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Organophosphorus agents (OPs) are irreversible inhibitors of acetylcholinesterase

(AChE). OP poisoning causes major cholinergic syndrome. Current medical

counter-measures mitigate the acute effects but have limited action against OP-induced

brain damage. Bioscavengers are appealing alternative therapeutic approach because

they neutralize OPs in bloodstream before they reach physiological targets. First

generation bioscavengers are stoichiometric bioscavengers. However, stoichiometric

neutralization requires administration of huge doses of enzyme. Second generation

bioscavengers are catalytic bioscavengers capable of detoxifying OPs with a turnover.

High bimolecular rate constants (kcat/Km > 106 M−1min−1) are required, so that low

enzyme doses can be administered. Cholinesterases (ChE) are attractive candidates

because OPs are hemi-substrates. Moderate OP hydrolase (OPase) activity has been

observed for certain natural ChEs and for G117H-based human BChE mutants made

by site-directed mutagenesis. However, before mutated ChEs can become operational

catalytic bioscavengers their dephosphylation rate constant must be increased by

several orders of magnitude. New strategies for converting ChEs into fast OPase are

based either on combinational approaches or on computer redesign of enzyme. The

keystone for rational conversion of ChEs into OPases is to understand the reaction

mechanisms with OPs. In the present work we propose that efficient OP hydrolysis can

be achieved by re-designing the configuration of enzyme active center residues and by

creating specific routes for attack of water molecules and proton transfer. Four directions

for nucleophilic attack of water on phosphorus atom were defined. Changes must lead

to a novel enzyme, wherein OP hydrolysis wins over competing aging reactions.

Kinetic, crystallographic, and computational data have been accumulated that describe

mechanisms of reactions involving ChEs. From these studies, it appears that introducing

new groups that create a stable H-bonded network susceptible to activate and orient

water molecule, stabilize transition states (TS), and intermediates may determine whether

dephosphylation is favored over aging. Mutations on key residues (L286, F329, F398)
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were considered. QM/MM calculations suggest that mutation L286H combined to other

mutations favors water attack from apical position. However, the aging reaction is

competing. Axial direction of water attack is not favorable to aging. QM/MM calculation

shows that F329H+F398H-based multiple mutants display favorable energy barrier for

fast reactivation without aging.

Keywords: bioscavenger, organophosphorus compound, computer design, phosphotriesterase,

acetylcholinesterase, butyrylcholinesterase

INTRODUCTION

Organophosphorus agents (OPs) are irreversible inhibitors
of acetylcholinesterase (AChE) and are dreadful poisons.
They occur as pesticides (such as parathion/paraoxon,
dichlorvos, chlorpyrifos, malathion, etc.), chemical warfare
nerve agents (CWNAs such as tabun, sarin soman, and
V-agents), active metabolites of synthetic engine oil components
(such as cresylsaligenyl phosphate, the metabolite of tri-
o-cresylphosphate), and certain drugs (echothiophate,
metriphonate, etc.). OPs are among the most dreadful poisons.
Though, chemical warfare agents (CWA) have been banned, they
still represent a threat, and have recently been used in terrorist
attacks and assassinations (Worek et al., 2016b; Patocka, 2017).
Accidental and intentional self-poisoning by OP pesticides cause
some 3,000,000 intoxications and more than 200,000 deaths per
year, worldwide. This makes these agents major public health
concerns, especially in developing countries (Eddleston et al.,
2008).

Acute OP poisoning causes a major cholinergic syndrome,
leading to acute respiratory failure, seizures, and cardio-vascular
distress (Eddleston et al., 2008). The current medical counter-
measures for protection against acute OP poisoning combine
pre-treatment and post-exposure strategies. Pre-treatment
involves administration of carbamates (e.g., pyridostigmine,
physostigmine, etc.) that transiently inhibit AChE (Myhrer
and Aas, 2016). However, these drugs do not confer a full
protection (prophylaxis). Pyridostigmine does not cross the
blood brain barrier, and therefore only protects peripheral
AChE. Physostigmine and scopolamine do cross the blood
brain barrier, and thus, protect central AChE. However,
carbamates possibly cause cognitive, neurobehavioral side
effects and perturb thermoregulation. These side-effects have
to be corrected by the use of adjunct drugs (Myhrer and Aas,
2016). Post-exposure treatment for acute poisoning is based
on the implementation of AChE nucleophilic reactivators
(oximes such as 2-PAM, obidoxime, HI-6), antimuscarinic drugs
(atropine), and anticonvulsants (diazepam, midazolam acting
as neuroprotectants). These drugs mitigate the acute effects

