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Abstract: In the present study, the interaction between organophosphorus pesticides and cholinesterase
enzymes was investigated by quantum chemical cluster model and hard-soft acid-base (HSAB)
approaches. The computational results of the equilibrium structure and reaction enthalpy were used
to decipher the mechanism of organophosphorus pesticides coumaphos, dicrotophos, phorate, and
terbufos, which interacted with the molecular cluster models of acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) enzymes. In addition, the HOMO-LUMO energy gap and the HSAB
descriptors prove that AChE has outstanding electron acceptability, which is suitable as a biosensing
material. In terms of the calculated electronic spectrum, because the energy level of the ground
state and the excited state are changed after adding pesticides with enzymes, a significant red shift
phenomenon will occur.

Keywords: acetylcholinesterase; butyrylcholinesterase; organophosphorus pesticides; quantum
chemical cluster model; hard-soft acid-base

1. Introduction

Organophosphorus (OP) pesticides have adverse effects on neurodevelopment, including
primordial reflex abnormalities, mental and motor development delays, attention deficit/
hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) symptoms, etc. [1]. They
are not only used in agricultural production, but also in parks, homes, and public places,
which cause people to be exposed to a harmful environment. The OP compounds have great
affinity after binding with acetylcholinesterase (AChE) and are considered to be irreversible
inhibitors [2]. Due to the acute toxicity, bioaccumulation, environmental persistence, and
long-term side effects of OP compounds, rapid detection is becoming more and more
important [3]. A biosensor is a detector that uses biomolecules as identifying components.
Proteins and enzymes help to quantitatively detect pesticide pollutants in the environment
and/or degrade them, which makes it ideal for toxicological measurement to determine
health and safety implications [4]. It provides advantages such as high sensitivity, simple
operation, and fast response speed [5,6].

AChE can be used as one of the neurotoxicity biomarkers of various environmental
organic pollutants [7]. Biomarkers can not only evaluate their potential ecological effects in
indicator organisms, but also be used in environmental toxicology research and pollution
monitoring. AChE is often used as a biosensor component for the detection of OP com-
pounds, which has the advantages of instant response, simple operation, low cost, and
high sensitivity [8]. Molecular docking and kinetics studies have been used to investigate
the binding modes of several pesticides with mAChE and hAChE. The calculated global
minimum energy (Eglob_min) and binding free energy (∆Gbinding) are not only related to
the acute toxicity (LD50) of pesticides to mice, but can also generate a model to predict the
LD50 of pesticides to humans [9].
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In addition, butyrylcholinesterase (BChE) is a potential detoxification enzyme, which
can hydrolyze cocaine and other toxic esters or eliminate neurotoxic OP compounds [10].
The sequence homology between AChE and BChE is as high as 53%, but they are different
in terms of substrate specificity and sensitivity to various inhibitors [11]. In previous
studies, molecular simulation results showed that all oximes in the active sites of AChE
and BChE have similar binding modes [12].

The quantum chemical cluster method relies on the use of relatively precise quantum
chemical methods and is an effective method for studying enzymatic reactions. The active
site finite model can predict the bond strength and spectral properties of the enzyme active
site, and is a technique aimed at studying the reaction mechanism of the enzyme active
site [13–17].

In this study, the structural basis of human AChE and BChE with four OP pesticides,
including coumaphos (Cou), dicrotophos (Dic), phorate (Pho), or terbufos (Ter) was pro-
vided, and their interaction patterns were compared. The purpose is to calculate which
enzyme–pesticide combination has the best binding efficiency and sensitivity, so as to
design biosensors suitable for the detection of pesticides in the environment and food.

2. Computational Details

Using PubChem, 3D structures of all the investigated pesticides—i.e., coumaphos
(Cou), dicrotophos (Dic), phorate (Pho), and terbufos (Ter)—are obtained. Cou, Dic, Pho,
and Ter are selected since their statuses are registered for use and their hazard rankings
are high in the US EPA. Among them, Cou, Pho, and Ter are organothiophosphates,
and Dic is a dialkyl phosphate. These organophosphate insecticides act as EC 3.1.1.7
(acetylcholinesterase)/EC 3.1.1.8 (cholinesterase) inhibitors. The GHS classification and
labelling of the above pesticides is an acute toxicity and environmental hazard with a
danger signal. Cou is also an irritant.

