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Abstract

Eimeria tenella, the causative agent of coccidiosis infection, is primarily
found in poultry intestines and is recognized by the formation of clotted,
red droppings. It has been found that because chickens have developed a
resistance to anticoccidial medications and vaccines, their use alone is no
longer as effective. But as a result, researchers have been looking for
different treatment approaches to manage this illness and natural products
have emerged as interesting possibilities. We used binding energy studies
and molecular dynamics modeling to determine the mechanistic inhibitory
capability of 5 natural substances against hexokinase (HK). Comparing
CPD4 (Zinc 000002111835) to other compounds, the results showed that it
had the highest binding activity, with a total binding energy of -32 kcal/mol.
The PRED method discovered key CPD4 moieties as well as a number of
chemical interactions, including hydrogen bonds, pi-alkyl bonds and pi-anion
bonds, that are important to its binding ability. As demonstrated by their
consistent complementary interactions over the course of the simulation,
PRO160, PHE159, SER158 and ILE240 were important contributors to CPD4's
effective binding activity. We suggest CPD4 as a possible lead molecule based
on this study in order to address the shortcomings of the available treatment
choices and encourage more experimental research towards the
development of anticoccidial medications.

Keywords

Coccidiosis; hexokinase; natural compounds; binding residues; MM/ PBSA,
PRED

Introduction

Globally, coccidiosis infections in poultry are caused by Eimeria tenella, a
form of eimeria that causes clotted, bloody droppings to accumulate in the
intestines of the birds (1-4). An Eimeria parasite's life cycle is complex and
takes 4 to 7 days to finish when it infiltrates a chicken's intestinal
epithelium. The parasite develops in hens in three stages: sporogony,
merogony and gametogony (4, 5). The start of the parasite's invasion of the
host is indicated by its attachment to the host cell. For self-invasion and
proliferation in the host cells, the parasite most likely possesses a control
system (6). The presence of oocysts in feces is necessary for diagnosis.
Prophylactics, anticoccidial medications, and immunization of young birds
can all help prevent the spread of infection even though a viable cure has
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not yet been found (4). Nowadays, chemoprophylaxis and
anticoccidial feed additives are the most used methods of
coccidiosis prevention and therapy. Since humans are the
ultimate consumers, there is strong opposition to the use
of commercial anticoccidial medications and vaccines on
animals, even though they are readily available. Although
there isn't yet a solution that can permanently guard
against coccidiosis, researchers are still looking for other
ways to treat the illness and natural remedies have
showed a lot of promise in treating chicken coccidiosis (7).

Eimeria tenella's phosphorylation of glucose is
catalyzed by the important enzyme hexokinase (HK),
whose biochemical activities make it a promising
candidate for investigation as a potential coccidiosis
therapeutic target (8). It has been discovered that
depending solely on vaccinations and anticoccidial drugs
is no longer effective because hens have evolved a strong
tolerance to them.

Plant extracts, veggies, fruits, herbs, insects and
animals all contain natural substances that have
historically been utilized to cure a variety of illnesses.
These are substances that possess biological properties
that can be investigated in the process of finding and
creating new drugs (9, 10). Natural chemicals or their
derivatives make up most of the best-selling medications
on the market. Natural substances are still a significant
and vital source of medications for the treatment of
illnesses in humans (11). Natural and phytochemical-
based chemoprevention has gained a lot of interest lately.
It is regarded as a realistic, doable, acceptable and
approachable method for managing, reversing, and
controlling a variety of illnesses (11, 12). Preclinical and
clinical experiments are still being conducted on a number
of natural compounds to cure infections (13). The hunt for
an alternative to the present anticoccidial medications
and vaccines for the treatment of coccidiosis led to the
necessity for this investigation. The current treatments are
not safe, effective, or cost-effective because of medication
resistance. For treating poultry coccidiosis, the current
study employed molecular docking, molecular dynamics
simulation, and binding energy assesses at the atomistic
level to clarify the underlying mechanisms of bonding and
different interactions and pharmacophoric moieties
involved in the binding procedures of the selected natural
compounds regarding the inhibition of HK. The purpose of
this study is to illustrate the value of natural chemicals as a
substitute treatment for chicken coccidiosis. The findings
of this study could provide clinical trial teams with a
feasible pharmacological lead, which would likely address
the shortfall of current drugs for the treatment of
coccidiosis.

