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Abstract The mechanisms of the aging process of tabun-
conjugated acetylcholinesterase were explored using
density functional theory calculations. The free energy
surfaces were calculated for O-dealkylation (C-O bond
breaking) and deamination (P—N bond breaking) pathways
for the aging process of tabun-conjugated acetylcholines-
terase as suggested by mass and crystallographic studies.
Initially, the calculations were performed using tabun-
conjugated serine (SUN) molecule. O-dealkylation mech-
anism proceeds via one-step Sy2 type process, whereas the
deamination process proceeds via two steps addition—
elimination reaction at the phosphorus center of SUN
molecule. The recent proposal of another deamination
mechanism using human butyrylcholinesterase (#BChE)
conjugated with N-mono methyl analogue of tabun (TA4)
has also been explored (Nachon et al. in Chem Biol Interact
187:44-48, 2010). The rate-determining activation barrier
calculated for this deamination mechanism (26.3 kcal/mol)
was comparable with O-dealkylation process (26.9 kcal/
mol) with B3LYP/6-314+G* level of theory. To examine
the influence of catalytic residue His447, additional cal-
culations were performed with imidazole group of His447
residue. The incorporation of imidazole group of catalytic
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residue His447 showed marked decrease in the free ener-
gies of activation for all the studied aging processes of
tabun-inhibited serine. The aging mechanisms have been
explored with TA4-inhibited serine, and calculated results
showed that the deamination with the rearrangement pro-
cess is markedly preferred in this case, which supports the
Nachon et al. proposal based on the crystallographic
studies.
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Deamination - DFT calculations

1 Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is one of the most
important enzymes in many living organisms, including
humans and vertebrates, and is located at the neuromus-
cular junction [1-3]. It is responsible for catalytic hydro-
lysis of neurotransmitter acetylcholine during nerve signal
transmission [4—6]. Certain organophosphorus compounds
(OPs) such as the nerve agents and a group of insecticides
interfere with the catalytic mechanism of AChE by phos-
phylation (denotes phosphorylation, phosphonylation, and
phosphoamidation) of serine hydroxyl group (Ser203 in
hAChE), which is directly responsible for the hydrolysis of
the neurotransmitter acetylcholine [2, 7-10]. Subsequent
accumulation of acetylcholine at neuronal synapses and
neuromuscular junctions results in various medical disorder
such as paralysis, seizures, and other symptoms of cho-
linergic syndrome [11]. The OP-AChE conjugates can be
treated with oxime-based medical antidotes, substances
also known as reactivators, to restore the function of the
inhibited enzyme [11-13]. This is an important step in the
successful treatment of nerve agent poisoning, since it is
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the only known practical means for recovering the activity
of inhibited AChE. The efficacy of the oxime toward
reactivation of OP-AChE conjugates depends on several
factors such as the chemical structure of the oxime and OPs
as well as the sequence of the AChE [14-18].

The phosphorus conjugate of the inhibited AChE may
undergo a spontaneous, time-dependent elimination pro-
cess, known as “aging”, which usually involves dealky-
lation or deamination of the phosphorus conjugate. The
dealkylation results in an oxyanion that forms a salt bridge
with the protonated histidine [19, 20]. The salt bridge
stabilizes the adduct and raises the energy barrier for the
reactivation reaction, and leads to irreversibly inhibited
enzyme. The aging process of AChE inhibited by sarin,
soman, and VX yields a stable anionic methylphosphony-
lated (MeO,P) reaction product, whereas two alternative
pathways may be possible for phosphoroamidates (P-N
agents) such as tabun. Also, the kinetics of the AChE
inhibition and the aging of the conjugate depend on both
the sequence of enzyme and the chemical structure of the
conjugate. ChE inhibited by nerve agent soman undergoes
the aging process within a few minutes [21], whereas ChE
deactivated by tabun has an aging half-life of several hours
[22].