Abbreviations: AChE, acetylcholinesterase; BChE, butyrylcholinesterase; ChEs,
cholinesterases; CWA, chemical warfare agent; CWNA, chemical warfare
nerve agent; EI, enzyme-inhibitor conjugate; MM, molecular modeling; NA,
nerve agent; OP, organophosphorus compound; OPase, organophosphate
hydrolase; PI, pentacoordinate intermediate; PLL, phosphotriesterase-
like lactonase; PON-1, paraoxonase-1, PTE, phosphotriesterase; QM/MM,
quantum mechanics/molecular mechanics; TS, transition state; VX,
O-ethyl-S-[2-[bis(1-methyl-ethyl)amino]ethyl]methylphosphonothoate.

of lethal doses but have limited action against OP-induced
irreversible brain damage. Other drugs (anti-nicotinic drugs,
neuroprotectants, antioxidants, etc.) are under consideration
for delayed treatment and prevention of neurological sequellae
(Masson, 2016b). However, in the past 30 years no major
improvement has been made in classical pharmacological
treatment of OP poisoning. Some progress has resulted
from better use of existing drugs, better management of
chemical casualties (Myhrer and Aas, 2016; Rice et al., 2016),
and encapsulation of quaternary oximes in nanoparticles
(Pashirova et al., 2017). However, new potential drugs such as
anti-Alzheimer inhibitors of AChE, non-quaternary oximes,
anti-nicotinic drugs, and neuroprotectants like ketamine are still
under evaluation (Masson, 2016b).

BIOSCAVENGER CONCEPT

Bioscavengers are the most appealing alternative/complementary
therapeutic approach. Initially, they were considered for
prophylaxis of NA poisoning (Doctor and Saxena, 2005;
Lenz et al., 2005). Subsequently, their use in post-exposure
treatment has proven to be effective (Mumford et al., 2013).
These biopharmaceuticals can be administered by injection
or inhalation, or they can be produced in vivo through gene
delivery vectors. Bioscavengers are biopharmaceuticals capable
of sequestering and inactivating highly toxic compounds.
Bioscavengers against OPs can be enzymes, antibodies, or
reactive proteins. There are of three types: (a) stoichiometric
bioscavengers that react mole-to-mole with OPs; (b)
pseudocatalytic bioscavengers that are a combination of
stoichiometric bioscavengers acting together with a reactivator;
(c) catalytic bioscavengers that use OPs as substrates, degrading
these toxic molecules via a turnover process that releases
non-toxic products. Several endogenous stoichiometric
[butyrylcholinesterase (BChE), carboxylesterases] and catalytic
bioscavengers [paraoxonase-1 (PON-1)] are present in the skin,
blood, and liver. These participate in natural defense against OPs,
by reducing the transfer of OP molecules to physiological targets
and depot sites (for a review on endogenous bioscavengers,
see Masson, 2016a). Exogenous bioscavengers neutralize, i.e.,
detoxify, OP molecules in the blood stream before they reach
physiological targets (for recent reviews on bioscavengers see
Nachon et al., 2013; Masson, 2016b).

The first requirement for an operational bioscavenger is that
the neutralization reaction must be fast to prevent reaction
with physiologically sensitive targets. Even in the most serious
cases of poisoning, the concentration of OPs in blood is low.
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As a consequence, the OP concentration is much lower than
the dissociation constant (Kd) of complexes between OP and
stoichiometric bioscavengers, or the Michaelis constant (Km) of
catalytic bioscavengers. Thus, the rate of detoxification (d[P]/dt)
occurs under first-order conditions. The reaction kinetics are,
therefore, controlled by the bimolecular rate constant (kII) and
the concentration of bioscavenger [E] in blood (Equation 1).

d[P]/dt = kII·[E]·[OP] (1)

In Equation (1), kII = kp/ Kd for a stoichiometric bioscavenger,
kII = kcat/Km for a catalytic bioscavenger. This makes the
product, kII·[E], a first order rate constant (Masson and
Lushchekina, 2016).

Other requirements for a successful bioscavenger are the
following: (1) bioscavengers must display a slow blood clearance,
(2) they must not induce immune response, (3) they must not
induce secondary effects, and (4) they must be easily and feasibly
deliverable. The last three requirements can be addressed by
encapsulation into nanocontainers, or by chemical modification
(capping). In addition, bioscavengers must be prepared under
GMP conditions. They must not contain infectious organisms,
infectious viruses, endotoxins, or protein contaminants. Lastly,
they must be stable upon storage. Bioscavengers studied to date
have a narrow specificity/enantioselectivity. Therefore, a mixture
of several bioscavengers will need to be used to cover a wide
spectrum of NAs (Masson, 2016a; Worek et al., 2016a).

Stoichiometric Bioscavengers
First generation bioscavengers are stoichiometric bioscavengers.
Among them, human BChE has proven to be safe and effective
when challenged with multiple LD50 of NAs (Lockridge, 2015).
However, stoichiometric neutralization of NAs needs huge doses
e.g., 200mg of BChE for protection of a person (70 kg) against 2
× LD50 of soman. Production of such large quantities of BChE
is extremely expensive. Though, a new affinity chromatography
method for purification of BChE (Onder et al., 2017) and recent
functional bacterial expression of human AChE (Goldenzweig
et al., 2016) and BChE (Brazzolotto et al., 2017) are expected
to significantly reduce the cost of production, the use of human
BChE, even for protection of first responders, will remain
extremely expensive.

