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Abstract

Spondias mombin (S. mombin), a prominent botanical resource, has garnered recognition within folkloric
therapy. Parkinson's disease (PD), characterized by dopaminergic neuron attrition in the substantia nigra,
manifests as motor anomalies like tremors, rigidity, and bradykinesia. This study capitalizes on S.
mombin's reservoir of 100 characterized phytocompounds and employs computational methodologies to
interrogate their potential 35 PD-associated target proteins. Employing a multifaceted approach, we
engaged in molecular docking, ADMET predictions, Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) evaluations, Density Functional Theory (DFT), and Molecular Dynamic Simulations (MDS).
This comprehensive framework facilitated insightful structural assessments and predictive analyses.
Impressively, flavonoids hailing from S. mombin, including quercetin, catechin, ellagic acid, and
epicatechin, showcased optimal binding affinities for PD-relevant target proteins. Moreover, these
identified ligands exhibited minimal signs of mutagenicity, tumorigenicity, or irritancy, except for
quercetin, which displayed elevated tumorigenic potential. Notably, quercetin and dopamine exhibited
varying band gap energies, with quercetin the lowest (3.63 eV) and dopamine the highest (5.76 V)
values. MDS result suggests a synergistic outcome based on the RMSD and RMSF graphs for quercetin
highlighting it as the best of all including the co-ligand. In a collective sense, our findings present S.
mombin as promising reservoirs of active pharmaceutical ingredients, warranting further exploration for
novel PD therapeutic avenues. Consequently, this study underscores the enhanced efficacy of phyto-
ligands sourced from S. mombin, advocating their optimization as potential drug candidates.

Introduction

Lewy bodies accumulate within the midbrain in Parkinson's disease (PD), a neurological disorder
characterized by the degeneration of dopaminergic neurons, primarily in the substantia nigra. This
degeneration leads to muscle tremors, rigidity, impaired balance, and bradykinesia (Poewe et al., 2017).
PD has witnessed an alarming surge in prevalence, disability-adjusted life years (DALYs), and mortality
rates, consequently imposing substantial economic and societal burdens globally (WHO, 2019). Over the
past quarter-century, PD prevalence has doubled, with approximately 8.5 million cases reported worldwide
in 2019 (WHO, 2022). Notably, PD exhibits an unprecedented escalation in disability and fatality rates
compared to other neurological disorders (WHO, 2022). A study from 2019 revealed a surge of 81% in
DALYs and 100% in deaths since 2000, amounting to 5.8 million DALYs and 329,000 deaths attributable
to PD (WHO, 2022), and this trend is projected to persist in the near future.

Amid this landscape, research endeavors have intensively focused on deciphering the pathobiology of
PD, highlighting mitochondrial dysfunction, inflammation, protein quality control failure, and autophagy
impairment as underlying mechanisms (Whitworth et al., 2008). Moreover, genome-wide association
studies (GWAS) have identified genetic factors such as SNCA, LRRK2, VPS35, PRKN, PINK1, DJ-1, and
GBA as contributors to familial PD in developed nations (Bandres-Ciga et al., 2020). Nevertheless, the
bulk of these investigations predominantly stem from Eurocentric and, to a lesser extent, Asiacentric
perspectives, resulting in substantial knowledge gaps regarding PD's incidence, prevalence, genetic
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underpinnings, clinical manifestations, and other critical aspects within regions like Sub-Saharan Africa
(SSA) (Williams et al., 2018). This dearth of data hampers the pursuit of effective treatments and the
reduction of the global PD burden.

To foster the development of PD therapeutic agents tailored to SSA, an innovative avenue for therapeutic
discovery lies in the realm of African folkloric medicinal plants. Notably, the past decade has witnessed a
burgeoning acceptance of medicinal herbs as complementary healthcare modalities (Ekor, 2014), with
noteworthy clinical successes like Niprisan for sickle cell disorders and Virucidine for COVID-19
management, both products of the National Institute for Pharmaceutical Research and Development
(NIPRID) (Obodozie et al., 2010; Omotuyi et al., 2021).

In contrast to Europe and Asia, where studies have explored herbal remedies such as Atropa belladonna,
Hyoscyamus niger, Lepidium meyenii, Asparagus racemosus, Mucuna pruriens L., and Ginkgo biloba for
PD-like symptoms, African herbal treatments, particularly those from Crossyne Flava bulbs, Boophone
Haemanthoides, and Nerine humilis (Amaryllidaceae), remain less explored despite their reported
potential (Omotuyi et al., 2021). The present study capitalizes on the prior ethnobotanical survey of West
African plants with implications for neurodegenerative diseases (Asiimwe et al., 2015). Through the
application of the Use Mention Index (UMI), Spondias mombin L. has been identified as promising
sources of active pharmaceutical ingredients (APIs) with potential efficacy in PD treatment. S. mombin's
compounds will be used to target some PD'’s target protein in this work (Werner et al., 20217).

Computer Aided Drug Design (CADD) emerges as a pivotal methodology in the pursuit of drug discovery
for PD (Butcher et al., 2004; Baig et al., 2018). Leveraging computational techniques, such as Molecular
docking, Molecular Dynamic Simulations (MDS), and Pharmacokinetic predictions, CADD offers a
comprehensive platform to investigate the interactions between potential drug candidates and PD-
associated target proteins (Salman et al., 2021). These target proteins, intricately involved in pathways
relevant to neuroinflammation, oxidative stress, and protein aggregation, represent attractive points for
therapeutic intervention.

Materials and Methods

Identification and Retrieval of Proteins

Studies have shown that the following proteins play important roles in the pathophysiology of PD (Table
1). All the mentioned proteins were retrieved in their 3D crystal structures from PDB in PDB file format and
subjected to the protein pre-process module of Schrodinger Maestro 12.8 version. Their respective protein
data bank (PDB) IDs are given in Table 1 in supplementary file 1 (SF1).

Preparation of Proteins

All 35 proteins implicated in this study were prepared using a protein preparation wizard which involved
the assignment of bond orders and hydrogen bonds, addition of hydrogens, optimization, minimization of
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the proteins, and deletion of waters beyond 4A from the het group (Sastry et al., 2013). The SiteMap tool
was employed for the determination of highly potential binding sites of ligands on proteins (Halgren,
2009). The proteins’ receptor grids, which map the binding sites of these proteins for ligand binding, were
generated by Glide application on maestro 12.8(Schrodinger, 2023).

Retrieval and Preparation of Phytocompounds

100 phytocompounds of S.Mombin were sourced after thorough literature search. These sourced
compounds were retrieved from PubChem database (https://pubchem.ncbi.nlm.nih.gov) with the varying
PubChem CIDs in structure data file format (MOL.SDF). They were prepared using LigPrep in the
Schrodinger suite, where OPLS4 force field module was employed for minimization, they were desalted
and retaining specified chiralities and adopting Epik to generate states of the chemical compounds at pH
7.0 £ 2.0 was carried out.

