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The antidotal property of oximes is attributed to their ability to reactivate acetylcholinesterase (AChE) inhibited by organophosphorus compounds (OP) such as pesticides and nerve warfare agents. Understanding their
interactions within the active site of phosphylated AChE is of great significance for the search for more efficient
reactivators, especially in the case of the most resistant OP to reactivation, tabun. Therefore, herein we studied
the interactions and reactivation of tabun-inhibited AChE by site-directed mutagenesis and a series of bispyridinium oximes. Our results indicated that the replacement of aromatic residues with aliphatic ones at the acyl
pocket and choline binding site mostly interfered with the stabilisation of the oxime’s pyridinium ring(s) within
the active site gorge needed to obtain the proper orientation of the oxime group toward the phosphorylated
active site serine. However, in the case of W286A, the mutation in the peripheral binding site by preventing a
π-π interaction with one of the oxime’s pyridinium rings allowed a more favourable position to the oxime for a
nucleophilic attack on the phosphorylated catalytic serine. The mutation resulted in a 2–5 fold increase in the
reactivation rates when compared to the AChE wild type. Therefore, it seems that aromatic amino acids at the
peripheral binding site presented a limitation in bispyridinium oxime reactivation efficiency of tabun-phosphorylated AChE. Moreover, this is further corroborated by the reactivation by mono-pyridinium oxime 2-PAM, in
which mutations at the peripheral site did not influence either the affinity or reactivation of tabun-inhibited
AChE.
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1. Introduction

Ever since its discovery at the beginning of 20th century, acetylcholinesterase (EC 3.1.1.7) has been, owing to its irreplaceable role in
cholinergic neurotransmission, in the focus of research in the field of
biochemistry, physiology, biomedicine and toxicology. By hydrolysing
the neurotransmitter acetylcholine (ACh) in the synapses of the central
and peripheral nervous system, AChE sustains organism homeostasis.
Up until now, many ligands have been synthesized to modulate AChE
activity by reversible or irreversible binding to its active site. Although
the majority of those compounds have been developed for therapeutic
use, a group of organophosphorus compounds (OP) was synthesized to
be used for efficient pest control despite their harmful effects in acute
and chronic exposures (Karami-Mohajeri et al., 2017). Moreover, due to
OP species non-selectivity, intentional or unintentional human poisoning has become an issue and a high number of cases with lethal out
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comes are reported annually (Eddleston et al., 2002, 2008). Some of
organophosphates have been developed to be used as nerve warfare
agents (soman, sarin, tabun, VX). Even though such use is prohibited
by the international chemical weapons convention, and the majority
of stated quantities has already been destroyed (96% of the world’s
declared stockpile of 72,304 t of chemical agent have been destroyed;
www.opcw.org), there is still threat of their misuse as we witnessed in
Syria (Dolgin, 2013), Malesia or more recently in the UK (Stone, 2018).
The development of a more effective treatment for OP poisoning
than the one currently used still presents a challenge for researchers in
the field. There are two possibilities to counteract OP action; the first
involves lowering the accumulated ACh concentration in the synapse,
while the second focuses on limiting accumulated ACh stimulation of
nicotinic and muscarinic membrane receptors (Dawson, 1994; Gray,
1984). To be efficient, a therapy needs to combine both aspects. While
overstimulation of receptors has been approached by ACh antagonists
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(Y337A, Y337A/F338A, F295L/Y337A, Y124Q, W286A) and combined
it with computational analyses of oxime-AChE interactions. In this way
we should get more information on amino acid residues in the active site
that structurally limit oximes in the reactivation of nerve agent tabun
inhibited AChE and are not to be neglected in future reactivator design.
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like atropine, the challenge lies in overcoming high concentrations of
ACh itself. Since the rate of ACh hydrolysis by AChE is one of the
fastest enzyme reactions in nature (Quin, 1987), the main focus was set
on restoring inhibited AChE catalytic activity. Pyridinium-based compounds carrying an oxime group (C N OH) were developed as reactivators of OP-inhibited AChE. Oximes act by nucleophilic displacement of phosphoryl moiety from the AChE active site catalytic serine, in which a phosphorylated oxime and a free enzyme are formed
(Gray, 1984). However, standard oximes in medical use, 2-PAM, HI-6
and obidoxime, have limitations and are not as efficient in OP-inhibited AChE reactivation as one would expect (Dawson, 1994; Cabal et
al., 2004; De Jong and Wolring, 1984; Jokanović, 2009; Jokanović and
Stojiljković, 2006; Kassa, 2002; Worek et al., 1998). Consequently, for
the last 50 years, researchers have been trying to synthesize new oximes
that would be more efficient in reactivation than the currently used
ones. The problem lies in the fact that oxime-assisted reactivation of
OP-inhibited AChE implies intertwined processes that depends not only
on the oxime’s structure, but also on the structure and characteristics
of the OP inhibitor and the OP-AChE conjugate as well (Kovarik et al.,
2003a, 2006; Winter et al., 2016; Worek et al., 2004, 2012). The advantage of the technology available today in terms of enzyme 3D structure determination and introduction of specific mutations could work in
favour of designing new, more efficient antidotes for treatment of OP
poisoning. Using such knowledge benefits not only the determination
of amino acid residues implicated in reactivation reaction, but also provides a possibility of creating stoichiometric or catalytic scavengers as
a new approach in therapy against OP toxicity (Masson and Nachon,
2017).
One of the OP difficult to counteract is the nerve warfare agent
tabun. Tabun-inhibited AChE is resistant to oxime reactivation for at
least two reasons: an electron pair located on the nitrogen of the amino
group of bound tabun that creates an electron resonant structure of
the conjugate tabun-serine that omits an oxime’s nucleophilic attack
(Artursson et al., 2009; Čalić et al., 2008; Eto, 1976), and a steric hindrance to the catalytic serine for an oxime reactivation created by the
substituted tabun’s amino group itself with its position in the active
site (Ekström et al., 2006a,b). Since such or similar characteristics could
also be described for other organophosphates like the pesticide fenamidophos (Hörnberg et al., 2010; Worek et al., 2004), defining structural
requirements of oximes for an efficient reactivation of tabun-inhibited
AChE as a model OP-AChE conjugate is of great interest. Furthermore, it
has been shown that oximes able to reactivate tabun-inhibited AChE are
also able to reactivate a greater scope of OP-inhibited AChE (Kovarik
et al., 2013; Kuča and Kassa, 2008; Kuča et al., 2005; Radić et al.,
2012; Worek et al., 2012). Therefore, finding an efficient reactivator of
tabun-inhibited AChE could be a step toward creating a broad spectrum
antidote for OP poisoning.
To meet the requirements for a step forward in the synthesis of new,
more efficient oximes in reactivation of tabun-inhibited AChE, we decided to present a full-scope kinetic profile of interactions of a set of
structurally related bispyridinium oximes and selected AChE mutants