Pseudocatalytic Bioscavengers
A variation on the stoichiometric theme involves co-
administration of special stoichiometric bioscavengers—e.g.,
cholinesterase mutants not susceptible to “aging” after
phosphylation—with fast-reactivating oximes. This produces
pseudo-catalytic bioscavengers (Radić et al., 2013; Kovarik et al.,
2015). However, pharmacokinetic compatibility between enzyme
and reactivator is an issue.

Catalytic Bioscavengers
Second generation bioscavengers are catalytic bioscavengers
capable of detoxifying NAs with a high turnover. If a catalytic
bioscavenger has a high bimolecular rate constant (kcat/Km > 106

M−1min−1), then much lower doses, compared to stoichiometric
bioscavengers, would be needed for rapid detoxification of

NAs. For example, a dose of 10mg of a 40 kDa catalytic
bioscavenger would give [E] = 1µM in plasma. If kcat/Km >

5×107 M−1
·min−1 then the half time for complete hydrolysis

of OP would be <1 s (Worek et al., 2016a). To date, the most
promising catalytic bioscavengers are evolved enantioselective
phosphotriesterases (PTEs), such as evolved Brevundimonas
(Pseudomonas) diminuta PTE and evolved paraoxonase-1
(PON-1) (Ashani et al., 2016). The evolvedmutant of B. diminuta
PTE, L7ep-3, displays kcat/Km = 4.8 × 107 M−1

·min−1 for Sp
VX and kcat/Km = 1.6×105 M−1

·min−1 for Sp VR (Bigley et al.,
2015). Other mutants of this enzyme, made by directed evolution
and computer design, display a wide spectrum of activity. Not
only do they hydrolyze V agents with high efficiency, but also G
agents with kcat/Km > 5 × 107 M−1

·min−1 for tabun and sarin
(Goldsmith et al., 2017). The evolved mutant of PON-1, C23AL,
has kcat/Km = 1.2× 107 M−1

·min−1 for racemic VX (Goldsmith
et al., 2016). A dose of 2 mg/kg PON-1 was found to protect
against 2× LD50 of VX in guinea pig (Wille et al., 2016).

In light of these recent successes, research on novel catalytic
bioscavengers is continuing. Different approaches have been
implemented: (a) Screening of extreme biotopes has already led
to highly stable promiscuous PTE/PLLs that are appealing for
decontamination of skin and sensitive materials (Jacquet et al.,
2016; Restaino et al., 2017). (b) Mining genomic and structural
databases has identified sequences/structures that can potentially
hydrolyze OPs (Hiblot et al., 2015; Jacob et al., 2016). (c) Research
into OP degradation by known OP-reactive enzymes is aimed
at improving their catalytic properties in order to convert them
into efficient OP hydrolases (OPases). Different types of enzymes
have been investigated: prolidases, oxidases (laccases, glutathione
transferases, etc.) carboxylesterases, and cholinesterases (ChEs).
For reviews on these approaches see Nachon et al. (2013) and
Masson and Nachon (2017).

ChE-BASED CATALYTIC BIOSCAVENGERS

Because OPs are hemi-substrates for ChEs (Scheme 1), ChEs
are attractive starting points for conversion into OPases. After
rapid formation of a reversible enzyme·OP complex (k1 is the
association constant for formation of non-covalent complex
between enzyme and OP, and k−1 the dissociation of the
reversible michaelian complex), phosphylation (k2) of ChEs’
active site serine is fast. However, in most cases, water-mediated
dephosphylation (k3) is very slow or impossible. In addition,
there is a second post-inhibitory reaction, i.e., dealkylation (k4),
of the bound adduct which releases an alkoxy chain (Y). This
reaction is referred to as “aging.” “Aging” makes nucleophilic
attack on the phosphorus atom by water or even by strong
nucleophilic compounds impossible (for a review on aging see
Masson et al., 2010). Tomake a ChE-based catalytic bioscavenger,
the dephosphylation rate constant (k3) has to be increased by
several orders of magnitude.

Early Studies
Attempts to convert ChEs into effective OPases have been
underway for more than two decades. Dephosphylation of the
ChE-OP adduct is slow because the active site is constructed
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SCHEME 1 | Inhibition of ChEs by Ops.

to promote attack by water from the side of the Ser198-O–P
adduct (roughly 90◦ relative to the P–O bond), whereas release
of the phosphate requires attack on the phosphorus from the side
opposite to the serine (roughly 180◦ relative to the P–O bond)
(Jarv, 1984). The first attempts to improve dephosphorylation
of OP-inhibited BChE involved introduction of a nucleophilic
group into the oxyanion hole so that nucleophilic attack on the
phosphorus atom could occur from the side of the phosphorous
opposite to S198. Mutants were designed from the modeled 3D
structure of human BChE. The first successful mutant replaced
glycine at position 117 with histidine, G117H (Millard et al.,
1995). Resolution of the crystal structure of human BChE
(Nicolet et al., 2003), and later of the mutant G117H (Figure 1)
confirmed the validity of the proposed structure (Nachon et al.,
2011).