Molecular Docking Using Glide

Subsequent to receptors and ligands preparation, we conducted molecular docking computations
utilizing Glide's ligand docking module. The process began with Standard-Precision docking (SP-
docking), which is a less stringent method. This initial phase was crucial for filtering out ligands with high
affinity prospects. Subsequently, the compounds that successfully passed this preliminary screening
were advanced to the Extra-Precision docking (XP-docking) stage. This phase involved a more stringent
assessment of the ligands' binding affinity, ensuring a thorough and precise screening process. Following
the docking stages, we focused on evaluating the binding stability of the protein-ligand complexes. This
was achieved through the calculation of the relative binding-free energy (AG bind) of the compounds
exhibiting the best binding poses, identified as hit ligands by employing MM/GBSA using the Prime
Module in Maestro (Borkotoky et al., 2016).

Pharmacokinetics Screening

The drug-likeness, physicochemical properties and pharmacokinetic properties of the hit chemical
compounds from S. mombin were predicted by Qikprop, a plugin in maestro schrodinger, while they were
screened for toxicity using Datawarrior program version 4.6.1 (Sander et al., 2015).

Density Functional Theory

The molecular characteristics of the hit compounds were evaluated via quantum chemical calculation
using DFT to anticipate the biological activities of the top-ranked compounds. After the molecules
underwent a conformer distribution calculation, the most stable conformer was picked for the DFT
analysis in vacuum using Spartan 10 computational chemistry software. The thermodynamic
parameters, EHOMO and ELUMO were computed. The global reactivity descriptors and other
characteristics were generated from the EHOMO and ELUMO values. The energy band gaps were
calculated from the difference between ELUMO and EHOMO (Eg).
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Eg = ELUMO-EHOMO (1)

Koopman's theory connects the lonization energy (I) and Electron Affinity (A) to EHOMO and ELUMO
(Koopmans, 1993).

| =-EHOMO (2)

A=-ELUMO (3)

X=T1+A/2 4)

n=1A/2 (5

6=1/n (6)

Molecular Dynamic Simulation

Molecular dynamics simulations (MDS) were performed using Schrédinger's Desmond module within the
Maestro interface (Bowers et al., 2006; Schrodinger, 2023). The System Builder tool was employed to
construct the simulation environment for the protein-ligand complexes, ensuring the correct protonation
states and solvation. The systems were equilibrated and simulated for 200 nanoseconds (ns) in an
isothermal-isobaric (NPT) ensemble class, stabilizing temperature, and pressure. Long-range electrostatic
interactions were calculated using the Particle-Mesh Ewald method with a grid spacing of 0.8 A, while
Coulomb interactions were truncated beyond a 9.0 A cut-off radius. The simulations aimed to elucidate
the dynamic behavior and stability of the complexes, providing insights into the conformational changes
and interactions over time. Data from MDS were analyzed for various parameters including root-mean-
square deviation (RMSD), root-mean-square fluctuation (RMSF), and interaction profiling to assess the
binding efficacy and structural integrity of the complexes (Olugbogi et al., 2023).

Result and Discussion

This study aims to elucidate the potential inhibitory and modulatory effects of bioactive compounds
present in Spondias mombin against various targets implicated in Parkinson's disease (PD). Employing a
multifaceted computational approach encompassing molecular docking, pharmacokinetic prediction,
binding free energy analysis, and HOMO/LUMO assessment (Ajiboye et al., 2023), we sought to identify
and characterize the interactions between these compounds and their respective protein targets. Through
rigorous computational analyses, we successfully identified four bioactive phytocompounds derived from
S. mombin that exhibit promising potential as lead ligands. These ligands demonstrated notable
therapeutic implications through their interactions with eight protein targets associated with PD.

Our investigation revealed substantial molecular interactions and remarkable stability of the ligand-
protein complexes formed. Intriguingly, a comparative evaluation between these bioactive compounds
and the established co-crystallized-ligands for these proteins was conducted, yielding significant insights
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that underscore the significance of our research endeavor. This study not only sheds light on the
therapeutic prospects of S. mombin-derived compounds in tackling PD but also underscores the valuable
contributions of computational methodologies in elucidating intricate ligand-protein interactions. As
such, our findings contribute to the expanding field of computational drug discovery and hold promise for
the development of novel interventions for PD.

Molecular docking Study

Following the execution of molecular docking simulations encompassing 100 phytocompounds
extracted from S. mombin against a comprehensive set of 35 proteins associated with Parkinson's
disease (PD), a subset of four compounds emerged exhibiting notably improved docking scores
compared to the co-crystallized ligands found within the proteins. Within this subset, eight proteins
exhibited robust intermolecular interactions with these identified hits, while the remaining proteins either
exhibited low affinities or no affinities at all with the S. mombin phytocompounds. The outcome of this
investigation is presented in Table 2, and the spatial distribution of binding affinities is visualized through
heat maps (Figure 1) and graphical representations (Figure 2a).

Notably, the results in Table 2 and Figure 1 underscore the particularly high binding affinities observed
when the hit ligands interacted with the phosphoinositide-3-kinase protein. Specifically, ellagic acid
achieved the highest binding affinity score of -10.466 kcal/mol, suggesting the potency of this protein as
a prospective novel target in PD therapy. Additionally, JNK2 emerged as another significant target,
demonstrating substantial binding scores and robust interactions with the hit compounds, closely
followed by Pi3k and A2 receptor, as detailed in Table 1 and Figure1 and 2a-b.

The study's findings emphasize the consistent and elevated interactive capacities of quercetin and ellagic
acid, evident from their binding scores not falling below -7.0 kcal/mol when docked with six and eight of
the lead targets, respectively (Table 1). This resilience suggests their potential to disrupt the pathways
associated with these lead targets, positioning them as promising small-molecule candidates for the
long-term management of PD.

Further exploration of ligand-protein complex stability during the docking simulations strengthens the
study's conclusions. Table 2 and Figure 2b present the free binding energy scores, measured in kcal/mol,
for the identified hit ligands. Notably, ellagic acid consistently exhibited high complex stability across the
lead targets, with its most robust interaction occurring with GSK3B (1Q41), yielding a free binding energy
of -55.13 kcal/mol. Similarly, quercetin showcased elevated complex stability across various lead targets,
with its most favorable interaction occurring with the A2 receptor, resulting in a free binding energy score
of -48.76 kcal/mol. Other hit ligands also demonstrated commendable complex stabilities with these lead
targets.

Interestingly, the co-ligands also displayed favorable stability with their respective proteins, with the co-
ligand in JNK2 registering the highest stability (free binding energy score of -124.04 kcal/mol) and the co-
ligand in catechol-o-methyltransferase exhibiting the lowest stability (free binding energy score of -8.34
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kcal/mol). Based on these calculations, it can be inferred that due to the consistent strong complex
stability observed with ellagic acid and quercetin across all lead targets, these compounds may
competitively induce prolonged and enhanced biological responses when compared to the co-ligands and
other hits.

