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Molecular Docking and Dynamics of Xylocarpus granatum as A
Potential Parkinson’s Drug Targeting Multiple Enzymes

Abstract

Parkinson's disease is a global health challenge affecting over 10
million individuals worldwide, leading to increased disability-
adjusted life years (DALYs) and a rise in mortality rates. This
study explores the potential anti-Parkinson's properties of
Xylocarpus granatum, focusing on its interaction with key
enzymes associated with the disease: catechol-O-
methyltransferase (COMT), adenosine A2A receptor (A2AR),
and monoamine oxidase-B (MAO-B). Using molecular docking
and molecular dynamics approaches with YASARA Structure,
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the ethanol extract of X. granatum was investigated for its
mechanism of action. Among 30 compounds, five demonstrated
promising binding affinities. Structural flexibility analysis
revealed minimal fluctuations in active-site residues,
highlighting the stability of key complexes involving
kaempferol, epicatechin, epigallocatechin, and native ligands.
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) simulations provided insights into the binding energy of
these complexes. Notably, kaempferol exhibited higher binding
energy than the natural ligand, suggesting superior binding
affinity. Analysis of the average radius of gyration (Rg)

phone: +6281383388113 showcased control drug-MAO-B exhibited higher Rg values,
indicating a more flexible protein conformation. Confirming
mode stability with root mean square deviation (RMSD)
analysis shows overall stability, except in the A2AR-bound
complex. The study's collective findings underscore the
structural  stabilization of ligand-protein  complexes,
contributing valuable insights into the potential anti-
Parkinson's properties of X. granatum. These discoveries hold
promise for developing more effective therapies for Parkinson's
disease and significantly contribute to the neurology field.
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INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disorder affecting millions worldwide. Over 10 million people
currently live with PD, with a significant rise in disease burden observed since 2000". This translates to a substantial increase
in disability-adjusted life years (DALYs) and mortality rates®. Unfortunately, current therapies primarily manage PD
symptoms, lacking the ability to slow or halt disease progression.

Parkinson's disease is characterized by both motor and non-motor features®. Motor symptoms like tremors, rigidity,
bradykinesia (slowness of movement), and postural instability significantly impact patients' physical abilities. Additionally,
PD can affect mental health by causing depression, anxiety, and cognitive impairment. These factors collectively contribute
to a decline in quality of life, often leading to financial burdens associated with long-term care*.
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The cardinal motor features of PD arise from the degeneration of dopaminergic neurons in the substantia nigra, a critical
brain region responsible for dopamine production. Dopamine is a vital neurotransmitter responsible for movement control.
Three key enzymes - catechol-O-methyltransferase (COMT), monoamine oxidase-B (MAO-B), and adenosine A2A
receptor (A2AR) - all play a role in regulating dopamine levels. COMT breaks down dopamine, MAO-B contributes to its
degradation, and A2AR modulates dopamine release>”.

The limitations of conventional therapies have spurred research into novel therapeutic approaches. Natural products,
particularly those derived from plants, are a promising avenue for the development of new anti-Parkinson's agents.
Xylocarpus granatum is a plant species that has attracted significant research interest due to its potential neuroprotective
properties®. This activity may offer protection against the neuronal damage and degeneration characteristic of PD.
Additionally, studies suggest that X. granatum possesses antidepressant-like effects in mice, potentially aiding in managing
this common non-motor symptom in PD patients®. The reported pharmacological activities of X. granatum warrant further
investigation into its potential as an anti-Parkinson's agent.

This study aims to elucidate the mechanism of action of an ethanol extract derived from X. granatum using computational
approaches. We employ molecular docking and molecular dynamics simulations to investigate the interaction between this
extract and three key enzymes implicated in PD pathogenesis: A2AR, COMT, and MAO-B. Molecular docking analysis
provides insights into the binding interactions between the extract and these enzymes'’. Subsequently, molecular dynamics
simulations allow us to monitor the dynamic behavior and structural changes of the molecular complexes formed during
these interactions'.