The G117H mutant behaves like an OPase with k3 = 1.3
min−1 with paraoxon as substrate, 1.2 min−1 with echothiophate
(Lockridge et al., 1997) 0.0052 min−1 with sarin, and 0.0072
min−1 with VX (Millard et al., 1995). Other mutations were
subsequently introduced to slow down the aging process (Millard
et al., 1998; Broomfield et al., 1999). However, attempts to speed
up k3 and to improve kcat by introducing other mutations,
failed. More than 60 mutants of human BChE and AChE
were made and compared to other self-reactivating ChEs and
carboxylesterase, using echothiophate as inhibitor (Table 1;
published and unpublished data). Several of these other mutants
could be classified as OPases, but none were more active than
G117H. Moreover, there was no conclusive answer for the
mechanism of reactivation by these mutants. For a review on
these early studies, see Masson et al. (2008).

The lesson from this early work is that knowledge of the
ChE 3D structure is necessary but not sufficient for making
mutants displaying the desired catalytic properties. Increasing
the dephosphylation rate constant implies lowering the energy
barrier of dephosphylation. This can be achieved either by
chance, i.e., by making numerous random mutations, or
rationally from knowledge of the reaction energy profiles, the
structure of transition states (TS), and the molecular dynamics
of the mutants.

New Developments
Two new strategies for converting ChEs into fast OPases have
been recently employed. One is based on a combinational

FIGURE 1 | X-ray structure of phosphorylated G117H active site [PDB ID

2XMD (Nachon et al., 2011)]. Carbon atoms of the mutated residue, H117, are

shown in cyan, atoms of echothiophate residue conjugated to catalytic serine

198, and crystallographic water closest to the phosphorus atom are shown as

balls. Yellow dashes show critical hydrogen bonds in the active site.

approach and the other on computer re-design of ChEs. The
combinational approach requires an ad hoc functional expression
system and an adapted ultrahigh-throughput screening method.
Expression of human BChE in Pischia and a microfluidic droplet
technique using a fluorogenic substrate for BChEmade it possible
to screen a library of mutants (Terekhov et al., 2017). Several
mutants that self-reactivate after inhibition by paraoxon were
identified. These mutants bear multiple substitutions in the acyl-
binding loop (between residues 284 and 288: which is TPLSV
in wild-type BChE). Self-reactivation of these selected mutants
is slow (k3 ∼ 0.006 min−1). A histidine is present in the most
efficient self-reactivatable mutants (HTIHG and PSHSG). These
mutants will serve as starting materials for making improved
mutants.
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TABLE 1 | Reactivation parameters for cholinesterase mutants inhibited by echothiophate.