Inhibition of AChEs by tabun and also the subsequent
aging process are of particular interest due to the extraor-
dinary resistance nature of tabun-AChE conjugates toward
most oxime reactivators. The bimolecular rate constants
with various oximes show that reactivation of tabun-
hAChHE has an intrinsically low reactivation rate than the
more easily reactivated methylphosphonate [18, 23].
Interestingly, tabun-AAChE also exhibits a specific resis-
tance toward reactivation by oxime HI-6 [18]. A crystal-
lographic study of tabun-inhibited mouse AChE (mAChE)
revealed a structural change in the side chains of His447
and Phe338, resulting in decreased active-site gorge
dimensions. Based on this observation, it was suggested
that the structural change of Phe338 may be one of the
factors that contributes to the resistance toward reactivation
by preventing bulky oximes to enter the catalytic site and
access the phosphorus atom [24]. The crystal structure of
HI6-mAChHE also supports this hypothesis [25].

Aging mechanism of tabun-inhibited AChE is still not
clear and is under debate. Mass spectrometry (MS) analysis
of aged products of tabun-inhibited #ZAChE has suggested
that the aging mechanism of tabun-AChE complex
involved deamination of the phosphoramidate moiety [26,
27]. This was also supported by first crystallographic study
of mAChE, but incomplete aging blurred the interpretation
[24]. Later on, MS study of tabun-inhibited human butyr-
ylcholinesterase (hBChE) showed that the loss of the
dimethylamine substituent is rather an acid-catalyzed
hydrolysis, which occurs during preparation of MS samples
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[28]. Crystallographic studies on tabun-inhibited #BChE
and reinterpretation of previously reported mAChE data
suggest the O-dealkylation of ethoxy group instead of
deamination of dimethylamine during the aging of these
ChEs [28].

According to proposed mechanism of O-dealkylation,
the His447 imidazolium stabilizes a developing negative
charge on the oxygen (C-0°" oxygen) of ethoxy substituent
of tabun-ChE conjugates, and a water molecule activated by
Glu202 attacks the newly appeared carbocationic center
(C°T-0 carbon), leading to breaking of C—O bond and
release of ethoxy group. The resulting negatively charged
phosphoryl oxygen forms a salt bridge with the catalytic
imidazolium residue [28]. The role of water in aging was
initially suggested by Nachon et al. [29] with crystallo-
graphic study of echothiophate-inhibited #ZBChE. Recently,
the X-ray crystal structure of aged tabun-ZAChE complexed
with fasciculin II also supports the dealkylation mechanism
during the aging process [30]. However, in another work, it
has been proposed that substitution-based aging also occurs
for the ABChE adduct of an N-methyl tabun analogue (TA4,
N-methyl-ethylphosphoramidofluoridate) and involves a
rearrangement of the trigonal-bipyramidal transition state
[31].

In this present article, we have explored the mechanism
of the aging process of OPs-inhibited AChE employing
quantum chemical calculations, which, however, was
mainly reported on the basis of mass and crystallographic
studies. The aging mechanisms of tabun-conjugated serine
(SUN) involving deamination (P-N bond breaking) and
O-dealkylation processes (C—O bond breaking) have been
examined at DFT method. We have also examined another
deamination process of aging, which involves a rear-
rangement of the trigonal-bipyramidal intermediate
reported recently [31]. The role of catalytic residue His447
toward the aging process has also been investigated. Fur-
ther, the aging process of tabun analogues TA4 is also
examined in the light that the later one proceeds via
deamination process involving the rearrangement
mechanism.