2. Materials and methods
2.1. Chemicals and enzymes
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The structures of the studied oximes are shown in Fig. 1. Oximes
K203 [(E)-1-(4-carbamoylpyridinium)-4-(4-hydroxyiminomethylpyridinium)-but-2-ene
dibromide],
K075
[1,1′-(but-2-ene-1,4-diyl)bis(4-(hydroxyliminomethyl) pyridinium) bromide], K114 [1,1′-(1,4-phenylenebis(methylene))bis(4-(hydroxyliminomethyl) pyridinium) bromide], K127 [4-carbamoyl-1-(2-(2-(4-((hydroxyimino)methyl)pyridinium-1-yl)ethoxy)ethyl)pyridinium bromide]
and
K117
[1,1′-(2,2′-oxybis(ethane-2,1-diyl))bis(4-((hydroxyimino)methyl)pyridinium) bromide], HI-6 and 2-PAM were generously
provided by Dr Kamil Kuča (Department of Toxicology, Faculty of Military Health Sciences, Hradec Králové, Czech Republic). Stock solutions
of oximes were prepared in water. The nerve warfare agent tabun [ethyl
N,N-dimethylphosphoroamidocyanidate] was purchased from NC Laboratory, Spiez, Switzerland. The stock solution of tabun was prepared
in isopropyl alcohol, while further dilutions were made in water before use. Cholinesterase substrate acetylthiocholine iodide (ATCh), and
thiol reagent 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) were purchased
from Sigma-Aldrich, USA. The stock solution of ATCh was prepared in
water while of DTNB in sodium phosphate buffer (0.1 M, pH 7.4). All
stock solutions were kept at 4 °C. All of the stated compounds were of
analytical grade.
Recombinant mouse cholinesterases wild-type (AChE w.t., BChE
w.t.) and selected site-directed single (Y337A, Y124Q, W286A) and double mutants (F295L/Y337A, Y337A/F338A) were generously provided
by Professor Palmer Taylor (University of California at San Diego, La
Jolla, CA, USA). All dilutions of recombinant enzymes were made in
sodium phosphate buffer (0.1 M, pH 7.4) with 0.1% bovine serum albumin (Sigma-Aldrich, USA) just before use.
2.2. Conformational analysis of the oximes and molecular docking
Conformational analysis of oximes was performed using MM2 (Molecular Mechanics 2) and semi-empirical calculations with MOPAC 2000
software (PM-3 method with COSMO solvation model) created by J. J.
P. Stewart (Fujitsu Ltd., Tokyo, Japan, 1999). According to the protocols, oxime conformers bearing the lowest overall energy, energies for
rotations around single bonds in the oxime structure and electron den ) and un-dissociated (R
sity for oxygen of dissociate (R C NO−
C
NOH) oxime group were evaluated (Kovarik et al., 2008a).

Fig. 1. Structures of the oximes used in the study. Numbers correspond to the atom position in the structure.
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The three-dimensional structures of mouse AChE-tabun conjugate
(PDB ID 3DL4, Carletti et al., 2008; PDB ID 2JEZ, Ekström et al.,
2007) and human BChE-tabun conjugate (PDB ID 3DJY, Carletti et al.,
2008) were used for molecular modelling. For each oxime, at least 20
poses in the active site gorge of AChE or BChE were generated by
CDOCKER docking protocol with a CHARMm force field (DiscoveryStudio 2.1, Accelrys, USA). Poses were ranked according to the CDOCKER
interaction energy calculated from interactions between the oxime and
cholinesterase active site residues (i.e. hydrogen bonds, π–π interactions,
cation–π interactions and hydrophobic interactions).