Computational Methods
Data Collection, Molecular Docking and Molecular
Dynamics (MD) Simulation

With PDB code 6KSR, the hexokinase complex's crystalline x
-ray structure was made available by the Protein Data Bank
Repository (RCSB PDB). After that, the ZINC database
yielded 10000 natural chemicals (14). The protein as well as

2

the ligand files were created and adjusted to help in
molecular docking. Then, GAFF was used to optimize the
ligand structures in order to reduce them. The AutoDock
suite's integrated program Raccoon utilized Maestro
software to convert the ligand SDF files to the mol2 format,
which was then converted to the pdbqt format (15). The
Autodock Vina provided the binding site's required grid box
scale and positions prior to docking [center (X =21.22,Y =
58.20, Z =73.53) and size (X=12.26,Y =14.13,Z = 12.37)]. For
the corresponding ligand docking process and calculations,
the Autodock Vina was utilized, producing up to eight
docked conformations per molecule (16, 17). The
compounds with the highest binding affinities to
hexokinase after docking were chosen for this investigation.
Each of the five compounds' docked conformation was
displayed using Chimera's ViewDock plugin (17). Five
systems, Hk-cpd-1, Hk-cpd-2, Hk-cpd-3, Hk-cpd-4, Hk-cpd-5,
were set up for a 50ns MD run via the graphic processor unit
(GPU) in AMBER 18, comprising of LEAP and PMEMD (18).
The five selected ligands were subjected to varying degrees
of fractional charge using the GAFF charge feature of the
ANTECHAMBER program. The AMBER ff14SB was used to
parameterize the components of the 5 systems (19). To
prepare the PDB file for the LEaP module, we used
pdb4amber at a constant pH. In order to neutralize the
systems, introducing ions was one of the LEAP module's
components (20). Furthermore, TIP3P fluids were added to
a 10A-cubic box for solvating each system (21). Ultimately,
prior to the MD simulation, the coordinates and topology of
each system were created. Prior to the MD run, we carried
out full minimization (1000 steps) without any energy
constraint and partial minimization (2500 steps) with a 500
kcal/mol energy constraint potential. Each system was
progressively heated from 0 to 300k for 50ps using the NVT
canonical ensemble, which included a Langevin thermostat
with a harmonic restraint of 5 kcal/mol?. System
equilibration was performed at 1000 ps at 300k and 1 bar of
pressure using a Berendsen barostat (22), followed by the
50ns MD run. For subsequent post-MD assessments, the
coordinates and trajectory data for each system were
generated and saved at intervals of one perisecond using
the AMBER18 PTRAJ and CPPTRAJ modules (23). Microcal
Origin was responsible for implementing data visualizations
and 3D representations (24) and UCSF Chimera respectively
(7).

Thermodynamics calculation (MMPBSA.)

The degree of ligand interaction in the binding pocket of a
target protein as indicated by binding energy (BE) (25, 26).
We estimated the BE of the corresponding bound chemicals
in our investigation using Molecular Mechanics Generalized
Poisson Boltzmann Surface Area (MM/PBSA) (26,27). For this
investigation, the MM/PBSA.py Python script was used in
conjunction with AmberTools18, utilizing a continuous
solvent model (15). It is an extremely effective, eye-catching
and trustworthy analytical instrument (28, 29).

Mathematically,
AGping = Gcomplex - (Glig+ Grec)

Egas = Eelet Evaw* Eint
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The components of Eix (internal energy), Evaw (van
der Waals), and Eee (electrostatic) add up to Eg.s (gas-phase
energy). The product of AEange, AEbond and AEtorsion Yields
AEint-

Gsol = Gpa + Gsa
The contributions of GSA (non-polar solvation) and GPB
(polar solvation) make up Gsol (solvation energy).

