8 ± 0.1 3035 ± 689

L11R3 -Me 26.6 ± 1.2 0.4 ± 0.1 0.4 ± 0.3 96.7 ± 14.4
L11R5 -Cl 1.2 ± 0.1 1.1 ± 0.2 1.2 ± 0.2 826 ± 407

L12R3 -Me 1.0 ± 0.1 0.2 ± 0.1 0.6 ± 0.2 5305 ± 1180
L12R5 -Cl 1.4 ± 0.2 1.1 ± 0.1 1.5 ± 0.1 4177 ± 770

L13R3 -Me 1.4 ± 0.5 1.4 ± 0.4 1.5 ± 0.2 3269 ± 601
L13R5 -Cl 0.5 ± 0.2 0.2 ± 0.1 0.6 ± 0.1 5917 ± 1459

L14R3 -Me 1.8 ± 0.1 1.3 ± 0.3 0.9 ± 0.2 3255 ± 406

L15R3 -Me 2.3 ± 0.8 0.9 ± 0.1 1.2 ± 0.5 1256 ± 344
L15R5 -Cl 1.6 ± 0.5 2.8 ± 0.5 0.4 ± 0.3 2505 ± 411
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inefficient reactivators for sarin or tabun inhibited hAChE.
Experiments were performed in duplicate at 37 �C in phosphate

buffer (0.10 M, pH 7.4), data shows the average and standard
deviation.

Due to their efficiency for sarin, VX and tabun inhibited hAChE,
L7R3 and L7R5 were tested for reactivation of hAChE inhibited by
three commonly used pesticides (paraoxon, parathion and
dichlorvos) and the most stubborn nerve agent soman [40], the
results were presented in Table 2.

Experiments were performed in duplicate at 37 �C in phosphate
buffer (0.10 M, pH 7.4), data shows the average and standard
deviation.

For pesticides inhibited hAChE, obidoxime showed the most
promising result among the quaternary oximes tested, while HI-6
Table 2
Reactivation of paraoxon, parathion, dichlorvos and soman inhibited hAChE by
selected reactivators and the reference oximes (0.1 mM, the reactivation time was
30 min).

Compound Reactivation (%)

paraoxon parathion dichlorvos soman

2-PAM 54.0 ± 0.7 44.0 ± 0.8 38.0 ± 0.9 1.0 ± 0.1
HI-6 31.5 ± 7.6 29.2 ± 0.7 7.1 ± 0.3 37.5 ± 1.9
obidoxime 90.7 ± 1.6 84.1 ± 1.6 38.5 ± 1.0 6.8 ± 0.2
L7R3 86.1 ± 1.4 79.1 ± 1.9 38.5 ± 0.3 3.9 ± 0.2
L7R5 64.1 ± 0.4 53.4 ± 1.1 25.9 ± 0.4 9.5 ± 0.1

5

seemed to be even weaker reactivator than 2-PAM. Both L7R3 and
L7R5 demonstrated reactivating efficiency for all three used pes-
ticides, L7R3 was superior to L7R5 at the concentration of 100 mM
and was almost as equal efficient as the best quaternary oxime
obidoxime. In terms of soman poisoning, L7R5 demonstrated a
little reactivation potency, but was still much lower than that of HI-
6, while the other tested compounds were inefficient. Yet in any
case, structural optimization of L7R5 holds promise for discovery of
better nonquaternary reactivators for soman inhibited hAChE.
2.2.3. Determination of reactivation kinetics
Determination of maximal reactivation rate constant kr, disso-