# Enzyme Concept to be tested ka
dephos

min−1 Reactivation % Aging t1/2 Activityb unit/ml

1 WT – <0.0003 3 – 4.4

2 G117Hc – 1.15–1.3 100 5.5 h 1.1

3 G117H/G115H Additional positive charge 0 – – 0.011

4 G117H/G439H “ 0 – – 0.006

5 G117H/V288H “ ?? – – 0.060

6 G117H/A199H “ 0 – – 0.007

7 G117H/L286H “ <0.0072 ?? – 0.009

8 G117H/A328H “ Yes – – 0.010

9 G117H/F329H “ Yes – – 0.010

10 V288H/F329D Ion-pairing Yes – – 0.030

11 V288H/F329E “ ?? – – 0.015

12 V288H/G291D “ 0 – – 0.13

13 G117H/F329E/V288A “ Yes – – 0.012

14 L286Hd Alternate His positiong 0.0032 79 – 0.36

15 L286GHGd “ 0.0016 50 – 0.18

16 L286HGd “ 0.0010 44 – 0.017

17 L286GHd “ 0.0024 96 – 0.030

18 V288H “ 0 – – 0.71

19 V288GH “ 0 – – 0.040

20 V288GHG “ 0 – – 0.058

21 Q119H “ 0 – – 0.34

22 T120H “ 0 – – 0.025

23 A277H “ 0 – – 4.9

24 G117C Mechanism premise ?? – – 0.14

25 G117K “ 0 – – 2.6

26 G117S “ 0 – – 2.3

27 G117Ed “ 0.0037 50 – 0.052

28 G117Y “ 0 – – 0.032

29 G117L “ 0 – 0.006

30 G117H/Q119E H-bond acceptor <0.0016 8 – 0.48

31 G117H/A199Ee “ 0 – – 0.11e

32 G117H/L286Y “ 0 – – 0.006

33 G117H/F329Y “ Yes – – 0.008

34 F329E “ 0 – – 0.32

35 F329S “ 0 – – 2.1

36 K339M “ 0 – – 4.0

37 F329S/E197Q “ 0 – – 2.3

38 G117D Blowfly 0.025 95 44 h 0.31

39 W231A “ 0.0009 63 – 0.13

40 F398I Cat 0 – – 0.063

41 G117H/F398I “ ?? – – 0.021

42 P285L “ 0 – – 0.13

43 P285L/F398I “ 0 – – 0.060

44 G117H/P285L “ ?? – – 0.018

45 G117H/P285L/F398I “ <0.0155 10 – 0.021

46 G225A Drosophila <0.0001 11 – 0.035

47 L286Y “ 0 – – 0.017

48 G225A/L286Y “ 0 – – 0.009

49 G117H/E197Qd Aging modifications 0.024 89 15.5 h 3.3

50 G117H/E197H “ 0.0003 50 – 0.008

(Continued)
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TABLE 1 | Continued

# Enzyme Concept to be tested ka
dephos

min−1 Reactivation % Aging t1/2 Activityb unit/ml

51 G117H/E197Dd “ 0.084 100 17 h 2.6

52 G117H/E197Gd “ 0.014 100 >50 h 2.8

53 G117H/W82Fd “ 0.17 85 13 h 0.74

54 E197Q “ 0 – – 3.2

55 G117H/W82Af “ ?? – – 5.6d

56 G117H/Y332A Miscellaneous ?? – – 0.020

57 W430A “ 0 – – 1.3

58 F329S/E197Q “

59 E325Q Active site 0 – – –

60 E325Q/G117H “ 0 – – –

61 G117H/A328W “ ?

62 G117H/A328G (-)Cocaine hydrolysis 0.60 76 33 h

63 G117H/L286R Rat Yes – – –

64 G122H/Q124Y/S125Th Bungarus fasciatus Yesh – – –

akdephos = kreactivation – kaging [for theoretical bases and experimental details see Schopfer et al. (2004) and Dafferner et al. (2017)]. When the word “yes” appears instead of a rate,

the existence of dephosphorylation was clearly indicated by the assay for progressive inhibition in the presence of substrate, but there was not sufficient substrate activity to permit

the measurement of spontaneous reactivation and determination of the rate of dephosphorylation. When “??” appears instead of a rate, the progressive inhibition assay results were

equivocal.
bThese values indicate the rate of butyrylthiocholine hydrolysis in the stock solution. Standard assay conditions consisted of 1mM butyrylthiocholine, 0.5mM DTNB in 0.1M potassium

phosphate buffer, pH 7.0, at 25◦C. The activities are presented here to give an indication of the levels of activity from which determinations of echothiophate hydrolysis were made.

Since the concentration of the BChE mutant in these media was not determined, the relative activity values do not represent the relative turnover numbers.
cLockridge et al. (1997).
dSchopfer et al. (2004).
eAssayed with o-nitrophenylbutyrate and inhibited by paraoxon. There was no measurable activity with 1mM butyrylthiocholine and no inhibition with 2mM echothiophate in the presence

of 1mM butyrylthiocholine.
fAssayed with o-nitrophenylbutyrate and echothiophate. There was no measurable activity with butyrylthiocholine.
gThe combinational approach generated self-reactivating human BChE mutants bearing His in similar positions, i.e., 284, 285, 286, and 287 Terekhov et al. (2017).
hkcat/Km-values for human G117H BChE are 7, 90, and 420 times faster than kcat/Km-values for the Bungarus fasciatus G122H/Y124Q/S125T mutant with DFP, paraoxon, and

echothiophate, respectively Poyot et al. (2006).

It is tempting to propose that the histidine in these mutants
acts as a nucleophile capable of activating a water molecule.
It is also conceivable that the mutations have altered the
conformational flexibility of the acyl-binding loop, which in
turn promotes reactivation. In that regard, it is known that pig
BChE self-reactivates more rapidly than wild-type human BChE,
after phosphonylation by VX (k3 = 0.025 min−1 with VXS)
(Dorandeu et al., 2008). Based onmolecular dynamic simulations
this increased reactivation has been attributed to higher flexibility
of the pig acyl-binding loop compared to that of human BChE
(Brazzolotto et al., 2015). Recently, it was found that bovine
BChE self-reactivates after phosphorylation by chlorpyrifos
oxon (k3 = 0.023 min−1). Molecular dynamic simulations of
“bovinated” human BChE in which 3 substitutions were made
(G117S/P285L/F398I), showed that these three mutations are
involved in self-reactivation by making the phosphorus atom
more accessible to water. When mutation G117H was added to
“bovinated” human BChE in the molecular dynamic simulations,
accessibility of water to the phosphorus atom was further
enhanced (Dafferner et al., 2017).

