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Neste trabalho, após validação por comparação com resultados obtidos por DFT, os métodos 
semi-empíricos PM6 e RM1 foram utilizados para análise conformacional de três oximas usadas 
em defesa química. Os resultados sugerem conformações de menor energia destes compostos 
que poderão ser utilizadas em futuras parametrizações para estudos por modelagem molecular.

In this work, after validation by comparison with results obtained by DFT, the semi-empirical 
methods RM1 and PM6 were employed to perform conformational analysis of three oximes 
employed in chemical defense. The results suggested low energy conformations for those 
compounds that could be useful in further parameterizations for molecular modeling studies.
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Introduction

The intensive use of neurotoxic organophosphorous 
compounds (OPCs) as pesticides in agriculture, as well as 
their potential use as chemical warfare agents, has attracted 
the attention of the scientific community to develop efficient 
antidotes for this class of poisons.

One particularly important family of chemicals used in 
tactical warfare is the group broadly defined as nerve agents. 
They are closely related in chemical structure and biological 
action to many commonly used organophosphorous 
insecticides, but they are much more lethal.

Nerve agents are esters of phosphoric acid that act 
as potent inhibitors of acetylcholinesterase (AChE), a 
fundamental enzyme for terminating neurotransmissions 
in all living animals. These compounds inhibit all 
AChEs, including the human enzyme (HuAChE), by 
phosphylating a serine hydroxyl group (Ser203 in 
HuAChE), which is directly responsible for the hydrolysis 
of the neurotransmitter acetylcholine. This reaction occurs 
very rapidly and can lead to irreversible inhibition by a 
process called aging.1 Before aging, the inhibition of AChE 

can be reversed through dephosphylation of the serine 
residue by a nucleophile, usually an oxime (Figure 1).

Despite the existence of many different oximes in 
use today as antidotes against intoxication by neurotoxic 
agents, the literature has yet to report a universal oxime 
that is able to act efficiently against all existing neurotoxic 
agents. What has been observed experimentally is that 
oximes efficient in the treatment of intoxication by one 
specific nerve agent can be completely ineffective against 
another.2-5 This probably happens because the mechanism 
of these compounds inside the AChE active site has not 
been fully elucidated yet. Some relevant factors required 
for obtaining a better understanding of this mechanism, 
like the orientation of the phosphoryl bond inside the 
active site, the proper charge and conformation of the 
oxime and the optimal angle for attacking the phosphylated 
serine, remain unknown.6 Theoretical studies have shown, 
for example, that the appropriate conformation is a 
fundamental requirement for the oxime to enter into the 
AChE active site’s gorge,6-10 reinforcing the importance 
of conformational analysis studies of these compounds.

Several models of the mechanism and differences in 
activities among oximes have been proposed in the literature.6-12 
A docking energy calculation by Castro et al.11 showed that 
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pralidoxime (2-PAM), one of the oximes most commonly 
used as an antidote against neurotoxic agents, in its lowest 
energy conformation, E-anti-anti, remained in a possible 
reactivation region in the AChE active site. This observation 
was confirmed by molecular dynamics simulations, where the 
E-anti-anti conformation and the positive charge of 2-PAM 
(+1) were shown to be fundamental for its permanence inside 
HuAChE´s active site.12

In the present work, we performed conformational 
analysis studies using semi-empirical methods for the 
determination of possible global and local minima in each 
of the three different oximes: Toxogonine,13 TMB-414,15 and 
HI-6.16 The results obtained will be useful in parameterizing 
these molecules for further molecular modeling studies of 
their potential as AChE reactivators.

Methodology

The structures of Toxogonine, TMB-4 and HI-6 
were built manually with GHEMICAL 2.1017 using the 
TRIPOS 5.2 force field.18 Classical optimizations were 
carried out followed by a random conformational search 
using GHEMICAL 2.10,17 in order to find structures near 
possible global minima. Then, the semi-empirical methods 
RM119 and PM620 implemented in MOPAC 200720 were 
used in two principal dihedral angles in those molecules, 
denoted Φ

1
 and Φ

2
 in Figure 2, which could causes further 

steric effects between two or more groups (i.e., aromatic 
rings) after optimizing the other degrees of freedom in the 
molecules.

The validations of RM1 and PM6 for conformational 
analysis were performed by calculations using the 
GAUSSIAN 2003 software package.21

Both dihedral angles, Φ
1
 and Φ

2
, were scanned from 0 

to 360 degrees in 5-degree steps. This was performed with 
the MOPAC 200720 software package using the following 

keywords in the input file: PRECISE CHARGE=+2 RM1 
(or PM6) STEP=5 POINT=72 EF NOXYZ COMPFG GEO-
OK GRADIENTS, where CHARGE is the total charge of 
the system and the STEP and POINT keywords describe a 
coordinate as a dynamical coordinate, i.e., bond, angle and/or 
dihedral variation. In our case, the number of steps multiplied 
by the number of points gave us the total number of scanned 
angles (5 × 72 = 360). For each compound, we created two 
input files, one using the RM1 method and the other using 
the PM6 method. Each output file was parsed by a custom 
FORTRAN program (see supplementary information) 
to extract the XY coordinates in order to facilitate the 
comparison of the dihedral angle and DH

f
.