ciation constant KD and second order reactivation rate constant kr2
(kr2 ¼ kr/KD) would help get a deep and total comprehension of the
reactivating ability. Results of the reactivation kinetics constants
are reported in Table 3. For VX-hAChE conjugates, the kr of L7R3
(27.5 ± 1.8*10�3min�1) was almost equivalent to that of HI-6 and
obidoxime (25.7 ± 3.9 and 30.4 ± 1.4*10�3min�1 respectively); the
KD of L7R3 (17.3 ± 2.5 mM) was half or less lower than that of HI-6
and obidoxime (60.3 ± 13.6 and 47.9 ± 3.6 mM respectively),
resulting its 2.5-folde3.5-fold higher kr2 than the reference oximes.
In terms of L7R5, although the kr was much lower
(16.7 ± 1.5*10�3min�1), its final kr2 was 2-folde3-fold higher than
HI-6 or obidoxime as a result of its lower KD value (13.3 ± 2.1 mM). It
could be concluded that the elevation of the reactivating efficiency
mainly due to increased affinity towards the inhibited enzyme,
which indicated by lower KD values. Interestingly, L7R3 and L7R5



Table 3
Reactivation rate constant (kr), dissociation constant (KD), second order reactivation rate constant (kr2). (kr2 ¼ kr/KD).

kr/10�3min�1 KD/mM kr2/mM�1min�1 kr/10�3min�1 KD/mM kr2/mM�1min�1

VX Sarin
HI-6 25.7 ± 3.9 60.3 ± 13.6 0.43 27.1 ± 3.1 29.3 ± 6.2 0.92
Obidoxime 30.4 ± 1.4 47.9 ± 3.6 0.63 1.69 ± 0.1 2.1 ± 0.3 0.8
L7R3 27.5 ± 1.8 17.3 ± 2.5 1.59 11.4 ± 0.6 13.1 ± 1.5 0.87
L7R5 16.7 ± 1.5 13.3 ± 2.1 1.28 6.0 ± 0.5 6.7 ± 1.3 0.90
Paraoxon Parathion
Obidoxime 62.8 ± 7.5 6.8 ± 2.0 9.23 55.9 ± 1.8 5.3 ± 0.47 10.56
L14R3 41.6 ± 4.3 0.68 ± 0.38 60.93 46.6 ± 3.7 0.75 ± 0.30 62.08
L14R5 19.7 ± 2.2 0.66 ± 0.33 29.90 20.6 ± 2.1 0.90 ± 0.35 22.84
Tabun Dichlorvos
Obidoxime 5.2 ± 0.5 91.7 ± 13.6 0.06 11.3 ± 0.36 1.2 ± 0.26 9.35
L14R3 0.88 ± 0.05 7.6 ± 1.6 0.12 18.8 ± 0.19 0.99 ± 0.42 19.02
L14R5 0.56 ± 0.07 4.2 ± 1.8 0.13 7.9 ± 0.54 0.84 ± 0.22 9.46
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also exhibited higher inhibition ability towards hAChE than HI-6
and obidoxime, and the heaviest inhibitor L7R5
(IC50 ¼ 262 ± 30.8 mM) displayed the highest affinity
(KD ¼ 13.3 ± 2.1 mM) towards VX-hAChE conjugate. For other
inhibited hAChE conjugates, same phenomena were observed with
the exception for obidoxime reactivated sarin-hAChE with the
lowest KD value (2.1 ± 0.3 mM). Hence we further proposed that
oximes showing proper inhibition ability towards the hAChE would
more likely produce efficient reactivators for the poisoned enzyme
conjugates. For sarin-hAChE, both L7R3 and L7R5 outperformed
obidoxime and theywere just slightly less efficient thanHI-6. Quite
remarkably, both L7R3 and L7R5 exhibited 2-foldmore reactivation
efficiency than the best tested quaternary oxime obidoxime for
tabun poisoning, which mainly due to their greatly increased af-
finity towards tabun-hAChE adduct too. It was delightful that
promising results were also got in the reactivation experiment for
pesticides poisoning. L7R3 emerged as the best reactivator, it was
6.6-fold, 5.9-fold and 2-fold more efficient than obidoxime for
paraoxon, parathion and dichlorvos poisoning respectively. L7R5
was less efficient than L7R3, but it was still 2.3-fold and 2.2-fold
more efficient than obidoxime and was equally efficient for
dichlorvos poisoning.

