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Molecular Docking and In silico analysis of Parkia biglobosa bioactive compounds for
inhibition of acetylcholinesterase and L-amino acid oxidase in snake venom-induced
systemic toxicity

ABSTRACT

Snakebite envenoming is a significant neglected tropical disease with a high mortality and morbidity burden,
especially in resource-constrained areas, in which the systemic toxicity is mediated by enzymes like
acetylcholinesterase (AChE) and L-amino acid oxidase (LAAO). Despite the ethnomedicinal use of Parkia
biglobosa in managing envenomation, its bioactive constituents lack detailed molecular-level validation and
integrated pharmacokinetic characterisation. This study investigated the inhibitory potential of selected P.
biglobosa phytochemicals against AChE and LAAO using an integrative molecular docking and in silico
pharmacokinetic approach. Eight bioactive compounds were selected from the plant, while edrophonium and
aristolochic acid were used as control inhibitors in this study. The 3D structures of the bioactive compounds and
the control inhibitors were retrieved from the PubChem database. Additionally, the crystal structures of
acetylcholinesterase (4QWW) and L-amino acid oxidase (5Z2G) were obtained from the Protein Data Bank
(PDB). Using the RDKit cheminformatics package, the drug-likeness of the bioactive compounds was assessed,
and AutoDock Vina was employed for molecular docking with the target proteins. The docked complexes were
analysed with BIOVIA Discovery Studio Visualizer. Additionally, the Mordred and RDKit libraries were used to
identify the ADMET properties of the ligands. Quercetin and luteolin were the best candidates with desirable
binding affinities, with quercetin strongly binding AChE (—9.9 kcal/mol; Ki = 0.06 uM) outperforming the
reference inhibitor edrophonium, and luteolin displaying a competitive affinity towards LAAO (—9.5 kcal/mol;
Ki~=0.11 uM). Each of the lead compounds met Lipinski requirements, exhibited high predicted gastrointestinal
absorption and acceptable toxicity profiles. These results imply that flavonoid scaffolds of P. biglobosa might
engage with important catalytic sites in both enzymes, and thereby may mediate neurotoxic and cytotoxic
pathways of envenomation, which are molecular-level-supported indicators of the ethnopharmacological
significance of P. biglobosa, and may be useful as a complement to antivenom therapy in snakebite envenomation.

Further, molecular dynamics, in vitro and in vivo studies are required to validate these results.

Keywords: Parkia biglobosa, Snakebite envenomation, Molecular docking, Acetylcholinesterase, L-amino acid

oxidase, ADMET profiling
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1.0 INTRODUCTION

Snakebite envenoming (SBE) is a worldwide health emergency, which has recently been classified by the World
Health Organization as a priority neglected tropical disease because of its shocking death and disability statistics
[5, 40]. Globally, snakebites cause an estimated 5.4 million cases and lead to as many as 138,000 deaths, and
hundreds of thousands are permanently physically handicapped or psychologically traumatized [17,41]. This is
especially acute in the rural areas of sub-Saharan Africa and the Indian subcontinent, where farming activities
expose humans to more interactions with snakes and where health services are inadequate [18, 42]. SBE is a
significant cause of mortality in Nigeria, especially in the northeastern and north-central savanna, where the

venomous elapids and vipers like Naja nigricollis and Echis ocellatus are common [18, 39].

Envenomation pathophysiology is complicated, with a rapid neurotoxic paralysis and intense local cytotoxicity
[22]. Neurotoxicity commonly results from the blockade of nicotinic acetylcholine receptors at the neuromuscular
junction, leading to respiratory failure, whereas cytotoxic components contribute to tissue necrosis, haemorrhage,

and systemic inflammation [18, 29].