Molecular Interaction Profiles

Studies have revealed that the diversity in binding scores and affinities exhibited by the identified hit
compounds within this study is attributed to their distinct interaction profiles with specific amino acid
residues located at the binding sites of the lead target proteins (Owoloye et al., 2022; Ajiboye et al., 2023).
These residues are pivotal contributors to the biological functionalities of these proteins. The
visualization of intermolecular interactions between the hit ligands and the lead targets unveiled the
establishment of crucial non-covalent bond types, which assume pivotal roles in shaping the structure
and stability of the ligand-receptor complex. This intricate interplay of interactions underscores the
foundation of a drug-receptor complex that governs the subsequent biological responses.

To gain insight into the mechanistic underpinnings of these interactions, the unique interactions of the hit
compounds were compared with those of the co-crystallized ligands. This comparative analysis enabled
the identification and delineation of the key amino acid residues situated at the binding sites of the
proteins. These residues serve as focal points of interaction that orchestrate the binding process and
influence the overall stability and specificity of ligand binding to the target proteins (Khazanov et al.,
2013).

Catechol-O-methyltransferase

Figure 3a-e, displayed above, elucidates the distinct molecular interactions of the hit ligands with the
catechol-O-methyltransferase (COMT) protein. The identification of the unique ligand occupying the
catechol-binding site, known as the catalytic site, facilitated the identification of key amino acid residues
forming this critical region. Drawing from visualization of docking simulations in conjunction with
insights from published literature, the following amino acid residues, among others, have been
recognized as vital constituents of the catalytic cavity: N170, M40, LYS144, E90, W143, and E199. These
residues play pivotal roles in promoting inhibition, a novel avenue in the treatment of Parkinson's disease
(PD), as studies have indicated (Rutherford et al., 2008).

The hit compounds exhibited a greater number of hydrogen bond interactions, with both ellagic acid and
epicatechin forming five hydrogen bonds each. In comparison, the co-crystallized ligand formed only two
hydrogen bonds. Notably, within quercetin, two hydroxyl groups on a phenyl group established hydrogen
bond networks with E199 and N170, simultaneously engaging in a metal-ligand interaction with Mg2+, a
co-factor known to facilitate the methylation process at the binding site of COMT (Rutherford et al.,
2008). Similarly, ellagic acid's hydroxyl groups participated in three hydrogen bond networks with E199
and N170, along with a metal-ligand interaction with Mg2+. Moreover, one oxygen atom on a carbonyl
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group and another on an oxa-cyclohexane group formed hydrogen bonds with adjacent water molecules
within the binding pocket (as depicted in Figure 3b).

Figure 3c and 3d exhibit the interactions of Epicatechin and catechin, structurally akin compounds.
Epicatechin formed five hydrogen bond interactions, while catechin formed four, both with E199 and
N170. These interactions were facilitated by hydroxyl groups situated on their respective phenyl moieties.
Additionally, both compounds engaged in non-covalent bonding with Mg2+. Notably, a distinctive feature
of catechin's interaction involved a pi-pi bond with the hydrophobic W143. This interaction likely
contributes to the higher binding score of catechin in comparison to epicatechin, which employed two of
its hydroxyl groups to form conventional hydrogen bonds with surrounding water molecules.

It is imperative to acknowledge that the augmented binding affinities and complex stability potentially
observed in ellagic acid, as compared to other hit compounds, might stem from its compact structural
formula. This structure comprises moieties of phenyl and oxacyclohexanes linked through robust
covalent C-C bonds. This structural characteristic potentially enhances its interaction capabilities with the
catalytic site of COMT.

Dopamine-D1 Receptor

The interaction between the dopamine D1 receptor and the co-crystallized ligand, as visualized in Figure
4c, provides valuable insights into the amino acid residues contributing to the modulation of the D1
receptor at its orthosteric site. These residues have been corroborated by existing literature (Teng et al.,
2022) and validated through the NCBI's conserved domain database. Notably, residues such as D103,
F288, F289, F313, S198, and S107 play integral roles in this modulation process. Quercetin, through
strategic utilization of two hydroxyl groups and the oxygen atom within its carbonyl group, establishes
three hydrogen bond interactions with S198, D103, and S107. Notably, pi-pi stacking interactions are
observed between the phenyl scaffolds of quercetin and the phenylalanine residues at positions 313 and
288 (F288 and F313). These multifaceted non-covalent interactions collectively contribute to the
pronounced binding affinities demonstrated by quercetin towards the D1 receptor. Furthermore, the
structural arrangement and interactions substantiate the stability of the drug-receptor complex formed. In
contrast, ellagic acid engages in a solitary conventional hydrogen bond with S107, utilizing the oxygen
atom substitution on one of its oxacyclohexane groups as the hydrogen bond acceptor. In tandem with
this hydrogen bond, ellagic acid's phenyl and oxane scaffolds interact with hydrophobic phenylalanine
residues (F288 and F289), leading to pi-pi stacking formations. Remarkably, ellagic acid's elevated
docking scores and free binding energy can be attributed to the robust hydrophobic interactions, such as
pi-pi bonds, sustained during the docking simulations, despite its comparatively fewer hydrogen bond
formations in comparison to quercetin. The graphical depictions presented in the figures 4a-c serve as a
comprehensive foundation for understanding the sustained higher affinities exhibited by our identified hit
compounds in contrast to the co-crystallized ligand within the context of the D1 receptor. The co-
crystallized ligand, in isolation, engages in merely three interactions, comprising two hydrogen bonds with
D103 and a pi-pi bond with F289.
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Collectively, these findings significantly contribute to the scientific discourse, elucidating the intricate
interactions that underlie the elevated binding affinities of our hit compounds relative to the co-
crystallized ligand within the dopamine D1 receptor framework.

Glycogen Synthase Kinase 38

Research has highlighted the pivotal roles of certain hinge residues situated within the ATP binding site
of GSK3B, specifically V135, E137, N200, C199, Q185, L188, and D133, in orchestrating the inhibition of
GSK3B. This inhibition strategy has emerged as a prominent pharmacological approach for addressing
neurological disorders and various other pathological conditions (Bertrand et al., 2003). Notably, the co-
crystallized ligand demonstrates a remarkable binding affinity with GSK3B, potentially attributed to its
adept utilization of the N1 and 02 atoms present within its pyrrolidine-2-one ring. These atoms engage in
forming hydrogen bonds, with D133, which bears a negative charge, and hydrophobic V135, respectively.
Additionally, a conventional hydrogen bond is established with a water molecule that, in turn, forms a
hydrogen bond with the backbone Q185. This strategic interaction involving a bridging water molecule
contributes to enhancing the stability of this binding interaction (as depicted in Figure 5d). Existing
research has indicated that this bridging water molecule plays a critical role as a connecting link,
fortifying the interaction between inhibitors and the Q185 residue (Bertrand et al., 2003).