MATERIALS AND METHODS

Materials

Three-dimensional structures of the target receptors, COMT, A2AR, and MAO-B enzymes, were retrieved from the RCSB
Protein Data Bank (https:/ /www.rcsb.org/) using the following PDB codes: 3BWM, 3PWH, and 2V61, respectively. 3D
structures of the test compounds and natural ligands (used as controls) were obtained from PubChem
(https:/ /pubchem.ncbinlm.nih.gov/). Docking simulations were performed using YASARA Structure version 19.9.17 and
BIOVIA Discovery Studio 2017 R2 Client 17.2. The computational hardware employed for these simulations consisted of an
AMD Ryzen 5 3600 processor with 12 cores running at 3.6 GHz and 32 GB of RAM, operating under a Windows 11 Pro 64-
bit operating system.

Methods

Preparation of receptors and ligands

Three-dimensional structures of all receptors were obtained from RCSB PDB in .pdb format. Water molecules and any
nonessential residues were removed to prepare the protein structure for docking simulations. Hydrogen atoms were then
added, and bond orders and hydrogenation states were adjusted using YASARA Structure to reflect a physiological pH of
7.4. This step ensures a more accurate representation of the in vivo environment where protein-ligand interactions occur.
Thirty test compounds identified by Heryanto et al.? using GC/MS analysis were selected for docking simulations. The 3D
structures of both the test compounds and a reference ligand (cite source of reference ligand) were retrieved from
PubChem?®. All ligand structures were prepared using YASARA Structure and underwent energy minimization to
optimize atomic positions and obtain the lowest possible free energy state.

Molecular docking

Docking simulations were performed using the pre-configured script "dock_runscreening.mcr" within YASARA Structure.
This script was executed 100 times to generate a statistically robust dataset of ligand-receptor interactions. The docking
results were captured in .txt format for further analysis™. The docked ligand-receptor complexes were then analyzed using
Discovery Studio to visualize and quantify the intermolecular interactions. This analysis focused on identifying and
characterizing key interactions such as hydrogen bonds and hydrophobic interactions, which contribute to the binding
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affinity between the ligand and receptor molecule. The visualization software allowed for the generation of two-
dimensional interaction maps to depict these interactions in detail’s.

Density functional theory analysis

Density functional theory (DFT) calculations were performed using Gaussian 09W software to optimize the geometries of
the selected molecular structures. Geometry optimization employed the B3LYP functional and the 3-21G* basis set.
Subsequently, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies
were calculated at the DFT level. These energy values served as the foundation for computing global chemical reactivity
descriptors, including hardness (1)), chemical potential (j1), softness (S), electronegativity (x), and electrophilicity index (o).
All calculations adhered to the methodology established by Tamaciu et al.'. Equations 1 and 2 were utilized to calculate the
electron affinity (A) and ionization potential (I), respectively. The chemical potential (j1), electronegativity (x), hardness (1)),
softness (S), and electrophilicity index () were computed using Equations 3 to 7, respectively.

I'=—Eynomo [1]
A=—Eymo [2]
n=-0" [3]
x=02 [4]
n=02 [51
S=5 [6]
=2 [7]

2p

Molecular dynamics simulation

The docked protein-ligand complex PDB file was loaded into YASARA Structure. The molecular dynamics (MD)
simulation was performed using the "md_run.mer" macro within YASARA Structure, with modifications to extend the
simulation duration to 50 ns. The simulated system was maintained at physiological conditions: 300 K temperature, pH 7.4,
and 0.9% NaCl. Following completion of the initial MD simulation, the simulation was continued using the protein-ligand
complex obtained at the end of the first run. The YASARA Structure "md_analyze.mcr" macro was employed with default
settings to analyze the MD simulation trajectories. This analysis yielded RMSD, radius of gyration (Rg), and root mean
square fluctuation (RMSF) values for the protein and ligand%8.

Data analysis

Ligand binding energy analysis during the MD simulation was performed using the built-in "md_analyzebindenergy.mcr"
macro within YASARA Structure, which employs the Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)
calculation method"”. Quantitative analysis of the simulation results and data visualization were conducted using Microsoft
Excel. Binding energy calculations were based on the previously reported Equation 8 by Odhar et al.1°.