The traditional approach to treatment of SBE involves administration of animal-derived antivenom only through

intravenous means [18]. Although it is effective against systemic changes, antivenoms have serious clinical and



logistical challenges that include: high cost, need to keep at cold-chain conditions, and inability to counteract local
tissue injury that starts as soon as one is bitten [5,31]. Moreover, the possibility of hypersensitivity, including
anaphylaxis and serum sickness, requires clinical attention, which is, in most cases, not possible in remote
envenomation settings [18]. Such restrictions have perpetuated a traditional dependence on ethnomedicinal plants
in the treatment of snakebites in Africa [2]. One of these is Parkia biglobosa (Jacq.). R.Br. ex G. Don, which is
also referred to as the African locust bean, has gained a lot of popularity in neutralizing the effects of cobra and
viper venoms [3, 28]. Past pharmacological experiments on P. biglobosa extracts have shown antioxidant, anti-
inflammatory, and anti-hemorrhagic effects, which are commonly explained by the high concentration of tannins,
flavonoids, and phenols in the extracts [17, 28]. The antibodies used in antivenom studies include the
acetylcholinesterase (AChE), a vital modulatory target in neurotoxicity, and L-amino acid oxidase (LAAO), a

flavoenzyme that causes oxidative stress, apoptosis, and tissue necrosis [7, 32].

Despite the established ethnomedicinal use and preliminary in vitro efficacy of P. biglobosa, there is a major
research gap on molecular-based interactions of its secondary metabolites with venom enzymes. Additionally,
while the success of traditional practitioners with the use of bark and leaf infusions is reported, the types of
bioactive scaffolds that produce those effects are not well characterized in regard to their binding properties and
pharmacokinetic profile [3, 21]. A significant part of the available literature is based on crude extract studies
without the use of any modern computational drug discovery methods, including molecular docking and ADMET
profiling, which are necessary in the process of drug development [12, 43]. In addition, no strict comparative
study has been done on these natural phytochemicals and common pharmacological inhibitors. Such a lack of
mechanistic and pharmacokinetic validation prevents the development of traditional remedies into standardized

adjunct treatment, which can be used to complement current protocols of antivenom treatment [5, 17].

These limitations are overcome by employing a computational biology method in this study that assesses the
therapeutic potential of eight bioactive phytochemicals of P. biglobosa against systemic toxicity pathways
mediated by AChE and LAAO. In silico molecular docking is a fast and cost effective technique used to determine
the binding affinity and orientation of ligands in the active sites of enzymes, giving information that would
otherwise be hard to determine via wet-lab studies only [8, 43]. The analysis of ADMET profiling also evaluates
the drug-likeness and safety of such compounds, a crucial measure in limiting late-stage attrition in drug discovery
[26, 45]. The selection of targets like AChE and LAAO was based on the centrality of these targets in lethal
neurotoxic and cytotoxic cascades of elapid envenomation [33, 34]. The compounds of interest, such as flavonoids
quercetin, luteolin, catechin, among others, were chosen on the basis of their established presence in P. biglobosa

and structural complexity that enables them to anchor on multi-point receptors [28, 32].

The main objective of the experiment is to determine the observed binding affinities, interactions at the residue
level, and pharmacokinetic properties of the Parkia biglobosa secondary metabolites as potential snake venom-
implicated enzyme inhibitors. The research uses the comparative docking to edrophonium and aristolochic acid
as the standard inhibitors, which meet the rule of five presented by Lipinski, to determine the promising bioactive
leads that may be orally bioavailable [11, 12]. These discoveries can help in the continued identification of
inexpensive, natural antivenom adjuncts that can be effective in counteracting the tragic effects of snakebite
envenomation of the susceptible populations [19, 24, 36] by offering a molecular framework of AChE and LAAO

activity modulation.



2.0 MATERIALS AND METHODS
2.1. Ligand Selection and Structural Retrieval

A library of eight bioactive phytoconstituents from Parkia biglobosa was curated by identifying secondary
metabolites; specifically phenols, flavonoids, and terpenoids, which are documented within the Nigerian
Medicinal Plants and Phytochemicals (NMPP) Nigerian Medicinal Plants and Phytochemicals
(NMPP)(https://nmppdb.com.ng/species-details?specy=%20parkia-biglobosa&hl=en-GB). The 2D chemical
structures (Canonical SMILES), 3D structures (SDF) and unique PubChem identification numbers (CIDs) of the
NCBI PubChem web server (https://pubchem.ncbi.nlm.nih.gov/) were retrieved to make high-throughput analysis
possible. The reason why these natural compounds were chosen in this study is that they have different scaffold
structures that provide them with a variety of hydrogen-bond donor/acceptor sites that are critical in exhibiting
competitive inhibition at the catalytic pocket of the enzymes in the venom. To establish a rigorous comparative
baseline, Edrophonium (CID: 3202) and Aristolochic acid (CID: 2236) were selected as the control inhibitors for
AChE and LAAO, respectively, with their structural data acquired through the PubChem database to ensure
methodological consistency across the entire in silico library. Table 1 presents bioactive compounds from

the African plants and the control inhibitors. Figure 2 presents the flowchart of the study.
2.11 Ligand Preparation and Optimisation