2 Computational methodology

Tabun-conjugated serine (SUN) residue was modeled from
reported PDB structure of tabun-conjugated acetylcholin-
esterase (PDB code: 2JEZ) [32]. The SUN was optimized
at B3LYP/6-314+G* level in aqueous medium, prior to
further use [33-36]. All calculations were performed with
Gaussian 09 suite program [37]. Full geometry optimiza-
tion of all stationary points was performed in aqueous
phase at B3LYP/6-314+-G* energy level with polarizable
continuum solvation model (PCM) using the integral
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equation formalism variant (IEF-PCM) [38-42]. The
default UFF radii were used for the solvent calculations,
which incorporate explicit hydrogen atoms [40]. In addi-
tion to this, full geometry optimization were also per-
formed at B3LYP/6-314+G* energy level with SMD
solvation model [43]. In SMD the “D” stands for “den-
sity” to denote that the full solute electron density is used
without defining partial atomic charges [43]. We have
reported the Gibbs free energy reaction profiles for the
studied systems.

The stationary points were characterized by frequency
calculations in order to verify that the transition structures
had one, and only one, imaginary frequency. To verify that
each saddle point connects two minima, intrinsic reaction
coordinate (IRC) calculations of transition states were
performed in both directions, that is, by following the
eigenvectors associated to the unique negative eigenvalue
of the Hessian matrix, using the Gonzalez and Schlegel
integration method [44, 45].

3 Results and discussion

All calculations were performed with tabun-conjugated
serine (SUN) moiety derived from tabun-inhibited acetyl-
cholinesterase. The B3LYP/6-314+G* calculated free
energy surface diagrams and optimized geometries for
O-dealkylation process are given in Figs. 1 and 2, respec-
tively. The O-dealkylation process of SUN molecule pro-
ceeds via a single-step Sy2 type mechanism involves attack
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Fig. 1 B3LYP/6-31+G* calculated free energy diagrams for the
O-dealkylation (black line) and the deamination (blue line) process of
tabun-conjugated serine (SUN) molecule in aqueous phase

of OH™ ion on the C-O carbon of ethoxy substituent. The
hydroxyl nucleophile is produced through activated water
molecule [29]. The B3LYP/6-314+G* calculated free
energy of activation was found to be 26.9 kcal/mol, which
proceeds through the transition state TSa (Fig. 1). The
calculated C—Opnydroxy) and C—Oyemoxy) bond distances are
2.213 and 1.867 A, respectively (Fig. 2). The transition-
state TSa leads to the products Pla and ethanol, which is
33.6 kcal/mol more stable than separated reactants (Fig. 1).
The overall reaction process is exergonic in nature.

Mass spectrometry (MS) analysis of aged products of
tabun-inhibited ZAChE and first crystallographic study of
mAChE suggested the deamination process of SUN mol-
ecule, which has also been explored [24, 26, 27]. It has
been speculated that deamination proceeds through a
nucleophilic substitution on the phosphorus atom and the
formation of a pentacoordinated trigonal-bipyramidal
intermediate [46]. Generally, the most favorable substitu-
tion corresponds to the nucleophile approaching the phos-
phorus atom from the opposite face of the leaving group
and thus occupying the apical position. The bonds between
apical atoms and the phosphorus atom are relatively longer
and weaker than the corresponding equatorial atoms.
Therefore, the departure of the leaving group would be
more favorable at the apical position [47]. In the deami-
nation process, hydroxide ion attacks to the phosphorus
center of SUN molecule opposite to dimethylamine group
and leads to the trigonal-bipyramidal intermediate with
hydroxide and dimethylamine group at apical positions.
The calculated free energy surface and the optimized
geometries for deamination process are given in Figs. 1
and 3, respectively. The formation of trigonal-bipyramidal
intermediate 1b proceeds via TS1b transition state with
activation free energy of 26.8 kcal/mol in the aqueous
phase at B3LYP/6-31+4+G* level of theory (Fig. 1). The
calculated P-O bond distances in TS1b and 1b are 2.146
and 1.804 A, respectively (Fig. 3). The complex formed
between the reactants SUN and OH™ was found to be
higher in energy than separated reactants in the aqueous
phase (Fig. S1, Supporting Information), which suggests
that the deamination process is not expected to be influ-
enced by the complex [SUN-OH] . The trigonal-bipyra-
midal intermediate 1b yields the aged product through the
second transition state TS2b (Fig. 1). The calculated free
energy of activation for TS2b is 40.5 kcal/mol with respect
to separated reactants. The calculated P-N bond distances
in 1b and TS2b are 1.821 and 2.703 A, respectively. It
seems that free energy barrier for TS2b is much higher
than first transition state TS1b, which suggests that the
P-N bond breaking process is the rate-determining step for
the deamination pathway. The formation of product P1b is
endergonic in nature by 17.9 kcal/mol (Fig. 1). This
endothermicity presumably arises due to the formation of
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SUN