Blndlng Energy = EpotRecept + EsolvRecept + EpotLigand + Esoleigand - EpatComplex - Esolu(:umplex [8]

RESULTS AND DISCUSSION

Virtual screening identified 30 potential inhibitors of three PD-linked enzymes from X. granatum ethanol extract. As
expected, all control drugs displayed more favorable (more negative) Gibbs free energy (AG) values compared to the
identified X. granatum compounds (Figure 1). However, three X. granatum compounds exhibited AG values approaching
those of the controls, warranting further investigation through in silico approaches like DFT and MD simulations. The AG
reflects the binding affinity between a ligand and its target enzyme. A more negative AG value signifies stronger binding
and potentially greater inhibitory activity'3!”. While none of the identified X. granatum compounds surpassed the control
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drugs in AG values, the three compounds identified for each enzyme show promise as potential alternative treatments. This
highlights the importance of further exploration and development to exploit their therapeutic potential. Although not
surpassing the controls, these X. granatum compounds with AG values approaching those of controls represent a promising
starting point for discovering novel PD therapeutics.
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Figure 1. Changes in stability of PD enzymesin 50 ns. (a) MM-PBSA, (b) Rg, and (c) RMSD.

Docking simulations were performed to investigate the binding interactions between the top three identified compounds
(epigallocatechin, kaempferol, and epicatechin) and three target enzymes: COMT, A2AR, and MAO-B (Figure 2). Each
enzyme possesses distinct active site residues: COMT (ASP141, HIS142, TRP143, LYS144), A2AR (ALA63, GLU169,
ASN253, ALA277, HIS278), and MAO-B (TYR60, PRO102, LEU164, PHE168, LEU171, CYS172, ILE198, ILE199, GLN206,
TYR326, PHE343). Epigallocatechin interacted with the active site of A2AR (GLU169, ASIN253, HIS278) via a hydrogen bond
with ASN253 and van der Waals interactions elsewhere. The control drug for A2AR bound to four residues (ALA63,
GLU169, ASN253, HIS278) but lacked a hydrogen bond with ASN253, relying solely on van der Waals interactions, which
may be less favorable for binding affinity.

Kaempferol formed hydrophobic interactions with two COMT active site residues (HIS142 and TRP143). The control drug
for COMT interacted with all COMT active sites, exhibiting various interactions (salt bridge, hydrogen bond, hydrophobic,
and van der Waals). However, the interaction with ASP141 might be unfavorable. Epicatechin bound to seven COMT active
sites (TYR60, LEU171, CYS172, ILE198, ILE199, TYR326, and PHE343), forming a combination of three hydrogen bonds,
two hydrophobic interactions, and two van der Waals interactions. The control drug for COMT interacted with all active
sites, exhibiting one hydrogen bond, one pi-sulfur bond, one attractive charge interaction, five hydrophobic interactions,
and van der Waals interactions with the remaining residues.

In this study, hydrogen bonds (conventional and carbon-hydrogen) and hydrophobic interactions were observed,
contributing to the overall binding strength of the ligand-enzyme complexes. Generally, a higher number of hydrogen
bonds and hydrophobic interactions correlate with increased binding energy?®. However, our findings also revealed the
presence of an unfavorable negative-negative interaction between the control drug for A2AR (4-{2-[(7-amino-2-furan-2-
yl[1,24]triazolo[1,5-a][1,3,5]triazin-5-yl)amino]ethyl}phenol) and epigallocatechin, potentially affecting drug activity due to
repulsive forces between atoms?. Overall, the three test ligands derived from X. granatum displayed distinct binding
characteristics, warranting further investigation using molecular dynamics simulations to assess the stability of these

complexes.
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Figure 2. Docked ligand-receptor complexes of (A) 7-(3-chlorobenzyloxy)-4-(methylamino)methyl-coumarin-MAOB, (B) epicatechin-MAOB, (C) 3 5-
dinitrocathecol-COMT, (D) kaempferol-COMT, (E) 4-{2-[7-amino-2-furan-2-yl[1,2 4]triazolo[15-a][1,3 S]triazin-5-yl)amino]ethyl}phenol-A2AR, (F)
epigallocatechin-A2AR.
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Density functional theory calculations were performed to investigate the electronic properties of the three identified
compounds (kaempferol, epicatechin, and epigallocatechin) (Figure 3). The HOMO-LUMO energy gap, an indicator of
molecular softness, was calculated. Kaempferol exhibited the most negative energy gap (-0.27408 eV), followed by
epicatechin (-0.20037 eV) and epigallocatechin (-0.20673 eV). A lower energy gap corresponds to a softer molecule. The
complete summary of DFT calculations is presented in Table I. Notably, all three ligands displayed a favorable
characteristic: low hardness combined with high softness, suggesting their potential as promising phytochemicals.

