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Accepted ooth January 2012 We have examined the aging and reactivation mechanisms of the tabun-conjugated AChE
using MP2/6-31+G*//M05-2X/6-31G* level of theory. The activation barriers have been
calculated for the aging process considering both O-dealkylation and deamination (P-N anti

www.rsc.org/ deamination and rearrangement-deamination) pathways. Aging process is reported as
competing course with the reactivation process as the deamination/dealkylation process occurs
rapidly with half-life (<1-30 min) depending on the enzyme. To avoid the aging process,
suitable reactivators are in demand to restore the function of AChE. 3-hydroxy-2-Pyridylamide
oxime (amidoxime (I)) has been chosen as reactivator to examine the competing aging process
of tabun-conjugated AChE. The energy of activation predicted for the reactivation of tabun-
conjugated AChE by 3-hydroxy-2-Pyridylamide oxime (amidoxime (I)) is 2.3 kcal/mol, which
is lower than the activation energies calculated for studied aging processes. The structural
analysis from the docking studies of the model oxime (I) and the oximes used for the
reactivation of tabun-inhibited AChE reveal that the peripheral sites play an important role for
the efficacy of drugs. The reactivator is stabilized by n-x interaction with Tyr337, and edge to
face (C-H...m) interaction with Trp86 residues and hydrogen bonding interactions with His447
and alkoxy oxygen of tabun in the active site of tabun-inhibited AChE. Such stabilization from
surrounding aromatic residues is helpful for favourable orientation of oxime group towards the
phosphorus centre of tabun. The calculated LogP value indicates that the neutral reactivator
can effectively penetrate through the blood brain barrier. The calculated results show that the
neutral antidotes can effectively reactivate the tabun-inhibited AChE prior to its aging process.
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Introduction also suggests that the aging process undergoes though P-N
bond scission. Both these adducts show a mass decrease of
28+4 Da.' However, recent report with the mass spectrometric
study shows that the P-N bonds of Sp-tabun thiocholine adduct
are stable at pH= 8 during trypsin digestion, but is labile at pH=
2 in pepsin digestion conditions.” This report suggests that
observed P-N scission of tabun-adduct in MS analysis was due
to acid labile P-N bond, instead of enzyme-catalyzed aging
mechanism.’

Moreover, the reinterpretation of the crystal structural data
of the aged mAChE suggests that the aging process occurs
through the dealkylation of the ethoxy group instead of
deamination of  dimethylamine.>  Furthermore, the
crystallographic studies of tabun-inhibited ABChE suggested O-
dealkylation of ethoxy group.*® In O-dealkylation mechanism,
His447 imidazolium stabilizes a negative charge on the C-O>
oxygen of ethoxy substituent of tabun-inhibited AChE
conjugates. Glu202 residue activates the water molecule by
abstracting the hydrogen to form hydroxide ion, which can

Nerve agent tabun inhibits acetylcholinesterase by
phosphorylating a serine hydroxyl group (ser203 in mAChE),
which is directly responsible for the hydrolysis of the
neurotransmitter acetylcholine. The phosphorus conjugate of
the tabun-inhibited AChE may further undergo an elimination
reaction, known as “aging”: two alternative pathways have
been proposed for the aging mechanism of tabun-inhibited
AChE. One mechanism involves P-N bond cleavage called
deamination process'? and the other involves O-C bond
breaking leads to elimination of alkylate (i.e. O-dealkylation
process).> Both mechanisms were suggested involving the use
of mass spectrometry (MS) and crystallographic technique.

The first X-ray crystal structure of aged tabun-inhibited
AChE was reported with mouse AChE.* The structural data of
aged AChE revealed that the aging follows the deamination
pathway through the breaking of P-N bond by the nucleophilic
attack of water. Mass spectrometric analysis performed to
examine the aging process of tabun and butyl tabun adducts
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further attack on the carbocationic center (C>*-O of carbon).
This leads to the O-C bond cleavage and release of ethoxy
group.®

Further, Nachon et al. has suggested with x-ray crystal
structure data that substitution based mechanism for aging can
occur through the deamination pathway by the rearrangement
of the hBChE
conjugates analogue of tabun.” The crystal structures reports of
inhibited #ABChE by different N-monoalkyl and N,N-dialkyl
tabun analogues suggest that the aging process can be

trigonal-bipyramidal transition state for

progressed either via dealkylation or deamidation, depending
on the OP structure.”®

