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A B S T R A C T   

Chlorpyrifos is the toxicant chemical from the class of organophosphorus insecticides. The insecticide undergoes 
environmental degradation to chlorpyrifos-oxon (CPYO), des-ethyl chlorpyrifos (DEC), 3,5,6-trichloro-2- 
methoxypyridine (TMP) and 3,5,6-trichloro-2-pyridinol (TCP). Herein, CPF along with its degradants were 
optimized employing density functional theory (DFT) and B3LYP/6-311G+(d,p) basis set to elucidate their 
thermal and frontier molecular orbital properties. The DFT outcome revealed that TCP showed the lowest 
HOMO-LUMO gap (4.38 eV), also highest dipole moment, electrophilicity index and basicity. Docking was done 
using AutoDock 4.2.6 against human glutathione S-transferases to search binding affinity and interactions of all 
pollutants with the protein. The docking results expressed that TCP required least binding energy (− 5.51 kcal 
mol− 1) which is relatable to the DFT studies and might act as the most powerful inhibitor. GROMACS 5.1.1 was 
utilized to perform simulation studies for each ligand–protein docked complexes. Results concluded that CPF, 
DEC, TMP, CPYO and TCP could possibly perform as toxic and inhibit enzymatic activity by interrupting the 
metabolic pathways in humans.   

1. Introduction 

Chlorpyrifos belongs to an organophosphorus class of pesticide that 
is most broadly used for pests control [1]. This chemical can inhibit 
several proteins like acetylcholinesterase, glutathione S-transferases 
(GSTs) and many others [2]. Chlorpyrifos (CPF; O,O-diethyl-O-3,5,6- 
trichloro-2-pyridylphosphorothioate) is an insecticide from organo
phosphorus class and researchers reported it as an endocrine disruptive 
chemical (EDC) [3]. The main pathway of CPF involves its degradation 
into various intermediates (Racke, K. D., 1993) as shown in Fig. 1, such 
as Chlorpyrifos-oxon (CPYO), 3,5,6 Trichloro-2-methoxypyridine (TMP) 
and Des-ethyl Chlorpyrifos (DEC), 3,5,6- Trichloro-2-pyridinol (TCP), 
which can disturb the endocrine system. The main metabolites of this 
toxic substance are TCP and DEC. By cytochrome P450-mediated 
oxidative desulfuration in human beings, chlorpyrifos gets activated in 
the form of toxic oxygen analogs [4,5]. CPYO (oxon) inhibits ace
tycholinesterase activity but it hydrolyzes much more rapidly than CPF. 
Its detoxification involves conjugation of oxon with glutathione, cata
lyzed by Glutathione S-transferase [6]. GST has many properties 

including antioxidant along with anti-inflammatory properties as it 
metabolizes toxicants like carcinogens. Pesticides resistance is also due 
to the participation of GSTs in organophoshorus pesticides (OPs) 
detoxification [7]. This enzyme is an essential part of the guarding 
mechanism against harmful chemicals. This also reduces cellular dam
age produced via chemical agents. However, the regulation and induc
tion of GST due to organophosphates such as CPF and its degradants 
have not been reported yet. 

Here, we target GSTs, a broad family of enzymes (detoxifying) pre
sent in many forms of life. Toxic effects of these OPs get inactivated by 
GSTs as it makes them soluble by chemically conjugating these toxicants 
to the glutathione and hence, these chemicals can be easily excreted out 
of the body. Pathogenic parasites are able to inactivate these drugs as 
they also make their own GSTs [8]. Organophopshorus pesticides 
resistance is directly correlated with the metabolism of these toxicants 
by GSTs. Glutathione S-transferases also contribute in resistance and this 
has been stated by many researchers that insects which show insecticide 
resistance have high levels of GSTs activity [9]. GSTs show an important 
role in many activities like hormones biosynthesis, intracellular 
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transport and it also provides oxidative stress protection. Free radicals 
produced majorly by the insecticidal action are toxic oxygen species and 
are removed by GSTs. Also, they show peroxidase [10] and isomerase 
activity [11], which inhibits the junction of N-terminal kinase and it is 
capable of binding to a wide range of ligands, non-catalytically [12]. 