The X-ray crystal structures of human acetylcholinesterase (EC 3.1.1.7) (PDB: 4PQE)
and human butyryl cholinesterase (EC 3.1.1.8) (PDB: 1P0M) are retrieved from RCSB
Protein Data Bank (www.rcsb.org, accessed on 13 June 2021) as starting geometry. All the
ligands and the non-bonding water molecules present in the crystallographic structure of
each enzyme were removed prior to docking.

In this work, the AutoDock Vina Extended SAMSON Extension is used to dock the
organophosphorus pesticides with the AChE and BChE enzymes [18]. The AutoDock Vina
Extended SAMSON Extension packages the protein–ligand docking program AutoDock
Vina, and provides flexible side chains, rotatable bonds, and types of locked bonds. The
search domain based on the receptor, a ligand, or a binding site is easily set up. For the
present docking procedure, the setup search domain is based on the whole size of the AChE
and BChE enzymes. The center of the grid is set so that the grid box covers the entire
enzyme. Default values are used for other parameters. Among the first 200 docking poses,
the best candidate is selected according to the standard scoring function.

The quantum chemical calculations are performed at the PM7 level using MOPAC
2016 software [19]. All amino acids in the cluster model of AChE and BChE enzymes are
truncated at the α-carbon, and hydrogen atoms are manually added. The protonation state
of residues comes from the experimental evidence. During geometry optimization, the
truncated α-carbon remains fixed in its input position. The molecular mechanics correction
for the amidic bonds (CONH) is applied. The geometries of all systems are optimized
using tight optimization criteria with a gradient threshold of 4.2 × 10−4 kJ mol−1 Å−1.
The solvent effect is implicitly treated by the conductor-like screening model (COSMO),
which uses a dielectric constant of 78.4 for water [20]. MOPAC 2016 is available from
http://openmopac.net, accessed on 14 June 2021. The results of MOPAC 2016 PM7(COSMO)
with optimized geometry and Mulliken charge are illustrated by MoCalc 2012 software
to study the role of electrostatic interaction and hydrogen bonding in the strength of the
binding reaction. In addition, Gabedit software is used to read AUX files calculated by
MOPAC 2016 to visualize HOMO and LUMO [21]. ORCA software is used to obtain
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the singlet and triplet excited state energies of the studied system through INDO/S-CIS
calculations [22,23].

3. Results and Discussion
3.1. Computational Results Using Molecular Docking and Quantum Chemical Cluster
Model Methods

Molecular docking is an efficient tool to simulate the binding pattern and provide
interaction information and energy between protein receptors and small molecules [24].
However, many scoring functions used to evaluate docking poses try to express binding
energy in some way, but are unable to due to the complexity of ligand–protein binding-
related phenomena and their inability to incorporate quantum effects, such as charge
transfer between protein and ligand and the wide differences of atomic charges between
the different structures of ligands and proteins [25]. These functions generally reduce the
level of correlation between experimental information related to biological activity (such as
Ki or IC50) [26]. Previous studies have mentioned that using the PM6 method to calculate
the partial charge between the ligand and the protein has the two major advantages of
accurately processing the docking of metalloproteins and producing more accurate docking
results. The PM6 method calculations subjoin the energy scoring function of AutoDock 4,
including the evaluation of different secondary interactions, dispersion/repulsion, hydro-
gen bonding, static electricity, and desolvation, which improves the accuracy of docking
calculations. Then, a large number of validation sets have shown that the semi-empirical
method can not only calculate partial charge accurately, but can aslo reproduce the bond
energies of the experimental homodimer and heterodimer hydrogen [27].