All ligand preparations were conducted within a Python 3.10- based Linux environment to ensure strict
methodological reproducibility.. Using the open-source cheminformatics toolkit RDKit (v2023.09.1), hydrogen
atoms were programmatically added to simulate physiological pH (7.4) protonation states [23]. Spatial coordinates
(3D) were then constructed using Experimental-Torsion Knowledge Distance Geometry (ETKDQG) algorithm, and
the structure was individually relaxed and minimized with the Universal Force Field (UFF) to obtain the lowest-
energy bioactive conformer of every ligand.. Finally, the optimized 3D structures were converted into the
AutoDock Vina-compliant .pdbqt format using the Meeko Python module [14]. Meeko was strictly employed to
calculate partial Gasteiger charges, assign AutoDock atom types, and define torsional degrees of freedom by
embedding precise Vina-compliant topological tags (ROOT, BRANCH, and ENDBRANCH), thereby yielding a

standardized, fully prepared ligand library ready for molecular docking simulations.

2.2 Protein Target Selection

The three-dimensional (3D) crystallographic structures of the target proteins were retrieved from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (https://www.rcsb.org/). To evaluate the
inhibition of venom-induced neurotoxicity, the crystal structure of Bungarus fasciatus Acetylcholinesterase
(BfAChE) was obtained under PDB ID: 4QWW (2.70 A). For the assessment of systemic hemorrhage and
apoptosis, the crystal structure of L-amino acid oxidase (LAAQ) from the venom of Naja atra was retrieved using
PDB ID: 572G (2.68 A). These specific targets were prioritized as they represent well-characterized experimental

models for studying the enzymatic mechanisms of elapid systemic toxicity. The high-resolution X-ray diffraction
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data for both proteins ensure the structural integrity of the catalytic sites required for precise molecular docking

simulations. Graphical representations of these target proteins are presented in Figure la & figure 1b.

2.2.1 Protein Target Preparation

The 3D structures of the target proteins obtained from the protein data bank (PDB) were prepared and cleaned
within the Linux-based interactive environment (Ubuntu 24.04.1 LTS) environment to ensure structural suitability
for molecular docking [6]. Essential chains were retained while all non-standard residues, water molecules, and
co-crystallized ligands were computationally removed to isolate the refined receptors. To simulate physiological
conditions, OpenBabel (v3.1.1) was employed for protonation at pH 7.4, where polar hydrogens were added to
establish the necessary hydrogen-bonding networks [30]. Non-polar hydrogens were subsequently merged using
the United-Atom model to optimize the scoring efficiency of the AutoDock Vina engine. During the intermediate
refinement phase, Gasteiger-Marsili partial charges were assigned to ensure accurate electronegativity perception
across the protein scaffolds._The resulting protein structures were translated into the Vina-compatible PDBQT
format, with Gasteiger charges assigned and a specific type of AutoDock atom typing to characterise the

aromaticity and hydrogen-bond donor/acceptor sites.

2.3 Screening for Drug - Likeness

To evaluate the oral bioavailability and drug-likeness of the selected ligands, we performed a programmatic
screening using the RDKit (v2023.09.1) (https://www.rdkit.org/) cheminformatics package within a Python 3.x
environment. The Simplifed Molecular Input Line Entry System (SMILES) of bioactive compounds and the
control inhibitors, obtained from the PubChem online web server, were utilized for the screening process. The
selected compounds, including the natural leads and positive control inhibitors, were subjected to Lipinski’s Rule
of Five (Ro5) filters. Key physicochemical descriptors, including Molecular Weight (MW), Octanol-water
partition coefficient (LogP), Hydrogen Bond Donors (HBD), and Hydrogen Bond Acceptors (HBA), were
calculated. In our study, any bioactive compounds exhibiting fewer than two violations were prioritized for further
molecular docking simulations, ensuring the identified hits possess viable pharmacokinetic scaffolds for

downstream drug development.