Animal testing has been reduced and replaced by the recent trend 
that led to several in silico methods for understanding toxicity [13]. 
Quantum mechanical techniques such as density functional theory 
(DFT) can be used to compute and create descriptors for use in predictive 
toxicity models [14]. Descriptors based on DFT are very useful in pre
dicting atomic and molecular reactivity [15]. The usefulness of the 
electrophilic index in elucidating the toxicity of polychlorinated bi
phenyls [16] and benzidine [17] was analysed in many research. The 
power of DFT method in describing structural, energetic and magnetic 
molecular properties is well established [18]. Within the framework of 
conceptual density functional theory, several global and local reactivity 
parameters are available that serve as effective descriptors for predicting 
biological and toxicological activity [19]. A recent study used HOMO- 
LUMO energy gap derived from DFT as a descriptor to predict Ames 
mutagenicity data for aromatic primary amines [20]. It is important to 
note that computational methods such as DFT calculations and molec
ular mechanics (docking and molecular dynamics) have the advantage 
of being able to reproduce experimental data while saving computa
tional time and memory [21]. 

The present in silico study has been performed to verify that chlor
pyrifos along with its degradants binding to glutathione S-transferases is 
energetically possible or not. The aim of the present work involved 
computational perspectives to understand overall molecular in
teractions of chlorpyrifos along with its degradants (CPYO, DEC, TMP 
and TCP) with glutathione S-transferases using DFT calculations, dock
ing and MD simulation studies. Docking studies provides the prediction 
for a possible molecular interaction of toxic compounds with enzymes of 
many important pathways leading to the production of vital molecules 
[22]. 

2. Methods and materials 

An approach has been used to find the human glutathione S-trans
ferases protein target for Chlorpyrifos and its degradants. This includes 
optimization of compounds which was carried out at the B3LYP/6-311 
+ G(d,p) level of theory, implemented in the Gaussian 09 W package of 
programs and molecular docking which was performed using AutoDock 
4.2.6 for target protein–ligand complex. Finally to observe the stability 
of protein–ligand complex, simulation study was undertaken employing 
Gromacs 5.1.1 suite. 

2.1. Quantum chemical calculations 

These calculations were undertaken employing DFT with B3LYP 
method using 6-311 + G (d,p) basis set employing Gaussian 09W [23]. 
The 3-D structures of compounds Chlorpyrifos and its degradants were 
optimized. The molecular structures for the selected ligands were drawn 
by GaussView 5.0 [24], as pictured (Fig. 2). Vibration analysis showed 
no negative eigenvalues, indicating a minimum on Potential Energy 
Surface. For every molecule’s free energy, polarization, also the dipole 
was calculated. The molecular orbitals known as HOMO & LUMO, the 
Molecular Electrostatic Potential, and the Mulliken charges evaluations 
were performed employing the same basis sets. The mathematical de
tails (equations) utilized for the determination of global properties have 
been reported earlier [25,26]. According to Koopmans’ approximation 
[27], ionization potential & electron affinity were expressed in terms of 
the HOMO and the LUMO as: 

Ionization Potential (IP) = -EHOMO. 
Electron Affinity (EA) = -ELUMO. 
Pearson [28] introduced chemical hardness, a quantum chemical 

parameter to explain the stability of given compound as, 

Chemical Hardness (η) =
1
2
(IP − EA)

The given equations were utilized for the evaluations of other pa
rameters like electrophilicity index (ω), softness (δ) and electronega
tivity (χ): 

χ = −
1
2
(EHOMO + ELUMO)

δ = 1/η  

ω = χ2/2η  

2.2. Protein preparation and molecular docking 

Computational docking was employed to assess the binding patterns 
of the chlorpyrifos (also its degradants) with human glutathione S- 
transferases. The three-dimensional structure of human glutathione S- 
transferases (PDB ID: 4GTU) was retrieved as PDB format file from the 
RCSB database [29]. The optimized compounds were then utilized for 
docking study against human glutathione S-transferase (GST). 