In addition, the realistic model needs to be as consistent as possible with the conditions
in vivo, which are chemically sensitive. For example, the model needs to have solvated
substances and ideally temperature conditions where biochemical processes occur. There-
fore, quantum mechanics calculation methods can be used to simulate common chemical
and biochemical processes, such as minimum energy geometry, non-covalent interactions,
and chemical reactions [28]. When using the PM7 method and solvent in the COSMO
model to calculate protein–ligand energy, not only is the global energy minimum close
to the position of the natural (crystalline) ligand (INN = 1), the ligand is also a minimum
value (IN = 1) or almost the lowest energy (IN = 2–5) [29]. The comparison of the reference
data and the results obtained through the semiempirical PM7 method implemented in
MOPAC 2012 can be widely verified, such as the formation of heat (∆Hf), the geometry
of small molecules and organic and inorganic solids, and the derivative properties (such
as the energy of the intermolecular interaction) [28]. The literature also mentions that
the enthalpy was derived from quantum mechanics and combined with some additional
calculated thermodynamic terms to generate free energy data that are highly correlated
with experimental data [21–24]. Although the protein–ligand affinity is affected by the en-
thalpy and entropy terms, the ligand is mainly driven by enthalpy, which is more selective
for this target, because a larger enthalpy value may be related to the interaction between
specific molecules [25,26]. Hence, compounds with the most favorable binding enthalpy
can be found by ligand screening strategies with more selective reagents. For example, the
molecular docking of 52 compounds (series 1) that selectively inhibit Shp2, combined with
the semiempirical PM7 method, compared with Shp1, it can be shown that Shp2 has a more
favorable interaction enthalpy (the confidence level is 99%) [30]. In summary, although
molecular docking can calculate energy, the energetics calculation based on the quantum
mechanics method through protein–ligand binding can improve its accuracy. In order to
clarify the molecular interaction mechanism of enzymes and pesticides, this study explored
the molecular docking and semiempirical PM7 methods. Figures 1 and 2 are the molecular
docking results of human AChE and BChE enzymes with organophosphorus pesticide
coumaphos (Cou).
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Figure 2. Molecular docking results of human BChE enzyme (PDB: 1P0M) with organophosphorus
pesticide coumaphos (Cou).

3.1.1. The Interaction between Organophosphorus Pesticides and AChE

The molecular docking results revealed that the alkyl groups of the Cou pesticide
formed π-alkyl interactions with the aromatic rings of tyrosine residues (Tyr124, Tyr337)
and tryptophan residues (Trp86, Trp286). A π-πT interaction between the aromatic ring of
the Cou pesticide and the aromatic ring of the tyrosine residue (Tyr124) was formed. The
aromatic ring of the Cou pesticide formed π-π stacking interactions with the aromatic ring
of tryptophan residues (Trp286) and tyrosine residues (Tyr341).

Using the quantum chemical cluster model method, Figure 3a shows hydrogen bond-
ing interactions of two oxygen atoms of phosphorothioate in the Cou pesticide with the
hydroxyl group of tyrosine (Tyr337). The exocyclic oxygen atom of chromone in the
pesticides formed hydrogen bonding with the hydrogen atom on the amino group of
phenylalanine (Phe295) and the amino group of arginine (Arg296).
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Figure 3. Equilibrium structures of organophosphorus pesticides ((a) Cou, (b) Dic, (c) Pho
and (d) Ter) binded with cluster models of the human AChE enzyme.

The docking results between Dic and AChE showed that the alkyl groups of pesticides
formed π-alkyl interactions with the aromatic rings of tyrosine residues (Tyr124, Tyr337),
tryptophan residues (Trp86, Trp439), amphetamine (Phe297), and histidine (His447). The
quantum chemical cluster model is illustrated in Figure 3b. The oxygen atoms of the
phosphate and the oxygen atoms of the amide in the Dic pesticide formed interactions with
the hydroxyl group of tyrosine (Tyr124).