The O-dealkylation and P-N deamination of aging processes of
tabun-conjugated AChE have been examined using quantum
chemical calculations with B3LYP/6-31+G* level of theory.’
The computational results revealed that the O-dealkylation
aging mechanism of tabun-AChE conjugate proceeds via one
step Sx2 process, while P-N deamination mechanism proceeds
via two step addition-elimination reaction at the phosphorus
center of tabun-AChE conjugate. The P-N bond breaking
deamination mechanism is preferred via newly proposed
rearrangement process.7

In most of the reports, oximes were treated as a single entity for
the reactivation of OPs-inhibited AChE without considering the
aging propensity of the phosphorylated AChE.'® However,
generally the reactivation of OPs-inhibited AChE is also a
competing process with aging of OPs-inhibited AChE. It is
known that the aging process is irreversible in nature and AChE
cannot be functional with the reactivators.''"'* An earlier study
on aging and reactivation mechanisms of tabun-inhibited AChE
using quantum mechanical/molecular mechanical method'*
reports a comparative study of these two processes with the
help of the relative energy barrier of HLO-7 induced
reactivation and O-C bond breaking (O-dealkylation) aging
process.
In this
calculations on aging and reactivation processes of tabun-
inhibited AChE with
(amidoxime (I)) as neutral reactivator (Scheme 1). The

article, we have performed quantum chemical

3-hydroxy-2-Pyridylamide oxime
experimental and theoretical studies have shown that the
charged drug shows lower tendency to cross BBB for

effective,!>!”

whereas the synthesized non-ionic drugs can
easily penetrate the BBB and found to show high potency
towards reactivation of OPs-inhibited AChE.'®?° Amidoxime
(I) is a neutral a-nucleophile which has been used successfully
for the hydrolysis/reactivation of organophosphorus nerve
(OPN) agents VX.*'"*® The success of amidoxime (I) in V-type
of OPN hydrolysis, this oxime has been selected in this present
study to examine its efficacy against tabun-inhibited AChE. In
a report, the amidoximes and aldoximes have been used for the
reactivation of tabun-inhibited AChE.* The reactivations with
such oximes varied with the nature of the alkyl chain lengths
and peripheral sites. In addition to that polyacrylamidoxime
(PANOx) and poly(N-hydroxyacrylamide) have also been
reported for degradation processes of the chemical warfare
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agents like GB (sarin), GD (soman) and VX in non-enzymatic
conditions.**
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Scheme 1: Schematic representation of possible aging pathways and reactivation
pathway of OP-conjugated AChE.

Computational Methodology

Tabun-conjugated serine (SUN) residue with protonated His447
imidazole ring was modeled from the PDB structure of tabun-
conjugated mouse acetylcholinesterase (PDB code: 2JF0).%°
This modelled tabun-inhibited AChE adduct was optimized at
MO05-2X/6-31G* level of theory in aqueous medium.”® All
calculations were performed with Gaussian 09 suite program.”’
The geometry optimizations of all stationary points were
carried out in aqueous phase at M05-2X/6-31G* energy level
with polarizable continuum solvation model (PCM) using the
integral equation formalism variant (IEF-PCM).*** Single
point energies are calculated at the MP2/6-31+G* level of
theory to get using MO05-2X/6-31G*
optimized geometries.
The frequency calculations have been performed for all the
stationary points to verify that the transition structures had
single, imaginary frequency. The intrinsic reaction coordinate
(IRC) calculations of the saddle points connect two minima in
both directions by following the eigenvectors associated to the
unique negative eigenvalue of the Hessian matrix, using the
Gonzalez and Schlegel integration method.>’ We have
calculated Natural bond orbital (NBO) for 3-hydroxy-2-
pyridine aldoxime and 3-hydroxy-2-Pyridylamide oxime
(amidoxime (I)).*?
Further, We have performed docking study by using PDB code:
2JFO crystal structure, which is complexed of Ortho-7
reactivator and tabun-inhibited mAChE conjugate. Using the
Macromodel program, we have added hydrogen’s and
minimized of drug-protein complex.**> For minimization of the
protein system, we have used MMFF force field and PRCG
method. Further minimized protein was considered for the
docking study. The docking study have been performed by
using a grid based Autodock 4.2 program.** We have
performed simulations with AutoDock using six spatial degrees
of freedom such as rotation and translation along with torsional