AutoDock 4.2.6 was employed to perform the docking process for 
Chlorpyrifos along with its degradants with human glutathione S- 
transferases [30]. Autodock uses a semi-empirical force field to verify 
the binding affinity of the selected ligands to a macromolecule. Receptor 
molecule was prepared by adding explicit hydrogen molecules and 
associated Kollman charges (16.0) by utilizing the AutoDock Tools 1.5.6 
and saved in.pdbqt file format. Chlorpyrifos (CPF; O,O-diethyl-O-3,5,6- 
trichloro-2-pyridylphosphorothioate) including its degradants chlor
pyrifos-oxon (CPYO), des-ethyl chlorpyrifos (DEC), 3,5,6 trichloro-2- 
methoxypyridine (TMP) and 3,5,6- trichloro-2-pyridinol (TCP) were 
used for docking studies with human glutathione S-transferases. The 3-D 
molecular structures of all the chemicals were drawn using GaussView5 
and minimized using Gaussian09 software. Hydrogen atoms and Gas
teiger charges were added while preparing the ligands and then finally 

Fig. 1. Generalized pathways of chlorpyrifos transformation in the 
environment. 
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saved in.pdbqt format. To specify the torsional degrees in ligand mole
cule, ligand flexibility was utilized. For docking purpose, Lamarckian 
Genetic Algorithm method was adopted. The other remaining parame
ters for docking were taken as default. The pose with the maximum 
binding affinity and its respective interactions were selected and further 

visualized and analyzed in PyMol 1.3 [31]. 

2.3. Molecular dynamics simulation 

The associated internal motion and dynamic process occurring at the 

Fig. 2. Optimized geometrical structures of the five ligands, i.e., CPF, CPYO, DEC, TMP and TCP. CPF, chlorpyrifos; CYPO, chlorpyrifos-oxon; DEC, des-ethyl 
chlorpyrifos; TCP, 3,5,6-trichloro-2-pyridinol; TMP, 3,5,6-trichloro-2-methoxypyridine. 
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atomic level in GST on the binding of chlorpyrifos and its degradants 
were evaluated by molecular dynamics simulation. The simulation study 
was undertaken employing Gromacs 5.1.1 suite with GROMOS96 43a1 
force field [32,33] and the periodic boundary conditions. The topology 
files were generated using Prodrug server for all the five investigated 
organophosphates. In a box (cubic), the protein–ligand complexes sol
vation was done applying simple point charges water molecules. For the 
neutrality, addition of oppositely charged ions was undertaken. Further, 
energy was minimized to reduce steric disturbances utilizing an algo
rithm (steepest descent). Thereafter, the equilibration of the given sys
tem was conducted with constant particles, volume, temperature, i.e., 
NVT for 50,000 steps, each step 2 fs. Again the equilibration was per
formed with constant particles, pressure, temperature, i.e., NPT (the 
ensemble at 300 K). The simulation was finally conducted for 20 ns, each 
step for 2 fs. The analysis of the saved trajectories was performed via 
Qtgrace. Root mean square deviation or RMSD, gyration, hydrogen bond 
numbers, root mean square fluctuation or RMSF, along with total sol
vent accessible surface area (SASA) were determined utilizing the tools 
of GROMACS, i.e., g rms, g rmsf, g gyrate, gmx sasa and g hbond tools, 
respectively. 

3. Results and discussion 

3.1. DFT calculations studies 

The computational calculations for all the ligands were undertaken 
using the Gaussian 09 W package. The compounds were first designed on 
GaussView 5.0.9 then by using the Gaussian calculation setup, the ge
ometries of all the compounds have been optimized at DFT 6-311G+(d, 
p) basis set at gas phase, pictured in Fig. 2. Vibrational frequencies at the 
ground state were determined to ensure that they were at the minimum 
level. 