The alkyl groups of the Pho pesticide formed π-alkyl interactions with the aro-
matic rings of tyrosine residues (Tyr124), tryptophan residues (Trp86), and phenylalanine
(Phe297). The sulfur atom of the ethylthio group in the Pho pesticide formed a π-sulfur
interaction with the aromatic ring of the tryptophan residue (Trp86). Figure 3c illustrates
that the quantum chemical results of the oxygen and sulfur atoms of the dithiophosphate
group in the Pho pesticide interacted with the hydroxyl group of tyrosine (Tyr337).

The results of molecular docking showed that the alkyl groups of the Ter pesticide
formed π-alkyl interactions with the aromatic rings of tyrosine residues (Tyr337), trypto-
phan residues (Trp86), phenylalanine (Phe295, Phe297, Phe338), and histidine (His447).
After quantum chemical cluster model calculations, Figure 3d shows that the oxygen atom
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of the dithiophosphate group in the Ter pesticide and the hydroxyl group of tyrosine
(Tyr337) formed a hydrogen bond interaction.

3.1.2. The Interaction between Organophosphorus Pesticides and BChE

The docking results showed that the alkyl groups of the Cou pesticide formed π-alkyl
interactions with the aromatic rings of tyrosine residues (Tyr332), tryptophan residues
(Trp82), and phenylalanine (Phe329). The aromatic ring of the Cou pesticide and the
aromatic ring of Phe329 formed a π-πT interaction. The alkyl group of the pesticide
interacts with the carbon atom of alanine (Ala328) to form an alkyl group interaction. Using
the quantum chemical cluster model approach, Figure 4a shows that the sulfur atom of the
phosphorothioate group in the Cou pesticide and the hydroxyl group of tyrosine (Tyr332)
form a hydrogen bond. The exocyclic oxygen atoms of chromone in the Cou pesticide form
hydrogen bonds with the hydroxyl group of aspartic acid (Asp70) and the hydrogen atoms
on the amine group of tryptophan (Trp82), respectively.
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The alkyl groups of the Dic pesticide interact with the carbon atoms of proline (Pro359),
valine (Val280), and leucine (Leu286) to form alkyl group interactions. Using the quantum
chemical method (Figure 4b), two oxygen atoms of phosphate ester in the Dic pesticide and
the hydrogen atoms on the guanidine group of arginine (Arg242) formed three hydrogen
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bond interactions. Another oxygen atom of phosphate ester in the pesticides formed a
hydrogen bond interaction with the hydrogen atom on the amine group of Valine (Val288).
The oxygen atoms of amide in the pesticides formed hydrogen bonds with the hydroxyl
group of serine (Ser287) and the hydroxyl group of propanol.

The alkyl groups of the Pho pesticide formed π-alkyl interactions with the aromatic
rings of tyrosine residues (Tyr332, Tyr440), tryptophan residues (Trp82, Trp430), and
amphetamine (Phe329). The alkyl group of the pesticide forms alkyl group interactions with
the carbon atoms of alanine (Ala328), methionine (Met437), and leucine (Leu125). Using the
quantum chemical method, Figure 4c shows that the sulfur atom of the dithiophosphate
group in the Pho pesticide form a hydrogen bond interaction with the hydroxyl group of
tyrosine (Tyr332).

The docking result showed that the alkyl group of the Ter pesticide formed π-alkyl
interactions with the aromatic rings of tyrosine residues (Tyr332), tryptophan residues
(Trp82, Trp430), and phenylalanine (Phe329). The alkyl group of the pesticide interacts
with the carbon atoms of alanine (Ala328) and methionine (Met437) to form alkyl group
interactions. The hydrogen atom on the alkyl group of the pesticide formed a π-Sigma
interaction with the aromatic ring of the tryptophan residue (Trp82). For the Ter pesticide,
the sulfur atom of the dithiophosphate group formed a π-sulfur interaction with the
aromatic ring of the histidine residue (His438). Using the quantum chemical method, the
result is shown in Figure 4d. The oxygen atom of the dithiophosphate group in pesticide
and the hydroxyl group of tyrosine (Tyr332) formed a hydrogen bond interaction.