accurate energies
30
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degrees of freedom. To reach global minimum, we have
evaluated interaction energy at each step. To explore the grid
space and perform energy evaluations of the position of the
ligand with respect to the target energy grids we have employed
Lamarckian Genetic Algorithm (LGA). The grid map prepared
by using grid box with 70-70-70 A. Finally for calculating the
docking possibilities we have used the genetic algorithm with
local search (GALS). Furthermore, we have calculated LogP
value of amidoxime (I) by using PrologP module of Pallas
3.8.1.2 software.*

Results and discussion

The MP2/6-31+G*//M05-2X/6-31G* level of theory has been
employed in this work to study the aging mechanism of tabun
conjugated serine (SUN) via dealkylation process (breaking of
O-C bond) and deamination process (breaking of P-N bond).
energy
geometries for O-dealkylation, P-N anti deamination and P-N

The potential surface diagrams and optimized
rearrangement-deamination processes are shown in Figs. 1-6.
The OH’ ion that initiates the nucleophilic attack on phosphorus
centre or carbocationic centre (C*'-O of carbon) in the aging
process
interacting with Glu202 and the catalytic triad histidine
(His447) of AChE.® According to Nachon et al, it should be

expected that the aging reaction proceeds favourably in the

is produced from activation of water through

presence of protonated histidine.” In earlier report, the
that the
imidazole group of catalytic residue His447 lowers the

theoretical calculations show incorporation of
activation free energy of the aging process.” In this study, we
have considered imidazolium group of histidine in the aging

process.

O-dealkylation aging mechanism

We have examined the O-C bond breaking process in aging
mechanism using protonated histidine instead of neutral
histidine.”*® The O-dealkylation aging of tabun-conjugated
AChE proceeds in Sy2 type mechanism with the activation
barrier 9.80 kcal/mol (Fig. 1). Such process leads to the
breaking of O-C bond and release of ethoxy group (Fig. 2). The
crystallographic and theoretical studies on tabun-inhibited
AChE also infer such O-dealkylation mechanism during the
aging process.® The optimized geometries of transition state
(TSa) and products (PROal and ethanol) are given in Fig. 2.
The TS geometry shows that the calculated bond distances are
1.72 A and 2.24 A for O-Cepoxy and C-Opyaroxy in the concerted
transition state TSa (Fig. 2). The formation of the products
(PROal and ethanol) from O-dealkylation process is 40.4
kcal/mol lower in energy than complex-a (Fig. 2). In the
product PROal, the protonated histidine forms salt-bridge with
the negatively charged alkoxy oxygen of tabun-inhibited serine
adduct. In the presence of unprotonated histidine similar
hydrogen bonding has also been found to stabilize the aged
product.” The N-H-O distance becomes shorter in product
PROal (1.53 A) compared to the transition state TSa (1.76 A).

(Fig. 2)
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PROal + PROa2

Fig. 1. MP2/6-31+G*//M05-2X/6-31G* calculated energy profile diagram for O-
deakylation of tabun-conjugated AChE in aqueous phase. Relative energies are in
kcal/mol.
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Fig. 2. M05-2X/6-31G* optimized geometries and selected bond distances in A
for species involved in O-dealkylation of tabun-conjugated AChE in aqueous
phase (grey= carbon, blue = nitrogen, white = hydrogen, orange= phosphorus
and red = oxygen)

Earlier crystallographic and mass spectrometric (MS) analyses
of aged tabun-inhibited AChE suggested the deamination aging
process of the inhibited AChE enzyme. In general, the
deamination process proceeds through two different pathways:
anti deamination and

direct rearrangement-deamination

processes.