TSa Pla

Fig. 2 B3LYP/6-31+G* optimized geometries and selected bond distances (A) for species involved in the O-dealkylation process of tabun-
conjugated serine (SUN) molecule in aqueous phase. (red oxygen, blue nitrogen, white hydrogen, yellow phosphorus, gray carbon)

Fig. 3 B3LYP/6-314+G* optimized geometries and selected bond
distances (1&) for species involved in the deamination process of
tabun-conjugated serine (SUN) molecule in aqueous phase. (red
oxygen, blue nitrogen, white hydrogen, yellow phosphorus, gray
carbon)

dimethylamine anion, which might not be the case in the
buffered environment of the enzyme. Presumably in the
full enzymatic system, the product can possibly rearrange
to P2b + (CH3),NH, which is 61.0 kcal/mol stable than
P1b + (CH3),N~ (Figs. 1, 3). We have shown that the
incorporation of imidazole moiety can further facilitate
the overall process to be exergonic in nature (vide infra).
The calculated free energy profiles for O-dealkylation and
deamination processes suggest that the former process is
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kinetically more favorable. This observation corroborates
the crystallographic studies [28, 30].

Recently, on the basis of X-ray crystallographic study,
Nachon et al. [31] have reported that the hBChE conju-
gated with N-mono methyl analogue of tabun (TA4) is
crowded opposite to methylamino group and suggest the
attack of water molecule from one of the open faces,
adjacent to the methylamino substituents. They have also
indicated that the water molecule can approach opposite to
the ethoxy group, as this face is more open, and the
approaching molecule can be stabilized by hydrogen
bonding to Glul97 and activated by His438 [31]. This
attack is expected to lead to the formation of trigonal—
bipyramidal intermediate with ethoxy and hydroxyl group
at apical positions. The proposed deamination process can
be facile, if the dimethylamine group moves from its ori-
ginal equatorial to apical position in the rearrangement
process (Scheme 1).

We have also explored the rearrangement deamination
mechanism for tabun-inhibited serine, which, however, is
not reported experimentally as a probable pathway for the
aging in this case. The B3LYP/6-31+G* calculated free
energy profile and calculated optimized geometries are
shown in Figs. 4 and 5, respectively. The calculated free
energy of activation for the attack of OH™ ion on the
phosphorus center opposite to ethoxy substituent as sug-
gested by Nachon et al. is 26.3 kcal/mol (TS1c), which
leads to the formation of trigonal-bipyramidal intermediate
1c with hydroxide and ethoxy groups at apical position
(Figs. 4, 5). Trigonal-bipyramidal intermediate 1c¢ under-
goes a rearrangement process through the transition state
TS2c¢ and gives another trigonal-bipyramidal intermediate
2¢ with dimethylamine group at the apical position. This
rearrangement process proceeds with activation free energy
of 7.5 kcal/mol with respect to 1c (Fig. 4). The calculated
bond angles for O—P-Opyqroxy) are 92.4° and 124.5°, and
for O-P—Oethoxy) are 95.8° and 121.8° for 1c and 2,
respectively, suggesting the progression of movement of