Similarly, ellagic acid and quercetin exhibit analogous bridging interactions through water molecules
within their intermolecular interactions with GSK3B. However, such bridging interaction is notably absent
in the case of epicatechin (Figure 5c). Furthermore, ellagic acid and quercetin establish four and six
hydrogen bonds, respectively, with GSK3B. Conversely, epicatechin showcases the least number of
hydrogen bonds, numbering three (Figure 5a-c).

The insight into the distinct interactions of these hit compounds with GSK3B not only sheds light on their
binding affinities but also unveils their structural and functional attributes within the inhibition process.
These findings contribute significantly to the understanding of the intricate molecular dynamics driving
the interactions of these compounds with GSK3B, advancing the broader discourse on the
pharmacological manipulation of this target.

c-Jun N-terminal-Kinase 2

Mitogen-Activated Protein Kinases (MAPKSs) have been extensively investigated for their central
involvement in a multitude of pathways pivotal to inflammation and neurological diseases (Moens et al.,
2013; Caliz et al., 2022). Over time, the development of inhibitors has been an active area of research,
aimed at modulating the activity of this intriguing target. The current study seeks to identify efficacious
inhibitors that hold promise for the treatment of PD. lllustrated in Figures 6a-e are the intricate molecular
interactions between our hit ligands, the co-crystallized ligand, and the JNK2 protein. These interactions
form the foundation for the observed disparities in binding affinities and the stability of the ligands-
protein complex.
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Remarkably, investigations have revealed that ligand binding within the ATP binding pocket of the JNK2
protein induces a conformational change, effectively hindering the activation of the phosphorylation
activity associated with this novel target. The co-crystallized ligand serves as a guide for identifying key
residues situated within this pocket. M111, D169, and E73 are notably mapped residues, and literature
has indicated the presence of other residues such as 132, M108, and K55 that envelop this site
(Kuglstatter et al., 2010).

The study's findings unveil robust molecular interactions between the co-crystallized ligand and several
of these salient residues (as depicted in Figure 6a). This ligand forges six hydrogen bonds with M111,
positioned at the hinge region, E73, a highly conserved residue, and D169, which contributes to the DFG-
out conformation—a configuration conducive to JNK2 inhibition, as corroborated by studies (Duong et al.,
2020). Epicatechin, meanwhile, establishes four hydrogen bonds with the aforementioned residues,
facilitated by its hydroxyl groups. Additionally, epicatechin forms a hydrophobic bond with K55 through
the creation of a pi-cation interaction. Similarly, quercetin establishes four hydrogen bonds, paralleling
epicatechin's interactions. Catechin, in contrast, engages in both polar interactions (hydrogen bonds) and
hydrophobic interactions (pi-pi stacking and pi-cation bonding) with the protein's residues. In comparison,
ellagic acid forms only a single hydrogen bond, notably with the highly conserved E73. This limited
molecular bonding potentially contributes to the comparatively lower binding free energy observed in the
ellagic acid-JNK2 complex.

Adenosine A2 Receptor

Investigations have unveiled that the A2AR co-ligand engages closely with the residues comprising the
protein's hydrophobic pocket. Residues such as F168, 1274, L249, M270, W246, V84, and N253 collectively
constitute the hydrophobic binding site of this protein (Doré et al., 2011). The co-ligand demonstrates a
pi-stacking interaction with F168 and further forms a hydrogen bond with N253. These two interactions
hold great significance, as highlighted by Doré et al. Our findings demonstrate the analogous interactions
of the hit ligands with these residues. Each of the hit ligands establishes a minimum of two hydrogen
bonds with these residues, with catechin displaying three hydrogen bonds. Furthermore, the hit ligands
actively participate in pi-stacking interactions, a salient binding modality that has been extensively
explored for its role in enhancing both the binding affinities and the overall stability of the protein-ligand
complex (Pyrkov et al., 2009).

Phosphoinositide-3-Kinase

The inhibitory mechanisms exhibited by both the co-crystallized ligand and the hit ligands are intricately
associated with the presence of specific amino acid residues situated within the binding site of
phosphoinositide kinase 3 (PI3K), as well as the diverse types of bonds forged with these ligands (Certal
et al., 2012). Remarkably, these ligands, including the distinct ligand binding to the same active site,
demonstrated analogous activities, as evidenced by their binding scores (detailed in Table 2) derived
from their interactions.
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Analyzing the co-crystallized ligand and its distinctive interaction profile, it is apparent that this ligand
establishes two hydrogen bonds and a single pi-pi stacking interaction. These interactions involve D964,
V882, and Y867. The co-crystallized ligand effectively utilizes the oxygen substituent in its morpholine
moiety, as well as the oxygen substitute in its pyrimidinone moiety and the pyrimidinone scaffold itself, to
form these interactions (depicted in Figure 8a).

Ellagic acid, exhibiting the highest docking score, also shares analogous interaction patterns with the

standard ligand. It manifests three distinct molecular interactions—two hydrogen bonds with K833 and
V882 and one pi-stacking interaction with Y867. These interactions are facilitated through the hydroxyl
groups present on ellagic acid's phenyl moieties and its oxacyclohexane group (illustrated in Figure 8c).

Quercetin, catechin, and epicatechin predominantly established varying numbers of hydrogen bonds with
similar residues, including V882, D964, D950, K833, E880, Y867, and S806. Specifically, quercetin had the
highest number of hydrogen bonds (as depicted in Figure 8e), while catechin displayed the fewest (shown
in Figure 8b). These interactions collectively contribute to the distinctive inhibitory properties of each
compound.

Sirtuin-2

Sirtuins have been extensively investigated for their fundamental roles in a myriad of cellular processes,
and their dysregulation has been demonstrated to assume critical significance in the pathophysiology of
diverse diseases, including PD (Liu et al., 2020; Rumpf et al., 2015). The present study was meticulously
undertaken with the objective of identifying enduring and efficacious inhibitors targeting this novel
protein.

The unique/co-ligand employed its NH-group to catalyze the formation of two hydrogen bonds,
establishing intricate connections with L138 and G141. In parallel, catechin harnessed the hydroxyl
groups embedded within its molecular framework, orchestrating a network of three hydrogen bonds. In
contrast, both epicatechin and quercetin exhibited singular pi-stacking interactions, each interplaying with
Y139 (Figure 9a-d).

The examined hit ligands exhibited a relatively restrained number of interactions with the sirtuin protein
under scrutiny. This reduced interaction propensity potentially contributes to the observed lower complex
stabilities—a parameter intrinsically linked to the binding free energy. Upon juxtaposition with the
established standard (Table 2), these distinct patterns of interaction and stability collectively contribute to
the nuanced attributes of the hit ligands compared to the reference ligand.

c-Jun N-terminal-Kinase 3

Figure 10a and 10b provide an intricate glimpse into the molecular interplay involving JNK3, the co-
crystallized ligand, and the sole hit ligand (high binding affinity of -11.329kcal/mol), quercetin. A
discernible observation is the distinctive formation of a greater number of hydrogen bonds by the unique

ligand with both the protein and two adjacent water molecules. This interaction pattern, which has been
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documented as a distinct binding mode exhibited by the unique ligand, significantly contributes to its
inhibitory attributes, as corroborated by its binding score (detailed in Table 1) (Feng et al., 2021).

