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Abstract

Designing of rapid, facile, selective and cost-effective biosensor technology is a growing area for
the detection of various classes of pesticides. The biosensor with these features can be achieved
only through the various bio-components using different transducers. This study, therefore,
focuses on the usage of molecular docking, specificity tendencies, and capabilities of proteins for
the detection of pesticides. Accordingly, the four transducers, acetylcholinesterase (ACH),
cytochromes P450 (CYP), glutathione S-transferase (GST) and protein kinase C (PKC) were
selected based on their applications including neurotransmitter, metabolism, detoxification
enzyme and protein phosphorylation. Then after molecular docking of the pesticides, fenobucarb,
dichlorodiphenyltrichloroethane (DDT) and parathion onto each enzyme, the conformational
behaviour of the most stable complexes was further analysed using 50 ns Molecular Dynamics
(MD) simulations carried out under explicit water conditions. In the case of protein kinase C
(PKC) and cytochrome P450 3A4 enzyme (CYP), the fenobucarb complex showed the most
suitable combination of free energy of binding and inhibition constant -4.42 kcal/mol (573.73
uM) and -5.1 kcal/mol (183.49 uM) respectively. Parathion dominated for acetylcholinesterase
(ACH) with -4.57 kcal/mol (448.09 uM) and lastly dichlorodiphenyltrichloroethane for
glutathione S-transferase (GST), -5.43 kcal/mol (103.88 uM). The RMSD variations were critical
for understanding the impact of pesticides as they distinctively influence the energetic attributes
of the proteins. Overall, the outcomes from the extensive analysis provide an insight into the
structural features of the proteins studied, thereby highlighting their potential use as a substrate

in biorecognition sensing of pesticide compounds.
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1. Introduction

“The most intelligent species on earth poisons its food before eating it.” These startling words by
Rishi Miranhshah (Miranhshah 2011) reveal the stark reality of the destruction that we face
today due to the relentless and injudicious use of pesticides. Pesticides are the chemical agents
which prevent the proliferation of harmful pests and also interfere with the normal biological
processes of other living organisms (Skladal et al. 1997; Amaral 2014). These are essential to the
modern agriculture and extensively used to control the pests, reduce the growth of weeds, and
boost the agricultural productivity, thus increases crop yields and reduce post-harvest losses (de
Linan Carral 2015; Fang et al. 2009; Odukkathil and Vasudevan 2013; Meng et al. 2013). A
large amount of pesticides reaches the soil, air, water, food and other various systems through a
drift that takes the pesticides to places downwind the point of application. This may prove to be
detrimental to the various life forms due to'their mutagenic, carcinogenic and tumorogenic
(Caspers 1981; De Flora et al. 1993; Kuroda et al.1992; Rehana et al.1995).

The majority of the pesticides are neurotoxic compounds and irreversibly inhibits the enzyme
acetylcholinesterase, an essential enzyme for the functioning of central nervous system in
humans and insects. This inhibition leads to the accumulation of neurotransmitter acetylcholine
in nerves which interferes with muscular activities and the functioning of vital organs, hence
producing symptoms of serious infections which may even lead to death (Donarski et al. 1989;
Chapalamadugu and Chaudhry 1992). Other target sites of various pesticides are: human
erythrocytes (Suwalsky et al. 2005), reproduction and development system (Farag et al. 2010),
endocrine system (Rawlings et al. 1998), liver, central nervous system and immune system (Gold

et al. 1991; Fendick et al. 1990), etc. Thus, the analysis of pesticide residues is an important



concern due to their bioaccumulation effect, high toxicity and their long-term damage risk to
both the environment and lives even though their concentration is very low.

Detection of pesticides at the levels established by the Environmental Protection Agency (EPA)
remains a challenge. Several bio-recognition methods that have been reported for the detection of
pesticides include enzymatic, whole cell, immunochemical, and DNA biosensors etc. The
transducers selected for this study include acetylcholinesterase, cytochrome P450 3A4 enzyme,
glutathione S-15 transferase and protein kinase C due to their established biological roles as
neurotransmitter, metabolism, detoxification enzyme and protein phosphorylation (Sassolas, et
al. 2012). Specifically, in the fabrication of biosensors for pesticides, mainly enzyme are used
due to the pesticide inhibition capability on the enzyme by various neurotoxins (Mionetto, et al.
1994; Deo et al. 2005) and are very sensitive (able to detect 10" M), but they offer poor
specificity (Simonian et al.1997).

The Acetylcholinesterase (ACH) is a neurotransmitter and easily undergoes hydrolysis to form
choline and acetic acid. It is found at neuromuscular junctions and cholinergic synapses in the
central nervous system, where its.activity/concentration terminates synaptic transmission (Dhull
et al. 2013). Cytochrome P450 3A4 enzyme (CYP) is an oxidase enzyme which enhances the
different chemical reactions including heteroatom oxidation, epoxidation, and hydroxylation.
CYP enzyme is mainly involved in the metabolism of several drugs and xenobiotics for bio-
activation (Savary et al. 2014). Glutathione S-transferase (GST) is a detoxification enzyme,
catalyzing glutathione (GSH) conjugation reactions. Protein phosphorylation process is the
predominant molecular mechanism that can be achieved with protein kinase C (PKC) (Stanyon

and Bernard 1999).



The scheming of simplistic, selective and economical biosensor technology is a budding area for
the detection of various classes of pesticides. The biosensor with these features can be achieved
only with the various bio-components with different transducers (Verma and Dhillon 2003). The
chromatographic methods coupled to selective detectors have been traditionally used for the
analysis of pesticides due to their sensitivity, reliability, and efficiency. Nevertheless,
chromatographic techniques are time-consuming and laborious and require. expensive
equipments and highly-trained technicians (Jaffrezic-Renault 2001; Velasco-Garcia and Mottram
2003). Over the past decade, considerable attention has been given to the development of
biosensors for the detection of pesticides as a promising alternative. Some electrochemical
transducers have been used in biosensors for pesticides detection due to their high sensitivity
(Andreescu and Marty 2006; Luque de Castro and Herrera 2003; Grieshaber et al. 2008).
Additionally, their low cost, simple design and small size make them excellent candidates for the
development of portable biosensors (Freire et al. 2003; Thévenot et al. 2001; Ronkainen et al.
2010; Yogeswaran and Chen 2008).

This study involves molecular docking in combination with molecular dynamics simulations to
provide significant structural insights which can lead to the effective identification of potential
biosensing enzymes for the electrochemical detection of pesticides. By keeping the future
prospects in mind, the information generated through the in-silico analysis will be used to design
the electrochemical biosensors for pesticides (Sabela et al. 2016; Bathinapatla et al. 2016).
Therefore, the approach used in this work took advantage of the characteristic feature of ACE,
CYP, GST and PKC molecules probing its ability as biosensors for the detection of a different
class of pesticides. Literature studies revealed quite a few reports on the ACE performance as a

biosensor for the detection of pesticides (Krasinski et al. 2005; Manetsch et al. 2004; Lin et al.



2005; Schulze et al. 2005; Montesinos et al. 2001). However, in the case of biomolecules such as
CYP, GST, and PKC, there are no reports available regarding the structural basis for the
detection of pesticide molecules in the available literature. Consequently, this study can provide
an insight into the structural features of the proteins studied, thereby highlighting their potential
use as a substrate in biosensing of pesticide compounds.