3.1.1. Thermodynamic properties 
The stability conformation of the product obtained from any reaction 

and also spontaneity of any reaction is predicted from its thermody
namic properties like free energy. Greater negative value indicates 
improved thermodynamic properties. During this work, the values for 
free energy was found to be negative depicted in Table 1 explains that a 
reaction will occur spontaneously with none extra energy expense. 

The DFT estimated data revealed that the moment of CPF is 2.81 
Debye whereas TCP shows the very best dipole moment (3.09 Debye). 
High level of dipole moment accelerates the chemical bond formation, 
non-bonding interaction, binding affinity, including polar nature of a 
molecule. The polarizability of any given molecule is mainly dependent 
on the complexity of its structure and also on how the electron cloud be 
laid low with incoming charge. Large sized molecules are therefore, 
more polarizable. It’s worth noting that the TCP is the smallest in size 
and has the smallest amount polarizability (108.95 Bohr3), however, 
CPF has the highest complex structure and is predicted to own the 
highest polarizability, 184.20 Bohr3. 

The estimated DFT calculations for thermal parameters, dipole 
moment and also the polarizability values for chlorpyrifos (CPF) along 

Table 1 
Selected thermodynamic parameters of Chlorpyrifos (CPF) and its degradants 
(CPYO, DEC, TMP and TCP).  

Name Free energy (Hartree) Dipole moment (Debye) Polarization (Bohr3) 

CPF  − 2743.286  2.81  184.20 
CPYO  − 2420.649  2.43  165.97 
DEC  − 2665.208  2.47  162.19 
TMP  − 1741.779  1.31  121.99 
TCP  − 1702.464  3.09  108.95  

Fig. 3. Frontier molecular orbital (HOMO-LUMO) and related transition energy of Chlorpyrifos (CPF) and its Degradants (CPYO, DEC, TMP and TCP).  
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with its degradants (CPYO, DEC, TMP and TCP) are summarized in 
Table 1. 

3.1.2. Molecular orbital properties 
The regions of space that contain the electron density are the mo

lecular orbitals. These orbitals are defined by mathematical functions 
that explain the wave behaviour of the electrons. These functions can be 
further used to evaluate properties (chemical and physical) like an 
electron finding probability in a region of space. 

HOMO- LUMO gap (ΔE) is used to evaluate chemical hardness of a 
compound and also the softness. High kinetic stability and low chemical 
reactivity is due to the large HOMO-LUMO gap and low HOMO-LUMO 

gap is related to less chemical stability, because in a given reaction, 
increment of electrons into a LUMO (high-lying) or withdrawal of 
electrons from a HOMO (low-lying) is energetically feasible. The mo
lecular orbitals for investigated compounds are pictured in Fig. 3. 

In this study, CPF shows the HOMO-LUMO gap to be 7.95 eV whereas 
TCP shows the lowest energy gap (4.38 eV) along with the highest 
chemical softness (0.45 eV) & electrophilicity index (4.70 eV) values 
which may contribute towards the higher chemical reactivity than other 
degradants (Table 2). 

3.1.3. Molecular electrostatic potential (MEP) 
To verify the reactive nature of any given compound, the molecular 

Table 2 
HOMO, LUMO, Gap, hardness (η), electronegativity (χ), softness (δ), electrophilicity index (ω), ionization potential (IP) and electron affinity (EA) of all compounds.  