2.5. Progressive inhibition of cholinesterases by tabun
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Progressive inhibition of cholinesterases by tabun was measured after a given time of enzyme incubation with 100 nM tabun. The observed
rate inhibition constant (ki ,obs) was calculated by linear regression of experimental data as reported previously (Kovarik et al., 2003b).
2.6. Oxime-assisted reactivation of tabun-inhibited cholinesterases
Reactivation was followed by measuring the recovery of
cholinesterase activity in the presence of selected oximes at 25 °C. The
experiments were conducted according to a previously published detailed procedure (Kovarik et al., 2004). In short, the enzyme was incubated with 5 μM tabun until inhibition was greater than 90% (approximately 30 min–1 h). Then, the inhibited enzyme was passed through a
Sephadex G-50 spin column (Roche Diagnostic GmbH, Mannheim, Germany) to remove excess of unconjugated tabun. Due to the limited capacity of a filtration column, the concentrated enzyme was diluted to
a certain extent depending on the enzyme stock solution concentration
after enzyme filtration. As shown in a recent paper by Maček Hrvat
et al. (2017), the reactivation rate depends on the enzyme concentration, therefore the enzyme dilution through this step and subsequent
ones were set to result in a final cholinesterase control activity ΔA/min
of ∼0.1 at ATCh concentration of 1.0 mM and 25 °C. To start reactivation, an aliquot of the diluted enzyme was further diluted 10-fold with
sodium phosphate buffer pH 7.4 (0.1 M with 0.01% BSA) containing the
oxime. At designated time points, an aliquot of the mixture was diluted
100-fold in a buffer containing DTNB and enzyme activity was measured upon addition of ATCh (1.0 mM final concentration) by Ellman’s
method (Ellman et al., 1961). An equivalent sample of an uninhibited
enzyme was passed through a parallel column, diluted to the same final
extent as the inhibited enzyme, and control activity was measured in
the presence of an oxime at concentrations used for reactivation. Both
the activities of the control and reactivation mixture were corrected for
oxime-induced hydrolysis of ATCh.
Experimental results were expressed as reactivation percentage (React., %) in respect to control activity (uninhibited enzyme). Kinetic parameters of reactivation, constants k+
 2 (maximal first order reactivation
rate constant) and KO
 X (phosphorylated enzyme-oxime dissociation constant) were calculated by nonlinear regression of experimental data using Eq. (4):

2.3. Oxime acid-base dissociation constants
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The oxime group dissociation constant, Ka was determined from
oxime pH-absorbance profiles according to previously published procedures (Šinko et al., 2006). In short, absorption spectra of oximes
(0.1 mM) in sodium phosphate buffer with pH ranging from 6.0 to 9.5
were recorded from 200 to 500 nm on a Cary 300 spectrophotometer with a temperature controller (Varian Inc., Australia) at 25 °C. The
observed absorbance at maximum absorption wavelength, which presented the sum of the absorption fractions of all oxime ionization species
 concentration. By means of nonlinpresent, was plotted against the H+
ear regression using Eq. (1) for mono-oximes and Eq. (2) for bis-oximes
dissociation, constants Ka 1 and Ka 2 were determined:
(1)

(2)

where At ot (absorption at specific wavelength) stands for the sum of absorption portions of all oxime ionization species present; in other words,
the sum of A1 (absorbance of diprotonated species), A2 (monoproto ] stands for concennated species) and A3 (nonprotonated species). [H+
tration of hydrogen ions.
2.4. Enzyme activity measurement and oximolysis

The recombinant mouse cholinesterase activity was measured spectrophotometrically according to Ellman’s procedure (Ellman et al.,
1961) with the thiol reagent DTNB (0.3 mM final concentration) and
ATCh as substrate. All experiments were done in 0.1 M sodium phosphate buffer, pH 7.4, at 25 °C. All activity measurements were performed on a CARY 300 spectrophotometer with temperature controller
(Varian Inc., Australia).
Oxime-catalysed hydrolysis of acetylthiocholine (oximolysis) was
measured in a medium that contained ATCh, oxime, DTNB and 0.1 M
sodium phosphate buffer, pH 7.4 at 25 °C. Two to four measurements
were done with each ATCh/oxime concentration pair. The second-order
rate constant of the non-enzymatic reaction (kN
 E) was calculated according to the following equation:
c/t = kN
 E · [S]·[OX]

(4)

where EP stands for concentration of inhibited enzyme at time 0 or
t, [OX] stands for a given oxime concentration, while ko bs is the first
order rate constant observed at a given concentration of oxime. Ratio
[EP]0 /[EP]t corresponds to 100/(100 − React.). The overall second-order rate constant of reactivation, kr , is calculated as the k+
 2/KO
 X ratio.
3. Results and discussion
Tabun is one of the most difficult nerve agents to counteract and
the current therapy needs a significant improvement. Herein we focused our research on elucidating the main residues of the AChE active site that could govern the tabun-inhibited reactivation assisted by
pyridinium oximes. Based on previous kinetics studies (Kovarik et al.,
2003a, 2004, 2006, 2015; Radić et al., 1992), we selected mouse AChE

(3)