2. Material and Method

2.1. Molecular modelling

The structures of acetylcholinesterase (ACE, PDB ID — 5HF9), cytochrome P450 3A4 enzyme
(CYP, PDB ID — 4D7D), glutathione S-transferase (GST, PDB ID —4MPF), and protein kinase
C (PKC, PDB ID — 5F9E) were remodelled to remove the discontinuities in the structural
coordinates deposited in the biological database. The protein structures were predicted by
satisfying the spatial restraints using MODELLER module of the Discovery Studio 2016 (DS,
http://accelrys.com/products/collaborative-science/biovia-discovery-studio/). The generated 3-D
models were minimized using the optimization and side chain refinement modules of DS. The
structure of Fenobucarb (carbamate), DDT (organochlorine) and Parathion (organophosphate)
pesticides were constructed by means of drawing utilities present in the DS and the geometries of
the resulted structures were optimized by using the Density Functional Theory (DFT) method
present in Dmol3 module of the DS.

2.2. Molecular-docking and interaction assessment

The refined structures of proteins, as well as pesticides, were docked by utilizing the AutoDock
4 (Morris et al. 2009) package. AutoDock 4 performs the prediction of the bound conformation
on the basis of free energy based on an empirical force field coupled with the Lamarckian

Genetic Algorithm (Morris et al. 2009). The grid box of dimensions 50 x 70 x 60 A along the



XYZ directions with grid spacing of 0.375 A were created using the AutoGrid module. In order
to increase the efficiency, the parameters associated with the Lamarckian genetic algorithm were
set to the maximum efficiency value such as a number of individuals in population was set to
250 while the maximum number of energy evaluations was set to a “longer” interval. As a result,
around 100 docked conformations were obtained which were grouped according to the RMSD
tolerance of 2.0 A. The efficiency of interactions was assessed in the form of free energy of

binding which was calculated on the basis of the following equation (Morris et al. 2009):

AG = AGvdW 12 &6
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Where, AGygw represents the van der Waals, AGppong signifies Hydrogen Bonding while AGejec

and AG,, denotes the free energy of Electrostatics and solvation respectively.

The generated conformations were re-scored on the basis of the scoring function present in
DrugScoreX server (Neudert and Klebe 2011) and the conformation with the highest score was
selected -for the Molecular Dynamics (MD) simulations. In order to validate the generated
outcomes the CDOCKER module was used, which is a CHARMM (Vanommeslaeghe et al.

2010) force field based docking algorithm implemented in DS.



Furthermore, the pharmacophore modelling was performed in order to identify the essential
features between receptors and pesticides which are responsible for the inhibition activity of the
studied compounds. The features were computed using the “Automatic Pharmacophore
generation” as well as “Receptor-Ligand Pharmacophore generation” modules of DS. The
pharmacophore features such as hydrophobic group (H), aromatic ring (R), hydrogen bond donor
(D), hydrogen bond acceptor (A), negatively ionizable group (N), and positively ionizable group
(P) were calculated. The generated pharmacophore models were analyzed and compared to the
binding priorities of the ligands with the studied proteins. The pharmacophore based feature
extraction was used to assess the moieties responsible for the inhibition of proteins, as it is
considered as the significant tool to filter the significant therapeutic molecules in the process of
drug design (Yao et al. 2017). The selectivity score generated by the DS during the
pharmacophore modelling was to infer the binding affinity.

2.3. MD simulations

The generated docked complexes were subjected to MD simulations using GROMACS (Pronk et
al. 2013) (version 5.1.2, installed on the Center for High Performance Computing (CHPC), Cape
Town, South Africa). The topologies of the pesticide structures were generated by means of
GROMOS96 53a6 force field (Oostenbrink et al. 2004). Due to the unavailability of suitable
force field parameters for drug-like molecules in the GROMACS package, the PRODRG server
(Schuttelkopf and van Aalten 2004) was used for the generation of piperine in topologies and
coordinate files. The partial charges were corrected using DFT method of Gaussian which
utilized the B3LYP 6-31G (d,p) basis set and the CHELPG program (Frisch et al. 2009). After
the successful topology generation, all docked complexes were immersed in SPC/E water model

(Zielkiewicz 2005) and the systems were neutralized by adding the counter ions. The neutralized



systems were energetically minimized by steepest descent and conjugate gradient algorithms
with a convergence criterion of 0.005 kcal/mol. In order to increase the reliability of the MD
simulations, the restraints were applied to the structure of the pesticides before the equilibration
phase.

The equilibration phase was carried out separately in NVT (constant volume) as well as NPT
(constant pressure) ensemble conditions, each with a 100 ps time scale. The temperature of the
system was maintained at 300 K using Berendsen weak coupling method in both ensemble
conditions along with pressure which was maintained at 1 bar by utilizing Parrinello-Rahman
barostat in constant pressure ensemble. The final MD simulations were produced using LINCS
algorithm for 50 ns time scale. The trajectory files were utilized for the analyses of each complex
behaviour in the explicit water environment. The variations in the distances, H-bonds, RMSD
(Root Mean Square Deviations), and Radius of Gyration (Rg) between the protein-pesticide
complexes were analysed. Further analysis involved the calculation of the binding energy
components using Molecular mechanics Poisson—Boltzmann surface area (MM-PBSA) protocols
implemented in the g_mmpbsa package (Kumari, Kumar, and Lynn 2014) which provide deeper
insights into the interaction mechanisms of the proteins and the pesticide molecules. The
algorithm of the binding energy calculation g_mmpbsa package (Kumari, Kumar, and Lynn

2014) is based on the following equations:

AGbinding = Gcomplex - (Gprotein + Gligand)

Here, Geomplex signifies the total free energy of the binding complex and Gyrotein and Giigang are the

measure of the total free energies of the isolated proteins as well as the ligands respectively. For



an individual entity, the general equation for the calculation of the free energy is given by the

following equation:

Gy=( EMM ) — TS + (Gsolvation)

Where, x represents either protein-ligand complex or individual components separately. ( EMM")
calculates the average molecular mechanic's potential energy in a vacuum and-TS compute the
entropic contribution to the free energy, in which T and S signify the temperature and entropy,
respectively as well as the component (Ggolvation) Symbolize free energy. of solvation.

3. Results

The pesticides toxicity in the untargeted organisms is considered as one of the biggest causes of
the water pollution, arises mainly due to extensive agricultural and industrial activities (Verma
and Bhardwaj 2015). The analytical methods used for the detection of the pesticides in the water
resources are expensive, time-consuming and requires highly trained technicians (Verma and
Bhardwaj 2015). Alternatively, the biosensors which involved the use of biomolecules as the key
structural component to detect the neurotoxins and other pesticides with higher accuracies
(Verma and Bhardwaj 2015). Therefore, the current study was undertaken to identify the
possible enzymes which may function as a biosensor (Verma and Bhardwaj 2015).

3.1. Three-dimensional (3-D) structure refinements

In the primary stage, the concepts of the molecular modelling were used for the reconstruction of
the protein 3-D structures. The Blastp and MODELLER modules present in the DS were used for
the construction of homology models by satisfying the spatial restraints. The structures were
further optimized and their stereochemical accuracy was assessed using Ramachandran plots.

The modelled structure of acetylcholinesterase showed 99.5 % of the residues in the allowed

10



region of the Ramachandran plots, while cytochrome P450 showed 99.7 % in the allowed region.
Similarly, the predicted models of glutathione S-transferase and protein kinase C showed 99.5%
and 99.3% of their residues in the allowed region of the Ramachandran plots respectively. These
observations indicated the reliability of the 3-D models.