Experiments were performed in duplicate at 37 �C in phosphate
buffer (0.10 M, pH 7.4), data shows the nonlinear fitting results and
standard deviation.

Generally, the kinetic evaluation revealed that both L7R3 and
L7R5 were very promising reactivator candidates with broad-
spectrum activity. They were almost as equal efficient reactivators
as HI-6 and obidoxime for sarin-hAChE conjugate, and performed
much better than these currently used quaternary oximes for VX
and especially for the stubborn tabun inhibited hAChE.Meanwhile,
they were also much more efficient reactivators for pesticide-
hAChE conjugates than the best tested quaternary oxime obidox-
ime, while our previously reported conjugates L6M1R3 and
L6M1R5 were less efficient than HI-6 and obidoxime for nerve
agents poisoning and much less efficient than obidoxime for pes-
ticides poisoning [27].
2.2.4. Molecular dynamic simulations to generate pre-reactivated
pose

To test our previous theory, molecular dynamic simulations
were conducted by using the new reactivator L7R3. Firstly, we
compared volume and length of L7R3 with L6M1R3 and HI-6, and
found L7R3 employed a small volume and shorter length than
L6M1R3. Despite the volume of L7R3 was greater than HI-6, the
length of L7R3 was similar to HI-6 (Fig. 5). Then we carried out the
MD simulations of L7R3 (Fig. 6) with the inhibited hAChE. The
inhibited hAChE showed slight variation with similar RMSD value
6

as above, and reached equilibrium state after approximately 5 ns
with the RMSD value of 1.4 Å (Fig. 6A). The conformation of L7R3
was stable after 13 ns with the RMSD value of 0.6 Å (Fig. 6A).
Interestingly, the pyridine moiety of L7R3moved from the P site to
a pocket formed by Trp286, Val294, Tyr341, and Gly342, named as R
site (Fig. 6B and C). While the aldoxime part of L7R3 located at A
site with a similar conformation. The distance between the O atom
of nucleophilic aldoximes and P atom of VX kept at very short
distance with value of 3.8 Å during MD simulation. To further
explore the interactions, MM/GBSA free energy calculation was
performed. The total binding free energy was�34.1þ± 3.2 kcal/mol
in L7R3/inhibited hAChE system (Supplementary Table S2). Simi-
larly, the interactions were primarily mediated by VDW in-
teractions as the DEvdw term contributed greatly to the binding
(�48.2 ± 2.9 kcal/mol). The energy decomposition was carried out
for this system. The hydrophobic interaction of VX with L7R3
contributed the most favorable energy with a value of �2.8 kcal/
mol (Fig. 6B). Beside the binding energy of pyridine with R site, the
residues near the VX, such as Trp86, Gly121, and Tyr124, contrib-
uted more favorable energy via hydrophobic interaction. As dis-
tance between the O atom of aldoximes and P atom of VX (3.8 Å)
was similar to that in the DFT calculated pre-reactivated pose
(3.65 Å), this binding mode was thought to be the pre-reactivated
pose (Fig. 6D). The lower binding free energy illustrated that the
pose was stable. The short distance between the O atom of aldox-
imes and P atom of VX would facilitate the nucleophilic attack. In
addition, the hydrogen migration process would avoid the resis-
tance of rotation. The results suggested the L7R3 would reactivate
the inhibited hAChE through an easy and efficient way.

It was interesting that the biological results were in accordance
with the MD simulation results in some extent. The binding energy
of pyridine with the R site and the residues near the VX with the
aldoximes of L7R3 via hydrophobic interactionmight accounted for
its increased affinity towards the VX-hAChE conjugates, and the
readily formed pre-reactivated pose might account for its high kr
value. We thus believe that MD simulations could be used as a
rational and efficient method for design and construction of more
efficient and broad-spectrum reactivators.