Since “hydrophobicity” is a common phenomenon in aqueous solutions, it is rea-
sonable to assume that AChE uses potentially favorable hydrophobic interactions in the
binding step to recognize substrates and other ligands. In addition, the main contribution of
binding energy is due to hydrophobic alkyl substituents [31]. According to Figures 1 and 2,
the main binding force between enzymes and pesticides is hydrophobic interaction, in-
cluding π-π stacking, π-alkyl, π-πT, alkyl, and π-Sigma interactions. There is a myriad of
aromatic residues in the AChE canyon. In order to bind the respective fragments of the
inhibitor as well as the substrate of the alkyl groups, aryl groups, and cation, the residues
provide an active site for Tyr337, Phe338, Tyr133, and Trp84, which are suitable for binding
hydrophobic groups of the substrate. The concept is the same as the hydrophobic binding
zone. However, only the removal of the hydrophobic residue from position 133 can elimi-
nate the hydrolysis of the neutral substrate, and the replacement of Tyr337 and Phe338 with
alanine will moderately reduce the reaction rate [31]. It can be seen that the reaction rate
of BChE will be slower than that of AChE, and it will also reduce the sensing sensitivity.
The hydrophobic region contains an acyl binding site and a choline binding site, which
are important for the hydrophobic region, mainly composed of tryptophan (Trp), tyrosine
(Tyr), and phenylalanine (Phe) in human AChE. For BChE, the choline binding site Tyr337
of AChE was replaced by Ala328, while the acyl binding sites Phe295 and Phe297 were
replaced by Leu286 and Val288, respectively. The substitution of aromatic residues in
BChE’s ABS and CBS allows it to bind larger substrates and inhibitors than AChE. In
addition, ABS and CBS are mainly responsible for the specificity of these enzymes, so
they are the main targets of research when synthesizing inhibitors (such as imidazole or
pyridine derivatives) [32]. Among them, ABS is an important active site in promoting
binding affinity and complex stability. Another important active site in promoting binding
affinity and complex stability is the oxygen anion pore (OAH) site, which helps stabilize
the interaction between the intermediate state and the transition state. Moreover, most
hydrogen bonds are formed at the oxygen anion pore (OAH) site. Hydrogen bonds play an
important role in the enzymatic catalysis of macromolecules, which lead to the maximum
reaction enthalpy [33] and can stabilize the bond of pesticides with enzymes (AChE/BChE).
Previous documents mentioned that at the lowest electron withdrawing group connected
to OP, a hydrogen bond is formed between the hydrogen atom of AChE and the oxygen
atom of OP [34]. Regardless of whether the pesticide is bound with AChE or BChE, the
oxygen and sulfur atoms in the pesticide as the donor of the hydrogen bond interact with
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the hydrogen atoms on the amino acid residues (mostly hydroxyl group on the benzene
ring) as the hydrogen bond acceptor. The key amino acid residues that cause pesticides
to interact with acetylcholinesterase are Tyr337, Phe295, Arg296, and Tyr124, and each
pesticide forms hydrogen bonds with hydrophilic tyrosine. However, in the hydrogen bond
interaction between pesticides and BChE, the key amino acid residues are Tyr332, Asp70,
Trp86, Arg242, Val288, and Ser287. Except for Dic, they all form hydrogen bonds with hy-
drophilic tyrosine. Figures 3 and 4 show that the hydrogen bond length between pesticides
with AChE is shorter than that of BChE, except for Pho. Therefore, the enthalpy of reaction
between pesticides with AChE is greater than that of BChE (Table 1). Nevertheless, the
hydrogen bond length between Ter and BChE is slightly shorter than that of AChE, but
the enthalpy of the reaction between Ter and BChE is greater than the enthalpy of reaction
between Ter and AChE because of its greater electron affinity. The greater the binding
affinity between protein–ligand complexes, the greater the reaction enthalpy, and the more
stable [35]. These hydrophobic interactions and hydrogen bond interactions confirm the
stability of the binding structure of pesticides and enzymes, because molecular docking
provides the best docking posture. As mentioned in previous studies, the model analysis of
AChE binding OP and carbamate shows that the stability is due to the covalent attachment
of the phosphate and carbamate moieties to the active site serine, mainly through the oxy-
gen anion pores, the hydrogen-bonding interaction of the acyl group, and the hydrophobic
interaction of the acyl binding site [36,37].