3.2. Interaction studies

Subsequently, the molecular docking studies between the enzymes and the pesticide molecules
were performed (Naz, Shahbaaz, Khan, et al. 2015; Naz, Shahbaaz, Bisetty, et al. 2015). All
three categories of the pesticides were docked in the active site of the selected proteins using
Autodock package. In the case of acetylcholinesterase, the parathion showed highest combined
scores of inhibition constant of 448.09 uM and free energy binding which is calculated to be
around -4.57 kcal/mol (Table 1). The interaction studies with fenobucarb showed higher values
of inhibition constant as compared to the DDT, while higher binding energy was obtained with
the latter pesticide (Table 1). Furthermore, the pharmacophore analysis showed the presence of
24 features, while only two were observed to be common with the receptor ACH protein (Figure
S2).

Similarly, the fenobucarb showed the most suitable combination of generated parameters and
selected for further analysis. The free energy of binding and inhibition constant for CYP-
fenobucarb complex was calculated to be around -5.1 kcal/mol and 183.49 uM respectively
(Table 2). In order to obtain a deeper insight, the pharmacophore analysis was performed, which
showed that two features of fenobucarb may contribute to the inhibition, among nine predicted
pharmacophore features (Figure S5). Likewise, the complex with DDT, the most widely used
insecticide, was used for further analyses, which showed the highest inhibition constant as

compared to the other studied proteins (Table 3) and three pharmacophore features involved in
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the inhibition were also calculated (Figure S8). The parathion and fenobucarb complexes also
showed the highest inhibition constant in contrast to the other proteins.

Moreover, the fenobucarb, DDT, and parathion were docked in the active site of PKC (Figures 5
and S10). The highest score for the inhibition constant was obtained for PKC-Fenobucarb
complex (Table 4), in addition to the four common pharmacophore features observed for studied
receptor and pesticide (Figure S11). As the minimum features were detected in this case, the
selectivity score of 5.6124 was predicted by DS indicating the specificity of PKC.

After selection of the protein- pesticide complexes with highest caleulated affinities, they were
subjected to 50 ns MD simulations in explicit water conditions and correlation of these findings
with information available in the literature are discussed in the subsequent section.

4. Discussions

The recent developments in the detection of pesticides and other harmful chemicals using highly
selective biomolecular based sensors form the basis of the current study, aimed at the
classification of proteins, which can serve as potential biosensors (Guan et al. 2017; Jokar et al.
2017; Kumari et al. 2016; de Almeida et al. 2016; Mohammadi and Ghayeb 2016; Sharma, et al.
2016; Jokar et al. 2016). Biosensors can provide an alternative to the current techniques such as
HPLC, GC-MC ete. for the detection of the pesticides mainly concern with food safety (Jokar et
al. 2016). Previous studies showed that computational approaches can be used to screen and rank
an array of the receptor structures and predict the interaction outcomes with a deeper
understanding, a more cost effective alternative than laboratory experiments (Jokar et al. 2017).
For this purpose computational techniques were used for the design of a potential biosensor and

the outcomes of this study are discussed in this manuscript.
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4.1. Caliber of Acetylcholinesterase (ACH) as a Future Biosensor: Interaction studies of ACH

with Fenobucarb, DDT, and Parathion

The ACE was characterized to be a serine hydrolase and involved in the hydrolysis of
acetylcholine, a neurotransmitter involved in the conducting of nerve impulses in a wide range of
animals including humans (Fukuto 1990). The pesticide inhibition of the ACH takes place in.an
irreversible manner by the phosphorylation of serine hydroxyl, which increases the stability of
the enzyme (Pundir and Chauhan 2012). The ACH has widely used in the formation of an
inhibition based biosensor for the detection of harmful pesticides (Pundir and Chauhan 2012; de
Almeida et al. 2016). Therefore, the ACH was selected in addition to other proteins as a possible
candidate which can be used for designing an enzyme based biosensor (de Almeida et al. 2016;
Mohammadi and Ghayeb 2016). All the three categories of the pesticides were docked in the
active site of ACH using Autodock package. The parathion with highest binding scores was
found to interact with Tyr121, Trp283, Ser290, Val291, and Tyr338 in the active site of ACH
(Figure 1A and B). The inhibition of the ACH is two stepped process and took place by the
phosphorylation of Serine hydroxyl group (Fukuto 1990), therefore, in the binding, the Ser290
was observed. Similar docked residues were observed in the case of fenobucarb and DDT
(Figure S1).

The docked complex of ACH-parathion was subjected to 50 ns MD simulations. The partial
charges were corrected by using the DFT based analysis (Figure S3). The energies associated
with the binding of parathion with ACH were calculated using MM—-PBSA method, which
showed that the total free energy of binding was fluctuating in the range of -500 to -1000 kJ/mol
(Figure 1C). The vdW energies contributing towards the total energies to a greater extent as

compared to electrostatic energies, therefore, the vdW interactions were observed in the
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dominant position in the complex of ACH-parathion (Fang et al. 2014). The distance between the
ACH and parathion was calculated using GROMACS utilities. The initial distance was observed
to be around 0.4 nm and gradually decreases up to 10 ns time period, then continue fluctuating
between the 0.25-0.3 nm but showed sudden increase around 50 ns (Figure 2A). The hydrogen
bond estimation between the receptor and pesticide may reach up to 8 during the course of
simulations (Figure 2B). The continuous fluctuations were observed in the RMSD and Rg plots
which indicated that the ACH is energetically active (Figure 2C and D). The binding of
parathion shifted the peaks of the curve indicated that the conformation of the ACH changed
during the inhibition.
4.2. Caliber of Cytochrome P450 3A4 enzyme (CYP) as a Future Biosensor: Interaction
studies of CYP with Fenobucarb, DDT, and Parathion
The human hepatic CYP catalyzes the bio-transformation of pesticides and resulted in the
detoxification of these compounds (Abass et al. 2012). But the metabolism of organophosphorus
and carbamate insecticides leads to the formation of higher toxic metabolites (Poet et al. 2003;
Usmani, Hodgson, and Rose 2004). A variety of pesticides induces expression of the CYP gene
(de Sousa et al. 1997), therefore, this protein can use as a candidate in the development of the
pesticide-specific biosensor. Accordingly, the molecular docking studies were performed which
validated the information available in the literature. The fenobucarb showed highest binding
affinities with residues Phe57, Asp76, Argl06, Phe215, Met371, Arg372, and Glu374 of CYP
(Figure 3). While for DDT and parathion, a lesser number of residues were detected in the
interacting pocket of CYP (Figure S4).