Name HOMO LUMO Gap η χ δ ω IP EA 

CPF  − 9.47  − 1.52  7.95  3.97  5.49  0.25  3.79  9.47  1.52 
CPYO  − 9.54  − 1.56  7.98  3.99  5.55  0.25  3.85  9.54  1.56 
DEC  − 9.57  − 1.46  8.11  4.05  5.51  0.24  3.74  9.57  1.46 
TMP  − 6.84  − 1.77  5.07  2.53  4.30  0.39  3.65  6.84  1.77 
TCP  − 6.73  − 2.35  4.38  2.19  4.54  0.45  4.70  6.73  2.35  

Fig. 4. Molecular electrostatic potentials (MEP) of compounds (CPF, CPYO, DEC, TMP and TCP).  
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electrostatic potential is a key aspect to be determined. It gives a picture 
for the molecular shape and size of negative, positive, also the neutral 
potential. MEP proved to be an important tool for the prediction of 
relationship between physicochemical property and molecular structure 
of compounds under investigation. Moreover, this may be utilized to 
evaluate the reactivity of compounds toward different attacks (electro
philic and nucleophilic). The MEP for the investigated compounds is 
deliberated using the same basis sets as illustrated in Fig. 4. 

This potential plot shows that the electrophilic attack is preferred at 
maximum negatively charged locations which are indicated with red 
colour. Thus, this region will attract an attacking electrophile, and the 
opposite will happen for the regions indicated with blue. The molecular 
shape, the size and orientation of the neutral, positive, and the negative 
electrostatic potential differ molecule to molecule due to type of atoms 
including its electronic nature. The variation for the interaction with the 
receptor is therefore, due to the variation in the MEP of the compounds. 

3.1.4. Mulliken atomic charges 
The atomic charges of the estimated compounds were determined 

with the DFT using B3LYP 6 as a method at − 311G+ (d, p) basis set and 
these calculations are tabulated in Table 3. The obtained results found 
that C2 is bearing highly positive and C1 is bearing highly negative 
charge for CPF. Also, it is observed that the most nucleophilic centres of 
CPYO are C1 and C3, the most electrophilic susceptibility positions. 
From the results, it is obvious that the susceptibility towards nucleophile 

of CPYO is recognized on C2 and P12 sites. However, C1 and C3 are 
highly negative charges of DEC, TMP and TCP and their respective 
positively charged atoms are C2, C4 and C2. The nucleophiles attack at 
positively charged centres and for electrophilic attacks, the most sus
ceptible site is negatively charged centres. 

3.2. Binding affinity and binding interactions analysis 

The docking study is a most widely used computational approach to 
ensure the binding of the suitable orientation of ligand with the target 
macromolecule. The molecular interactions were characterized by per
forming docking studies for chlorpyrifos, along with its degradants 
within active site cavity of the human glutathione S-transferases using 
AutoDock 4.2.6. The binding energies of the toxicants were compared to 
some known inhibitors of GST such as coumarin (-4.62 kcal/mol) and 
citric acid (− 3.04 kcal/mol) and thus these are considered as strong 
inhibitor candidates [34]. All the generated binding poses were ranked 
on their binding affinities, accordingly and the AutoDock outcome 
illustrated that Chlorpyrifos (CPF) showed a binding energy of − 5.04 
kcal/mol whereas increasing order of binding energy of the degradants 
followed the sequence such as CPYO < DEC < TMP < TCP (− 4.37 <
− 4.97 < − 5.48 < − 5.51) kcal/mol, shown in Table 4. 

The docking of CPF with GST showed that CPF packed against 16 
human glutathione S-transferases residues (Tyr-6, Ile-9, Gly-11, Leu-12, 
Arg-42, Asn-58, Leu-59, Pro-60, Ser-107, Asn-108, Ala-111, Leu-165, 

Table 3 
The Mulliken atomic charges of the estimated compounds (CPF, CPYO, DEC, TMP and TCP).  