P-N anti-deamination aging mechanism

First, we have examined the aging process in P-N anti
elimination manner. The anti P-N deamination proceeds via
two-step addition-elimination reaction mechanism and the
nucleophilic attack of OH™ ion on phosphorus centre is the rate
determining step (TSb1) with 3.1 kcal/mol energy of activation
(Fig. 3). In this anti deamination mechanism, the OH" ion
attacks the phosphorus center opposite to dimethylamine group
at apical positions due to weaker and longer bond between
phosphorus and apical atoms.’” Therefore, the P-N bond
cleavage is favoured at apical position in such that the attacking
OH" and the leaving dimethylamine group are in 180° to each
other. Furthermore, the product (PROb1) forms aged product
through second transition state TSb2, with 1.9 kcal/mol energy
of activation by leaving amine group (PROb2) from tabun-
conjugated AChE (Figs 3 and 4). The calculated results also
show that there is an instantaneous proton transfer occurs in
PRObL1 from hydroxyl oxygen to the nitrogen of histidine
moiety with a very low energy barrier (Fig. S1). Furthermore,
in the presence of full enzymatic condition, the stable aged
product PROD3 can adjust to another protonated product
PROb4 with the help of surrounding residues and solvent
molecules. However, in isolated state PROb4 is energetically

J. Name., 2012, 00, 1-3 | 3
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less stable than PROb3 by 2.5 kcal/mol (Figs.S1 and S2 in
Supplementary Information).

3.1

Complex-b

PROb1 +PROb2

Fig. 3. MP2/6-31+G*//M05-2X/6-31G* calculated energy profile diagram for
deamination (P-N anti elimination) of tabun-conjugated AChE in aqueous phase.
Relative energies are in kcal/mol.

PROb1

PROb2

Fig. 4. M05-2X/6-31G* optimized geometries and selected bond distances in A
for species involved in deamination (P-N anti elimination) of tabun-conjugated
AChE in aqueous phase (grey= carbon, blue = nitrogen, white = hydrogen,
orange= phosphorus and red = oxygen)

P-N rearrangement-deamination aging mechanism

We have also examined the possibility of the aging process
through the rearrangement pathway. Such rearrangement
process was proposed by Nachon et al. and the reaction
pathways have been shown by theoretical calculations in the
presence of unprotonated histidine moiety.”? The P-N
rearrangement deamination aging is a three-step process in the
presence of protonated histidine, where the attacking OH™ and
ethoxy group are in apical positions (i.e. 90° to the leaving
dimethylamine group).”® This leads to addition transition state
TScl with 3.6 kcal/mol energy of activation resulted into
trigonal bipyramidal intermediate INTcl. (Figs. 5 and 6)
Furthermore, the INTcl undergoes internal rearrangement
through TSc2 by Berry pseudorotation with the energy of 6
kcal/mol to INTc2 so that the leaving group (dimethylamine
group). (Figs. 5 and 6) In the transition state TSc3 the
protonated histidine stabilizes the hydroxyl
electrostatic stabilization. (Fig. 6)

oxygen by
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3.6

Complex-c¢

PROcl + PROc2

Fig. 5. MP2/6-31+G*//M05-2X/6-31G* calculated energy profile diagram for
deamination (P-N rearrangement-deamnation process) of tabun-conjugated
AChE in aqueous phase. Relative energies are in kcal/mol.
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Fig. 6. M05-2X/6-31G* optimized geometries and selected bond distances in A
for species involved in deamination (P-N rearrangement-deamination process) of
tabun-conjugated AChE in agqueous phase (grey= carbon, blue = nitrogen, white =
hydrogen, orange= phosphorus and red = oxygen).

The calculated results show that the activation energy barriers
for P-N anti deamination and P-N rearrangement deamination
are energetically close and in both cases the nucleophilic
addition of hydroxide on the phosphorus of phosphate is the
rate determine step. Comparing the potential energy profiles
and stable products formed by O-dealkylation and P-N
deamination processes, the calculated results show that P-N
deamination mechanism is a catalytic control process and most
favoured mechanism for the aging of tabun-inhibited AChE
using model systems. However, these results are not in accord
to crystal structure based reported aging mechanism, which
suggests for O-dealkylation aging process.’ It is to note that our
results based on modeled systems, rather than considering the
whole protein environment. The structural data of non-aged
tabun-4BChE reveals that the dimethylamine group positioned
in the acyl binding pocket, when the enzyme is inhibited by
P(R)-tabun.’ Such arrangement allows the ethoxy substituent to
be positioned in the chloine binding pocket for facile
dealkylation in the aging process. If the aging process passes
through the deamination pathway, then there would have been