Furthermore, the CYP-fenobucarb complex was subjected to 50 ns MD simulations in

explicit solvent conditions with pesticide topology was generated using DFT-based methods
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(Figure S6). On the basis of MM-PBSA analyses; the interaction energies, the total energy of
binding was fluctuating around -200 kJ/mol, with the vdW and electrostatic energies, showed
continuous fluctuation with the electrostatic energy was contributing towards the total energies to
a greater extent as compared to around vdW (Figure 3C). Similarly, the dynamics of bonding
between the CYP and fenobucarb was inferred from the calculated distance, which was
fluctuating between 0.25 — 0.35 nm (Figure 4A). While the lesser number of hydrogen bonds
were calculated in comparison with ACH-parathion complex (Figure 4B). The Rg plots signified
the stable compactness of the complex as the variation in the values was observed around 2.25
nm (Figure 4C). But the RMSD variations were significantly affected by the binding of
fenobucarb with CYP as the values started fluctuating at 0.6 nm from 0.4 nm, which indicated
that the increased energetic attributes of the protein. These observations highlighted the potential
of CYP in the biosensing of pesticide compounds.
4.3. Caliber of Glutathione S-transferase (GST) as a Future Biosensor: Interaction studies of
GST with Fenobucarb, DDT, and Parathion
The GST is an enzyme involved in the formation of the defense against the insecticides such as
decamethrin (Kostaropoulos et al. 2001) and usually considered as the target in designing novel
insecticides (Wang et al. 2014). Therefore, the GST can be considered as the potential candidate
for designing a biosensor for the detection of pesticide levels. The predicted 3-D structure of
GST was used as a receptor and docked with all the categories of the pesticides discussed in the
above sections. The DDT, with highest docking scores, was found to be interacted with Gly14,
Argl5, Leu72, and Glul62 residues of GST (Figure 5), while similar interaction behavior was
observed for other pesticides (Figure S7). Furthermore, the GST-DDT docked complex was

centrally immersed in the solvation box containing water molecules and simulated for 50 ns
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time scale. The energetic analysis of the interaction energies showed the presence of active
interactions between the GST and DDT, with the total free energy of the binding was observed
in the range of -200 — -300 kJ/mol (Figure 5C). The analyses of the trajectories showed that
the distance between GST and DDT was fluctuated in the range of 0.25 — 0.3 nm (Figure 6A),
while the hydrogen bond dynamics illustrated the presence of three bonds between the docked
molecules (Figure 6B). Similar, the Rg and RMSD plots signified that binding of DDT resulted
in little changes in the conformational preferences (Figure 6C and D). Therefore, GST can be
used for the detection of both insecticide and pesticide compounds.
4.4. Caliber of Protein kinase C (PKC) as a Future Biosensor: Interaction studies of PKC with
Fenobucarb, DDT, and Parathion
The PKC belongs to the family of serine/threonine kinases and catalyzed the phosphorylation of
y-aminobutyric acid receptors and regulates the effects of insecticides on neuronal channels and
receptors present in insects (Murillo et al. 2011). But the effect of PKC in the modulation of the
insecticide sensitivity still remains unclear (Murillo et al. 2011). Consequently, in order to
understand the structural basis of PKC interaction with the pesticides, its structure was predicted
and utilized for further analysis. The fenobucarb complex was selected on the basis of the
generated parameters and was found to interact with Ser32, Leu53, Val58, Asp63, Cys66, and
Glu70 (Figure 7).
The in-depth knowledge about the conformational behavior of PKC-fenobucarb complex
was obtained through the principles of MD simulations and DFT studies (Figure S12). The MM-
PBSA based analysis showed that the total free energy of binding and vdW energy was observed
in the range of -150 — -200 kJ/mol and the negative values, indicating that the pesticide inhibition

was energetically favorable (Figure 7C). The GROMACS utilities observed that the distance
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between the PKC and fenobucarb was maintained in the range of 0.25-0.35 nm and hydrogen
bonds also showed high fluctuations with maximum 3 bonds was present in the complex (Figure
8A and B). The Rg values showed a steady decrease up to 50 ns time scale indicated that the
compactness of the structure was increased continuously throughout the MD simulations (Figure
8C). While the values in the RMSD curve showed a steady increase indicated that the PKC
become energetically active with the advent of the MD simulations (Figure 8D). These
observations indicated that the PKC is selectively inhibited by the pesticides and can be used for
the specific detection.

5. Significance of the present study

The computational modelling is widely used instead of expensive physical experiments aiming at
understanding the kinetic peculiarities/interaction studies of the target analyte with bio-
recognizers (Dabulyté-Bagdonaviciené, Ivanauskas, and Razumas 2011; Botkin and Turova
2004). Initially, the main focus of this paper is to-describe the molecular docking and dynamics
studies on the interaction of pesticides (fenobucarb, dichlorodiphenyltrichloroethane (DDT) and
parathion) with bio-recognizers (ACH, CYP, GST and PKC) to identify the potential candidate
to design the effective biosensor for the detection of pesticides. Computational approaches were
used to confirm some of the results already reported in the literature as a first step. However, to
reduce the number of structures screened in the first pool of potential binding agents. In this way,
we hope to both reduce the time taken to find appropriate bio-recognizers and to increase the

chances of finding the best possible bio recognizers.
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6. Conclusions

In this study, the structural basis of the possible candidates for the biosensing of the pesticides
was analyzed and their interaction patterns were compared. The in-silico based studies provide
new insights into the interacting residues of the proteins involved in the process of inhibition.
Furthermore, MD simulation studies provided the understanding about the conformational
behaviors of the studied protein-pesticide complexes. Moreover, the MM-PBSA analysis showed
that the total binding energy for the PKC-fenobucarb complex was lower than the rest of the
complexes indicating the highly specific sensing capabilities of PKC.In addition to ACH, which
was validated to be the primary target for organophosphorus and carbamates, their role in the
inhibition of other metabolically significant proteins has been established in this study. The
generated outcomes can be used in other experimental studies for assessing the toxic effects of
the pesticides. Specifically, GST showed the highest values of inhibition constants indicating its
strong binding efficiency with the pesticides, but the PKC showed the highest specificity.
Therefore, these proteins can further be utilized in designing a suitable biosensor for the
detection of concentration level of the pesticides in water resources and food materials.

Conflict of interest

The authors have no substantial financial or commercial conflicts of interest.
Acknowledgements

The authors gratefully acknowledge the computational facility of Center for High Performance
Computing (CHPC), Cape Town, South Africa and Durban University of Technology, Durban,

South Africa.

18



Reference

Abass, Khaled, Virpi Ldmsé, Petri Reponen, Jenni Kiiblbeck, Paavo Honkakoski, Sampo Mattila,
Olavi Pelkonen, and Jukka Hakkola. 2012. "Characterization of human cytochrome P450
induction by pesticides." Toxicology 294 (1):17-26. doi:
http://dx.doi.org/10.1016/j.tox.2012.01.010.

Andreescu, Silvana, and Jean-Louis Marty. 2006. "Twenty years research in cholinesterase
biosensors: From basic research to practical applications." Biomolecular Engineering 23
(1):1-15. doi: http://dx.doi.org/10.1016/j.bioeng.2006.01.001.

Bathinapatla, Ayyappa, Suvardhan Kanchi, Parvesh Singh, Myalowenkosi I. Sabela, and Krishna
Bisetty. 2016. "An ultrasensitive performance enhanced novel cytochrome ¢ biosensor
for the detection of rebaudioside A." Biosensors and Bioelectronics 77:116-23. doi:
http://dx.doi.org/10.1016/1.bi0s.2015.09.004.

Botkin, N. D., and V. L. Turova. 2004. "Mathematical models of a biosensor." Applied
Mathematical Modelling 28 (6):573-89. doi:
http://dx.doi.org/10.1016/j.apm.2003.10.012.

Chapalamadugu, S., and G. R. Chaudhry. 1992. "Microbiological and biotechnological aspects
of metabolism of carbamates and organophosphates." Critical Reviews in Biotechnology
12 (5-6):357-89.-doi: 10.3109/07388559209114232.

Caspers, H. 1981. F.'L. McEwen and G. R. Stephenson. "The Use and Significance of Pesticides
in the Environment". — 538 pp. New York-Chichester-Brisbane-Toronto: John Wiley &
Sons 1979. ISBN 0-471-03903-9. £ 16.75." Internationale Revue der gesamten
Hydrobiologie und Hydrographie 66 (1):108. doi: 10.1002/iroh.19810660109.