Computational Analysis
Self-reactivation of phosphorylated G117H BChE was studied
in detail with molecular modeling methods (Albaret et al.,
1998; Amitay and Shurki, 2009, 2011; Yao et al., 2012; Field

and Wymore, 2014; Kulakova et al., 2015; Nemukhin et al.,
2015). Several mechanisms were proposed. Both X-ray structure
(Nachon et al., 2011) and QM/MM calculations (Kulakova
et al., 2015; Nemukhin et al., 2015; Masson and Lushchekina,
2016) suggest that a water molecule is activated by E197 for
nucleophilic attack on the phosphorus atom of the adduct,
leading to formation of a pentacoordinate intermediate (PI).
This is an associative mechanism. The role of H117 is to
lower the energy barrier and stabilize the PI. Depending on
the direction of proton transfer from H438, decomposition
of the PI may, lead to either aged adduct or reactivated
enzyme (cf. Scheme 1). Residue E197 is the key player in these
processes. Double mutants, containing mutated E197 in addition
to G117H have been shown to slow both the reactivation and
aging processes (refer to mutants 49–52 in Table 1). Mutant
G117H/E197Q is a potent member of this group. Because
the E197Q mutation slows the aging process, soman-inhibited
G117H/E197Q displays a higher fraction of reactivation relative
to soman-inhibited G117H alone (Millard et al., 1998). Single
mutations of Glu197 (E197D, E197Q, and E197G) all slowed
down aging of di-isopropyl-phosphorylated BChE (Masson et al.,
1997a). Moreover, X-ray structures of phosphonylated BChE
show that activation of a water molecule by E197 determines
the stereoselectivity of BChE for V-agents (Wandhammer et al.,
2011).
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Among the mutants listed in Table 1, several were made
in order to create hydrolysis mechanisms that do not involve
G117H, i.e., L286H, V288H, Q119H, T120H, and A277H.
Although L286H was the most effective of this group, none of
these mutants was more effective than G117H. Inspection of the
active site of BChE shows that residues L286, F329, F398, and
W231 block the most effective, alternate positions for attack of a
water molecule (Figure 2). Alternative nucleophilic centers were
modeled into these areas. Modeling suggests that histidine should
be used for such substitutions, rather than aspartic or glutamic
acids. This is because the histidine pKa value is higher than that of
aspartic and glutamic acids, therefore histidine can be protonated
more easily.

There are four possible directions for nucleophilic attack of
water molecules on the phosphorus atom (Figure 3). Direction
A, adjacent to the serine residue, corresponds to the above-
mentionedmechanism of aging and reactivation in wild-type and
G117H BChE. Direction B from the apical position (opposite
to the serine residue) could be realized with certain geometrical
strain through introduction of a histidine into position 286. In the
resulting PI, protonated H286 would form a hydrogen bond with
an oxy-ethyl group from the diethylphosphate, suggesting strong
competition between reactivation and aging processes. Direction
C could be realized by introducing a histidine into position 398
and/or 329. Direction D is blocked by W231. Mutation W231A
(mutation #39 in Table 1), leads to a low reactivation level,
likely due to improved access of water molecules to phosphorus
atom. Additional mutations like A202H or G225H that may
improve efficiency of nucleophilic attack from this direction are
not considered in this work.

To analyze other possible pathways for hydrolysis of
diethylphosphorylated BChE, QM/MM calculations were
performed for two mutants from Table 1 (G117H and
L286H) and for three newly proposed models (L286H/P285A,

FIGURE 2 | Structure of diethylphosphorylated wild-type BChE PDB ID 1XLW

(Nachon et al., 2005), positions for introduction of alternative nucleophilic

centers near the phosphorylated catalytic serine are shown in pink.

L286H/P285A/F329E/F357S, and F329H/Y332E/D70Q/F398H)
(see Supplementary Information for methodological details
and results are described below). Calculated energy levels of
stationary points are listed in Table 2 and presented as a diagram
in Figure 4.

Mutation L286H (mutation #14, in Table 1) resulted in low
reactivation. QM/MM calculations show that the energy barrier
for this mutant is slightly lower than that for G117H, but
the PI is unstable (Table 2). Indeed, the relative positions of
H286 and W231 prevent formation of a stable PI: H286 has an
unfavorable angle and W231 hinders the shift of the oxy-ethyl
group from the diethylphosphate in the plane of the trigonal
bipyramid (Figure 3). Replacement of the neighboring, rigid
P285 (Figure 2) with a more flexible residue (alanine in our
model) improved the orientation of H286 (Table 2). This fits
what was observed for self-reactivating bovine BChE (Dafferner
et al., 2017), for swine BChE (Brazzolotto et al., 2015), and for
mutants generated by the combinatorial approach (Terekhov
et al., 2017).