This journal is © The Royal Society of Chemistry 2012
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relocation of the substituents around the phosphorus after aging
process, as the dimethylamine moiety was located in the acyl-
binding pocket.> Such types of movements are less likely in a
constrained active-site pocket like that of mAChE.? However, in
the case of tabun-analogues TA4, the O-ethoxy substituent is
situated in the acyl-binding pocket and the shorter N-methyl
chain placed towards the choline-binding pocket.”’ Such
arrangement is favourable for the deamination process. These
crystallographic studies indicate that the departure of the
substituent in the choline-binding pocket for the aging process
depends upon the steric and electronic environments. The
absence of the protein environment in these calculations is
presumably the reason for the discrepancy with the earlier
reports.” However, it is important to mention to assess the
suitability of a reactivator that can reactivate the tabun-inhibited
AChE prior to the aging process. The results of our calculations
also suggest that the protonated histidine plays crucial role in
catalytic stabilization of complex conjugates ions in the aging
processes of O-dealkylation, P-N anti deamination and P-N
rearrangement deamination mechanisms.

Prior to the aging process, the OP-inhibited AChE can be
reactivated by various charged and neutral nucleophilic
compounds such as oximes, hydroxamates.”'20 The reactivation
of OP-inhibited AChE is crucial as the aging process starts
competing with the former process. In general the rate of aging
process is very much fast and the half-time of aging ranges
from a few minutes to several days.*®**° Therefore, there is a
demand of efficient antidotes for the reactivation process of OP
poisoning in fast aging process. We have examined the
reactivation process with an uncharged reactivator (amidoxime
(D) kinetically as well as structurally and compared the
calculated results with the studied aging processes.

Reactivation of tabun-inhibited AChE

To examine the efficiency of amidoxime (I) in tabun-inhibited
AChE, we have performed MP2/6-31+G*//M05-2X/6-31G*
calculations to examine the mechanism of reactivation of tabun-
inhibited AChE conjugates by using amidoxime (I) as
reactivator as shown in Figs 7 and 8. Amidoxime () is selected
in this study for two reasons: firstly, because it is a neutral o-
nucleophile and the uncharged oxime reactivators have shown
the with lipophilicity and BBB
permeability.'”° Secondly, it has been used successfully for the
nerve (OPN)

promise improved
hydrolysis/reactivation of organophosphorus
agents such as VX.?22

the  stable
Pyridylamideoxime, different possible geometries have been
optimized with M05-2X/6-31G* level of theory. The calculated
results show that amidoxime (I) is energetically more stable
than the other
intramolecular hydrogen bonding between OH and oxime

To identify structure  of  3-hydroxy-2-

geometries due to presence of strong
nitrogen (Fig. 9). These results correlate well with the available
X-ray crystal structure.?'

The reactivation process proceeds via two-step addition-
elimination reaction mechanism and the nucleophilic attack of

amidoxime (I) reactivator on phosphorus centre resulted into

This journal is © The Royal Society of Chemistry 2012
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trigonal bipyramidal intermediate INTd1 through TSd1 with 2.3
kcal/mol energy of activation (Fig. 7), thus TSd1 is the rate
determining step. The trigonal bipyramidal intermediate
(INTd1) is lower by 2.4 kcal/mol compared to the energy of
complex-d. The INTd1 yields stable activated serine stabilized
by His447 and phosphorylated-oxime complex product through
a second transition state TSd2, with 1.7 kcal/mol energy of
activation. The P-Ogmidoxime (1) a1d P-Oseriney bond distances are
2.43 A and 1.69 A for TSdI, 1.80 A and 1.83 A for INTdI,
1.65 A and 3.41 A for TSd2 respectively. The activation energy
calculated for amidoxime (I) reactivation of tabun-inhibited
AChE conjugate in this study is slightly lower than other
neutral oximes reactivators (3-hyroxyl-2-pyridinealdoxime and
deazapralidoxime) reported in earlier work."> Such a-hydroxyl
pyridylamide oxime derivative shows efficient and selective
cleavage of the P-S bond in organophosphorus nerve agent.?!*?
The role of ortho-hydroxyl group in pyridyloximes towards
significant enhancing the hydrolysis process has already been
reported. The presence of electron donating (NH,) group at
oxime group carbon substitution augments the nucleophilicity
of the active oxygen atom. To investigate the effect of -NH, on
active oxygen (IV), we have analyzed NBO charges of
aldoxime (IV) and amidoxime (I), it’s showing that NH, group
added geometry has more negative charges on active oxygen
(Fig. 10). These results indicate that -NH, group enhances the
nucleophilicity of the o-nucleophile (IV). Recent reports
suggest that aldoxime (IV) and amidoxime (I) can exhibit the
reactivation of VX-inhibited hAChE one order of magnitude
higher than that displayed by 2-PAM.?'** Also, in vitro
reactivation of tabun-inhibited hAChE with aldoxime (IV) and
amidoxime (I) nucleophilic sites showed that the former oxime