Concurrently, quercetin demonstrates robust and substantive molecular interactions with JNK3. Evidently,
it establishes a total of three hydrogen bonds, involving M149, E147, and 170 residues. The underlying
mechanism entails the strategic utilization of two hydroxyl groups, serving as hydrogen bond acceptors,
in conjunction with an oxygen atom originating from its carbonyl group, which assumes the role of a
hydrogen bond donor.

Pharmacokinetics Prediction

Following the meticulous evaluation of the potency and disparate affinities exhibited by these ligands, it
becomes imperative to delve into their pharmacokinetic properties. This inquiry becomes indispensable to
address concerns ranging from potential side effects and toxicity to challenges like limited absorption
and inadequate clearance (Guengerich, 2011; Kola and Landis, 2004). These factors, often encountered
during the drug development process, pose significant hurdles, leading to the attrition of a substantial
number of promising compounds with therapeutic potential. This phenomenon underscores the
paramount significance of investigating the pharmacokinetic attributes of hit compounds, a phase that
serves as a pivotal bridge from preclinical investigation to clinical trials (Wishart, 2007; Ajiboye et al.,
2021; Oyinloye et al., 2021).

Thus, in consonance with this imperative, our study embarked on a comprehensive exploration of the
physicochemical profiles of quercetin, ellagic acid, epicatechin, and catechin. This exploration unfolded
through a meticulous examination of their absorption, distribution, metabolism, excretion, and toxicity
properties. Such an investigation, underpinned by a commitment to ensuring safety and optimal efficacy,
forms a foundational step in navigating the complex landscape of drug development.

To conduct this assessment, we harnessed two distinct methodologies, leveraging the Qikprop plugin
within Schrodinger Maestro and harnessing the capabilities of SwissADME (Daina et al., 2017). The
outcome of these analyses encompassed a spectrum of descriptors, designed to gauge the drug-likeness
and pharmacokinetic attributes inherent to our hit compounds. Parameters including molecular weight,
the tally of hydrogen bond acceptors and donors, adherence to Lipinski's Rule of Five, and the potential
for blood-brain barrier permeability stood at the forefront of these descriptors. This intricate web of
characteristics synergistically provided an insightful depiction of the drug-like attributes of our
compounds.

The culmination of these analyses serves to shed light on the structural and physicochemical attributes
that shape the drug potential of our hit compounds. Such insights not only facilitate the formulation of
compounds with an enhanced likelihood of translational success but also contribute to a holistic
understanding of the broader pharmacological landscape.
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The results, as succinctly presented in Table 3, offer profound insights into the diverse physicochemical
properties of the hit ligands, a key determinant of their drug-likeness. Critical parameters such as the
count of hydrogen bond acceptors and donors, molecular weight, and the octanol/water partition
coefficient (QPlogPo/w) underwent thorough evaluation. Promisingly, the findings uniformly indicated
that all hit ligands conform to the accepted ranges (as elaborated in the accompanying text below Table
3) for these physicochemical attributes, reaffirming their suitability for drug development.

Oral bioavailability, a pivotal facet of drug candidacy, was rigorously assessed utilizing Lipinski's Rule of
Five, a well-established set of criteria employed to gauge the likelihood of compounds being administered
orally (Lipinski et al., 2001). As delineated in the text below Table 3, it is posited that if a compound
successfully satisfies at least three out of the five rules, it is deemed to possess favorable oral
bioavailability. Notably, all hit ligands effortlessly met Lipinski's criteria, with only catechin and
epicatechin exhibiting a minor deviation by violating a single criterion. This collective adherence
underscores their oral bioavailability, a key consideration in their developmental potential.

Furthermore, these findings are fortified by the assessments of Human Oral Availability (HOA), which
unequivocally indicate that the compounds possess medium to high oral availability. This signifies their
enhanced propensity for absorption within the gastrointestinal tract (GIT), a pivotal attribute for potential
oral drug administration. The pharmacokinetic attributes of the compounds were subjected to
comprehensive scrutiny, encompassing evaluations of their binding to human serum albumin, potential
blockage of HERG K+ channels, and blood-brain barrier permeability. Impressively, the values obtained for
these parameters consistently fell within the recommended ranges (Table 3). While catechin and
epicatechin exhibited slightly elevated scores for HERG K+ channel blockage, this minor pharmacokinetic
discrepancy notwithstanding, the overall assessment underscores the excellent pharmacokinetic profiles
of these compounds. Such profiles bode well for the efficient distribution of the compounds and their
metabolites to the precise locations within the body, where they can exert their distinctive
pharmacological significance.

The result presented in Table 4 further enriches our understanding of the hit ligands by delving into their
potential toxic effects. Notably, the hit ligands exhibited no toxic indications of mutagenicity,
tumorigenicity, or irritancy, except for quercetin, which displayed elevated tumorigenicity. This holistic
evaluation enhances our comprehension of the compounds' safety profiles, an indispensable aspect in
shaping their potential as viable therapeutic candidates.

In summation, these multifaceted analyses collectively validate the promising drug-like attributes and
pharmacokinetic profiles of the hit ligands. These findings collectively fortify their potential as candidates
for further development and eventual translation into effective therapeutic agents, poised to address the
intricate challenges posed by diseases such as PD.

Density functional theory (DFT) is a computational approach that characterizes molecular systems
based on electron density, rather than wavefunctions (Rong et al., 2020). In this study, we investigated the

frontier molecular orbitals (FMOs), specifically the highest occupied molecular orbital (HOMO) and the
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lowest unoccupied molecular orbital (LUMO), using DFT to explore the electronic structure and reactivity
of various ligands. The HOMO represents the highest energy orbital occupied by electrons in a molecule's
electronic configuration. It plays a crucial role in diverse chemical processes, such as ionization, electron
transfer, and chemical reactions. On the other hand, the LUMO is the lowest energy orbital without any
electrons, and its characteristics are significant in understanding molecular properties like electron affinity
and reactivity towards electron acceptance. The optimized, HOMO, and LUMO structures are present in
the supplementary file 2 (SF 2).

The DFT calculations provided optimized HOMO and LUMO regions for the four test compounds
including the co-ligands, as shown in Figure 35 (Dorafshan et al., 2022). The computed HOMO energy
values ranged from -5.47 to -5.30 eV, while the LUMO energy values ranged from -1.84 to -2.90 eV. Among
the compounds, doramapimod exhibited the lowest HOMO energy (-5.06 eV), whereas dopamine had the
highest LUMO energy (0.24 eV), as listed in Table 5. Additionally, we determined the band gap energy (EQ)
for each compound, which ranged from 3.63 to 5.76 eV. Quercetin and dopamine displayed the lowest
and highest Eg values, respectively. The band gap energy is an essential factor in drug development
using DFT calculations (Park et al., 2016). A large band gap energy suggests low conductivity and
reduced reactivity, making it less likely to interfere with other biological systems.