where c is the released thiocholine concentration, t is the time of reaction, and [S] and [OX] are the initial ATCh and oxime concentrations,
respectively.
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The obtained results confirmed that oximes with double bond in the
linker K203 and K075 were more flexible than K117 and K127 with
oxygen in the linker. The flexibility allows the oxime to overcome constraints of the AChE’s active site gorge enabling its accommodation in
the position favourable for a nucleophilic attack on phosphylated serine.
This seems to be opposite for BChE, for which less flexible molecules,
such as K127 and K117, were shown to be more successful in reactivation (Kovarik et al., 2010). The presence of oxygen in the linker formed
energetically stronger and shorter bonds with higher energy barriers of
rotation, and resulted in a negative influence on the overall flexibility.
Oxime K114 was the most flexible due to its lowest rotation barriers
around C C bonds between three consecutive aromatic rings.
The nucleophilic character of the oxime molecule was examined by
determining pKa constants and by following the non-enzymatic reaction
with the enzyme substrate with the same mechanism as the nucleophilic
displacement of the OP from the catalytic serine (Šinko et al., 2006,
2007). The dissociation constants, pKa 1 and pKa 2, were determined spectrophotometrically from the dependence of absorbance on the hydrogen ion concentration (pH buffer was 6–9.5). All oxime spectra showed
two characteristic maxima, while the isobastic point was at 305 nm. In
Table 2, the wavelengths of maximums and oxime acid-base dissociation
constants are given. The determined pKa constants, and observed difference of about one pH unit between pKa 1 and pKa 2 in bis-oximes were
in accordance with previously published study (Šinko et al., 2006). The
determined rate constants for oxime-catalysed hydrolysis of acetylthiocholine are also given in Table 2. Since the oxime group reacts with
the AChE substrate acetylthiocholine on a 1:1 molar basis (Šinko et al.,
2006; Simeon et al., 1981), the rate of bis-oximes was double that of
monoximes. Constants were similar to the rate constant obtained for
obidoxime, a bispyridinium aldoxime (Škrinjarić-Špoljar et al., 1988)
and other pyridinium oximes (Kovarik et al., 2008a).
Based on the evaluated oxime acid-base dissociation constants, the
molar ratio of oxime to one or both dissociated oxime groups at pH
7.4 was calculated. In the case of the all oximes, except for K114, the
molar ratio of the form with one dissociated oxime group was lower
than 15%. For oxime K114 this proportion was about 40%, as previously shown for an oxime with an oxime group in the ortho position
and HI-6 (Šinko et al., 2006). However, at physiological pH, the proportion of oximes with two dissociated groups was lower than 1%. Since
most of the pyridinium oximes, as 2-PAM or HI-6, are not fully dissociated at pH 7.4, the hypothesis of the interaction-induced dissociation is highly likely (Gray, 1984). In general, nucleophilic potency of
the oximes greatly depends on pKa value of oxime group (Šinko et al.,
2006). In the case of higher pKa , majority of the oxime oxygen is pro
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and BChE, and mouse AChE mutants – three single (Y337A, Y124Q,
W286A) and two double mutants (F295L/Y337A, Y337A/F338A), and
five bispyridinium oximes with four methylene groups in the linker previously shown as optimal for reactivation of tabun-inhibited AChE and
BChE (Kuča and Kassa, 2008; Kuča et al., 2004; Kovarik et al., 2008b).
Two pairs of mono- and bis-oximes K203 and K075, and K127 and
K117 were shown to be the most efficient in tabun reactivation of AChE
(Čalić et al., 2008; Kovarik et al., 2009; Kovarik et al., 2010) and BChE
(Kovarik et al., 2010), respectively, while the bis-oxime K114 was chosen as a potent inhibitor of both enzymes (Čalić et al., 2008; Šinko et al.,
2010). It is important to note that bis-pyridinium oxime TMB-4, known
as the most potent reactivator of tabun-inhibited AChE out of the standard oximes, was about 20% less effective than K203 (Kovarik et al.,
2010). Pyridinium oximes in use, HI-6 and 2-PAM, were included for
comparison.
The importance of physicochemical properties of oximes for the
overall reactivation outcome guided our study to begin with an examination of their molecular flexibility given in Table 1. The overall flexibility of the pyridinium oxime was estimated by determining the energy
barrier for rotation around the single bonds, primarily the bond of the
oxime group and the pyridinium ring, and the linker within which the
rotation in the active site of cholinesterase may affect the favourable
position of the oxime group for the nucleophilic attack on the phosphorylated catalytic serine. In Table 1, results are summarised as the difference in energy barrier (ΔE) between the most energetically favourable
and the most unfavourable position during rotation by 360°. The highest difference in the rotation energy determined the lowest adaptability
and flexibility of the oxime molecules.
For all of the examined oximes, the difference in the energy of rotation (ΔE) around the C C bond connecting the oxime group and
 1. In the bispyridinium
the pyridinium ring ranged from 2 to 8 kcal mol−
oxime with an oxime group in the para position on the ring, the ΔE
around the N C bond (between the pyridinium ring and the linker)
 1, while in the HI-6 with an oxime group in the
was from 2 to 4 kcal mol−
 1. Highest energy barortho position that energy was about 6.7 kcal mol−
riers were obtained for rotation around the C O bond within the linker
 1) in oximes K127,
between the two pyridinium rings (up to 20 kcal mol−
K117, and HI-6. The lowest energy barriers obtained for rotation around
 1. The difthe C C bond in the linker of oxime K114 was 2.2 kcal mol−
ference in the rotation energy obtained for the C(13) C(14) and C(15)
C(16) bonds in the double bond of oximes K203 and K075 was twice
as low as compared to the rotation of the same bonds in structurally
analogous oximes K048 and K074 (Kovarik et al., 2008a,b).

Table 1
 1) for rotation around single bonds in the oxime (N) calculated by MM2 method. Numbers in brackets correspond to the atom position in the oxime structure
Energy barriers (ΔE, kcal mol−
given in Fig. 1. Asterisk denotes averaged value due to symmetry in the molecule.
Oxime
K203
K075
K114
K127
K117
2-PAM
HI-6

N
5
6
6
7
8
1
5

Bond rotation alongside
the ring

ΔE

N(3)−C(13)
C(16)−N(9)
N(3)−C(13)
C(16)−N(9)
N(3)−C(13)
C(16)−N(9)
N(3)−C(13)
C(17)−N(9)
N(3)−C(13)
C(17)−N(9)

2.7
2.7
4.1*

N(3)-C(13)
C(15)-N(9)

6.7
2.5

2.6*
3.4
1.0
2.8*

Oxime group bond
rotation

ΔE

C(6)−C(17)

2.1

C(6)−C(17)
C(12)−C(18)
C(6)−C(17)
C(12)−C(18)
C(6)−C(18)

5.0*

C(6)−C(18)
C(12)−C(19)
C(2)−C(7)
C(2)-C(16)