CPF CPYO DEC TMP TCP 

1C 
2C 
3C 
4C 
5C 
6 N 
8Cl 
9Cl 
10Cl 
11O 
12P 
13O 
14O 
15C 
16C 
22 S 
23C 
24C 

− 1.602496 
1.368406 
− 1.300734 
0.630252 
− 0.461272 
0.187295 
0.311266 
0.406003 
0.240177 
− 0.030927 
0.501081 
− 0.026250 
− 0.142969 
0.192393 
0.023622 
− 0.314669 
0.094989 
− 0.076168 

1C 
2C 
3C 
4C 
5C 
6 N 
8Cl 
9Cl 
10Cl 
11O 
12P 
13O 
14O 
15C 
16C 
22C 
23C 
29O 

− 2.087050 
1.750181 
− 1.252228 
0.624242 
− 0.400667 
0.147956 
0.320375 
0.404561 
0.233311 
− 0.144331 
0.770787 
− 0.142416 
− 0.234828 
0.269033 
− 0.151751 
0.175511 
− 0.043778 
− 0.238909 

1C 
2C 
3C 
4C 
5C 
6 N 
8Cl 
9Cl 
10Cl 
11O 
12P 
13O 
14O 
15 S 
16C 
17C 

− 1.379657 
1.226449 
− 1.286228 
0.486203 
− 0.341524 
0.092669 
0.298950 
0.418559 
0.224168 
− 0.089508 
0.693269 
− 0.080917 
0.025723 
− 0.378327 
0.103353 
− 0.013183 

1C 
2C 
3C 
4C 
5C 
6 N 
8Cl 
9Cl 
10Cl 
11O 
12C 

− 0.571596 
0.552703 
− 1.560865 
1.497918 
− 1.530411 
0.094837 
0.506545 
0.481075 
0.345480 
− 0.107869 
0.292183 

1C 
2C 
3C 
4C 
5C 
6 N 
8Cl 
9Cl 
10Cl 
11O 

− 1.005233 
0.640896 
− 1.213709 
0.442277 
− 0.064543 
0.216489 
0.446765 
0.462548 
0.377937 
− 0.303428  

Table 4 
Binding energy values, types of interactions, number of bonds and common interacting residues of CPF, CPYO, DEC, TMP and TCP, which were evaluated using rigid 
docking with human glutathione S-transferases.  

Ligands Binding energy 
(kcal/mol) 

Type of interactions Number of bonds Common 
residues 

H-bond residues Hydrophobic bond residues H- 
bonds 

Hydrophobic 
bonds 

CPF  − 5.04 Tyr115 (3.2 Å, 3.6 Å) Tyr6, Ile9, Gly11, Leu12, Arg42, Asn58, Leu59, Pro60, Ser107, 
Asn108, Ala111, Leu165, Leu207, Tyr208, Thr209 

2 15 Tyr6  

Ile9 
CPYO  − 4.37 Tyr6 (3.2 Å), Tyr115 (3.0 

Å) 
Trp7, Ile9, Arg10, Gly11, Leu12, Asn58, Leu59, Pro60, Asn108, 
Ala111, Leu207, Tyr208, Thr209 

2 13 Gly11  

Leu12 
DEC  − 4.97 Tyr6 (2.8 Å, 3.0 Å) Trp7, Ile9, Gly11, Leu12, Asn58, Leu59, Pro60, Asn108, Ala111, 

Tyr115, Leu207, Tyr208, Thr209 
2 13 Asn108  

Ala111 
TMP  − 5.48 – Tyr6, Ile9, Arg10, Gly11, Leu12, Ser107, Asn108, Leu110, Ala111, 

Tyr115, Asp161, Leu165, Leu207, Tyr208, Thr209 
0 15 Tyr115  

Leu207 
TCP  − 5.51 Tyr6 (3.5 Å), Tyr208 (2.0 

Å), Thr209 (3.1 Å) 
Ile9, Arg10, Gly11, Leu12, Ser107, Asn108, Ala111, Tyr115, 
Leu165, Leu207 