Conversely, a small band gap energy indicates higher conductivity and reactivity (Kessler et al., 2022;
Olugbogi et al., 2023). Further investigations into compound stability and reactivity were performed by
calculating global reactivity descriptors, including chemical hardness (), softness (8), electronegativity
(X), ionization potential (I), and electron affinity (A). These values were employed to gain insight into the
ligands' stability and reactivity, as well as the stability of co-ligands, as presented in Table 5.

In summary, the HOMO energy (Eonmo) indicates a molecule's capacity to donate electrons, while the
LUMO energy (E, ymo) predicts its ability to accept electrons. Higher Eyo\0 values and lower E 0 Values
contribute to increased molecular reactivity. Our findings from this study highlight the test compounds'
electron-donating capabilities based on their E,jo) o Values and their ability to accept electrons based on
their E| o values. This knowledge is valuable for understanding the electronic properties and reactivity
of the ligands examined in this investigation.

Molecular Dynamic Simulations (MDS)

Molecular dynamics simulations (MDS) are crucial in in silico studies for capturing the dynamic nature of
biomolecular interactions (Vidal-Limon, et al., 2022; Olugbogi et al., 2023), where root-mean-square
deviation (RMSD) provides insights into the stability of the system, and root-mean-square fluctuation
(RMSF) offers details on the flexibility and movement of specific residues over time, both critical for
understanding the function and behavior of molecular systems. In this current study, GSK3 Beta,
identified as a promising target, along with the top-scoring ligands and a co-ligand, underwent MDS for a
duration of 200 nanoseconds (ns).
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The RMSD graph for the co-ligand (Figure 11 A) in complex with GSK3 beta over a 200 ns MDS shows
the stability and dynamic behavior of both the protein (blue line) and ligand (red line). Observing the
protein RMSD, it remains relatively constant with minor fluctuations for all test ligands including the co-
ligand, indicating that the protein structure maintains its integrity throughout the simulation time. A stable
protein RMSD is indicative of a reliable simulation and suggests that the protein did not undergo
significant conformational changes, which is essential for valid drug-target interaction studies (Lecina et
al., 2017; Olugbogi et al., 2023). The ligand RMSD, conversely, displays pronounced fluctuations,
particularly with a sharp peak around 175 ns. This suggests that while the ligand generally maintains an
interaction with the binding site, there are moments of significant conformational change or temporary
loss of binding.

The consistent low-level fluctuations before this peak imply a stable interaction, but the spike could
indicate transient unbinding or reorientation within the active site (Alade et al., 2023). Summarily, the co-
ligand demonstrates a mostly stable interaction with GSK3 beta with occasional dynamic events. The
stability for most of the simulation time suggests that the co-ligand could be a viable candidate for
inhibiting GSK3 beta activity. However, the observed peak in ligand RMSD highlights the need for further
investigation to understand the full nature of the interaction, and to assess the binding mode's potential
impact on the efficacy and specificity of the co-ligand as a therapeutic agent.

Ellagic acid (Figure 11 B) in complex with GSK3 beta across a 200 ns MDS presents the stability and
dynamics of the protein-ligand interaction. The ligand RMSD, (red line), shows more pronounced
fluctuations, indicative of a dynamic interaction with the protein. The absence of extreme peaks suggests
that ellagic acid maintains consistent contact with the protein's binding site, although with some degree
of flexibility. This flexibility could be crucial for the ligand's ability to adapt to the shape of the binding
pocket and form stable interactions (Amaral et al., 2017; Teilum et al., 2009). In a nutshell, the ellagic acid
appears to maintain a stable interaction with the GSK3 beta protein throughout the simulation, with the
expected dynamic behavior that could facilitate effective binding. These results suggest that ellagic acid
is a promising candidate for further study as a potential inhibitor of GSK3 beta, with the potential for
therapeutic application.

For the ligand quercetin (red line) in Figure 11 C, the RMSD displays a trend of moderate fluctuations,
which implies a dynamic yet relatively stable interaction with GSK3 beta. There are no excessive peaks
indicating major conformational shifts or dissociation events, suggesting that quercetin maintains
consistent contact with the protein's active site. The RMSD profiles indicate that quercetin forms a stable
complex with GSK3 beta, with both the protein and ligand demonstrating behavior conducive to a
sustained interaction. This suggests that quercetin is a promising ligand for further investigation as a
GSK3 beta inhibitor, with potential therapeutic implications (Jung et al., 2017).

The RMSD graph for epicatechin (Figure 11 D) in complex with GSK3 beta over a 200 ns MDS illustrates
the dynamic interaction between the ligand and the protein. The blue line, representing the protein RMSD,
shows a relatively stable profile with modest fluctuations. This indicates that the GSK3 beta protein
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maintains its structural integrity throughout the simulation, which is desirable for a protein that could be
targeted by drugs (Ruiz et al., 2022). On the other hand, the red ling, indicating the ligand RMSD, exhibits
considerable variability. The pronounced fluctuations suggest that epicatechin may have multiple binding
conformations or that it experiences flexible interactions with the protein's binding site. This could mean
that the ligand is sampling various poses or that it is loosely bound, which may affect the strength and
specificity of its inhibitory action. This data suggests that while the GSK3 beta protein remains stable,
epicatechin interacts dynamically with the protein. While such flexibility can sometimes be advantageous,
allowing the ligand to adapt to different protein conformations, it may also result in reduced binding
affinity (Seo et al., 2014). To draw a definitive conclusion on the therapeutic potential of epicatechin as a
GSK3 beta inhibitor, further analysis would be required, including experimental validation to corroborate
the in-silico findings.

Based on the RMSD analysis of the four complexes, co-ligand, ellagic acid, quercetin, and epicatechin in
complex with GSK3 beta over a 200 ns MDS, quercetin emerges as the most promising candidate. It
demonstrates a notably stable interaction profile, indicated by minimal fluctuations in RMSD values,
which suggests a strong and consistent binding affinity to the protein. This stability is a crucial indicator
of the potential efficacy of quercetin as a GSK3 beta inhibitor, making it a compelling molecule for further
drug development and pharmacological studies., as validated in other studies (Islam et al., 2021). The
other compounds, while showing varying degrees of interaction dynamics, did not exhibit the same level
of consistent stability as quercetin, underscoring its superiority among the tested ligands in the context of
this simulation.

The Root Mean Square Fluctuation (RMSF) plot for the GSK3 beta protein in complex with ligands over a
200 ns MDS provides insights into the flexibility and dynamics of individual amino acid residues upon
ligand binding.