9
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&
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Figure 3. Visualization of HOMO, LUMO, and energy gap of selected Compounds which were further analyzed with DFT. (a) epigallocatechin, (b)
epicatechin, and (c) kaempferol.
TableI.  Calculation analysis of DFT studies on selected compounds.
EHOMO ELUMO Energy Iomzat{on Affinity ChemlFal Electronegativity =~ Hardness  Softness  Electrophilicity
Compounds V) V) gap potential V) potential V) @V) V) index (eV)
(eV) (eV) (eV)

Epicatechin -0.20227 -0.0019 -0,20037 0.20227 0.0019 -0.102085 0.102085 0.100185 4.99077 0.05326
Kaempferol -0.20352 -0.07056 -0,27408 0.20352 0.07056 -0.13704 0.13704 0.06648 7.52106 0.14124
Epigallocatechin -0.20187 0.00486 -0,20673 0.20187 -0.00486 -0.098505 0.098505 0.103365 4.82393 0.04694

Frontier molecular orbitals (HOMO and LUMO) were investigated to gain insights into the optical, electrical properties, and
potential interactions of the studied compounds (kaempferol, epicatechin, and others). Additionally, the HOMO-LUMO
AG, 1), 11, S, x, and @ were calculated to further explore their electronic properties and chemical reactivity. The AG reflects
compound stability, with a larger gap indicating greater stability. Based on the calculated AG values, kaempferol was
predicted to be the most stable compound. The 1 reflects the tendency of a molecule to lose or gain electrons. Bothrjand S
are interrelated and describe the ease of electron donation or acceptance, respectively, influencing reactivity. lonization
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potential and electron affinity are crucial parameters for calculating x and absolute 1). Finally, @ indicates the electron-
accepting tendency of a molecule. Collectively, these frontier molecular orbital parameters provide valuable insights into
various aspects of the studied compounds, aiding in the identification of potential drug candidates or enzyme inhibitors'62-
b1

Ligand binding to a receptor can induce subtle but significant changes in the receptor's structure. In this study, we
investigated these alterations by analyzing RMSF of the active-site residues in the complexes formed between kaempferol,
epicatechin, and their native ligands with COMT, A2AR, and MAO-B enzymes over a 50 ns molecular dynamics simulation.
The RMSF serves as a measure of protein structural flexibility, with higher values indicating greater mobility. The RMSF
values for the active-site residues (Table II) are particularly noteworthy. Notably, the complexes formed by kaempferol,
epicatechin, and their native ligands with COMT and MAO-B enzymes exhibit minimal RMSF values, suggesting robust
stability within the protein-ligand interactions. As reported by Dash et al.%, RMSF calculations capture the dynamic behavior
of protein backbones, with elevated values indicating increased flexibility. Furthermore, Biswas et al.% proposed that ligand-
protein complexes with RMSF values below 1.4 A for each residue suggest a stable interaction. Gratifyingly, all our tested
ligand complexes satisfy this criterion, indicating favorable protein-ligand binding.

Table II. RMSF of PD-linked enzymes active sites.

RMSF (A)
A2AR COMT MAO-B
4-{2-[(7-amino-2-furan-2- 7-(3- chlorobenzyloxy)-
Residues Epigallocatechin yg]lflz,’;,]Stfélizei(;if\EIS,? ’ Residues Kaempferol dinil’ri’czl-thecol Residues dinil’rz'ci-thecol (methylam‘li;m)methyl-
yl)amino]ethyl}jphenol coumarin
ALA163 1.803 1.060 ASP141 0.604 0.599 TYR60 0.601 0.655
GLU169 1.573 1.301 HIS142 0.525 0.643 PRO102 0.823 0.859
ASN253 1.64 1.459 TRP143 0.920 1.035 LEU164 0.965 1.056
ALA277 1.078 0.903 LYS144 0.832 0.891 PHE168 0.646 0.605
HIS278 1.977 1.389 - - - LEU171 0.712 0.648
- - - - - - CYS172 1.332 1.644
- - - - - - ILE198 1.025 1.234
- - - - - - ILE199 0.459 0.524
- - - - - - GLN206 0.563 0.467
- - - - - - TYR326 0.532 0.674
- - - - - - PHE343 0.448 0.454