Dabulyté-Bagdonaviciene, Jurgita, Feliksas Ivanauskas, and Valdemaras Razumas. 2011. "The
computational modelling of the kinetics of ascorbic acid palmitate hydrolysis by lipase
considering diffusion." Central European Journal of Chemistry 9 (4):712-19. doi:
10.2478/s11532-011-0053-3.

19


http://dx.doi.org/10.1016/j.tox.2012.01.010
http://dx.doi.org/10.1016/j.bios.2015.09.004
http://dx.doi.org/10.1016/j.apm.2003.10.012

Deo, Randhir Prakash, Joseph Wang, Ines Block, Ashok Mulchandani, Kanchan A. Joshi, Marek
Trojanowicz, Fritz Scholz, Wilfred Chen, and Yuehe Lin. 2005. "Determination of
organophosphate pesticides at a carbon nanotube/organophosphorus hydrolase
electrochemical biosensor." Analytica Chimica Acta 530 (2):185-9. doi:
http://dx.doi.org/10.1016/j.aca.2004.09.072.

de Almeida, Joyce S. F. D., Teobaldo R. Cuya Guizado, Ana P. Guimaraes, Teodorico C.
Ramalho, Arlan S. Gongalves, Martijn C. de Koning, and Tanos C. C. Franca. 2016.
"Docking and molecular dynamics studies of peripheral site’ ligand—oximes as
reactivators of sarin-inhibited human acetylcholinesterase." Journal of Biomolecular
Structure and Dynamics 34 (12):2632-42. doi: 10.1080/07391102.2015.1124807.

De Flora, S., L. Vigano, F. D'Agostini, A. Camoirano, M. Bagnasco, C. Bennicelli, F. Melodia,
and A. Arillo. 1993. "Multiple genotoxicity biomarkers in fish exposed in situ to polluted
river water." Mutation Research/Genetic. Toxicology 319 (3):167-77. doi:
http://dx.doi.org/10.1016/0165-1218(93)90076-P.

de Lifidn Carral, C. 2015. Vademécum de productos fitosanitarios y nutricionales 2015:

Ediciones Agrotécnicas.

de Sousa, G., F. Fontaine, M. Pralavorio, D. Botta-Fridlund, Y. Letreut, and R. Rahmani. 1997.
"Insecticide cytotoxicity and CYP1A1/2 induction in primary human and rat hepatocyte
cultures." Toxicology In'Vitro 11 (5):451-7. doi: S0887-2333(97)00061-1 [pii].

Dhull, Vikas, Anjum Gahlaut, Neeraj Dilbaghi, and Vikas Hooda. 2013. "Acetylcholinesterase
Biosensors for Electrochemical Detection of Organophosphorus Compounds: A Review."

Biochemistry Research International 2013:731501. doi: 10.1155/2013/731501.

Donarski, W. J., D. P. Dumas, D. P. Heitmeyer, V. E. Lewis, and F. M. Raushel. 1989.
"Structure-activity relationships in the hydrolysis of substrates by the phosphotriesterase

from Pseudomonas diminuta." Biochemistry 28 (11):4650-5.

Fang, Hua, Yunlong Yu, Xiaoqgiang Chu, Xiuguo Wang, Xiaoe Yang, and Jingquan Yu. 2009.

"Degradation of chlorpyrifos in laboratory soil and its impact on soil microbial functional

20



diversity." Journal of  Environmental Sciences 21  (3):380-6. doi:
http://dx.doi.org/10.1016/S1001-0742(08)62280-9.

Fang, Jiansong, Ping Wu, Ranyao Yang, Li Gao, Chao Li, Dongmei Wang, Song Wu, Ai-Lin
Liu, and Guan-Hua Du. 2014. "Inhibition of acetylcholinesterase by two genistein
derivatives: kinetic analysis, molecular docking and molecular dynamics simulation."

Acta Pharmaceutica Sinica. B 4 (6):430-7. doi: 10.1016/j.apsb.2014.10.002.

Farag, Amina T., Amany H. Radwan, Fardous Sorour, Ahmed El Okazy, El-Sayed El-Agamy,
and Abd El-Khaliek El-Sebae. 2010. "Chlorpyrifos induced reproductive toxicity in male
mice." Reproductive Toxicology 29 (1):80-5. doi:
http://dx.doi.org/10.1016/j.reprotox.2009.10.003.

Fendick, E. A., E. Mather-Mihaich, K. A. Houck, M. B. St. Clair, J. B. Faust, C. H. Rockwell,
and M. Owens. 1990. "Ecological Toxicology and Human Health Effects of Heptachlor."
In Reviews of Environmental Contamination-and Toxicology: Continuation of Residue
Reviews, edited by George W. Ware, 61-142. New York, NY: Springer New York.

Freire, Renato S., Christiana A. Pessoa, Lucilene D. Mello, and Lauro T. Kubota. 2003. "Direct
electron transfer: an approach for electrochemical biosensors with higher selectivity and

sensitivity." Journal of the Brazilian Chemical Society 14:230-43.

Frisch, Michael J., G. W. Trucks, H. Bernhard Schlegel, Gustavo E. Scuseria, Michael A. Robb,
James R. Cheeseman, Giovanni Scalmani, et al. 2009. "Gaussian 09." In. Wallingford,

CT, USA: Gaussian, Inc.

Fukuto, -T. Roy. 1990. "Mechanism of Action of Organophosphorus and Carbamate
Insecticides." Environmental Health Perspectives 87:245-54. doi: 10.2307/3431032.

Gold, L. S., T. H. Slone, N. B. Manley, and L. Bernstein. 1991. "Target organs in chronic

bioassays of 533 chemical carcinogens." Environmental Health Perspectives 93:233-46.

Grieshaber, Dorothee, Robert MacKenzie, Janos Vords, and Erik Reimhult. 2008.
"Electrochemical Biosensors - Sensor Principles and Architectures." Sensors (Basel,

Switzerland) 8 (3):1400-58.
21



Guan, Shanshan, Li Zhao, Hanyong Jin, Ning Shan, Weiwei Han, Song Wang, and Yaming
Shan. 2017. "Binding modes of phosphotriesterase-like lactonase complexed with 6-
nonanoic lactone and paraoxon using molecular dynamics simulations." Journal of
Biomolecular Structure and Dynamics 35 (2):273-86. doi:
10.1080/07391102.2016.1142899.

Jaffrezic-Renault, Nicole. 2001. "New Trends in Biosensors for Organophosphorus Pesticides."

Sensors 1 (2):60-74. doi:10.3390/s10100060.

Jokar, Mahmoud, Mohammad Hassan Safaralizadeh, Farzin Hadizadeh, Fatemeh Rahmani, and
Mohamad Reza Kalani. 2017. "Apta-nanosensor preparation and in vitro assay for rapid
Diazinon detection using a computational molecular approach." Journal of Biomolecular
Structure and Dynamics 35 (2):343-53. doi: 10.1080/07391102.2016.1140594.

Jokar, Mahmoud, Mohammad Hassan Safaralizadeh, Farzin Hadizadeh, Fatemeh Rahmani, and
Mohammad Reza Kalani. 2016. "Design and evaluation of an apta-nano-sensor to detect
Acetamiprid in vitro and in silico." Journal of Biomolecular Structure and Dynamics 34
(11):2505-17. doi: 10.1080/07391102.2015.1123188.