is a better reactivator in this case.?

2.3

Complex-d

prod

Fig. 7. The potential energy surface for reactivation process of tabun-inhibited
AChE conjugate at MP2/6-31+G*//M05-2X/6-31G* level of theory in aqueous
phase. Relative energies are given in kcal/mol.
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Fig. 8. The optimized geometries and distances are in A for reactivation process
of tabun-inhibited AChE conjugate at M05-2X/6-31G* level in aqueous phase.
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0.00 13.68 13.72

Fig. 9. MO05-2X/6-31G* optimized geometries in aqueous phase of various
possible conformers of 3-hydroxy-2-Pyridylamide oxime (amidoxime (I)) and
their relative energies in kcal/mol at MP2/6-31+G*//M05-2X/6-31G* level of
theory. (red = oxygen, green = carbon, blue = nitrogen, white = hydrogen)

B

Fig. 10. Optimized geometries in aqueous phase of aldoxime (IV), amidoxime (I)
and their NBO charges of active oxygen at M05-2X/6-31G* level of theory. (red =
oxygen, green = carbon, blue = nitrogen, white = hydrogen)

The potential energy diagram shows that the activation energy
barrier of aging processes are higher than reactivation process
(2.3 kcal/mol) involving amidoxime (I). From the overall study
it can be concluded that reactivation mechanism will be
preferred kinetically over aging process. Earlier report on the
reactivation of tabun-inhibited AChE with pyridaldoxime
compared with the aging process also showed that the later
process is much slower in this case.*!

6 | J. Name., 2012, 00, 1-3

Fig. 11. Stable conformation of amidoxime (I) with tabun-inhibited AChE showing
interactions in the active site gorge. (red = oxygen, cyan = carbon, blue =
nitrogen, white = hydrogen) (surrounding aromatic residues and SUN are shown
in CPK and amidoxime (I) shown in tube format) (Distances are given in A).

To achieve the effective reactivation process, the
nucleophilicity and the orientation of nucleophile reactivator
should be crucial in the active site of OP-inhibited AChE." The
NBO charge calculation and the kinetic study of the
reactivation process with tabun-inhibited AChE conjugates by
amidoxime (I) suggested efficient nucleophilic character of the
reactivator oxime. Furthermore, to examine the orientation of
nucleophile in the active site, we have performed docking study

* The available crystal

by using autodock 4.2 program.
geometry of tabun-inhibited AChE shows that after inhibition
process, the side chains of His447 and Phe338 push towards
Tyr341lor Tyr124 at the active site of AChE and it created
difficulty for approaching the incoming nucleophilic oxime for
the

phosphorus center and weak electrophilicity of phosphorus

reactivation process.*?®> Thus, steric hindrance at
atom leads to less reactivation in the tabun-inhibited AChE
adduct with most of the oximes.'"** For better understanding of
the structural orientation of amidoxime (I) in the active site
gorge, we have performed docking study with the crystal
structure of tabun-inhibited AChE (pdb code: 2JF0). The
distance between nucleophilic oxygen of amidoxime (I) and
electrophilic phosphorus of SUN is 5.350 A, this distance
indicates that it’s considerable distance for complex formation
of nucleophile and electrophile. In the crystal structure of
tabun-inhibited AChE complexed with ortho-7(PDB code no:
2JF0), the distance of nucleophile and electrophile is found to
be 6.74 A% Furthermore, the pyridine ring of amidoxime (I) is
stabilized at the active site by forming n-r stacking interactions
with Tyr337 and edge to face (C-H...m) interaction with Trp86
residues. Additionally the aromatic ring of amidoxime (I) is
stabilized by forming the hydrogen bonds with hydroxyl group
of Tyrl24 and Tyr341. The substituted amine group of
amidoxime (I) generated strong hydrogen bond with alkoxy
oxygen of SUN (Fig. 11). Furthermore, the docking results
show that the oxime oxygen of amidoxime (I) is placed at a
close distance of 1.714 A from the hydrogen atom of the
His447. The docking study reveals the stabilization of the

This journal is © The Royal Society of Chemistry 2012
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uncharged reactivator (amidoxime (I)) by the surrounding
residues in the active site with non-covalent interactions.