Results and Discussion 

It is important to mention here that the decision to only 
perform the conformational analysis on the dihedrals Φ

1
 and 

Φ2 described in this work was supported by the following 
reasons: (i) Energetically, Φ

1
 and Φ2 are the dihedrals related 

to the highest energy points in Toxogonine, TMB-4 and 
HI-6 and, consequently, to the highest barriers of energy; (ii) 
Variations of these dihedrals intensify repulsions between 
two or more groups with the same charge, like aromatic 
rings; (iii) In order to avoid poor parameterizations and, 
consequently, trapping the molecule in local minima, it 

Figure 1. Inhibition, disinhibition and aging of acetylcholinesterase. X is the leaving group.

Figure 2. Oximes used in this work with dihedrals f1 and f2 in focus.
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is of fundamental importance to obtain information about 
putative minima obtained by the conformational analysis 
of those dihedrals; (iv) Variations in the other dihedrals in 
Toxogonine, TMB-4 and HI-6 do not cause enough steric 
effects to cause problems in further parameterizations.

In order to validate the RM1 and PM6 methods for the 
conformational search, we have performed the Φ2 dihedral 
variation of HI-6 from 0 to 180 degrees using DFT,22,23 
with B3LYP24,25 and 6-31 G (d,p) basis sets and the RM1 
and PM6 methods and compared the energy values and the 
energetic barriers found with each.26 In this case, despite 
small differences in the minimal and maximal energies, the 
RM1, PM6 and DFT methods presented similar profiles, 
as can be seen in Figure 3. The highest and lowest energy 
points were located, respectively, at 20 and 140 degrees 
with DFT, 60 and 170 degrees with RM1 and at 40 and 
160 degrees with PM6.

The energetic barriers computed from each method 
are presented in Table 1. The difference in the barriers 
calculated by DFT and RM1 was 1.41 kcal mol-1 (11.38-
9.97 in Table 1), and that between DFT and PM6 was 
1.78 kcal mol-1 (11.38-9.60 in Table 1). These deviations 
are consistent with data already reported in the literature.19,20

After searching the points of maximal energy, it was 
also necessary to perform a vibrational analysis of the 

stationary points found in the conformational analysis, in 
order to unequivocally characterize them as true energy 
maxima.26 This was done for Φ2 = 140o using DFT/B3LYP 
6-31G(d,p), Φ2 = 170o using RM1 and Φ2 = 160o using 
PM6. The single negative frequency vibrations found 
for DFT, RM1 and PM6 were 62.94i cm-1, 55.70i cm-1 
and 42.2i cm-1, respectively. The occurrence of a single 
imaginary frequency indicated that a good transition 
state (TS) had been located, and the vibrational analysis 
confirmed it as a true saddle point.

For a final validation of the RM1 and PM6 methods for 
use in our conformational analysis, we calculated the root 
mean square deviations (RMSD) of the three TS geometries 
of HI-6 acquired by the RM1, PM6 and DFT methods. 
As shown in Figure 4, the three geometries presented a 
very good superimposition, with an RMSD of 0.269 Å 

Figure 3.  f2 dihedral variation of HI-6, from 0 to 180 degrees, using DFT, B3LYP and the 6-31 G (d,p) basis set for the RM1 and PM6 methods. 

Table 1. Energetic barriers acquired from the methods DFT, RM1 and 
PM6 for the dihedral f

2
 in HI-6

Method Energetic barriers*

DFT/B3LYP 6-31G** 11.38

RM1 9.97

PM6 9.60

*kcal mol-1.

Figure 4.  Superimposition of the three transition state (TS) geometries of HI-6 acquired by the RM1, PM6 and DFT methods.
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between DFT and RM1, 0.394 Å between DFT and PM6 
and 0.194 Å between DFT and PM6.

After the validation of these methods, conformational 
analyses of Toxogonine, TMB-4 and HI-6 were performed 
using the RM1 and PM6 methods by varying the dihedrals 
Φ

1 
and Φ

2
 from 0 to 360 degrees following the procedure 

already described in the methodology section. As can be 
seen in Figure 5, our results showed that, for the dihedral 
Φ

1
 of Toxogonine, the lowest energy conformation was the 

one that presented torsion between 260 and 280 degrees. 
For dihedral Φ

2
 (Figure 6), two conformations were found, 

one between 120 and 140 degrees and the other between 
300 and 320 degrees. The energetic barriers for Φ

1 
were 

about 14.00 kcal mol-1 when using the PM6 method and 
16.31 kcal mol-1 when using the RM1 method. For the 
dihedral Φ

2
,
 
the barriers determined with the PM6 and 

RM1 methods were 3.5 and 3.9 kcal mol-1, respectively, 
suggesting that it is easier to turn Φ

2
 than Φ

1
.