Further improvement in the efficiency of nucleophilic attack
could be achieved by introduction of amino acids that facilitate
protonation of the histidine during activation of the water
molecule and stabilization of the resulting intermediate. In
classical catalytic triads, also called “charge-relay systems,”
transfer of a proton from histidine to the carboxylate group of
glutamic or aspartic acid is unlikely (Steitz and Shulman, 1982;
Viragh et al., 2000; Massiah et al., 2001). The role of an acidic
residue in such a system is to orientate a histidine, increase its
pKa, and cause charge stabilization of an ion pair between the
imidazolium cation and the negatively charged intermediate. A
similar arrangement can be introduced for charge stabilization of
H286. Geometrically favorable positions for suchmutagenesis are
positions F329, F357 or V393.

For our work, we chose F329E and F357S mutations
that create a stable hydrogen-bonded network with H286
(Figure 5A). Molecular dynamics simulation of folded enzyme
was performed for the quadruple L286H/P285A/F329E/F357S
mutant (see Supplementary Information). QM/MM calculations
demonstrated a significant decrease in the energy barrier due
charge stabilization of the imidazolium cation by E329 and S357
(Table 2 and Figure 4). In the resulting PI, protonated H286
forms a hydrogen bond with the oxygen atom of one of the
oxy-ethyl substituents from echothiopate. Unfortunately, this
hydrogen bond is favorable for subsequent aging (Figure 5B).
Indeed, QM/MM calculation confirmed, that the energy barriers
for the reactivation and aging steps are very close (Table 2).
Thus, the proposed improvement from L286H could lead to a
much faster hydrolysis, but the competing aging process is still a
concern.

Reactivation Without Competing Aging
Figure 3 shows another direction for nucleophilic attack by
a water molecule, Direction C. This construct results in
an intermediate configuration unfavorable for aging. In this
scenario, a pair of mutations, F329H and F398H suppress the
hydrophobic pocket, create enough space for a water molecule,
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FIGURE 3 | Possible directions for nucleophilic attack of a water molecule on the phosphorus atom of diethylphosphorylated serine with corresponding configurations

of the resulting PI. 2D schemes indicate vertices of trigonal bipyramids. Atoms of the activating histidines and water molecules are colored according to the direction

of the attack: direction A, magenta; direction B, cyan, direction C, orange.

TABLE 2 | Calculated energy barriers and level of the pentacoordinated

intermediate (PI) relative to the enzyme-inhibitor conjugate (EI) for selected

mutants.

Mutant TS1 PI TS2c

WT BChEd 36.5 19.3 0.4

G117Hd 26.7 −3.8 18.3

L286H 22.3 20.6 n.a.e

L286H/P285A 20.4 9.9 n.a.e

L286H/P285A/F329E/F357S 9.1 4.8 9.5 (8.3f )

F329H/Y332E/D70Q/F398H 15.9 10.8 3.5

The values correspond to the diagram presented in Figure 4a,b. aQM/MM calculations

were performed with NwChem 6.5 software Valiev et al. (2010), PBE0/cc-pvdz/Amber).

X-ray structure PDB ID 1XLW of diethylphosphorylated wild-type BChE Nachon et al.

(2005) was used to build the mutants. bRows in the table are colored to match Figure 3.
cDifference in energy between PI and TS2. dResults from Masson and Lushchekina

(2016). eCalculations for steps following formation of PI were not performed due to

high-energy barriers of the first step. fEnergy barrier for the aging pathway.

and orient the water molecule in a proper position to facilitate
hydrolysis of the diethylphospho-adduct.

There is little existing data that bears on this proposal. Double
mutant G117H/F329H displays moderate reactivation ability
(mutation #9, in Table 1). For position F398 in Table 1, only
replacements with isoleucine were considered. This is because
most mammalian BChEs have isoleucine in this position (Peng
et al., 2015) (see sequence alignment of BChE from 12 species in
the Supplemental Information of Peng et al., 2015). This includes
self-reactivating bovine BChE (Dafferner et al., 2017).

F329H is a more likely candidate for activation of a water
molecule than F398H, because F398H is stabilized by the G394
side-chain. The 3D structure of BChE suggests that a charge-
stabilizing system for H329 can be introduced by replacing F332
with glutamic acid and D70 with glutamine (Figure 6A). In
wild-type BChE, these residues are important both for binding
of positively-charged substrates and inhibitors on their way
down the active site gorge (Masson et al., 1997b,c), and for
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FIGURE 4 | Energy diagrams for several selected mutants. Energy values are provided in Table 2. The pink, light blue, and orange colors correspond to different

directions of nucleophilic attack depicted in Table 2 and Figure 3.

FIGURE 5 | Enzyme-inhibitor conjugate (A) and PI (B) for the L286H/P285A/F329E/F357S mutant. Carbon atoms of the mutated resides are shown in blue. P285A

mutation is not shown.

stabilization of the �-loop that connects the entrance of the
gorge to the catalytic binding site (Nicolet et al., 2003). Mutation
Y332E/D70Q keeps a carboxylate group and a hydrogen bond at
the same locations found in wild-type, hence it should not impair
substrate traffic or stability of the protein. This was confirmed
by molecular dynamics simulations. In summary, the mutant
needed to realize this mechanism of hydrolysis includes 4 amino
acid replacements: F329H/Y332E/D70Q/F398H (Figure 6B).