Theor Chem Acc (2012) 131:1175

Page 5 of 9

o (0]
k ” / L |
O/P\‘”'(”l\j\ O—F—o0H
OH —> A //N/ —
S S
Ser L Ser ]

Ser??ﬁ (l)
/ (CH3),NH 0
0—P—N : >
S\ N2 Ser, ..
O B_H e Y
N 0 \ )

Scheme 1 Proposed deamination pathway of tabun-conjugated serine (SUN) molecule involved rearrangement of intermediate

ethoxy and hydroxyl groups from apical to equatorial
positions. Finally, the P-N bond breaking process proceeds
through the transition state TS3c with 22.1 kcal/mol free
energy of activation. This free energy diagram indicates
that the attack of OH™ on the phosphorus center of SUN is
the rate-determining step, and the deamination products
formation is exergonic in nature (Fig. 4). The calculated
results show that the deamination pathway proposed by
Nachon et al. is energetically more facile compared to the
other deamination process. These results suggest that the
O-dealkylation process and deamination process involving
rearrangement mechanism can compete for the aging of
tabun-inhibited AChE (Figs. 1, 4). According to the pro-
posed mechanism, the His447 imidazolium participates in
the O-dealkylation process via stabilizing the negative
charge on the polarized C-O oxygen of ethoxy substituent
[28]. Therefore, we have decided to explore the role of
His447 in the aging process of the tabun-inhibited AChE.
Additional calculations were performed with SUN mole-
cule interacted with imidazole ring of His447 residue (1)
(Fig. 6). The calculated activation free energy for O-deal-
kylation process is 23.9 kcal/mol, which is 3.0 kcal/mol
less than activation free energy calculated without imid-
azole ring (Figs. 1,7). This clearly supports the influence of
His447 during O-dealkylation process. The imidazole ring
was found to be hydrogen bonded with the Omoxy) atom
during the process (Fig. 8). The N-H---O distance in tran-
sition state 1-TSa is 1.851 /ok, which further decreases to
1.745 A in product 1-Pla.

In the deamination process, the activation free energy
for hydroxide ion attack on phosphorus center is 22.7 kcal/
mol, which is 4.1 kcal/mol less than barrier calculated
without imidazole ring (Figs. 1, 7). The lowering in free
energy barrier is observed due to hydrogen bonding of the
nitrogen of dimethylamine group with the imidazole ring.
The movement of the imidazole ring was noticed during
the optimization of transition state 1-TS1b from ethoxy
oxygen to nitrogen of dimethylamine group (Fig. 9). This
process shows that the P-N bond breaking is exergonic in
nature with the involvement of the imidazole ring (Fig. 7).
Interestingly, the imidazole ring transfers the proton to the
leaving dimethylamine group in the P-N bond breaking
process. The trigonal-bipyramidal intermediate 1-I1b
proceeds to another intermediate 1-12b through barrier less

TS1c TS2¢

Free Energy (kcal/mol)

Reaction Coordinate —8¥ >

Fig. 4 B3LYP/6-31+G* calculated free energy diagram for deam-
ination process of tabun-conjugated serine (SUN) molecule in
aqueous phase involved rearrangement of trigonal-bipyramidal
intermediate

hydrogen transfer transition state 1-TS2b (Fig. 7). The free
energy of activation for the proton transfer was found to be
-0.9 kcal/mol; however, the electronic energy of activation
in the solvated state was 1.1 kcal/mol (Fig. S2, Supporting
Information). The product 1-P1b is 24.6 kcal/mol more
stable than reactants. The product 1-P1b is most likely to
be formed in this isolated system, while in the full enzy-
matic system, the product can possibly rearrange to the
proper protonation state 1-P2b presumably through the
participation of solvent molecules. This can lead to
the more stabilized product (1-P2b) by 22.8 kcal/mol than
that of 1-P1b (Figs. 7,9).