Molecular dynamics simulations revealed ligand-induced alterations in protein backbone flexibility. The RMSF values
indicated minimal fluctuations in the active site residues of complexes with kaempferol, epicatechin, and native ligands,
suggesting stable protein-ligand interactions (Figure 4A). This aligns with the proposed stability criteria® and findings by
Dash et al.%. These minimal RMSF values suggest favorable interactions between the studied compounds and their target
enzymes, COMT and MAO-B, potentially influencing their effectiveness as inhibitors or modulators.

Free energy calculations from MM-PBSA simulations provided insights into ligand binding affinities (Figure 4A). Positive
AG values suggest favorable binding, consistent with YASARA's methodology?. Notably, kaempferol displayed a higher
AG than the natural ligand for COMT, indicating a potentially stronger interaction. This finding highlights kaempferol's
promise for further investigation in drug development. Overall, the positive AG values suggest that the studied compounds
form stable complexes with their respective enzymes, supporting their potential as therapeutic candidates.

The Rg values provided insights into protein complex structures (Figure 4B). Control drug-MAO-B exhibited a higher Rg
value, indicating a looser protein structure compared to other complexes. This aligns with Dash et al.% and suggests
increased flexibility. The Rg serves as a measure of protein compactness, offering a valuable indicator for biological contexts.
In this study, Rg facilitated a comparative analysis of protein structures relative to their hydrodynamic radius. As
highlighted by Justino et al.%, Rg measurements contribute to our understanding of protein-environment interactions.
Stability of ligand binding modes is crucial for reliable MD simulations. The RMSD of the protein backbone in the final 5 ns
of the simulation was used to assess stability (defined as RMSD <2 A) based on criteria from Chairunisa et a1 (Figure 4C).
All complexes, except two binding A2AR, exhibited stability with consistently low RMSD values throughout the 50 ns
simulation. This collectively suggests structural stabilization of the ligand-protein complex, supported by the lower RMSD
values observed in ligand-docked proteins compared to their unbound counterparts®. The observed stability underscores
the robustness of the MD simulations and the validity of the ligand binding modes.
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This study employed a computational approach to investigate the interactions between the ethanol extract of X. granatum
and potential anti-Parkinson's targets. The findings provide insights into ligand-induced protein flexibility changes, binding
affinities, and structural stability. Notably, kaempferol displayed promising potential asa COMT inhibitor. We believe this
work contributes valuable information for the development of more effective PD treatments.
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CONCLUSION

In silico docking simulations identified several X. granatum compounds with promising binding affinities to A2AR, COMT,
and MAO-B, key enzymes implicated in PD. Notably, five compounds exhibited high binding energies to each target
protein: A2AR (epigallocatechin, 4,5-dihydroxy-7-glucoloxyflavonone, chlorogenic acid, epicatechin, and kaempferol),
COMT (kaempferol, 4,5-dihydroxy-7-glucoloxyflavonone, epigallocatechin, epicatechin, and ferulic acid), and MAO-B
(epicatechin, kaempferol, chlorogenic acid, caffeic acid, and stearic acid). Analysis of the MAO-B-ligand complex revealed a
more flexible protein conformation, potentially enhancing ligand binding. Overall stability of the ligand-protein interactions
was confirmed by RMSD analysis, except for the A2AR complex, which may warrant further investigation. These findings
suggest that X. granatum may possess structural stabilization effects on key PD-related proteins, highlighting its potential as
a therapeutic candidate. Future studies exploring in vitro and in vivo models are warranted to validate these in silico
observations and elucidate the precise mechanisms of action. This research offers valuable insights that could pave the way

for the development of novel and more effective therapies for PD.
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