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No presente trabalho foi aplicada uma metodologia teórica desenvolvida em um trabalho 
anterior que utiliza os programas Molegro® e Spartan® para avaliar as constantes cinéticas de 
associação e reativação de oximas, em relação a resultados in vitro previamente reportados na 
literatura. Como observado antes, os resultados mostraram boa correlação entre as energias livres 
teóricas de ligação das oximas e os dados experimentais, corroborando a metodologia como 
adequada para a predição de parâmetros cinéticos e termodinâmicos, os quais podem ser úteis 
para o planejamento e seleção de novas e mais efetivas oximas.

In this work we applied a theoretical methodology developed in a former work, using the 
Molegro® and Spartan® softwares, to evaluate the association and kinetic reactivation constants of 
oximes, facing in vitro data previously reported in the literature. As reported before, results showed 
a good agreement between the theoretical binding free energies of the oximes and experimental 
data, corroborating the methodology as suitable for the prediction of kinetic and thermodynamic 
parameters that might be helpful for the design and selection of new and more effective oximes.
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Introduction

The action of the nerve agents1,2 as inhibitors of the 
enzyme acetylcholinesterase (AChE) stops the hydrolysis 
of the neurotransmitter acetylcholine and can lead to an 
irreversible inhibition of this enzyme (aging) thus triggering 
the cholinergic syndrome.3 To avoid this it’s necessary 
a nucleophile, like an oxime, whose hydroxyl group is 
believed to be able to remove the nerve agent from the active 
site and reactivate AChE (Scheme 1). This reactivation 
reaction (illustrated in equation 1) involves, first, the 
association of the oxime to the inhibited enzyme (EIOx) 
and then the reactivation of the enzyme by the leaving of 
the oxime complexed to the neurotoxic agent (I-Ox).4,5

 KR kr
EI + Ox  EIOx   E + I-Ox (1)

Where KR and kr are the dissociation constants, which 
represent the affinity of oximes for the inhibited AChE, 
and the rate constant for the decomposition of the stable 
enzyme-inhibitor-reactivator complex, respectively.4,5

The literature reports many structurally different oximes 
able to perform the reactivation of AChE inhibited by 
several different nerve agents, but one structure able to act 
efficiently against all the existing neurotoxic agents has not 
yet been reported4,5 and oximes that are efficient against 
one specific nerve agent can be completely ineffective with 
another.2-6 Several molecular modelling studies available 
in literature point out to important features on the oximes 
structures that could be very useful to guide experimental 
research on this issue.7-19 In a former work4 we have 
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contributed to some degree to this kind of work, employing 
docking studies and DFT calculations for evaluation of 
KR and kr of oximes in Mus musculus AChE (MmAChE) 
inhibited by tabun, using Molegro® Virtual Docker 2006 
(MVD),20 Spartan08®,21 and Gaussian 98®,22 softwares. 
Here we applied the same methodology to evaluate these 
constants in a new set of oximes for MmAChE inhibited 
by the nerve agent cyclosarin. Our results corroborated 
this methodology as suitable for the prediction of kinetic 
and thermodynamic parameters for oximes that might 
be helpful for the design and selection of new and more 
effective oximes.

Methodology

Ligands data set and docking energy calculations

The in vitro data of KR and kr for the oximes studied 
in this work (Figure 1) regarding AChE inhibited by 
cyclosarin, were reported by Kassa et al.5 Crystallographic 
coordinates of MmAChE phosphonylated by sarin and 
complexed with the oxime HI-6 (PDB code: 2WHP)23 
were taken from the Brookhaven Protein Data Bank23 
and had the crystallographic water molecules removed 
in the SPDBViewer software24 for the best performance 
of the calculations due to the existence of hydrophobic 
areas distinct from the binding site inside AChE.25 The 
sarin structure inside the crystallographic structure of 
MmAChE was completed through the insertion of the group 
–CH2CH2CH2– using the software Spartan08®,21 (MMFF94 
force field) in order to afford the 3D structure of MmAChE 
phosphonylated by cyclosarin. The 3D structures of each 
inhibitor were built based on the bioactive conformation 
of HI-6 inside this structure, and subsequently, the 

overall geometry optimizations and partial atomic charge 
distribution calculations were performed with the same 
program using the AM1 semi-empirical molecular 
orbital method.22 These QM electrostatic charges were 
incorporated in the AMBER force field in order to evaluate 
coulomb interactions in the docking procedure.

In the same way as before,4 the compounds were docked 
into the MmAChE binding site using MVD®, a program for 
predicting the most likely conformation of how a ligand 
will bind to a macromolecule. The MolDock scoring 
function (MolDock score) used by MVD® is derived from 
the PLP (piecewise linear potential) and further extended 
in GEMDOCK (generic evolutionary method for molecular 
DOCK) with a new hydrogen bonding term and new 
charge schemes.20 The docking search algorithm used in 
MVD® is based on interactive optimization techniques 
inspired by the Darwinian evolution theory (evolutionary 
algorithms-EA). Binding sites were restricted within 
spheres with radius from 10 to 15 Å, according to the 
ligand size, centered at the HI-6 binding site in the protein 
complex and enclosing all the active site residues. Ligand 
molecules and a subset region composed of all amino acid 
residues (side chain) having at least one atom within 12 Å 
of the center of the HI-6 were considered flexible during 
the docking simulation. Due to the stochastic nature of the 
ligand-protein docking search algorithm, about 10 runs 
were conducted and 30 docking solutions were retained 
for each ligand. The best superimposing poses related to 
HI-6 were chosen for the analysis performed in this work.