Kostaropoulos, 1., A. I. Papadopoulos, A. Metaxakis, E. Boukouvala, and E. Papadopoulou-
Mourkidou. 2001. "Glutathione S-transferase in the defence against pyrethroids in
insects." Insect Biochemistry and Molecular Biology 31 (4-5):313-9. doi:
S0965174800001235 [pii].

Krasinski, A.; Z. Radic, R. Manetsch, J. Raushel, P. Taylor, K. B. Sharpless, and H. C. Kolb.
2005. "In situ selection of lead compounds by click chemistry: target-guided optimization
of acetylcholinesterase inhibitors."  Journal of American Chemical Society 127
(18):6686-92. doi: 10.1021/ja043031t.

Kuroda, Koichi, Yukihiko Yamaguchi, and Ginji Endo. 1992. "Mitotic toxicity, sister chromatid
exchange, and rec assay of pesticides." Archives of Environmental Contamination and
Toxicology 23 (1):13-8. doi: 10.1007/bf00225990.

22



Kumari, Indu, Nitika Chaudhary, Padmani Sandhu, Mushtaq Ahmed, and Yusuf Akhter. 2016.
"Structural and mechanistic analysis of engineered trichodiene synthase enzymes from
Trichoderma harzianum: towards higher catalytic activities empowering sustainable
agriculture." Journal of Biomolecular Structure and Dynamics 34 (6):1176-89. doi:
10.1080/07391102.2015.1073632.

Kumari, R., R. Kumar, and A. Lynn. 2014. "g mmpbsa--a GROMACS tool for high-throughput
MM-PBSA calculations." Journal of Chemical Information and Modeling 54 (7):1951-
62. doi: 10.1021/¢i500020m.

Lin, G, Y. R. Lee, Y. C. Liu, and Y. G. Wu. 2005. "Ortho effects for inhibition mechanisms of
butyrylcholinesterase by o-substituted phenyl N-butyl carbamates and comparison with
acetylcholinesterase, cholesterol esterase, and lipase." Chemical Research in Toxicology
18 (7):1124-31. doi: 10.1021/tx0500140.

Luque de Castro, M. D., and M. C. Herrera. 2003. "Enzyme inhibition-based biosensors and
biosensing systems: questionable analytical devices." Biosensors and Bioelectronics 18
(2-3):279-94. doi: http://dx.doi.org/10.1016/S0956-5663(02)00175-6.

Manetsch, R., A. Krasinski, Z. Radic, J. Raushel, P. Taylor, K. B. Sharpless, and H. C. Kolb.
2004. "In situ click chemistry: enzyme inhibitors made to their own specifications."

Journal of American Chemical Society 126 (40):12809-18. doi: 10.1021/ja046382¢.

Meng, Xianwei, Jianfei Wei, Xiangling Ren, Jun Ren, and Fangqiong Tang. 2013. "A simple and
sensitive. fluorescence biosensor for detection of organophosphorus pesticides using
H202-sensitive quantum dots/bi-enzyme." Biosensors and Bioelectronics 47:402-7. doi:
http://dx.doi.org/10.1016/j.bios.2013.03.053.

Mionetto, Nathalie, Jean-Louis Marty, and Isao Karube. 1994. "Acetylcholinesterase in organic
solvents for the detection of pesticides: Biosensor application." Biosensors and
Bioelectronics 9 (6):463-70. doi: http://dx.doi.org/10.1016/0956-5663(94)90035-3.

Miranhshah, Rishi. 2011. "Revolutionary thought " The Tribune.

23



Mohammadi, Tecush, and Yousef Ghayeb. 2016. "Atomic insight into designed carbamate-based
derivatives as acetylcholine esterase (AChE) inhibitors: a computational study by
multiple molecular docking and molecular dynamics simulation."  Journal of

Biomolecular Structure and Dynamics:1-13. doi: 10.1080/07391102.2016.1268977.

Montesinos, Thierry, Sandra Pérez-Munguia, F. Valdez, and Jean-Louis Marty. 2001.
"Disposable cholinesterase biosensor for the detection of pesticides in water-miscible
organic  solvents." Analytica  Chimica  Acta 431 (2):231-7.. doi:
http://dx.doi.org/10.1016/S0003-2670(00)01235-6.

Morris, G. M., R. Huey, W. Lindstrom, M. F. Sanner, R. K. Belew, D. S. Goodsell, and A. J.
Olson. 2009. "AutoDock4 and AutoDockTools4: Automated docking with selective
receptor flexibility." Journal of Computational ~Chemistry 30 (16):2785-91. doi:
10.1002/jcc.21256.

Murillo, Laurence, Alain Hamon, Zeineb Es-Salah-Lamoureux, Valérie Itier, Sophie Quinchard,
and Bruno Lapied. 2011. "Inhibition of protein kinase C decreases sensitivity of GABA
receptor subtype to fipronil insecticide in insect neurosecretory cells." NeuroToxicology

32 (6):828-35. doi: http://dx.doi.org/10.1016/j.neuro.2011.05.015.

Naz, F., M. Shahbaaz, K. Bisetty, A. Islam, F. Ahmad, and M. 1. Hassan. 2015. "Designing New
Kinase Inhibitor Derivatives as Therapeutics Against Common Complex Diseases:
Structural Basis of Microtubule Affinity-Regulating Kinase 4 (MARK4) Inhibition."
OMICS 19 (11):700-11. doi: 10.1089/0mi.2015.0111.

Naz, Farha, Mohd Shahbaaz, Shama Khan, Krishna Bisetty, Asimul Islam, Faizan Ahmad, and
Md Imtaiyaz Hassan. 2015. "PKR-inhibitor binds efficiently with human microtubule
affinity-regulating kinase 4." Journal of Molecular Graphics and Modelling 62:245-52.
doi: http://dx.doi.org/10.1016/j.jmgm.2015.10.009.

Neudert, G., and G. Klebe. 2011. "DSX: a knowledge-based scoring function for the assessment
of protein-ligand complexes." Journal of Chemical Information and Modeling 51
(10):2731-45. doi: 10.1021/¢i200274q.

24


http://dx.doi.org/10.1016/S0003-2670(00)01235-6
http://dx.doi.org/10.1016/j.neuro.2011.05.015
http://dx.doi.org/10.1016/j.jmgm.2015.10.009

Odukkathil, Greeshma, and Namasivayam Vasudevan. 2013. "Toxicity and bioremediation of
pesticides in agricultural soil." Reviews in Environmental Science and Bio/Technology
12 (4):421-44. doi: 10.1007/s11157-013-9320-4.

Oostenbrink, C., A. Villa, A. E. Mark, and W. F. van Gunsteren. 2004. "A biomolecular force
field based on the free enthalpy of hydration and solvation: the GROMOS force-field
parameter sets S3A5 and 53A6." Journal of Computational Chemistry 25 (13):1656-76.
doi: 10.1002/jcc.20090.

Poet, T. S., H. Wu, A. A. Kousba, and C. Timchalk. 2003. "In vitro rat hepatic and intestinal
metabolism of the organophosphate pesticides chlorpyrifos and diazinon." Toxicological
Sciences 72 (2):193-200. doi: 10.1093/toxsci/kfg035kfg035 [pii].

Pronk, S., S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M. R. Shirts, et al. 2013.
"GROMACS 4.5: a high-throughput and highly parallel open source molecular
simulation toolkit." Bioinformatics 29 (7):845-54. doi:
10.1093/bioinformatics/btt055btt055 [pii].