The calculated free energy surface with imidazole ring
for deamination mechanism proposed by Nachon et al. is
similar to the free energy surface calculated without imid-
azole ring (Figs. 4, 7). However, the calculated free energy
barrier for rate-determining step is 5.3 kcal/mol lower than
the barrier obtained in the absence of imidazole ring
(Figs. 4, 7). The calculated geometries are given in Fig. 10.
The DFT calculated results show that the O-dealkylation
and the deamination processes are largely comparable for
the aging of tabun-inhibited AChE with slight preference
toward the rearrangement mechanism (Fig. 7).
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95.8°

TS3c¢ Plc

Fig. 5 B3LYP/6-31+G* optimized geometries, selected bond dis-
tances (A), and bond angles (°) for species involved in the
deamination processes of tabun-conjugated serine (SUN) molecule
in aqueous phase involved rearrangement of trigonal-bipyramidal
intermediate. (red oxygen, blue nitrogen, white hydrogen, yellow
phosphorus, gray carbon)

1 2

Fig. 6 B3LYP/6-31+G* optimized geometries and O H distances
(A) for tabun-inhibited serine with imidazole ring (1) and TA4-
inhibited serine with imidazole ring (2) in aqueous phase. (red
oxygen, blue nitrogen, white hydrogen, yellow phosphorus, gray
carbon)

The importance of deamination process involving rear-
rangement of TBP intermediate was obtained with the
N-mono methyl analogue of tabun (TA4) [31]. Therefore,
we have examined the competing aging processes of TA4-
inhibited serine 2, with B3LYP/6-31+G* level of theory
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Fig. 7 B3LYP/6-31+G* calculated free energy diagrams for the
O-dealkylation (black line) and deamination (blue line) processes of
tabun-conjugated serine molecule (1) in aqueous phase. Free energy
diagram for deamination process that involved rearrangement of
trigonal-bipyramidal intermediate is also given (red line)

1-TSa

1-Pla

Fig. 8 B3LYP/6-31+G* optimized geometries and selected bond
distances (A) for species involved in the O-dealkylation processes of
tabun-conjugated serine molecule (1) in aqueous phase. (red oxygen,
blue nitrogen, white hydrogen, yellow phosphorus, gray carbon)

(Fig. 6). The calculated free energy diagrams for the
O-dealkylation and deamination processes for TA4-inhib-
ited serine (2) are almost similar to that of tabun-inhibited
serine (1) (Figs. 7, 11). In the deamination profile, two
transition states 2-TS2b and 2-TS3b have small negative
free energy barrier; however, they have positive electronic
energy barriers and connected through IRC (Fig. S3 Sup-
porting Information). However, the calculations performed
for the deamination process of 2 via rearrangement
mechanism as proposed by Nachon et al., showed that the
free energy of activation for hydroxide ion attack on
phosphorus center is much lower compared to the tabun-
inhibited serine (1). The lowering in free energy of
activation in this case arises due to the intermolecular
hydrogen bonding between the amine hydrogen of 2 and
the hydroxide ion in transition state 2-TSle (Fig. S4c,
Supporting Information). Further, note that the hydrogen
bonding can also be formed between 2 and OH™ ion in the
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Fig. 9 B3LYP/6-31+G* optimized geometries and selected bond
distances (A) for species involved in the deamination processes of
tabun-conjugated serine molecule (1) in aqueous phase. (red oxygen,
blue nitrogen, white hydrogen, yellow phosphorus, gray carbon)

form of a complex, as observed in the transition state.
Therefore, additional calculations have been performed to
obtain the complex [2 + OH™], which is 5.3 kcal/mol
more stable than the respective isolated reactants. The
calculated activation barrier for 2-TS1c with respect to the
complex [2 + OH ] is 17.4 kcal/mol, which is still lower
than corresponding activation barrier calculated for tabun-
inhibited serine 1. Such a lower energy complex was not
observed in the case of 1 with OH™ ion (Fig. S5,