6.0*

5.5*
3.6

4.9
4.7

4

Linker bond
rotation

ΔE

Linker bond
rotation

ΔE

C(13)−C(14)
C(15)−C(16)
C(13)−C(14)
C(15)−C(16)
C(13)−C(14)
C(15)−C(16)
C(13)−C(14)
C(16)−C(17)
C(13)−C(14)
C(16)−C(17)

7.5
7.5
7.5
7.3
2.3
2.1
6.5
3.9
5.7
4.8

C(14)−O(15)
O(15)−C(16)
C(14)−O(15)
O(15)−C(16)

19.0
20.3
20.2
17.8

C(13)-O(14)
O(14)-C(15)

17.4
7.7
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Table 2
Acid-base equilibrium constants, pKa 1 and pKa 2 and the second-order rate constants (kN E) for substrate ATCh oximolysis.
Absorption maximum wavelength (nm)

R
C
NOH; R
C
NO−

pKa 1

pKa 2

 1 min−
 1)
kN E (M−

K203
K075
K127
K117
K114
2-PAM
HI-6

278; 343
285; 344
278; 345
282; 338
286; 343
294; 335
300; 355

8.33 ± 0.04
8.33 ± 0.12
8.46 ± 0.04
8.20 ± 0.17
7.60 ± 0.32
8.08 ± 0.06
7.53 ± 0.04

–
9.40 ± 0.49
–
8.94 ± 0.22
8.57 ± 0.12
–
–

13.1 ± 0.3
22.2 ± 1.0
10.6 ± 0.5
16.5 ± 0.8
25.9 ± 0.3
15.0 ± 0.2
10.7 ± 0.1

affinity for tabun, while the choline binding site mutations, Y337A/
F338A, enabled a more direct access of bulky tabun to the active serine
by eliminating the steric hindrance and resulting in a higher rate of inhibition. These results nicely correspond to an increase in the AChE inhibition rates achieved by decreasing the size of the amino-substituent of
tabun analogues shown in several other studies (Artursson et al., 2009;
Aurbek et al., 2009; Gray, 1984) or the other OP (Kovarik et al., 2003b;
Kovarik et al., 2007).
Further on, we tested five K-oximes as reactivators of recombinant
mouse AChE, its mutants and mouse BChE inhibited by tabun and
compared them to standard reactivators HI-6 and 2-PAM in therapeutic use. The reactivation of phosphylated cholinesterases was evaluated
over a wide oxime concentration range (Fig. 3) enabling us to deconstruct reactivation constants (Table 3). All five K-oximes reactivated
tabun-inhibited AChE w.t. to a high extent (i.e., 90% of the enzyme
activity) in various time points. The most notable result in the reac
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tonated and oxime has a low nucleophilic potential due to low oximate
concentration. If the pKa is lower than physiological pH, low nucleophilicity and poor oxime-assisted reactivation efficacy result from stabilisation of the oximate ion (Gray, 1984).
Since mutations can disturb the general mechanism of enzyme reactivity, we analysed the first-order kinetics of inhibition of mutants
by tabun and the resulting constants expressed how much mutations
affected the rate of phosphorylation. What is perhaps most important,
as shown in Fig. 2, the selected mutations did not reduce the rate
of inhibition significantly in comparison with AChE w.t. (two-fold decrease was only observed for the peripheral site mutant Y124Q). Moreover, the phosphorylation rate of the Y337A/F338A mutant was 4-fold
faster than that of the AChE w.t. The right panel in Fig. 2 shows
a superposition of crystal structures of AChE with conjugated tabun
and several conformations of AChE residues in the choline binding
site (Tyr337, Phe338, His447). It seems that in the case of the mutant Y124Q slightly slower inhibition probably resulted from the lower
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Oxime

 7 M tabun in terms of the observed rate constant, k
Fig. 2. Progressive inhibition of recombinant mouse cholinesterases with 10−
i ,obs (±standard deviation) (left panel), and superposition
of crystal structures of tabun-AChE conjugate (PDB ID: 2C0Q, 2JEZ, 2JF0, 3DL4 and 3ZLV) (right panel). The volume occupied by all tabun conjugate conformations is shown with van der
Waals surface. AChE residues are represented in yellow and mutated residues in blue. Black wireframe represents conformations of AChE residues (Tyr337, Phe338, His447). Hydrogen
atoms are omitted for better visibility. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Reactivation of tabun-inhibited recombinant mouse cholinesterase by the oximes.
5

M. Katalinić et al.

Toxicology xxx (2018) xxx-xxx

Table 3
Dissociation inhibition constant (Ki ) and reactivation of tabun-inhibited recombinant mouse cholinesterase by oximes. Maximal reactivation (Reactm
 ax) and time of achieving it (t) are also
given.
Enzyme

Ki (μM)

Ko x (μM)

−
 1)
k+
 2 (min

 1
 1
kr (M−
min−
)

Reactm
 ax (%)

t (h)

K203

AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.
AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.
AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.
AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.
AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.
AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.
AChE w.t.
Y337A
Y124Q
W286A
F295L/Y337A
Y337A/F338A
BChE w.t.