Pundir, Chandra Shekhar, and Nidhi Chauhan. 2012. "Acetylcholinesterase inhibition-based
biosensors for pesticide determination: A review." Analytical Biochemistry 429 (1):19-
31. doi: http://dx.doi.org/10.1016/1.ab.2012.06.025.

Rawlings, N. C., S. J..Cook, and D. Waldbillig. 1998. "Effects of the pesticides carbofuran,
chlorpyrifos, dimethoate, lindane, triallate, trifluralin, 2,4-D, and pentachlorophenol on
the ‘metabolic endocrine and reproductive endocrine system in ewes." Journal of

Toxicology and Environmental Health A 54 (1):21-36.

Rehana, Zehra, Abdul Malik, and Masood Ahmad. 1995. "Mutagenic activity of the ganges
water with special reference to the pesticide pollution in the river between Kachla to
Kannauj (U.P.), India." Mutation Research/Genetic Toxicology 343 (2):137-44. doi:
http://dx.doi.org/10.1016/0165-1218(95)90079-9.

25


http://dx.doi.org/10.1016/j.ab.2012.06.025

Ronkainen, Niina J., H. Brian Halsall, and William R. Heineman. 2010. "Electrochemical

biosensors." Chemical Society Reviews 39 (5):1747-63. doi: 10.1039/b714449k.

Sabela, Myalowenkosi 1., Thabani Mpanza, Suvardhan Kanchi, Deepali Sharma, and Krishna
Bisetty. 2016. "Electrochemical sensing platform amplified with a nanobiocomposite of
L-phenylalanine ammonia-lyase enzyme for the detection of capsaicin." Biosensors and

Bioelectronics 83:45-53. doi: http://dx.doi.org/10.1016/j.bios.2016.04.037.

Sassolas, Audrey, Beatriz Prieto-Sim"®n, and Jean-Louis Marty. 2012. "Biosensors for Pesticide
Detection: New Trends." American Journal of Analytical Chemistry 03(03):210-232.
doi: 10.4236/ajac.2012.33030.

Savary, Camille C., Rozenn Joss¢, Arnaud Bruyére, Fabrice Guillet, Marie-Anne Robin, and
André Guillouzo. 2014. "Interactions of Endosulfan and Methoxychlor Involving
CYP3A4 and CYP2B6 in Human HepaRG Cells." Drug Metabolism and Disposition 42
(8):1235-40. doi: 10.1124/dmd.114.057786.

Schulze, H., S. B. Muench, F. Villatte, R.'D. Schmid, and T. T. Bachmann. 2005. "Insecticide
detection  through  protein  engineering of  Nippostrongylus  brasiliensis

acetylcholinesterase B." Analytical Chemistry 77 (18):5823-30. doi: 10.1021/ac050383p.

Schuttelkopf, A. W., and D. M. van Aalten. 2004. "PRODRG: a tool for high-throughput
crystallography of protein-ligand complexes." Acta Crystallogr D Biol Crystallogr 60
(Pt 8):1355-63. doi: 10.1107/S0907444904011679S0907444904011679 [pii].

Simonian, A. L.; E.'1. Rainina, and J. R. Wild. 1997. "A New Approach For Discriminative
Detection of Organophosphate Neurotoxins in the Presence of Other Cholinesterase

Inhibitors." Analytical Letters 30 (14):2453-68. doi: 10.1080/00032719708001757.

Sharma, Priyanka, Sunil Thakur, and Pamita Awasthi. 2016. "In silico and bio assay of juvenile
hormone analogs as an insect growth regulator against Galleria mellonella (wax moth) —
Part I1." Journal of Biomolecular Structure and Dynamics 34 (5):1061-78. doi:
10.1080/07391102.2015.1056549.

26


http://dx.doi.org/10.1016/j.bios.2016.04.037

Skladal, Petr, Gilvanda Silva Nunes, Hideko Yamanaka, and Maria Lucia Ribeiro. 1997.
"Detection of carbamate pesticides in vegetable samples using cholinesterase-based

biosensors." Electroanalysis 9 (14):1083-7. doi: 10.1002/elan.1140091410.

Suwalsky, M., C. Rodriguez, F. Villena, and C. P. Sotomayor. 2005. "Human erythrocytes are
affected by the organochloride insecticide chlordane." Food and Chemical Toxicology
43 (5):647-54. doi: S0278-6915(05)00009-8 [pii]10.1016/j.fct.2004.12.010.

Stanyon, C. A., and O. Bernard. 1999. "LIM-kinasel." The International ~Journal of
Biochemistry & Cell Biology 31 (3-4):389-94.

Thévenot, Daniel R., Klara Toth, Richard A. Durst, and  George S. Wilson. 2001.
"Electrochemical biosensors: recommended definitions and classificationl." Biosensors
and  Bioelectronics 16  (1-2):121-31.  doi: - http://dx.doi.org/10.1016/S0956-
5663(01)00115-4.

Usmani, Khawja A., Ernest Hodgson, and Randy L. Rose. 2004. "In vitro metabolism of
carbofuran by human, mouse, and rat cytochrome P450 and interactions with
chlorpyrifos, testosterone, and estradiol." Chemico-Biological Interactions 150 (3):221-
32. doi: http://dx.doi.org/10.1016/j.¢bi.2004.09.015.

Vanommeslaeghe, K., E. Hatcher, C. Acharya, S. Kundu, S. Zhong, J. Shim, E. Darian, et al.
2010. "CHARMM general force field: A force field for drug-like molecules compatible
with the CHARMM all-atom additive biological force fields." Journal of Computational
Chemistry 31(4):671-90. doi: 10.1002/jcc.21367.

Velasco-Garcia,” Maria N., and Toby Mottram. 2003. "Biosensor Technology addressing
Agricultural ~ Problems." Biosystems  Engineering 84  (1):1-12.  doi:
http://dx.doi.org/10.1016/S1537-5110(02)00236-2.

Verma, N., and A. Bhardwaj. 2015. "Biosensor technology for pesticides--a review." Applied
Biochemistry and Biotechnology 175 (6):3093-119. doi: 10.1007/s12010-015-1489-2.

27


http://dx.doi.org/10.1016/S0956-5663(01)00115-4
http://dx.doi.org/10.1016/S0956-5663(01)00115-4
http://dx.doi.org/10.1016/j.cbi.2004.09.015

Verma, Neelam, and Satvinder Singh Dhillon. 2003. "Biosensors For Monitoring Insecticides
And Herbicides - A Survey." International Journal of Environmental Studies 60 (1):29-
43. doi: 10.1080/00207230304751.

Wang, Z., Z. Zhao, M. M. Abou-Zaid, J. T. Arnason, R. Liu, B. Walshe-Roussel, A. Waye, et al.
2014. "Inhibition of insect glutathione S-transferase (GST) by conifer extracts." Archives
Insect Biochemistry and Physiology 87 (4):234-49. doi: 10.1002/arch.21192.

Yao, Ting-Ting, Jiang-Feng Xie, Xing-Guo Liu, Jing-Li Cheng, Cheng-Yuan Zhu, Jin-Hao
Zhao, and Xiao-Wu Dong. 2017. "Integration of pharmacophore mapping and molecular
docking in sequential virtual screening: towards the discovery of novel JAK2 inhibitors."

RSC Advances 7 (17):10353-60. doi: 10.1039/c6ra24959k.