Table 1. Reaction enthalpy (∆Hf in kcal/mol) of organophosphorus pesticides (Cou, Dic, Pho, and
Ter) binded with cluster models of enzymes (AChE and BChE).

Reaction ∆Hf
(kcal/mol)

AChE_1 + Cou→ AChE_1_Cou −58.2122
AChE_2 + Dic→ AChE_2_Dic −21.6574
AChE_3 + Pho→ AChE_3_Pho −28.5773
AChE_4 + Ter→ AChE_4_Ter −20.3867

BChE_1 + Cou→ BChE_1_Cou −39.7617
BChE_2 + Dic→ BChE_2_Dic −18.0539
BChE_3 + Pho→ BChE_3_Pho −15.9909
BChE_4 + Ter→ BChE_4_Ter −27.8305

3.2. Hard and Soft Acid and Base (HSAB)

The potential of forming adducts between toxic electrophiles and bionucleophiles can
be described by Pearson’s theory of hard-soft acid-base (HSAB) [38]. Thus, this study uses
HSAB to discuss the molecular reactivity between OP pesticides and AChE/BChE enzymes.
Reactivity descriptors include the ionization energy (I), the electron affinity (A), and the
energy gap (GAP) between the energy of the lowest unoccupied molecular orbital (LUMO)
and the energy of the highest occupied molecular orbital (HOMO), electronegativity (χ),
chemical hardness (η), chemical potential (µ), chemical softness (S), and electrophilicity
index (ω) (Tables 2 and 3).

It can be seen from the results in Table 2 that after the enzyme is bonded with the
OP pesticide, the ionization energy becomes smaller, and the ionization energy change of
AChE is greater than that of BChE. After the addition of OP compounds, the greater the
energy gap change, the greater the chance of becoming the sensor material choice. The
energy gap change of AChE is larger than that of BChE in this study, so AChE is more
suitable as a biosensor material than BChE. Among them, AChE_1_Cou has the largest
change. Coupled with the hydrophobic and hydrogen bond interactions between Cou and
AChE, this leads to a large reaction enthalpy and a stable structure of AChE_1_Cou. The
greater the reaction enthalpy between the pesticide and the enzyme, the greater the binding
affinity and the tighter the hydrogen bond interaction [33].
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Table 2. The ionization potential (I = -HOMO), electron affinity (A = -LUMO), and energy gap
(GAP = LUMO-HOMO) in the present study (in eV).

I
(eV)

A
(eV)

GAP
(eV)

Cou 9.146 1.301 7.845
Dic 9.419 0.745 8.674
Pho 8.983 1.013 7.970
Ter 9.074 1.034 8.040

AChE_1 8.621 0.290 8.331
AChE_2 8.495 0.227 8.268
AChE_3 8.611 0.235 8.376
AChE_4 8.671 0.274 8.397
BChE_1 8.506 0.228 8.278
BChE_2 8.659 0.427 8.232
BChE_3 8.349 0.152 8.197
BChE_4 8.312 0.127 8.185

AChE_1_Cou 8.371 1.254 7.117
AChE_2_Dic 8.401 0.120 8.281
AChE_3_Pho 8.465 0.883 7.582
AChE_4_Ter 8.203 0.749 7.454
BChE_1_Cou 8.258 1.076 7.182
BChE_2_Dic 8.629 0.900 7.729
BChE_3_Pho 8.340 0.885 7.455
BChE_4_Ter 8.291 0.915 7.376

Table 3. The HSAB reactivity descriptors of organophosphorus pesticides (Cou, Dic, Pho and Ter) in
the present study.