3 10 Tyr208  

Thr209  
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Leu-207, Tyr-208 and Thr-209). The OH moiety of the residue Tyr-115 
formed two H-bonds with the oxygen atoms of the phosphate group of 
CPF. Except ordinary hydrogen bonding, nonbonding interactions are 
frequently used term to determine the shape and behaviour of mole
cules. The docking of CPYO with GST showed that CPYO binds with Tyr- 
6, Trp-7, Ile-9, Arg-10, Gly-11, Leu-12, Asn-58, Leu-59, Pro-60, Asn-108, 
Ala-111, Tyr-115, Leu-207, Tyr-208 and Thr209 residues within the 
active site of the macromolecule. The CPYO formed H-bonds with OH 
moiety of Tyr-6 and Tyr-115 residues. The evaluation of docking 
outcome clarify that the residue Trp-7, Ile-9, Gly-11, Leu-12, Asn-58, 
Leu-59, Pro-60, Asn-108, Ala-111, Tyr-115, Leu-207, Tyr-208 and Thr- 
209 interacted hydrophobically with the DEC molecule, also one H- 
bond (Tyr-6). However, TMP interacts hydrophobically with Tyr-6, Ile- 
9, Arg-10, Gly-11, Leu-12, Ser-107, Asn-108, Leu-110, Ala-111, Tyr-115, 
Asp-161, Leu-165, Leu-207, Tyr-208 and Thr-209 residues. The docking 
complex showed that TCP interacted with 13 GST residues (Ile9, Arg10, 
Gly11, Leu12, Ser107, Asn108, Ala111, Tyr115, Leu165, Leu207) 
within the active site of human glutathione S-transferases. The TCP 

formed hydrogen bonds against the residue, Tyr-6, Tyr-208 and Tyr-209 
of the protein. Significant hydrogen bonding in CPF, CPYO, DEC and 
TCP not only contributes in increasing binding affinity but also increase 
binding specialty. 

From molecular docking analysis, the major and common residues of 
glutathione S-transferases active site like Tyr6, Ile9, Gly11, Leu12, 
Asn108, Ala111, Tyr115, Leu207, Tyr208 and Thr209 form different 
significant interactions with the ligands, shown in Fig. 5. The evaluation 
of results concludes that all the compounds can effectively bind to the 
active site of human glutathione S-transferases. Moreover, TCP showed 
maximum binding affinity (-5.51 kcal/mol) in comparison to its parent 
compound, i.e., chlorpyrifos (-5.04 kcal/mol) and hence, can be the 
most potent inhibitor for this protein. In this work, analysis of molecular 
docking results may be helpful in the assessment of health problems 
produced by this organophosphorus pesticide. As the consumption of 
Chlorpyrifos is becoming more widespread, the potential risks may in
crease and more studies with detailed molecular mechanisms supported 
by in vitro studies are required to confirm the alteration of the 

Fig. 5. Amino acid residues in the binding pocket of human glutathione S-transferases involved in interactions with the following: CPF, CPYO, DEC, TMP, TCP. CPF, 
chlorpyrifos; CYPO, chlorpyrifosoxon; DEC, des-ethyl chlorpyrifos; TCP, 3,5,6- trichloro-2-pyridinol; TMP, 3,5,6-trichloro-2- methoxypyridine (yellow dots represent 
H-bond). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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metabolism pathway for the inhibiting mechanism of chloryrifos and its 
degradants in the human body. 

3.3. Molecular simulation results 

During the MD simulation, RMSD estimates the dynamic stability of 

the protein–ligand complexes and predicts the conformation changes 
occurring in the protein. In this current study, RMSD values for the 
investigated complexes were analyzed. RMSD graphs depicts that ma
jority of the investigated system attains equilibrium near about 8 ns and 
were stable around 20 ns during the simulation (Fig. 6). The high fluc
tuation in RMSD values for the complexes lies within 2 Å to 3 Å. The 

Fig. 6. RMSD profile of the Cα backbone of human glutathione S-transferases (GST) during the 20 ns of simulation at 300 K with chlorpyrifos (CPF) and its 
degradants (CYPO, chlorpyrifosoxon; DEC, des-ethyl chlorpyrifos; TCP, 3,5,6- trichloro-2-pyridinol; TMP, 3,5,6-trichloro-2- methoxypyridine). 