42 ± 8
11 ± 2
310 ± 30
67 ± 8
38 ± 7
18 ± 4
–
20 ± 3
2.7 ± 0.2
140 ± 13
20 ± 2
12 ± 1
12 ± 2
–
100 ± 25
95 ± 8
510 ± 60
250 ± 34
260 ± 41
130 ± 44
–
46 ± 11
16 ± 2
210 ± 41
93 ± 15
37 ± 3
68 ± 13
–
14 ± 2
3.4 ± 0.3
43 ± 19
3.5 ± 0.3
8.5 ± 0.7
4.3 ± 0.4
–
42 ± 9
87 ± 5a
240 ± 40
240 ± 30
110 ± 10a
49 ± 9
27 ± 4a
150 ± 10a
590 ± 120a
160 ± 24
130 ± 13
650 ± 160a
270 ± 130
340 ± 110a

270 ± 62
82 ± 14
840 ± 260
560 ± 190
450 ± 170
84 ± 33
280 ± 160
99 ± 18
46 ± 20
240 ± 93
580 ± 170
260 ± 82
140 ± 34
180 ± 110
1400 ± 720
140 ± 37
800 ± 390
460 ± 250
510 ± 170
n.d.
860 ± 590
350 ± 120
67 ± 18
460 ± 67
530 ± 230
83 ± 40
n.d.
1700 ± 1400
100 ± 30
36 ± 26
66 ± 18
220± 66
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
520 ± 190
2800 ± 1700
400 ± 210
530 ± 270
660 ± 210
n.d.
n.d.

0.14 ± 0.01
0.016 ± 0.001
0.021 ± 0.004
0.31 ± 0.05
0.011 ± 0.002
0.00061 ± 0.00006
0.0009 ± 0.0002
0.091 ± 0.0049
0.0080 ± 0.0007
0.038 ± 0.005
0.44 ± 0.061
0.0066 ± 0.0007
0.0019 ± 0.0001
0.0023 ± 0.0004
0.0260 ± 0.0090
0.0065 ± 0.0005
0.0050 ± 0.0013
0.0084 ± 0.0020
0.0025 ± 0.0004
n.d.
0.023 ± 0.0087
0.0080 ± 0.0010
0.0030 ± 0.0001
0.0060 ± 0.0004
0.0090 ± 0.0020
0.0016 ± 0.0002
n.d.
0.099 ± 0.056
0.0042 ± 0.0003
0.0013 ± 0.0003
0.0040 ± 0.0003
0.0098 ± 0.0010
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.0035 ± 0.0006
0.0071 ± 0.0033
0.0020 ± 0.0004
0.0075 ± 0.0017
0.0013 ± 0.0002
n.d.
n.d.

520 ± 130
200 ± 34
25 ± 9
550 ± 210
24 ± 10
7.3 ± 3.0
3.2 ± 1.9
920 ± 170
170 ± 80
160± 60
760 ± 260
25 ± 9
14 ± 4
13 ± 8
19 ± 12
46 ± 13
6.2 ± 3.5
18 ± 11
4.9 ± 1.8
–
27 ± 21
23 ± 8
45 ± 12
13 ± 2
17 ± 8
19 ± 10
–
58 ± 58
42 ± 13
35 ± 26
61 ± 17
45 ± 14
–
–
–
–
–
–
–
–
–
–
6.8 ± 2.7
2.6 ± 1.9
5.0 ± 2.8
14 ± 8
2.0 ± 0.7
–
–

95
95
80
100
70
50
50
90
85
95
95
90
60
80
90
85
90
90
60
<30
70
90
80
90
95
70
<30
90
75
40
80
90
<10
<25
<20
<10
<30
<30
<20
<10
<10
<20
90
100
75
90
60
<30
<30

0.8
6
4
0.6
3
22
22
0.6
6
4
0.5
10
22
15
8
12
16
12
12
22
5
10
12
12
12
22
22
1.5
8
24
12
8
24
24
24
24
24
24
24
24
24
24
20
24
24
10
24
23
6

K127

K117

K114

HI-6

2-PAM

UN
CO
RR
EC
TE
D

K075

PR
OO
F

Oxime

n.d. – not determined due to low maximal reactivation.
a From Kovarik et al., 2006.

tivation of the wild type was obtained with oximes K203 and K075,
which displayed a ∼40-times higher maximal first-order reactivation
rate constant (k+
 2) compared to 2-PAM, or much higher than the standard oxime HI-6 which despite its analogy to the tested K-oximes, had
the maximal reactivation lower than 10% even it was monitored up to
20 h. These results on standard oximes obtained on mouse AChE are
highly similar to that on human AChE reported previously (Čalić et
al., 2006, 2008; Kovarik et al., 2008b) confirming results on amino sequence alignment. Along with high indices of sequence identity and similarity, there is a 93% identity in the active site domains such as the
catalytic site, oxyanion hole, acyl pocket, choline-binding pocket of the
active site, and the PAS (Zorbaz et al., 2018).