χ

(eV)
η

(eV)
µ

(eV)
S

(eV−1)
ω

(eV)

Cou 5.224 3.923 −5.224 0.127 3.478
Dic 5.082 4.337 −5.082 0.115 2.977
Pho 4.998 3.985 −4.998 0.125 3.134
Ter 5.054 4.020 −5.054 0.124 3.177

Since OP pesticides are electrophilic and have highly electronegative atoms such as
oxygen and chlorine atoms, the most electronegative Cou can easily accept electrons from
the enzyme (Table 3). In previous studies, the more electron-withdrawing groups in OP
compounds, the lower the LD50 value, indicating the importance of electron-withdrawing
groups in OP compounds. Having an electron-withdrawing group can generate a partial
positive charge on the phosphorus atom, which, when bound to AChE, forms an irreversible
and/or stable complex with strong affinity [34].

The order of reaction enthalpy between the OP pesticide and AChE was Cou > Pho >
Dic > Ter. The larger the chemical hardness value, the smaller the reaction enthalpy, but the
order of Dic and Ter is the opposite, because Dic has more hydrogen bonds and a shorter
bond length. In addition, the order of reaction enthalpy between pesticides and BChE was
Cou > Ter > Dic > Pho. Among them, Pho has fewer hydrogen bonds, longer bond length,
and the smallest binding affinity, so the resulting reaction enthalpy is the smallest.

The electrophilic index has been shown to relate to the rate constants of adduct forma-
tion reactions and can be used to model chemical reactivity. Stronger and more electrophilic
compounds are more likely to react with biological targets [39]. The electrophilic index was
positively correlated with the change in energy gap (AChE/BChE) after the pesticide was
bonded with the enzyme. Among them, Cou has the largest electrophilic index and easily
reacts with enzymes (AChE/BChE). Therefore, the sensing sensitivity to Cou is excellent.
It was previously mentioned that the charge distribution on the surface of rhBChE via
the protein database can be used to assess the key adsorption sites that maintain enzyme
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activity and inhibitor sensitivity [40]. Experimental studies have shown that charged sur-
faces have a great influence on the detection capability of AChE-based biosensors. This
indicates that the highly efficient biocatalytic reaction and fast direct electron transfer (DET)
between the positively charged surface of TcAChE and the electrode surface provides a
better microenvironment, which determines the analytical performance of AChE-based
biosensors [41].

3.3. Frontier Molecular Orbital (FMO)

The results are shown in Figure 5. When Cou is bonded with AChE, the orbital lobes
in the HOMO diagram are concentrated on tryptophan. It can be seen that the main electron
donor in AChE is tryptophan. In addition, the orbital lobes in the LUMO diagram are
concentrated on Cou, which is the main electron acceptor. As pointed out by the above
HSAB analysis, OP pesticides are electrophiles and enzymes are nucleophiles. In addition,
the smaller the energy gap, the easier it is for the transition of electrons from the HOMO of
enzymes to the LUMO of OP pesticides, which lays the foundation for the development
of biosensors.
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3.4. Electronic Excitation Spectrum

UV-Vis absorption spectroscopy is widely used to explore the structural changes of
proteins and study the formation of protein–ligand complexes. The interaction of Cou,
AChE_1_cou, and BChE_1_cou was studied by UV-VIS spectroscopy here. As shown
in Figure 6, the two peak wavelengths of Cou are 200 nm and 320 nm, the two peak
wavelengths of AChE_1_cou are 303 nm and 363 nm, and the two peak wavelengths of
BChE_1_cou are 250 nm and 316 nm, respectively. It can be observed that after binding
the enzyme (AChE/BChE) with Cou, the wavelengths of both peaks will be red-shifted
to the long wavelengths. It can also be observed that AChE produces a hypochromic
effect, while BChE produces a hyperchromic effect. This means that due to changes in
protein conformation, the polarity and hydrophilicity of the microenvironment surrounding
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aromatic amino acid residues of endogenous enzymes have changed [24]. The wavelength
change of AChE is larger than that of BchE, because there are more hydrophobic interactions
and hydrogen bonding interactions between Cou and AchE, and the electron transfer ability
is stronger, resulting in the maximum reaction enthalpy.
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4. Conclusions