Finally, some suggestions for construction of reactivators for
covalently inhibited targets were concluded based on the above
work. Firstly, proper affinity seems to be important for the reac-
tivators to anchor to the inhibited targets, while heavy inhibition
potency should be avoided. Secondly, a reactivation moiety may
play important role during the reactivation process, such as the
nucleophilic oxime in this study, which could form a pre-
reactivated pose and finish the reactivation process. In addition,
formation of a pre-reactivated pose may promote the reactivation
process, where the DFT and MM/GBSA free energy calculation and



Fig. 6. Molecular dynamics study to investigate the binding interaction of L7R3/inhibited hAChE complex. (A) The RMSD of inhibited AChE and L7R3, the distance between the P
atom of VX and the O atom of aldoximes, and the RMSD of inhibited AChE during MD simulation. (B) Binding free energy decomposition of L7R3/inhibited hAChE system. (C) The
structure before (gray) and after (deep salmon) MD simulation of L7R3/inhibited hAChE complex in surface model. (D) The binding interaction of L7R3/inhibited hAChE in 3D view,
2D view and in surface model.
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MD simulations could be used as efficient tools for construction of
functional reactivators.
3. Conclusions

Given to the potential toxicology threat of covalent drugs, a
primary study of the reactivators for highly toxic OPs inhibited
hAChE was conducted in this paper. We firstly used the DFT
calculation to analyze the reactivation process and proposed that
formation of a pre-reactivated posewas very important for efficient
nonquaternary reactivators. Then molecular dynamic simulation
was conducted to analyze the binding interaction of our previously
reported reactivator L6M1R3 with VX-hAChE conjugate, then MM/
GBSA free energy calculation was performed and we proposed that
a smaller peripheral site ligand and linker would facilitate the
reactivating process. As a proof of concept, some small PSLs were
used to construct novel nonquaternary salicylic aldoxime reac-
tivators. The in vitro biological evaluation experiments were con-
ducted for both nerve agents and pesticides inhibited hAChE. The
inhibition and reactivation results demonstrated that the pyridine
bearing conjugates L7R3 and L7R5 were equal or even more effi-
cient reactivators for both nerve agents and pesticides poisoning in
comparison to currently approved quaternary oximes 2-PAM, obi-
doxime and HI-6, while they exhibited slight inhibition potency for
the enzyme. Additionally, the reactivation kinetic experiments
confirmed that both L7R3 and L7R5 were almost as equal efficient
reactivators asHI-6 and obidoxime for sarin-hAChE conjugates, and
theywere 2-fold or more efficient reactivators for VX and especially
the stubborn tabun inhibited hAChE. Moreover, L7R3 exhibited the
highest reactivation potency for the tested pesticides inhibited
enzyme and L7R5 also performed equal or higher reactivation ef-
ficiency in comparison to the best tested quaternary reactivator
obidoxime. The kinetic study also revealed that the great elevation
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of reactivation potency were mainly due to increased affinity for
inhibited hAChE, which seems to have some relationship with
enzyme inhibition ability. Interestingly, molecular dynamic simu-
lation results could partially accounted for the experimental data,
which suggested that structural based computation method could
be used for rational design of more efficient nonquaternary reac-
tivators. This work might provide some insights for reactivation of
covalently inhibited targets by using computational methods, and
we thought that a proper affinity, a reactivation moiety and for-
mation of a pre-reactivated pose might be useful for the reac-
tivation process. Currently, our group is engaging in further study
for development of more widely reactivators for various covalently
inhibited targets.
4. Experimental section

4.1. Chemicals

All reagents and solvents were used as received from commer-
cial sources. All synthesized compounds were determined to
possess a purity of more than 95%, as evidenced by high-
performance liquid chromatography analysis. 1H NMR and 13C
NMR spectra were recorded at 400 MHz and 100 MHz on a Bruker-
400 instrument in CDCl3 or DMSO‑d6, respectively. Proton and
carbon chemical shifts are expressed in parts per million (ppm)
relative to internal tetramethylsilane (TMS) and coupling constants
(J) are expressed in Hertz (Hz).