The RMSF values, plotted against the residue index, exhibit peaks that correspond to regions of the
protein with higher flexibility (Ghahremanian et al., 2022). Lower RMSF values indicate more rigid, less
fluctuating regions, often associated with the core structural elements of the protein. In contrast, higher
RMSF values point to flexible loops or termini that may be involved in ligand binding or protein-protein
interactions (Rahban et al., 2022). In this simulation (Figure 12 A), the observed peaks suggest that
certain residues of GSK3 beta exhibit considerable flexibility, which could be critical for the protein's
functional conformational changes upon ligand binding. These flexible regions may facilitate the
accommodation of different ligands within the binding site, allowing for induced-fit interactions that are
essential for effective inhibition. Lastly, the RMSF analysis of GSK3 beta reveals distinct regions of
flexibility that may play a significant role in ligand binding and the protein's biological function.

Upon binding with ellagic acid (Figure 12 B), the GSK3 beta protein shows an overall moderate level of
flexibility across its structure, with certain residues exhibiting significant fluctuations. These specific
areas of heightened flexibility might be crucial for the accommodation of the ellagic acid molecule and
could be indicative of allosteric sites or regions that undergo conformational changes upon ligand
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binding (Glasgow et al., 2023). In sum, the RMSF analysis indicates that while GSK3 beta maintains a
stable structure overall when bound to ellagic acid, there are flexible regions that could be important for
the protein's interaction with the ligand. Understanding these fluctuations is essential for elucidating the
binding mechanism of ellagic acid and its potential impact on the protein's function, which can inform
the design of targeted therapeutic strategies (Singh et al., 2016).

The plot reveals varying degrees of residue mobility along the protein chain as displayed in Figure 12 C.
In the presence of quercetin, the GSK3 beta protein exhibits specific regions of heightened mobility, which
may correspond to the binding site or adjacent areas that undergo conformational changes to
accommodate the ligand. This dynamic behavior is essential for the protein's biological function and
could be leveraged to design more effective GSK3 beta inhibitors (Cohen et al., 2004). In the end, the
interaction with quercetin appears to preserve the overall structural integrity of GSK3 beta while
permitting necessary flexibility at key residues. This balance between stability and mobility is
characteristic of effective ligand binding and positions quercetin as a promising candidate for further
therapeutic exploration in targeting GSK3 beta.

In this case (Figure 12 D), the binding of epicatechin to GSK3 beta appears to preserve the overall
structural framework while allowing for necessary mobility in key regions, which may facilitate
epicatechin’s interaction with the active site and potentially affect the protein's activity. The presence of
both stable and flexible regions upon ligand binding is a positive indication of a well-behaved protein-
ligand complex (Majewski et al., 2019). By and large, we can say, the interaction with epicatechin
demonstrates that while GSK3 beta retains a stable conformation overall, certain residues exhibit the
flexibility needed for functional activity. This balance is crucial for the development of effective
therapeutic agents, and the RMSF data suggests that epicatechin could be a suitable candidate for
further drug development efforts targeting GSK3 beta.

The RMSF analyses of GSK3 beta with the four ligands (co-ligand, ellagic acid, quercetin, and
epicatechin) over a 200 ns MDS reveal that quercetin exhibits the most favorable profile, with balanced
flexibility that suggests efficient ligand accommodation without compromising the protein's structural
integrity. Compared to the RMSD results, which also indicated quercetin's complex as having the most
stable ligand-protein interaction, the RMSF findings corroborate this by showing an optimal range of
residue fluctuations essential for functional activity. This synergy between RMSD and RMSF outcomes
for quercetin highlights its potential as the most promising candidate for further investigation,
underscoring the ligand's ability to maintain a stable binding while allowing the necessary protein
dynamics for biological activity.

The Protein-Ligand interaction histogram illustrates the interaction profile of all three test ligands and the
co-ligand (Figure 13) with various residues of a protein (Beura et al., 2020). Notably, the green bars,
representing hydrogen bonds, are predominantly associated with D133 and V135 residues in Figure 13 A,
suggesting strong and specific interactions that are key for ligand binding stability. Similarly, these
contacts with V135 and D133 were initially reported post XP-docking. The ash-grey bars indicating
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hydrophobic interactions, although more distributed, show a significant interaction at L132, which could
contribute to the hydrophobic core of the binding pocket and thus enhance the ligand's affinity. The blue
bars, denoting water bridges, suggest that solvent-mediated interactions might play a role in the binding
mechanism, as seen with V135, potentially impacting the ligand orientation and possibly its dynamism
within the active site. The presence of red bars for ionic bonding is absent, indicating that electrostatic
interactions are not a significant contributor to binding in this context.

The length of the bars corresponds to the interaction fraction, with longer bars indicating more prevalent
contact throughout the simulation. The strong hydrogen bonding at D133 and V135, combined with
hydrophobic contacts at L132, point to these residues as critical for ligand binding. This interaction
mapping provides a clear indication that the binding of the co-ligand to the protein is characterized by a
balance of hydrogen bonds and hydrophobic interactions. The interactions with D133 and V135 appear
to be key for the stability of the ligand within the protein’s binding site, making these residues potential
targets for enhancing ligand affinity and specificity in drug design.

The interaction mapping of ellagic acid (Figure 13 B) with various amino acids in the protein structure
reveals a diverse interaction profile. Hydrogen bonds, depicted in green, appear to be the second most
prevalent and significantly involved with certain residues like V135 for 50%, D133 and K85 for more than
70% of the simulation time, suggesting that these interactions are likely critical for the stability and
specificity of ellagic acid within the binding site. These types of hydrogen bonds were also seen during
the initial docking analysis. Hydrophobic interactions, shown in ash-grey, are less frequent but present,
with a notable interaction at L188 (50% simulation time). This indicates a contribution to the non-polar
interaction landscape that supports ligand binding affinity.

The blue bars which are the most prevalent, representing water bridges, suggest the involvement of
solvent molecules in stabilizing the ligand-protein complex, possibly affecting ligand positioning and
dynamics with 162, N64, L85, D133, V135, and D200 involved in more than 70% of the simulation time.
The presence of ionic interactions, marked in red, is minimal, suggesting that they do not play a
significant role in the binding of ellagic acid to this protein. As a matter of fact, the interaction map
suggests that ellagic acid binds to the protein with a strong reliance on hydrophobic interactions and a
supportive role of hydrogen bonds, while ionic interactions and water bridges contribute less to the overall
binding stability. The key residues involved in these interactions, particularly D133 and K85, may be
critical targets for optimizing ligand binding and enhancing drug efficacy.