DFT studies

From the selected structures with the docking procedure, 
QM/MM techniques were performed to determine the 

Scheme 1. Inhibition, desinhibition and aging of AChE. X is the leaving group.
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preferred route for the reactivation process, combining 
docking techniques and DFT calculations at the QM/MM 
interface for the enzymatic mechanism. The QM/MM 
approach seeks to partition the target system under study 
into QM and MM regions. On the technical side, we have 
applied a procedure combining docking techniques and DFT 
calculations at the QM/MM interface for the enzymatic 
mechanism. The hydrogen is employed as the link atom 
to saturate the free valency, so that the electronic effects 
resulting from QM/MM partitioning are minimized. The 
current research utilized the ONIOM methodology.26 All 
classical molecular mechanics (MM) calculations have 
been performed with AMBER all-atom force field.27,28 The 
QM calculations were carried out in the Spartan08®21 and 
Gaussian98®22 packages. The QM regions were cut out 
from the docking results in the SPDBViewer software24 and 
consisted of residues, neighboring peptide bonds, link atoms, 
crystallographic water molecules, ligand and cyclosarin 
inside a sphere with radius of 15 Å, centered at each oxime.

The initial coordinates for the heavy atoms were 
taken from the crystal structure. All the transition states, 
intermediates and precursors involved were calculated. 
Each conformer was fully optimized at the DFT level 
with B3LYP/6-31G(d,p).29,30 Furthermore, after each 
optimization, a force constant calculation was made in order 
to verify whether the optimized structures were indeed local 
minima (no imaginary frequencies) or transition states (one 
imaginary frequency).

Results and Discussion

Docking results

After docked inside the MmAChE active site, the oximes 
(Figure 1) had all their reasonable binding orientations 
for the MmAChE reactivation investigated, according to 
a search of the conformational space for different ligand 
orientations performed by MVD®.20 As mentioned before the 
water molecules were removed to perform the calculations 
due to the hydrophobic site for the alkoxy leaving group of 
the substrate, including residues Trp86(84), Tyr337(330), 
and Phe338(331), which are among the key elements 
maintaining the functional architecture of the active center, 
contributing to the stabilization of the Michaelis-Menten 
complexes.31 The low-energy interaction modes were, then, 
chosen for further minimizations.4 From the molecular 
docking simulations performed between each studied 
compound and the enzyme, the binding modes with the 
lowest docked energies were selected.4

Our findings suggest that the correlation between 
theoretical and experimental data is satisfactory. The 
identification of low-energy conformation is an important 
step in the understanding of the relationship between 
structure and biological activity of a molecule. It should be 
kept in mind, however, that derived data on the bioactive 
conformation from experimental results should serve as 
verification wherever possible32,33

Figure 1. Structures of the oximes studied.
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As shown in Table 1, the oxime with the most promising 
in vitro data was K005. The favorable orientation of this 
oxime inside the MmAChE active site involves five hydrogen 
bonds, with the residues Tyr124, Trp286, Phe295, Arg 296 
and Phe338 respectively. Besides, the oxime with the least 
favorable in vitro data (BI-6) was able to perform only 2 
hydrogen bonds (with the residues Tyr124 and Glu285).

Table 1 presents the predicted dissociation free energies 
of the oximes with AChE and the experimental values 
reported by Kassa et al.,5 in the same way as demonstrated 
before for MmAChE,4 thus confirming our former findings 
that we can give a more quantitative explanation to the 
structure-activity relationship of the inhibitory mechanism 
for these inhibitors based on the binding free energies and 
their correlation with KR of the inhibited enzyme-reactivator 
complexes.4

Mechanistic studies

The design of new and more selective reactivation 
agents depends on the understanding of the oxime 
reactivation process mechanism. Also the dynamic effects 
on both, the reaction mechanism and ligand orientation 
should be kept in mind. The mechanism goes through an 
addition-elimination pathway.4 This QM/MM study is a first 
step in understanding the interaction between cyclosarin 
inhibited MmAChE and reactivators in a theoretical way.