Fig. 7. RMSF molecular dynamics simulation results of human glutathione S-transferases (GST) for 20 ns with CPF and its degradants (CPYO, DEC, TCP and TMP).  

Fig. 8. Radius of gyration (Rg) plots of human glutathione S-transferases (GST) for the simulation of 20 ns with CPF, chlorpyrifos; CYPO, chlorpyrifosoxon; DEC, des- 
ethyl chlorpyrifos; TCP, 3,5,6- trichloro-2-pyridinol; TMP, 3,5,6-trichloro-2- methoxypyridine. 
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RMSD results analysis implies that CPF and its degradants binding at the 
catalytic site of GST is stable and does not vary the protein stability. 

Root mean square fluctuation, i.e., RMSF determines the fluctuation 
of Cα atom coordinates from their average position in the course of MD 
simulation. In the present context, atom mobility was calculated for all 
five GST-organophosphate ligand complexes and was plotted against the 
atom dependent on the trajectory of simulation, shown in Fig. 7. The 
results concluded that the active site residues were not much perturbed 
upon binding of the organophosphates. Results illustrate that the RMSF 
fluctuation profiles of GST-degradants of CPF complexes were almost 
similar to GST-CPF complex. Thus, the investigated organophosphates 
form stable complexes with GST and can inhibit this important enzyme. 

Radius of gyration, i.e., Rg, it is a factor that can easily depict the 
protein compactness during molecular simulation. In general, lower 
value of Rg directly relate to dynamic stability of the investigated pro
tein. In this current research work, the graph is plotted for Rg value 
against time as illustrated in Fig. 8. The results suggest that compactness 

for all of the five protein–ligand complexes is near about same. 
Surface area that the probe of the solvent molecule monitors is sol

vent accessible surface area, i.e., SASA. Generally, alterations in struc
tures are observed in the residues that form the loop region close to an 
active site cavity. Hydrophobic residues mostly give contribution in the 
rise of SASA value. SASA results of GST-degradants of CPF complexes are 
similar to GST-CPF complex as depicted in Fig. 9. 

The stable conformation of protein directly depends on hydrogen 
bond interaction pattern. Hydrogen bond trajectory analysis for all the 
five complexes with respect to time was evaluated to understand the 
connection between flexibility and hydrogen bond formation. All the 
five investigated complexes showed comparable hydrogen bonds for
mation throughout the complete simulation of 20 ns (Fig. 10). For 
hydrogen bonds calculation, GROMACS utility, i.e., g hbond was 
employed. The hydrogen bond result enables one to understand the 
capability of such toxic organophosphates to efficiently inhibit the 
activite site of glutathione S-transferases (GST). 

Fig. 9. Solvent accessible surface area profile of human glutathione S-transferases (GST) with CPF, CPYO, DEC,TCP and TMP during the simulation of 20 ns.  

Fig. 10. Hydrogen bond number results of GST-CPF, GST-CPYO, GST-DEC, GST-TCP and GST-TMP complexes during the 20 ns of simulation.  
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4. Conclusion 

In this investigation, the inherent stability and biochemical interac
tion of chlorpyrifos and its degradants with human glutathione S- 
transferases (GST) as target have been studied using DFT and docking 
calculations and simulation. From, DFT calculation all the compounds 
are thermally stable and some of them show better chemical reactivity 
than chlorpyrifos. TCP show greater dipole moment with smaller 
HOMO-LUMO gap. Apart from that, TCP-GST complex shows better 
binding affinity with significant interactions than others. The docking 
results show that the hydrogen bonds, hydrophobic interactions, and 
binding energy of the compounds show the best binding capabilities 
when docked with human glutathione S-transferases (GST). In the 
comparison of these organophosphorus compounds, the binding affinity 
of TCP is − 5.51 kcal/mol with the GST protein being the best binding 
energy among all the compounds. The compounds showed best binding 
energy, hydrophobic and hydrogen interactions to stabilize the pro
tein–ligand complex. 
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