1-TS3c 1-P1c

Fig. 10 B3LYP/6-314-G* optimized geometries, selected bond dis-
tances (/0\), and bond angles (°) for species involved in the
deamination processes of tabun-conjugated serine molecule (1) in
aqueous phase involved rearrangement of trigonal-bipyramidal
intermediate. (red oxygen, blue nitrogen, white hydrogen, yellow
phosphorus, gray carbon)

+21.1
2-12¢

2-TS3b
2+OH"

1-P2b +
NH,CH,

Free Energy (kcal/mol)

1-Ple+
NH,CH;

Reaction Coordinate —»

Fig. 11 B3LYP/6-314-G* calculated free energy diagrams for the
O-dealkylation (black line) and deamination (blue line) process of
TA4-conjugated serine molecule (2) in aqueous phase. Free energy
diagram for deamination process that involved rearrangement of
trigonal-bipyramidal intermediate is also given (red line)

Supporting Information). In the case of 2, the P-N bond
breaking step is the rate determining in the free energy
surface diagram with the activation free energy of
16.0 kcal/mol to separated reactants. The overall free
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energy surface suggests a clear preference for the deami-
nation process via rearrangement mechanism for 2, which
supports the crystal study [31].

In addition to calculations with IEF-PCM solvation
model, calculations were also performed using SMD sol-
vation model [43]. SMD is a universal solvation model,
where “universal” denotes its applicability to any charged
or uncharged solute in any solvent medium for which a few
key descriptors are known (in particular, dielectric con-
stant, refractive index, bulk surface tension, and acidity and
basicity parameters) [43]. This model is recommended for
absolute solvation energies and other properties for which
the non-electrostatic terms are significant [43]. Full opti-
mizations were performed for all studied mechanisms of
the aging process of tabun-inhibited and TA4-inhibited
serine. The calculated free energy barriers with SMD sol-
vation model are higher than free energy barriers calculated
with IEF-PCM solvation model. Overall, the predictions
delivered using SMD solvation model seem to be similar to
that of IEF-PCM solvation model for the aging processes
of SUN and TA4-inhibited serine (Figs. S6, S7, S8, and S9,
Supporting Information).

4 Conclusions

In this work, we have carried out the mechanism of the
aging process of tabun-conjugated AChE and its analogue
TA4 with DFT B3LYP/6-314+G* calculations. The
O-dealkylation (C-O bond breaking) and deamination
(P-N bond breaking) pathways have been examined as
suggested by mass and crystallographic studies. O-dealky-
lation process has been predicted to be a one step Sn2 type
mechanism, whereas the deamination process proceeds via
two steps addition—elimination reaction at the phosphorus
center of SUN molecule. Further, the recently proposed
deamination mechanism by Nachon et al. has also been
examined with the tabun-conjugated AChE. This deamina-
tion mechanism of aging of tabun-conjugated AChE
involves the rearrangement of the TBP intermediate. The
rearrangement of TBP intermediate involves the movement
of dimethylamine group from equatorial to apical position.
The model study performed with tabun-conjugated AChE
showed that the O-dealkylation and deamination involving
the rearrangement processes are largely comparable in this
case. The incorporation of imidazole group of catalytic res-
idue His447 showed marked decrease in the free energies of
activation for all the studied reaction pathways. The calcu-
lations performed with both IEF-PCM and SMD solvation
models suggest that O-dealkylation and deamination pro-
cesses are rather comparable in nature in the case of tabun-
inhibited serine. Full dynamical study with complete enzy-
matic environment may shed some more light in the aging
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process of tabun-inhibited AChE. However, in the case of N-
mono methyl tabun analogue, TA4 showed that the deami-
nation with the rearrangement process is markedly preferred,
which supports the Nachon et al. [31] proposal based on the
crystallographic studies. This study infers that the analogues
considered for the aging process may not always correlate
well with the real substrates.
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