When rotating the TMB-4 dihedral Φ
1
, even though the 

energy needed to transpose the barrier between the maximal 
and minimal energies was shown in this study to be about 
5.81 kcal mol-1 with PM6 and 7.2 kcal mol-1 with RM1, 
intermediate conformational states were observed between 
the angles 60 and 100 and 200 and 300. The barriers to 
rotating dihedral Φ

2
 were 2.28 kcal mol-1 with PM6 and 

2.05 kcal mol-1 with RM1 (Figure 6).

Figure 5. Plots of DHf × f
1
 for the oximes Toxogonine, TMB-4 and HI-6.
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Figure 6. Plots of DHf × f
2
 for the oximes Toxogonine, TMB-4 and HI-6.

The results of the conformational analysis for HI-6 
showed that, when varying both dihedral angles, Φ

1
 and Φ

2
, 

there were found, respectively, values with low (less than 
3.0 kcal mol–1) and considerable (about 10.0 kcal mol–1) 
magnitudes, in terms of energetic barriers. As can be seen in 
Figure 5, the difference between the minima between 80 and 
120 degrees and, for example, one of the maxima, located 
between 240 and 280 degrees, for the dihedral Φ

1
 was about 

11.30 kcal mol-1 using PM6 and about 13.65 kcal mol-1 
using RM1. This result suggests that, despite the existence 
of a local minimum between 280 and 320 degrees, it is 
difficult to cross the barrier with a magnitude between 11.00 
and 14.00 kcal mol-1 and that the most stable conformation 

for Φ
1
 in HI-6 is the one valued at 351.40 kcal mol-1 with 

PM6 and at 339.55 kcal mol–1 with RM1. For the analysis of 
the variation of the HI-6 angle Φ

2
 (Figure 6), it was shown 

that, for both PM6 and RM1, the major energetic barrier 
was about 10.00 kcal mol-1, suggesting that the most stable 
conformations are localized between the dihedral angles of 
40 and 80 degrees and 240 and 260 degrees.

Conclusions

In the present work, we validated the conformational 
analysis of the dihedrals Φ1 and Φ2 of Toxogonine, TMB-4 
and HI-6 employing the semi-empirical methods PM6 and 
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RM1, by comparison with the energetic barriers obtained 
for the Φ2 dihedral angle of the oxime HI-6 calculated using 
DFT, B3LYP and the 6-31 G (d,p) basis sets. The energetic 
profiles obtained with the semi-empirical methods were 
very similar to the one obtained by DFT. Additionally, the 
superimposition of TSs obtained with the three methods 
did not present significant variations.

Further application of the RM1 and PM6 methods to 
the conformational analysis of Toxogonine, TMB-4 and 
HI-6 suggested that the ideal values for the dihedral angles 
Φ

1
 and Φ

2
 could lead to the reduction of steric effects in 

future parameterizations in posterior molecular modeling 
studies. Using RM1 and PM6 methods for conformational 
analysis provides more accuracy when compared to the 
other semi-empirical methods like AM119,20 and PM319,20 
and, at the same time, is much less time consuming when 
compared with DFT.
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cc Fortran code of program: Make Coordinate
cc ****************************************
cc Program Make Coordinate
cc Program for Linux Platform
cc Data the MOPAC program output file (*.arc), this program make an output
cc which may be imported
cc by programs as Microsoft Excel, GNUMERIC, etc
cc By: Goncalves, A.S. (2008)
cc Note1: This program only is correctly executed if we make conformational
cc search from zero to 360 degree with a step of 5 degrees.
cc
Program makecoord
character arc*30, nomeout*30
dimension x(1000),y(1000)
a=system(‘clear’)
a=system(‘ls -ltrh *.arc’)
Print *,’Give the name of arc file’
Read *,arc
Print *,’Give the name of output file’
Read *,nameout
OPEN(1,FILE=arc)
OPEN(7,FILE=nameout)
do m=1,9
read(1,*)
enddo
l=1
do n=1,9
read(1,’(8f7.2)’) x(l),x(l+1),x(l+2),x(l+3),x(l+4),x(l+5)
& ,x(l+6),x(l+7)
read(1,’(8f7.2)’) y(l),y(l+1),y(l+2),y(l+3),y(l+4),y(l+5)
& ,y(l+6),y(l+7)
read(1,*)
l=l+8
enddo
do n=1,72
write(7,’(f7.2,2x,f7.2)’) x(n),y(n)
enddo
end