Gsa = YSASA

Solvent-accessible surface area, or SASA,
measure GSA using a 1.4 A water probe radius.

is used to

Using Molecular Mechanics Generalized Poisson
Boltzmann Surface Area (MM/PBSA), we calculated the BE
of the corresponding bound compounds in our study.

Results and Discussion
Binding energy profiles of selected compounds

Calculating binding energy is a dynamic, economical, and
popular method for determining how strongly a
pharmaceutical molecule binds to its target. It emphasizes
how every binding residue has a role in deciding how stable a
ligand is at the binding site. The binding free energies of the
chosen compounds were calculated via MD simulation. Since
the conformational entropy impact is difficult to estimate
using the conventional method (20), and its impact on
binding energy is unknown, we did not take it into
consideration (28,30,31). Snapshots from 10 to 40 ns showed
relative stabilities and were sampled for the energy
estimation to minimize conformational entropy. All the
compounds had moderately favorable binding energies, as
shown in Table 1. But the highest binding energy (AGbind)
was found for CPD4 (-32.43kcal/mol), revealing its affinity and
potential for binding to HK. With values of -23.35 and -23.30
kcal/mol, respectively, CPD2 and CPD5 were the next in line.
The two with the lowest binding energies were CPD1 (-17.92
kcal/mol) and CPD3 (-19.97 kcal/mol). According to their
AGbind, CPD2 and CPD5 showed comparable binding
activities in our analysis; however, CPD1 showed the least
binding activity. Table 1 illustrates that the highest binding
energy for CPD4 was a result of the high van der Waals effect
(-44.02 kcal/mol), which was a major factor in CPD4 binding.
Additionally, we found that CPD4 had the highest AGgas,
which represents the combined effects of van der Waals and
electrostatic forces that favor CPD4's binding over other
substances. Fig. 2 clearly illustrates the important residues
that add to the HK-CPD4 complex's binding energy.

PRED Analysis upon ligand’s binding

PRED was constructed using MM/PBSA in order to evaluate
the energy contribution of crucial site residues implicated in
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Fig. 1. 2D representations of the five selected natural compounds.

the heterogeneous binding of the selected drugs against HK.
As illustrated in Fig. 2, the energy that crucial residues
contributed to the stability of the protein-ligand complex was
calculated by breaking down the total binding free energy per
residue (32). We hypothesised those critical site residues with
total binding energies equal to or greater than -0.5 mostly
affected CPD4's optimal binding activity. The effectiveness of
HK's differential interaction with the chosen ligands was
thought to be largely dependent on these residues: ILE 240
(-1.10 kcal/mol), ASN 246 (-0.58 kcal/mol), PHE 159 (-2.14
kcal/mol), PRO 160 (-3.58 kcal/mol), CYS 161 (-0.63 kcal/mol),
THR 217 (-0.75 kcal/mol), ILE 240 (-1.10 kcal/mol), SER 158 (-1
kcal/mol), ARG 56 (-0.69 kcal/mol) and CYS 161 (-0.63 kcal/
mol). As evidenced by their individual total binding energy
contributions, these residues positively impacted the
complimentary interactions between HK and CPD4. The
relationship between these important residues and HK is
shown in Fig. 2. The ligand moieties created various
interactions with the residues of the crucial sites, supplying
this energy. The chemical architecture of these compounds
was the cause of the binding ability and prospective
pharmacological benefit of coccidiosis.

Exploring the interaction dynamics of HK with CPD4

To gain further insight into the beneficial interactions of CPD4
in the binding pocket of HK, we investigated the dynamics of
the molecular interaction that took place at the different MD
time points (snapshots at 10 ns, 20 ns, 30 ns and 40 ns were
chosen for this investigation). A clear representation of CPD4
dynamics can be found in Fig. 3. SER 158 consistently
produced a typical hydrogen bond at 10, 20 and 40 ns. During
the simulation period, GLU267, ASP216 and LYS176 were
creating Pi-Anion interaction inconsistently (Fig. 3).
Nevertheless, as Fig. 2 illustrates, GLU267's interaction is

Table 1. Binding energy profiles of screened natural compounds against Hexokinase (HK.)