General Method for the Preparation of 2-hydroxy-5-methyl-
3-((4-(pyridin-4-yl) piperazin-1-yl) methyl) benzaldehyde
oxime L7R3: The intermediates R3 or R5 was prepared as we
described previously by using 2-hydroxy-5-methyl-benzaldehyde
or 5-chloro- 2-hydroxybenzaldehyde [37]. To a solution of 1-(pyr-
idin-4-yl) piperazine (L7) (0.16 g, 0.98 mmol) in DCM (10 mL) was
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added triethylamine (0.21 g, 2.07 mmol) and R3 (0.19 g, 1.03 mmol),
the mixture was stirred at room temperature for 2 h. After con-
centration under reduced pressure, the residue was purified by
silica gel chromatography (DCM/MeOH ¼ 25/1, v/v) to afford the
intermediate L7R3-d1 (0.26 g, 81%) as a white solid. 1H NMR
(400MHz, DMSO) d 10.12 (s,1H), 8.28 (d, J¼ 5.7 Hz, 2H), 7.40 (s,1H),
7.28 (s, 1H), 6.68 (d, J ¼ 5.7 Hz, 2H), 3.71 (s, 2H), 3.50e3.35 (m, 4H),
2.80e2.63 (m, 4H), 2.33 (s, 3H).Then to a solution of L7R3-d1
(0.25 g, 0.80 mmol) in ethanol (15 mL) was added hydrox-
ylammonium chloride (0.10 g, 1.43 mmol) and anhydrous sodium
acetate (0.14 g, 1.70 mmol). The mixture was stirred at room tem-
perature for 3 h. After filtration, the residue was purified by silica
gel chromatography (DCM/MeOH ¼ 20/1, v/v) to afford the title
compound L7R3 (0.20 g, 76%) as a white solid. 1H NMR (400 MHz,
DMSO) d 11.32 (s, 1H), 11.07e10.40 (m, 1H), 8.30 (s, 1H), 8.18 (d,
J ¼ 6.1 Hz, 2H), 7.24 (s, 1H), 7.04 (s, 1H), 6.87 (d, J ¼ 6.1 Hz, 2H), 3.65
(s, 2H), 3.45e3.26 (m, 4H), 2.68e2.43 (m, 4H), 2.22 (s, 3H). 13C NMR
(101 MHz, DMSO) d 155.24, 153.27, 148.64, 147.94, 132.16, 128.24,
127.46,123.30,118.15,108.72, 57.76, 52.07, 45.75, 20.47. HRMS (ESIþ,
m/z): cal. for C18H22N4O2 [MþH]þ 327.1776; found, 327.1815.

5-chloro-2-hydroxy-3-((4-(pyridin-4-yl)piperazin-1-yl)
methyl)benzaldehyde oxime (L7R5): The title compound was
obtained in a manner similar to that used for L7R3 as a white solid
(0.15 g, 67%) but using R5. 1H NMR (400MHz, DMSO) d 11.58 (s, 1H),
8.32 (s, 1H), 8.18 (d, J ¼ 4.5 Hz, 2H), 7.47 (s, 1H), 7.28 (s, 1H), 6.85 (d,
J ¼ 4.5 Hz, 2H), 3.70 (s, 2H), 3.46e3.21 (m, 4H), 2.70e2.51 (m, 4H).
13C NMR (101 MHz, DMSO) d154.55, 153.79, 148.98, 146.07, 129.86,
125.52, 122.87, 119.72, 108.33, 56.88, 51.51, 45.21. HRMS (ESIþ,m/z):
cal. for C11H19

35Cl N4O2 [MþH]þ 347.1275; found, 347.1269.
The other reported oxime conjugates were synthesized in a

manner similar to that used for L7R3 and details of analyses were
reported in the Supporting Information.

2. Computational methods.
Details and results of the computational methods were

described in the Supporting Information, including: Preparation of
protein crystal structures, Molecular dynamics simulation, Trajec-
tory analysis, Calculation of binding free energies and Molecular
docking study.