Yogeswaran, Umasankar, and Shen-Ming Chen. 2008. "A Review on the Electrochemical

Sensors and Biosensors Composed of Nanowires as Sensing Material." Sensors 8

(1):290-313. doi:10.3390/s8010290

Zielkiewicz, J. 2005. "Structural properties of water; comparison of the SPC, SPCE, TIP4P, and
TIP5P models of water." The Journal of Chemical Physics 123 (10):104501. doi:
10.1063/1.2018637.

28


http://dx.doi.org/10.3390/s8010290

Figure legends

Figure 1. (A) The 3-D and 2D representation of stable docked conformation generated for ACH-
parathion complex. (B) The plot showing the MM-PBSA results in the form of different free

energies of binding.

Figure 2. (A) The graph depicting the variation of the distance between ACH and parathion. (B)
The curve illustrating the variations in the hydrogen bonds observed: during 50 ns MD
simulations. (C) and (D) The graphical representation of the fluctuations observed in the Rg and

RMSD values.

Figure 3. (A) The selected conformational pose of CYP-fenobucarb docked complex showing
the interacting residues. (B) The MM-PBSA analysis based obtained curve showing the behavior

of the interactions in the form of free energies of binding.

Figure 4. (A) and (B) The graphical view illustrating the dynamics observed in the bonding
patterns between CYP and fenobucarb. (C) and (D) Rg and RMSD curves highlighting the

changes in the conformational behavior observed during 50 ns MD simulations.

Figure 5. (A) The stable pose generated after molecular docking between the GST and DDT. (B)

The MM-PBSA derived curve showing the fluctuations in the interacting free energies.

Figure 6. (A) and (B) The 2-D diagram describing the changes observed in the distance and
hydrogen bonding patterns for GST and DDT complex. (C) and (D)The curves illustrating the

changes in the Rg and RMSD values during 50 ns MD simulations.
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Figure 7. (A) 3-D and 2-D representation of the interacting residues observed in the docked
complex of PKC and fenobucarb. (B) The MM-PBSA based plots depicting the fluctuations in

the interacting free energies.

Figure 8. (A) and (B) The illustration of the dynamics observed between PKC and fenobucarb in
terms of distance and Hydrogen bonding. (C) and (D) The curves illustrating the changes in the

Rg and RMSD values during 50 ns MD simulations.
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Table 1: List interaction parameters generated after molecular docking of acetylcholinesterase and

pesticides

S. No Generated parameters Pesticide
Fenobucarb DDT Parathion

1. Selected pose 21 27 8
2. Free energy of Binding (kcal/mol) -5.27 -6.37 -4.57
3. Inhibition Constant (uWM) 138.15 21.41 448.09
4. vdW + Hbond + desolv Energy (kcal/mol) -6.46 -7.25 =7.02
5. Intermolecular energy (kcal/mol) -6.46 -7.27 -6.66
6. Total internal (kcal/mol) -0.73 -0.98 -0.92
7. Torsional energy (kcal/mol) 1.19 0.89 2.09




Table 2: List interaction parameters generated after molecular docking of cytochrome and pesticides

S. No Generated parameters Pesticide
Fenobucarb DDT Parathion
1. Selected pose 6 5 12
2. Free energy of Binding (kcal/mol) -5.1 -6.54 -5.03
3. Inhibition Constant (uM) 183.49 16.15 206.93
4. vdW + Hbond + desolv Energy (kcal/mol) -6.11 -7.42 -6.24
5. Intermolecular energy (kcal/mol) -6.29 -7.43 -7.11
6. Total internal (kcal/mol) -0.72 -1.04 -0.77
7. Torsional energy (kcal/mol) 1.19 0.89 2.09




Table 3: List interaction parameters generated after molecular docking of glutathione-S-transferase and

pesticides
S. No Generated parameters Pesticide
Fenobucarb DDT Parathion
1. Selected pose 26 13 4
2. Free energy of Binding (kcal/mol) -4.5 -5.43 -4.11
3. Inhibition Constant (uWM) 501.29 103.88 968.91
4. vdW + Hbond + desolv Energy (kcal/mol) -5.81 -6.3 -5.79
5. Intermolecular energy (kcal/mol) -5.7 -6.33 -6.2
6. Total internal (kcal/mol) -0.72 -0.99 -0.88
7. Torsional energy (kcal/mol) 1.19 0.89 2.09




Table 4: List interaction parameters generated after molecular docking of protein kinase C and pesticides

S. No Generated parameters Pesticide
Fenobucarb DDT Parathion

1. Selected pose 26 21 29

2. Free energy of Binding (kcal/mol) -4.42 -6.11 -532

3. Inhibition Constant (uM) 575.53 33.22 125:1

4. vdW + Hbond + desolv Energy (kcal/mol) -5.63 -7.04 =5.12

5. Intermolecular energy (kcal/mol) -5.61 -7.0 -7.41

6. Total internal (kcal/mol) -0.73 -0.94 -0.96

7. Torsional energy (kcal/mol) 1.19 0.89 2.09
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Figure S1. The obtained docked complexes for ACH



Acetycholine-parathion complex

HB_ACCEPTOR: 13
HB_DONOR: 6

HYDROPHOBIC: 2
POS_IONIZABLE: 1

RING_AROMATIC: 2

2 features match the receptor-ligand
interactions: AA

Figure S2. The generated pharmacophore features for docked complex



Acetycholine-parathion complex

HOMO energy =-0.21 Ha
LUMO energy =-0.10 Ha
Band gap energy = 0.11 Ha

Total energy =-1633.96 Ha

Figure S3. The DFT generated parameters



PHE215

PHE213

CYP-Parathion complex

PHE304

CYP-DDT complex

Figure S4. The obtained docked complexes for CYP



Cytochrome P450-Fenobucarb
complex

HB_ACCEPTOR: 4
HYDROPHOBIC: 3

RING_AROMATIC: 2

2 features match the receptor-
ligand interactions: HH

Figure S5. The generated pharmacophore features for docked complex



Cytochrome P450-Fenobucarb
complex

HOMO

HOMO energy =-0.17 Ha
LUMO energy =-0.04 Ha
Band gap energy = 0.13 Ha

Total energy =-712.09 Ha

Figure S6. The DFT generated parameters
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GST-fenobucarb complex

GST-parathion complex

Figure S7. The obtained docked complexes for GST



Glutathione S-transferase-DDT
complex

HYDROPHOBIC: 5

RING AROMATIC: 4

3 features match the receptor-ligand
interactions: HHH

Figure S8. The generated pharmacophore features for docked complex



Glutathione S-transferase-DDT
complex

LUMO

HOMO

HOMO energy =-0.21Ha
LUMO energy =0.0058 Ha
Band gap energy = 0.224 Ha

Total energy =-784.52 Ha

Figure S9. The DFT generated parameters



PKC-DDT complex

PKC-parathion complex

Figure S10. The obtained docked complexes for PKC

10



Protein kinase C-Fenobucarb
complex

HB_ACCEPTOR: 4
HYDROPHOBIC: 3

RING_AROMATIC: 2

4 features match the receptor-ligand
interactions: AHHH

Selectivity Score: 5.6124

Figure S11. The generated pharmacophore features for docked complex
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Protein kinase C-Fenobucarb
complex

LUMO

HOMO

HOMO energy =-0.17 Ha
LUMO energy =-0.049 Ha
Band gap energy = 0.12 Ha

Total energy =-712.09 Ha

Figure S12. The DFT generated parameters
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