Binding Energy Components (kcal/mol)

Complexes
AEvdw AEele AGgas AGsol AGbind
HK-CPD1 -23.50+£0.35 -10.17£0.22 -33.67+£0.53 15.74+£0.26 -17.92+0.28
HK-CPD2 -34.59 +0.17 -14.74+£0.18 -49.33+£0.30 25.98+0.14 -23.35+£0.20
HK-CPD3 -30.34+0.15 -17.8+0.16 -48.17£0.25 28.20+0.16 -19.97+0.11
HK-CPD4 -44.02+0.28 -10.56 £0.17 -54.59 £ 0.38 22.16+£0.19 -32.43+0.21
HKCPD5 -32.34+£0.56 -11.13+£0.24 -43.48 £0.77 20.17+0.38 -23.30+0.41
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detrimental to CPD4's ability to bind. In addition to LEU58
and LYS176, which showed somewhat comparable
interactions, PRO160, PHE159 and ILE240 also showed
several interactions including Pi-Alkyl and Amide-Pi Stacked
interactions. Important contributions in the binding activity
of CPD4 have been shown for PRO160, PHE159, SER158 and
ILE240, as evidenced by their high affinity and persistent
complementary multiple interactions to the compound
across the simulation time. We discovered that the ligand
maintained consistent connections with several of these key
residues (Fig. 3), even though the protein structure was
always moving. This information was obtained from the
interactions revealed by CPD4. These interactions support
CPD4's binding capability as well as the significance of natural
substances as possible HK inhibitors as a different approach
to treating coccidiosis. Natural chemicals' potential for
medicinal use has already been investigated via an in silico
method (10). The several interactions that CPD 4 elicited with
crucial site residues suggest that it may be a blocking agent of
Eimeria tenella hexokinase, according to the work's findings.

GLU 267

ACTIVE SITE RESIDUES
@
-
c
N

-3 -2 -1 0 1
TOTAL BINDING ENERGY(kcal/mol)

Fig. 2. Plot of energy per-residue decomposition showing key site residues
with their respective total energy contributions to the binding activity of
CPD4.

Conclusion

Worldwide, coccidiosis in chicken is caused by the eimeria
species Eimeria tenella. The collection of clotted, bloody
droppings is a telltale sign of a chicken intestine coccidiosis
infection. Significant damage to the intestinal mucosa is the
disease's defining feature and it spreads quickly over 4 to 7
days. Nowadays, the most popular prophylactic and curative
approaches are chemoprophylaxis and anticoccidial feed
additives. Given that it is a crucial enzyme in the glycolytic
pathway that stimulates the body's phosphorylation of
glucose, Eimeria tenella Hexokinase (HK) is being studied as a
potential therapeutic target for coccidiosis. However, no
product has been made available for permanent protection
against coccidiosis. It has been found that merely using
anticoccidial drugs and vaccines is no longer as effective
because poultry has developed a resistance to them. Natural
products have showed potential in the fight against chicken
coccidiosis, but this has led to the quest for other therapeutic
approaches to control this disease. To clarify the
fundamental binding mechanisms, numerous interactions
and various pharmacophoric moieties connected to the
binding activities of the selected natural compounds toward
the blocking action of HK for the curative purpose of
coccidiosis in poultry, the current study used in silico
techniques. The purpose of this study is to illustrate the value
of natural chemicals as a substitute treatment for chicken
coccidiosis. With a binding energy of -32 kcal/mol, CPD4 had
the highest binding activity among the 5 compounds that
were chosen. The simulation period has demonstrated that
PRO160, PHE159, SER158 and ILE240 exhibit continuous
complimentary interactions, indicating their significant roles
in the successful binding of CPD4. The binding capability of
CPD4 and the significance of natural chemicals as possible HK
inhibitors as a substitute therapeutic option for coccidiosis
are further supported by these interactions. The study's
conclusions suggested that natural substances might be
good alternatives to Eimeria tenella hexokinase inhibitors in
the treatment of poultry coccidiosis. These findings could
also help develop new inhibitors and medications for HK that
have better therapeutic qualities for coccidiosis.
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Fig. 3. Molecular interaction dynamics of CPD 4 with the key binding site residues of HK at different nanoseconds.
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