The importance of specific amino acids for an efficient reactivation
was evident from the tabun-inhibited enzyme reactivation (Fig. 3 and
Table 3) and confirmed previous findings from other authors on other
OPs (Artursson et al., 2009, 2013; Cochran et al., 2011; Kovarik et al.,
2004, 2007, 2015, 2013; Luo et al., 2010; Maček Hrvat et al., 2016).
By changing the amino acids, we influenced significantly both the affinity for oxime binding KO
 X and Ki and the reactivation rate k+
 2. From
the bispyridinium oxime assisted-reactivation point of view, the most
promising result was observed for one of the changes introduced at
the peripheral binding site, W286A. It seems that a disruption of the
π-π sandwich formed between one of the oxime’s pyridinium ring and
the amino acids of the peripheral binding site allowed oximes to get
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bound oximes with improper orientation, which is unfavourable for a
nucleophilic attack during a reactivation reaction. This situation was
overcome with the introduction of the second oxime group like in
bis-oximes K075, K114 and K117. Indeed, the efficacy of bis-oximes in
reactivation was higher than for the corresponding mono-oximes (cf.
Table 3). K075 was about 80% faster in reactivation of tabun-inhibited
AChE w.t. than K203, and 40% faster in the reactivation of the W286A
mutant. Similarly, the reactivation of tabun-inhibited BChE was fourand two-fold faster with bis-oximes K117 and K075 than with their corresponding mono-oximes, respectively.
Molecular modelling showed that position of K075 in tabun-inhibited AChE (Fig. 4C) revealed a somewhat different position than for
K203 (Fig. 4A). As mentioned earlier, the tabun-AChE conjugate 3DL4
differs in conformation from 2JEZ allowing a better positioning toward
conjugated catalytic serine (Sun203), which may be favourable for a nucleophilic attack during a reactivation reaction. The model of K075 and
tabun-AChE conjugate complex showed a different interaction with the
peripheral binding site of AChE without formation of π–π interactions
with Tyr124 and Trp286. Moreover, the π–π interaction between Trp86
and the second pyridinium ring of oximes caused a T–shaped interaction with K203 (Fig. 4A), and a more favourable parallel π–π interaction with K075 (Fig. 4C). With the introduction of a double C C bond
in K203 and K075, the rigidity of the linker itself was increased and it
had a beneficial effect on the overall positioning within the AChE active
site and reactivation of tabun-inhibited AChE (Kovarik et al., 2008a,b).
However, from comparison of reactivation rates (cf. Table 3) and nucleophilicities evaluated from pKa and ATCh oximolysis (cf. Table 2) it
is clear that K203 and K075 are much more effective than would have
been predicted based on their nucleophilicity. Analogously, it could be
expected that oximes K114 and HI-6 should be much more effective reactivators than they are. Accordingly, for the overall reactivation efficiency other physicochemical properties, including steric and electronic
factors, of both oxime and OP-AChE conjugate seem to be more important than nucleophilic capacity of oxime or spatial constraints in the active site.
The molecular docking of oximes K127 and K117 in BChE (PDB
ID 3DJY; Carletti et al., 2008) revealed π–π interactions with aromatic
residues Trp86, Phe329, and Tyr332. However, unlike AChE, the number of possible oxime poses, i.e. conformations in the active site of BChE
was significantly higher (Fig. 5). More precisely, within the BChE active
site, an oxime has at its disposal a larger array of orientations, which
additionally mitigates the formation of the reactivation transition state.
This fact could explain the significantly slower reactivation of phosphylated BChE by the tested oximes in comparison to the reactivation of
phosphylated AChE.
A comparison of crystal structures of mouse AChE inhibited by tabun
2JEZ (Ekström et al., 2007) and 3DL4 (Carletti et al., 2008) revealed
a different conformation of the tabun conjugate with Ser203. The dimethylamino group was rotated 30° counter clockwise for 2JEZ and the
ethoxy group was rotated 50° clockwise comparing 2JEZ to 3DL4. This
flexibility of the tabun conjugate may contribute to its low reactivity
(Ekström et al., 2006b). Furthermore, we have demonstrated a difference in oxime-enzyme complexes between the two structures of phosphylated AChE 2JEZ (Ekström et al., 2007) and 3DL4 (Carletti et al.,
2008). This particularly refers to the number of complexes in which
the oxime is directed toward the phosphylated catalytic serine with
its oxime group. It is likely that the main reason for this is a different amino acid conformation of the peripheral allosteric site W286 and
Y124. To be more precise, in the 2JEZ structure, W286 is directed in
parallel to Y124, while in the 3DL4 structure, it is vertically placed toward the aforementioned tyrosine. The different conformation of these
amino acids necessitates the different positioning of one to two pyridinium oxime rings and thus determines the final pose of the oxime
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into the more favourable position for a nucleophilic attack on the phosphylated catalytic serine. It is also possible that this mutation allowed
an easier detachment of the phosphorylated oxime upon reactivation.
The improvement in reactivation of W286A compared to wild type was
noticed for all tested K-oximes, but the most efficient reactivators of
W286A were again oximes K203 and K075, where the reactivation rates
(k+
 2) increased 2–5 times compared to w.t. AChE. The other mutation at
the peripheral binding site, Y124Q, influenced primarily the affinity for
bispyridinium oxime binding, which resulted in a drop of reactivation
efficiency. This result was further corroborated by a comparison with
the reactivation by monopyridinium oxime 2-PAM. In this case, changes
of the amino acids at the peripheral site did not influence either the
affinity or the reactivation.
Substituting aromatic amino acids with aliphatic ones within the
choline binding site and the acyl pocket of AChE eliminated steric constraints but on the other hand induced the formation of non-productive complexes seen through the decrease of the reactivation rates (k+
 2;
Table 3). On the other hand, the affinity for binding all oximes increased
significantly when tyrosine 337 was substituted for alanine. Such a
switch opened up a space for π-π or cation-π interactions of oximes with
other amino acids, most likely tryptophan 86 important for stabilising
a positive charge of compounds and choline substrates (Masson et al.,
2001, 2007; Taylor et al., 1995). Other studies determined that the presence of the aromatic residue at the 337 position is indeed important
for guiding the oxime to serine reactivation. If tyrosine was mutated to
phenylalanine, none of the reactivation parameters changed. (Artursson
et al., 2009). Furthermore, the highest decrease of the k+
 2
 constant was
observed for double mutants, Y337A/F338A and F295/Y337A, confirming the importance of this fine architecture within the active site to assist reactivation. Other studies proposed that F295L/Y337A should imitate BChE catalytic properties (Taylor and Radić, 1994; Taylor et al.,
1995), however the efficient reactivation of BChE by oximes K127 and
K117 was not reached by these mutations.
The inhibition of cholinesterases by bispyridinium bis-oximes, in
terms of dissociation constants (Ki ) given in Table 3, was more potent
than the inhibition by asymmetric bispyridinium mono-oximes of equivalent structure. As higher enzyme affinity implies better oxime stabilisation within an active site, one would assume that the other oxime group
of the symmetrical bis-oxime formed additional bonds with amino acid
side chains, which made the oxime-enzyme complex even more stable. Another explanation for the weaker mono-oxime binding affinity
could be related to the two possible ways of placing these asymmetrical oximes into the cholinesterase active site: by an oxime group directed toward the bottom of the active site or an oxime group directed
toward the opening of the active site, i.e. toward the peripheral binding site. Due to the different amino acid surroundings in the active
site, both mono-oxime conformers can enter into various interactions,
which mean that the enzyme affinity for binding one or the other conformer can vary significantly. Since the applied method of determining
reversible inhibition does not allow for a separate identification of the
dissociation constants of each individual oxime-enzyme complex, the final result, i.e. Ki , is to an extent an average value.
To visualise the interactions within the active site of cholinesterases,
we performed molecular docking. Due to molecular properties, all of
the tested oximes displayed similar results with AChE acting as bifunctional binders. They bound simultaneously to the catalytic active site
(Trp86, Tyr337) and to the peripheral binding site (Asp74, Tyr124,
Tyr286). Mono-oximes K127 and K203 showed two main orientations
within the active site of tabun-inhibited AChE (Fig. 4A and B). Probably this was the result of symmetry in the oxime molecule where proton-donor and proton-acceptors groups, and oxime and amide groups
are located at the ends, respectively. This may cause lower efficacy
in reactivation due to the occurrence of a fraction of
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Fig. 4. Orientation of K075 and K203 inside the active site gorge of AChE. (A) Oxime K203 in a position favourable for nucleophilic attack during a reactivation reaction forms a π–π
sandwich with residues of the peripheral binding site (Tyr124, Tyr286) and a salt bridge with Asp74 (orange dashed line). The pyridinium ring with the oxime group is directed toward the
tabun conjugate and forms π–π interactions with residues of the choline binding site Trp86 and Tyr337 (magenta dashed line). K203 forms H-bonds with Ser298 and His447 (green dashed
line). (B) Oxime K203 in a non-productive position where the amide group is directed toward the tabun conjugate and the oxime group is directed toward Ser298. (C) Bisoxime K075 in
a position favourable for a nucleophilic attack oxime group forms an H-bond with an oxygen atom from the tabun conjugate. Second pyridinium ring of K075 forms π–π interactions with
residue Tyr341 in the middle of the active site gorge lacking interactions with the peripheral binding site (Tyr124, Tyr286). Non-standard H-bonds are represented as light green dashed
lines. Residue hydrogen atoms are omitted for better visibility. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