Table 2 presents the kinetic parameters and DDE# 
predicted by theoretical calculations of the oximes and the 
experimental values reported by Kassa et al.5 However, in 
our present study, we have compared the DE values between 
the transition state and the initial system for each oxime. 
In this way, we have obtained the tendency of reactivity 
of oximes, avoiding thus the direct computation of the 
absolute energy values. The correlation among these values 
is better expressed in the plot of Figure 2 and demonstrates 
that the kinetic parameters and the experimental values are 
reasonable, in the same way as demonstrated before.4 In fact, 
a deeper analysis of our findings shows that just methoxime 
does not follow the experimental tendency. We believe that 
a different conformation of methoxime in the AChE active 
site is due to a shorter carbon chain between aromatic rings. 
As mentioned, a good agreement between the calculated 
and experimental geometries for the ligands was observed 
from our calculations. After the optimization of the selected 
conformers, a force constant calculation was carried out to 
assure that the structures reported in Table 2 are all transition 
states. Thus, we have used the same computational procedure 
previously employed successfully for tabun-inhibited 
MmAChE4 and on similar systems.29,30 Again an extra 
stabilization of the transition state was observed through 
long-range interactions, such as cation-p, p-p staking or 
electrostatic interactions, this time with the residues Tyr124, 
Glu285, Trp286, Phe295, Arg296 and Ser298.

Table 1. Energy values for MmAChE reactivators in the active site and 
dissociation constants of the inhibited MmAChE-reactivator complex

ligand
pKR* / 

(mmol L-1)
DE** / 

(kcal mol-1)
residue

strength 
bond / 

(kcal mol-1)

dist. / 
Å

K005 5.30 –143.48

Phe338
Phe295
Tyr124
Arg296
Trp286

–0.68
–2.16
–1.35
–2.50
–0.95

3.46
3.17
3.33
2.72
2.75

HI-6 4.92 –142.98

Tyr124
Tyr124
Tyr124
Tyr124
Ser298
Ser298

–1.90
–2.50
–2.50
–1.32
–2.50
–2.50

3.22
2.79
2.87
3.33
2.97
3.10

methoxime 4.82 –142.32

Thr83
Tyr337
Tyr337
Tyr341
Tyr124
Tyr124
Ser298
Ser298

–0.69
–2.50
–2.16
–2.50
–2.50
–1.53
–2.33
–1.49

3.46
2.97
3.17
2.61
2.95
3.29
3.13
3.30

K033 4.70 –142.86

Trp286
Arg296
Arg296
Phe295
Tyr124
Tyr124

–0.11
–2.50
–2.50
–0.52
–1.22
–0.50

3.56
2.82
3.01
3.05
3.35
3.50

HS-6 4.35 –142.67
Tyr124
Tyr124
Phe295

–2.50
–2.50
–2.50

2.80
3.09
3.08

HLö-7 3.00 –141.91

Arg296
Tyr124
Tyr124
Tyr124
Tyr124

–1.33
–2.50
–2.50
–2.50
–2.46

3.34
2.72
3.09
2.83
3.11

BI-6 1.00 –140.21
Glu285
Tyr124

–2.28
–1.30

3.14
3.34

*Experimental data; **theoretical data.

Table 2. Relative activation energies of the transition states and kinetic 
parameters

ligand kr 
a / 

min-1

DDE# b / 
(kcal mol-1)

frequency / 
cm-1

HI-6 0.350 220.85 i5.15

BI-6 0.150 170.43 i64.21

methoxime 0.240 132.00 i16.59

HS-6 0.156 131.12 i13.68

K033 0.095 82.34 i5.21

K005 0.010 31.96 i74.20

HLö-7 0.008 0.00 i2.31

aRate constants of reactivation;5 bDDE# = ELIGi - EHLö-7.
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We believe that, here, the stabilization of the transition 
state is favored by hydrogen bonding with the closest 
amino acids residues: Tyr124, Trp286, Phe295, Arg296 
and Phe338 which orient the oxime toward the adequate 
TS geometry. In that conformation (Figure 3), the oxime 
interacts more strongly with cyclosarin. Furthermore, the 
long-range interactions among the oximes and the other 
amino acids could also take place, such as the cation-p 
interactions with Phe295, Tyr337, Phe338 and Tyr341; 
electrostatic interactions with Glu285 and a p-p staking 
interaction among the oxime’s pyridinium ring, Tyr124 
and Trp286 (see Figure 4), which occurs in the transition 
state geometry. Thus, our theoretical data point out that the 
oximes K005 and HLö-7 could be promising cyclosarin 
inhibited-AChE reactivators. K005 is considered one of 
the best reactivators of cyclosarin-inhibited AChE and 
shows good KR results (Table 1) and a high affinity for the 
intact enzyme (like HLö-7) showing, consequently, a high 

reactivity with the enzyme (Table 2). However, the excess 
of those oximes can also inhibit the reactivated enzyme.4,5

Conclusions

Our results again showed good agreement between 
the theoretical dissociation free energies of the oximes 
and experimental data, corroborating the methodology 
used for the prediction of kinetic and thermodynamic 
parameters that might be helpful for the design of new 
AChE reactivators. Our findings suggest that the binding 
process of oximes in MmAChE is favorable through the 
amino acids residues Tyr124, Trp286, Phe295 and Arg296. 
We observed again that the number of hydrogen bonds with 
Tyr124 is a key feature to determine the oxime binding 
mode. Regarding the reaction pathway, we noticed that 
the amino acid residues Tyr124, Trp286 and Arg296 are 
responsible for the transition state stabilization. Finally, the 
results obtained here corroborate deeply with our previous 
study,4 reinforcing the idea that the calculated kinetic 
parameters might be helpful for the design and selection 
of new and more effective oximes.
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