The earlier report with the nucleophilic sites of amidoxime and
aldoxime based reactivators suggests that the later one showed
better efficacy towards tabun-2ZAChE.*> We have performed the
docking study with these reported reactivators with the crystal
structure of tabun-inhibited mAChE (pdb code: 2JF0). The
approach of both the reactivators towards the electrophilic
phosphorus atom of tabun inhibited adduct is very similar in
nature. (Fig S3, S4 and S5 in Supplementary Information)
Importantly, comparing the docking studies performed with the
model amidoxime (I) and the amidoxime based reactivator (8,9)
with the tabun-inhibited mAChE (pdb code: 2JF0), the model
system (I) is relatively at a larger distance from the electrophilic
site compared to the reactivators (8, 9).”* This result
qualitatively suggests that the role of alkyl chain length is
important in the reactivation process. Our model study although
showed the better nucleophilicity for amidoxime compared to
aldoxime system, a more quantitative investigation is required
with the peripheral sites to understand the difference in efficacy
of such oxime drugs.

In the reactivation therapy, the diffusion of reactivators through
the blood brain barrier (BBB) is one of the important criterions
in the drug design process.”” Most of the reported oximes
having permanent charge are hydrophilic in nature and do not
cross the BBB by a simple diffusion through the cell membrane
whereas the lipophilic compounds can penetrate easily.**
Recently, the development of neutral drug like candidates that
can easily cross the BBB into the brain due to its lower
solubility in water is an active field of research in the
reactivation process.'® Therefore, we have examined the ability
of the chosen neutral amidoxime (I) to cross the blood-brain
barrier with the help of LogP calculations. The lower LogP
values suggest the hydrophilic nature of compounds, whereas
the positive values indicate the hydrophobic characteristics.*’
We have used Prologp module of Pallas 3.8.1.2 software to
calculate the LogP value of amidoxime (I).>> The LogP value
calculated for amidoxime (I) is higher than the reported mono
pyridinium reactivator 2-PAM." (table 1) The higher LogP
value of amidoxime (I) indicates its greater capability to cross
the BBB for the reactivation of tabun-inhibited AChE in the
CNS compared to 2-PAM.

Table 1. The octanol-water partition coefficient (LogP) of 2-PAM and
Amidoxime (I).

Oxime LogP
2-PAM -2.38
Amidoxime (I) -0.14

Conclusions

In this article, we have examined the aging and reactivation
mechanisms of the tabun-conjugated AChE using post-Hartree-

This journal is © The Royal Society of Chemistry 2012
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Fock ab initio MP2 calculations. The aging process initiated by
OH’ attacks can proceed via two main mechanisms, O-C bond
and P-N bond cleavages. We have examined these two
pathways for the aging process as suggested by earlier
crystallographic and mass spectrometric analyses of aged
tabun-inhibited AChE and BChE. The O-dealkylation
mechanism reported for the aging of tabun-inhibited AChE has
been computed to be higher energetic process compared to the
reactivation process of the inhibited enzyme. The model
calculations performed for the cleavage of O-C bond and P-N
bond show that P-N deamination mechanism is a catalytic
control process and preferred for the aging of tabun-inhibited
AChE. The role of protein environment is not considered in
these model studies and presumably shows the role of steric and
electronic effects in the departure from the observed results.
The computation results reveal that the reactivation process can
compete with the aging process with amidoxime (I). The energy
of activation calculated for reactivation of tabun-conjugated
AChE by amidoxime (I) is 2.3 kcal/mol, which is lower than
the activation energies calculated for the studied aging
processes. The docking results show that amidoxime (I) has
been stabilized by non-covalent interactions with favourable
orientation of nucleophilic oxygen of the oxime towards
phosphate of tabun. Furthermore, the position of protonated
histidine and the distance between nucleophile and electrophile
reveals the capability of amidoxime (I) to reactivate the tabun-
inhibited AChE. The aldoxime as reported to be efficient for
the reactivation of tabun-inhibited AChE also showed good
results in docking studies. The greater LogP value of (I)
indicates the better penetration of neutral reactivator across the
BBB for the reactivation process in the CNS than mono
pyridiniumoxime 2-PAM. This study sheds light on the
reactivation process of OP-inhibited AChE with neutral
antidotes prior to the irreversible aging process occurs.
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Fig. 1. MP2/6-31+G*//M05-2X/6-31G* calculated energy profile diagram for O-deakylation of tabun-
conjugated AChE in aqueous phase. Relative energies are in kcal/mol.
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complex-a TSa PROal PROa2