The interaction mapping for quercetin (Figure 13 C) with various amino acids at the active site of GSK3
beta illustrates a robust interaction profile, pivotal for stabilizing the ligand within the protein's binding
site. The prevalence of hydrogen bonds, indicated in green, particularly with residues like D133, E97, and
V135 for more than 79% of the simulation trajectory, emphasizes their crucial role in anchoring quercetin
firmly within the binding pocket. Surprisingly, V135 was earlier reported in the docking study making the
residue a key component for the binding of quercetin to GSK3B. These hydrogen bonds, due to their
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length on the plot, suggest a strong and stable interaction. Hydrophobic contacts, shown in ash-grey, in
this case are not significantly involved.

Water bridges on the other hand, depicted in blue, while present, constitute a major fraction of the
interaction spectrum, suggesting a primary role in ligand stabilization (Matricon et al., 2020). It was seen
in contact with E97, V135, D200, and N64 for 50% or more of the simulation trajectory. lonic bonds, in red,
had no impact on the binding. However, their presence indicates an intricate network of interactions
involving the solvent, which may influence ligand dynamics and conformational flexibility (Wade et al.,
1998). In all, quercetin exhibits a strong binding affinity for the GSK3B protein primarily through sustained
hydrogen bonding and complementary hydrophobic interactions. The interaction map underscores the
importance of key residues, especially D133, E97, and V135, which could be critical targets for enhancing
ligand specificity and potency through drug design optimizations.

The interaction profile of epicatechin with GSK3B protein reveals a diverse and complex binding
landscape (Figure 13 D). The histogram indicates the presence of hydrogen bonds, as shown in green,
suggesting that epicatechin forms several key interactions, particularly with residues like D133 which was
involved in the reported hydrogen bonds in Figure 5c and D200 for more than 60% of the simulation time,
which contribute to the specificity and stability of the ligand within the binding site. The presence of
hydrophobic interactions, denoted in ash-grey, although less dominant than hydrogen bonds, suggests
that residues such as 162 and L188 contribute to the ligand's binding affinity through these interactions,
possibly stabilizing the ligand in a defined conformation.

Notably, water bridges for N200 were seen for about 150% and D133 for about 80% of the simulation
time, respectively. lonic bonds are less prevalent but indicate the participation of the surrounding solvent
in mediating interactions between epicatechin and the protein. In sum, the protein-ligand interaction
mapping of epicatechin indicates a strong hydrogen bond network, complemented by essential
hydrophobic contacts and additional interactions facilitated by water molecules and charge-charge
interactions. This multifaceted interaction pattern underlines the complexity of the binding mechanism
and could be insightful for the design of more potent derivatives or competitive inhibitors targeting
GSK3B.

Conclusion

Parkinson’s disease is characterized by degeneration of the neurons caused by neuro-inflammation and
oxidative stress. This study investigated the therapeutic effect of Spondias mombin against 35 PD-
associated target proteins using in silico experiments. Quercetin, catechin, epicatechin, and ellagic acid
are the major Spondias mombin compounds with high affinity for the PD-associated target proteins.
These best ligands were also screened using MD simulations against GSK3 beta which emerged as the
best target protein. The RMSD and RMSF report suggests quercetin as our best bet. The DFT results
showed that the hit compounds have small band gap energy which indicates higher conductivity and
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reactivity. Interestingly, the results demonstrate that Spondias mombin may represent a key bio-resource
for the development of cheap PD drugs.

Abbreviations

PD

Parkinson’s disease

DFT

Density Functional Theory

FMO

frontier molecular orbital
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Molecular Dynamic Simulations
ADMET

Adsorption Distribution Metabolism Excretion and Toxicity
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Molecular Mechanics/Generalized Born Surface Area
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Figure 1

Heatmap showing the varying docking scores of the hit compounds against the lead targets.
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Figure 2

a: Bar-graph revealing binding scores(-kcal/mol) of the hit ligands against the lead targets.
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b: Bar-graph showing the binding free energy(-kcal/mol) of the hit ligands against the lead targets.
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Figure 3

a: 2D and 3D plots of Quercetin interacting with the amino acid residues of Catechol-O-Methyltransferase

Page 30/37



b: 2D and 3D plots of Ellagic acid interacting with the amino acid residues of Catechol-O-
Methyltransferase

c: 2D and 3D plots of Epicatechin interacting with the amino acid residues of Catechol-O-
Methyltransferase

d: 2D and 3D plots of Catechin interacting with the amino acid residues of Catechol-O-Methyltransferase

e: 2D and 3D plots of Co-ligand interacting with the amino acid residues of Catechol-O-Methyltransferase
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Figure 4

a: 2D and 3D plots of Quercetin interacting with the amino acid residues of Dopamine-D1 Receptor
b: 2D and 3D plots of Ellagic acid interacting with the amino acid residues of Dopamine-D1 Receptor

c: 2D and 3D plots of Co-ligand interacting with the amino acid residues of Dopamine-D1 Receptor
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Figure 5

a: 2D and 3D plots of Quercetin interacting with the amino acid residues of GSK33
b: 2D and 3D plots of Ellagic acid interacting with the amino acid residues of GSK3p3
c: 2D and 3D plots of Epicatechin interacting with the amino acid residues of GSK3[3

d: 2D and 3D plots of Co-ligand interacting with the amino acid residues of GSK33
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Figure 6

a: 2D and 3D plots of Co-ligand interacting with the amino acid residues of JNK2
b: 2D and 3D plots of Epicatechin interacting with the amino acid residues of JNK2
c: 2D and 3D plots of Quercetin interacting with the amino acid residues of JNK2

d: 2D and 3D plots of Ellagic acid interacting with the amino acid residues of JNK2
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e: 2D and 3D plots of Catechin interacting with the amino acid residues of JNK2
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Figure 7

a: 2D and 3D plots of Co-ligand interacting with the amino acid residues of AZAR

b: 2D and 3D plots of Catechin interacting with the amino acid residues of A2AR
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c: 2D and 3D plots of Epicatechin interacting with the amino acid residues of AZAR
d: 2D and 3D plots of Ellagic acid interacting with the amino acid residues of AZAR

e: 2D and 3D plots of Quercetin interacting with the amino acid residues of A2AR
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a: 2D and 3D plots of Co-ligand interacting with the amino acid residues of PI3K
b: 2D and 3D plots of Catechin interacting with the amino acid residues of PI3K

c¢: 2D and 3D plots of Ellagic acid interacting with the amino acid residues of PI3K
d: 2D and 3D plots of Epicatechin interacting with the amino acid residues of PI3K

e: 2D and 3D plots of Quercetin interacting with the amino acid residues of PI3K
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Figure 9

a: 2D and 3D plots of Catechin interacting with the amino acid residues of SIRT2
b: 2D and 3D plots of Epicatechin interacting with the amino acid residues of SIRT2
c: 2D and 3D plots of Quercetin interacting with the amino acid residues of SIRT2

d: 2D and 3D plots of Co-ligand interacting with the amino acid residues of SIRT2
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Figure 10

a: 2D and 3D plots of Quercetin interacting with the amino acid residues of JNK3

b: 2D and 3D plots of Co-ligand interacting with the amino acid residues of JNK3
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