The equilibrium structure, reaction enthalpy, molecular orbital, and electronic spectra
of OP pesticides that interacted with molecular cluster models of AChE and BChE enzymes
were calculated by the quantum chemical method. The oxygen and sulfur atoms in the
OP pesticides act as the acceptor of the hydrogen bonds, which form stable hydrogen
bonds with the hydrogen atoms in the amino acid residues. The binding tendency of AChE
is greater than that of BChE due to the hydrogen bonding interaction. According to the
HSAB principle, AChE has good electron transfer ability and a larger energy gap change.
Furthermore, the red shift phenomenon of the calculated electronic spectrum can also prove
that AChE is a suitable biosensing material for detecting the coumaphos (Cou) pesticide.



Crystals 2023, 13, 153 12 of 13

Author Contributions: Conceptualization, S.-C.C. and C.M.C.; methodology, S.-C.C. and C.M.C.;
software, S.-C.C.; validation, C.M.C.; formal analysis, S.-C.C. and C.M.C.; investigation, S.-C.C.;
resources, C.M.C.; data curation, S.-C.C.; writing—original draft preparation, S.-C.C.; writing—review
and editing, C.M.C.; visualization, S.-C.C. and C.M.C.; supervision, C.M.C.; project administration,
C.M.C.; funding acquisition, C.M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Science Council of Taiwan, Republic of China
and grant number [MOST 111-2321-B-005-004].

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the National Science Council of Taiwan, Republic of China,
MOST 111-2321-B-005-004 for providing financial support. Computer time was provided by the
National Center for High-Performance Computing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hertz-Picciotto, I.; Sass, J.B.; Engel, S.; Bennett, D.H.; Bradman, A.; Eskenazi, B.; Lanphear, B.; Whyatt, R. Organophosphate

exposures during pregnancy and child neurodevelopment: Recommendations for essential policy reforms. PLoS Med. 2018,
15, e1002671. [CrossRef] [PubMed]

2. Li, H.; Sun, C.; Vijayaraghavan, R.; Zhou, F.; Zhang, X.; MacFarlane, D.R. Long lifetime photoluminescence in N, S co-doped
carbon quantum dots from an ionic liquid and their applications in ultrasensitive detection of pesticides. Carbon 2016, 104, 33–39.
[CrossRef]

3. Jain, M.; Yadav, P.; Joshi, A.; Kodgire, P. Advances in detection of hazardous organophosphorus compounds using organophos-
phorus hydrolase based biosensors. Crit. Rev. Toxicol. 2019, 49, 387–410. [CrossRef] [PubMed]

4. Pachapur, P.K.; Larios Martínez, A.D.; Pulicharla, R.; Pachapur, V.L.; Brar, S.K.; Galvez-Cloutier, R. Chapter 11—Advances in
protein/enzyme-based biosensors for the detection of pesticide contaminants in the environment. In Tools, Techniques and Protocols
for Monitoring Environmental Contaminants; Kaur Brar, S., Hegde, K., Pachapur, V.L., Eds.; Elsevier: Amsterdam, The Netherlands,
2019; pp. 231–243.

5. Kaur, J.; Singh, P.K. Enzyme-based optical biosensors for organophosphate class of pesticide detection. Phys. Chem. Chem. Phys.
2020, 22, 15105–15119. [CrossRef]

6. Dennison, M.J.; Turner, A.P.F. Biosensors for environmental monitoring. Biotechnol. Adv. 1995, 13, 1–12. [CrossRef]
7. Fu, H.; Xia, Y.; Chen, Y.; Xu, T.; Xu, L.; Guo, Z.; Xu, H.; Xie, H.Q.; Zhao, B. Acetylcholinesterase Is a Potential Biomarker for a

Broad Spectrum of Organic Environmental Pollutants. Environ. Sci. Technol. 2018, 52, 8065–8074. [CrossRef]
8. Reshma, R.; Gupta, B.; Sharma, R.; Ghosh, K.K. Facile and visual detection of acetylcholinesterase inhibitors by carbon quantum

dots. New J. Chem. 2019, 43, 9924–9933. [CrossRef]
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