4.2. General in vitro AChE screening information

The in vitro experiments were conducted with human acetyl-
cholinesterase (hAChE, 20 U/mL, dissolved in 20mMHEPES, pH 8.0,
contain 0.1% TRITON X-100, from Sigma-Aldrich) serving as enzyme
source. 2-PAM and pesticides (paraoxon, parathion, phorate and
dichlorvos) were from commercial sources. HI-6 and obidoxime
were synthesized according to the literature protocols [41,42].
Sarin, VX, tabun and somanwere fromAnti chemical command and
Engineering Institute of the Chinese people’s Liberation Army. A
solution of oxime (10 mM) were prepared in water containing 10%
acetic acid and it was further diluted by PBS (0.1 M, pH ¼ 7.4) to the
required concentrations. The final concentration of acetic acid in
the incubation mixture was <1% and had no effect on the biological
essay through a control experiment. Biological evaluation experi-
ment were conducted in 96-well plate, the enzyme activity was
measured by the time-dependent hydrolysis of acetylthiocholine
(ATCh) inwhich the product (thiocholine) was detected by reaction
with the Ellman’s reagent, 5, 50-dithiodis-2-nitrobenzoic acid
(DTNB) and absorbance at 412 nm [43]. No oximolysis of ATCh by
the tested oximes was detected and the enzyme activity in the
control remained constant during the experiment.

4.3. hAChE inhibition experiments

The oxime solutions (oxime final concentrations: 1000, 100, 10,
8

1, 0.1, 0.01 mM, each sample was measured duplicate in parallel in
96-well plate) were incubated with diluted hAChE solutions for
30 min at 25

�
C. A positive control was run in parallel. The per-

centage of enzyme activity (%Activity) was calculated as the ratio of
the inhibited enzyme activity and activity in the control (100% ac-
tivity). IC50 values were calculated by non-linear fitting using the
standard IC50 equation: %Activity ¼ 100*IC50/(IC50þ[Ox]).The de-
tails of experimental procedures were described in the Supporting
Information.

4.4. hAChE reactivation experiments

Four most common nerve agents (VX, sarin tabun and soman)
and three pesticides (paraoxon, parathion and dichlorvos) were
used for the in vitro reactivation experiment. Initially the concen-
trations of different nerve agents and pesticides were determined
by a pre-experiment similar to the inhibition experiment to attain
an inhibition plateau between 90% and 97%, the final concentration
of the OPs in the incubation mixture were as followings: VX,
8*10�8; sarin, 4* 10�7; tabun, 6*10�7; soman, 4*10�8, paraoxon,
7*10�8, parathion, 3*10�6, dichlorvos, 2*10�6. Next, the inhibited
hAChE was incubated with different oximes (0.1 mM) for reac-
tivation during a time of 30 min at 37 �C. The percentage of reac-
tivated enzyme (%Reactivation) was calculated as the ratio of the
recovered enzyme activity and activity in the control. The details of
experimental procedures were described in the Supporting
Information.

4.5. Determination of reactivation kinetics

Initially the diluted hAChE was intoxicated by different nerve
agents or pesticides to attain an inhibition plateau between 90%
and 97% as we described above; then the inhibited hAChE was
incubated with different oximes at different concentrations for
reactivation during a time more than 150 min at 37 �C, and the
reactivation rate at different time intervals were measured. The
experimental details were described in the Supporting Information.
The observed first-order rate constant Kobs for each oxime con-
centration, the dissociation constant KD of inhibited enzyme-oxime
conjugates (EP-OX) and the maximal reactivation rate constant kr
were calculated by non-linear fitting using the standard oxime
concentration dependent reactivation equation derived from the
following scheme [44].
In this scheme, EP is the phosphylated enzyme, [EP-OX] is the
reversibleMichaelis-type complex between EP and the oxime [OX],
E is the active enzyme and P-OX the phosphylated oxime. KD is
equal to the ratio (k-1þ kr)/k1, and it typically approximates the
dissociation constant of the [EP-OX] complex, where from it fol-
lows that: kr2 ¼ kr/KD.
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