Fig. 2. M05-2X/6-31G* optimized geometries and selected bond distances in A for species involved in O-
dealkylation of tabun-conjugated AChE in aqueous phase (grey= carbon, blue = nitrogen, white = hydrogen,
orange= phosphorus and red = oxygen)
171x57mm (300 x 300 DPI)
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PROb1 +PROb2

Fig. 3. MP2/6-31+G*//M05-2X/6-31G* calculated energy profile diagram for deamination (P-N anti
elimination) of tabun-conjugated AChE in aqueous phase. Relative energies are in kcal/mol.
113x65mm (300 x 300 DPI)
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TSbh2 PROb1 PROb2

Fig. 4. M05-2X/6-31G* optimized geometries and selected bond distances in & for species involved in
deamination (P-N anti elimination) of tabun-conjugated AChE in aqueous phase (grey= carbon, blue =
nitrogen, white = hydrogen, orange= phosphorus and red = oxygen)
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Complex-c

PROc1 + PROc2

Fig. 5. MP2/6-31+G*//M05-2X/6-31G* calculated energy profile diagram for deamination (P-N
rearrangement process) of tabun-conjugated AChE in aqueous phase. Relative energies are in kcal/mol.
154x67mm (300 x 300 DPI)



Medicinal Chemistry Communications Page 14 of 20

Fig. 6. M05-2X/6-31G* optimized geometries and selected bond distances in A for species involved in
deamination (P-N rearrangement-deamination process) of tabun-conjugated AChE in aqueous phase (grey=
carbon, blue = nitrogen, white = hydrogen, orange= phosphorus and red = oxygen).
174x171mm (300 x 300 DPI)
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Fig. 7. The potential energy surface for reactivation process of tabun-inhibited AChE conjugate at MP2/6-
31+G*//M05-2X/6-31G* level of theory in aqueous phase. Relative energies are given in kcal/mol.
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TSd1

Prod

Fig. 8. The optimized geometries and distances are in A for reactivation process of tabun-inhibited AChE
conjugate at M05-2X/6-31G* level in aqueous phase. (red = oxygen, brown = carbon, blue = nitrogen,
white = hydrogen)
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Fig. 9. M05-2X/6-31G* optimized geometries in aqueous phase of various possible conformers of 3-hydroxy-
2-Pyridylamide oxime (amidoxime (I)) and their relative energies in kcal/mol at MP2/6-31+G*//M05-2X/6-
31G* level of theory. (red = oxygen, green = carbon, blue = nitrogen, white = hydrogen)
132x46mm (300 x 300 DPI)
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Fig. 10. Optimized geometries in aqueous phase of aldoxime (IV), amidoxime (I) and their NBO charges of
active oxygen at M05-2X/6-31G* level of theory. (red = oxygen, green = carbon, blue = nitrogen, white =
hydrogen)
100x37mm (300 x 300 DPI)



Page 19 of 20 Medicinal Chemistry Communications

Fig. 11. Stable conformation of amidoxime (I) with tabun-inhibited AChE showing interactions in the active
site gorge. (red = oxygen, cyan = carbon, blue = nitrogen, white = hydrogen) (surrounding aromatic
residues and SUN are shown in CPK and amidoxime (I) shown in tube format).
163x123mm (300 x 300 DPI)
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Scheme 1: Schematic representation of possible aging pathways and reactivation pathway of OP-conjugated
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