The reactivation pathway for this mutant is presented in
Figures 6C–F. The main reasons for lowering the energy barrier

are: (1) orientation and activation of the water molecule by H329
and H398; (2) stabilization of the intermediate, TS1, and the
imidazolium cation by E332 and Q70; (3) additional stabilization
of PI by H398; (4) the configuration of PI is favorable only for
proton transfer from the catalytic H438 to the oxygen of the
catalytic S198. Dealkylation reactions are unlikely due to long
distances (>2.5 Å) between oxygen atoms of both oxy-ethyl
groups from diethylphosphate and any proton-donating groups;
(5) acceptance of a proton at the last step by H398. The product
of the reactivation reaction of echothiophate-inhibited BChE is
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FIGURE 6 | Structures for the proposed F329H/Y332E/D70Q/F398H mutant at various points in the reactivation pathway. (A) Wild-type BChE, residues to be

mutated are shown in yellow; (B) conjugate between echothiopate (Echo) and catalytic serine of F329H/Y332E/D70Q/F398H mutant, mutated residues are colored in

cyan; (C) first transition state, i.e., nucleophilic attack of the water molecule on the phosphorus atom and transfer of a proton from the water molecule to H329 (violet

dashes); (D) pentacoordinate intermediate stabilized by hydrogen bonds with H398 and Q70-E332-H329 system; (E) second transition state, i.e., transfer of a proton

from the catalytic H438 to oxygen of the catalytic S198 (violet dashes) accompanied by transfer of a proton from the hydroxyl group of the PI to H398. (F) Products of

the reactivation reaction, i.e., diethylphosphate and free mutated BChE with the regenerated operative catalytic triad.

diethyl phosphoric acid. This product has a pKa =1.39 (Kumler
and Eiler, 1943). Modeling of the reactivation reaction for G117H
BChE showed that a neighboring water molecule accepted the
highly mobile proton from diethylphosphoric acid, forming a
hydronium ion (Masson and Lushchekina, 2016). In the current
pathway H398 can accept this proton and facilitate formation of
reaction products.

These changes in the reactivation pathway allowed the enzyme
to reactivate with low energy barriers and made the competing

aging reaction unfavorable (see Table 2 and Figure 4). Further
developments with this mutant will aim for total abolishment of
aging process.

CONCLUSION

Computational design of ChE-based bioscavengers is still in
its infancy. The keystone for rational conversion of esterase to
PTE is to understand the reaction mechanisms of native ChEs
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and their mutants capable of degrading OPs. As mentioned
above, moderate OPase activity can be obtained by increasing
the availability of the phosphorus atom of the adduct to a
water molecule. This appears to be the mechanism in certain
naturally occurring BChEs and in the blowfly carboxylesterase
(Jackson et al., 2013; Mabbitt et al., 2016). However, efficient
hydrolysis of OP-adducts would seem to require (1) changing
the configuration of active center residues and outer shells,
(2) creating specific routes for water molecules to attack the
phosphorus, and (3) creating specific routes for proton transfer
and charge stabilization.

By now, vast amounts of kinetic, crystallographic, and
computational data have been accumulated to describe
mechanisms of ChE-catalyzed hydrolysis of choline esters, OP-
phosphylation, and subsequent reactions, i.e., aging, spontaneous
reactivation, and oxime-mediated reactivation. The mechanisms
of these reactions are different, depending on the OP structure
and enantiomeric configuration of the OP. From these studies
it appears that introduction of new groups for the purpose of
activating watermolecules, directing (orienting) watermolecules,
stabilizing TS, and stabilizing intermediates will be necessary
to change the mechanism of post-phosphylation reactions
to favor dephosphylation over dealkylation. Our strategy for
the design of novel BChE-based catalytic bioscavengers is to
improve dephosphylation enhancing its rate by several orders of
magnitude, while suppressing dealkylation.

We have computationally analyzed some BChE mutants,
experimentally tested them, and improved their performance
by additional mutations. The results suggest that to enhance
catalytic efficacy the following issues should be addressed: (a)
identification of a geometrically favorable position for a new
nucleophile and direction of attack by that nucleophile on
the phosphorus of the adduct; (b) introduction of additional
mutations for charge stabilization of intermediates and products;
and (c) suppression of the competing aging reaction by proper
choice of nucleophilic attack direction. These issues indicate that
multiple mutations are required. However, multiple mutations

may impair folding, stability and catalytic activity of the enzyme.
Effects of proposed mutations on the stability and catalytic
activity of mutants can be assessed by molecular dynamics
simulations and QM/MM calculations, but folding is an issue to
be addressed experimentally.
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