within a complex. The obtained differences point toward a critical approach in selecting corresponding crystal structures as enzyme models,
especially in drug design. Nevertheless, our results have confirmed assumptions that oximes in a complex with an enzyme stabilise in a conformation that simultaneously enables interaction (π-π interaction, hydrogen bonds) both with the amino acids of the peripheral binding site
(Y72, Y124, Y341, W286, S289) and within the active site (W86, Y337,
Y338, F295, histidine, catalytic triads) (Fig. 4), and the aforementioned
interactions have also been confirmed in other similar studies (Ekström
et al., 2006b; Ordentlich et al., 2005; Ramalho et al., 2010; Shafferman
et al., 2008). However, although all these oxime interactions could
generally lead to the mixed type of reversible inhibition (Šinko et al.,
2010), our computational analysis failed in detection of interactions

that could explain differences in affinities of phosphylated AChE toward
oximes or reactivation efficiency of oximes. One should, therefore, bear
in mind that computational analysis without experimental results will
very likely lead to mistaken conclusions regarding the reactivation efficiency of oximes.
4. Conclusion

In a set of pyridinium oximes, the highest reactivation efficiency
for tabun-inhibited mouse AChE was observed with two analogous
bispyridinium oximes K203 (monooxime) and K075 (bisoxime) with a
but-2-ene linker. Additional reactivation tests with the AChE mutant of
the peripheral binding site, acyl pocket and/or choline binding site that
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Fig. 5. Multiple orientations of bis-oxime K117 within the active site gorge of the tabun-BChE conjugate. K117 forms π–π interactions with aromatic residues Trp86, Phe329, Tyr332.
BChE residues are represented as yellow sticks and K117 molecules as sticks in red, purple, green, light blue and navy. Hydrogen atoms are omitted for better visibility. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

resembled residues found at structurally equivalent positions in BChE
did not mimic BChE reactivity. However, while most mutants showed a
decrease in overall reactivation with the tested oximes compared to the
wild type, an enhancement with the peripheral site mutant W286A was
observed. The highest enhancement was again with oximes K203 and
K075. In combination with molecular modelling studies, these results
revealed characteristics of the AChE active site important for interactions with pyridinium oximes and confirmed that an open gorge alone is
not the answer to reactivation enhancement. It shows that the carefully
planned design of the AChE mutant, which has an advantage over BChE
as a scavenging entity (Taylor et al., 2007), combined with an oxime
could be used for the development of a pseudo-catalytic scavenger optimized for tabun. Although the positively charged oximes K203 and
K075 showed low blood-brain barrier penetration potential (Kalász et
al., 2015; Karasova et al., 2010; Kovarik et al., 2009) and therefore,
their primary therapeutic effect is expected in the periphery, our findings offer a valuable platform for further development of antidotes and
scavengers against tabun and related phosphoramidate exposures.
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