2.4 Receptor Grid Generation

To facilitate site-specific molecular docking, the search space for each target receptor was defined to cover the
critical catalytic and regulatory residues identified through literature-driven coordinate mapping and co-
crystallized ligands coordinates. For Acetylcholinesterase (4QWW), a grid box of 28.4 x 31.6 x 25.8 A was
centered at coordinates X: 12.302, Y: -38.322, and Z: -40.812. This box was large enough to cover both the
catalytic triad (Ser203, His446, and Glu333) at the bottom of the 20 A deep gorge and the peripheral anionic site
(PAS) at the entrance. For the L-amino acid oxidase (5Z2G), the grid size was set to 55.8 x 64.0 x 46.3 A, centered
at X: -48.405, Y: 7.443, and Z: -18.915. This region was used to monitor the ligand movement through the 25 A
hydrophobic funnel, starting with the Arg322 gatekeeper, to the FAD isoalloxazine ring. The mapping of these



coordinates was done relative to established active residues, to ensure that the docking search was done across the

entire binding domain of the venom enzymes.
2.5 Molecular Docking

The binding affinity of the bioactive compounds in Parkia biglobosa and the target, snake venom
acetylcholinesterase and L-amino acid oxidase, against the bioactive compounds of the facilities was assessed by
molecular docking simulations. AutoDock Vina (v1.2.5) [37] was used to run the simulations. The molecular
docking software was uploaded with the 3D structure of the downloaded bioactive compounds and the standard
inhibitor. The preparation of ligands was done through OpenBabel, which included the addition of polar
hydrogens and Gasteiger partial charges to standardize the molecules at physiological pH. Literature-validated
residues were used to mathematically define target search spaces that cover critical binding regions, such as the
catalytic triad and peripheral anionic site of 4QWW, and the FAD-binding hydrophobic funnel of 5Z2G.
Conformational searches were run with an exhaustiveness setting of 16, and the resulting poses were ranked by

the lowest empirical binding free energy (AG, kcal/mol) to find the most stable ligand-receptor complexes.
2.6 Assessment of Binding Affinity and Inhibition Potential

The estimated inhibition constant (Ki) was calculated to translate computational binding scores into standardized
pharmacological values. The Ki value represents the dissociation constant of the enzyme-inhibitor complex; a
lower Ki indicates stronger binding and greater inhibitory potential, as it reflects a reduced likelihood of complex

dissociation. This constant is calculated using the equation, as described by Morris et al. [27]:
Ki=eRTAG*1000

Where, Ki=inhibition constant (in micromolar, pM=10—6M), AG=binding free energy (in kcal/mol), R=universal
gas constant (1.987 cal K—1-mol—1), and T=absolute temperature (298.15 K for 25 °C)






Fig.1 Plant source and The target receptors: a. L —amino acid oxidase(PDB ID: 5Z2G); b.
Acethylcholinesterase (PDB ID: 4QWW); c. P. biglobosa Plant(source: https://nmppdb.com.ng/

).
2.7 Molecular Interaction Analysis

Molecular interaction analysis was performed to evaluate the binding stability and spatial orientation of the ligand-
receptor complexes. The complexes generated were saved in PDB format and stored for further analysis. The
optimal docking poses were visualized in three-dimensional (3D) and two-dimensional (2D) formats using the
BIOVIA Discovery Studio Visualizer (v21.1) (https://discover.3ds.com/discovery-studio-visualizer-download).
This analysis involved mapping the non-bonded interactions, such as hydrogen bonding, hydrophobic contacts,
and electrostatic forces, between the bioactive compounds and the specific amino acid residues of the target
proteins. The software was utilized to measure bond distances and define the chemical nature of the contacts
within the active site, ensuring the observed binding affinities were supported by specific molecular geometries
and inter-atomic distances. All 2D interaction maps and 3D surface visualizations were exported to characterize

the structural basis of the inhibition.

2.8 In Silico ADMET Profiling and Lead Prioritization

The ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) profiles of the bioactive
compounds and reference standards were predicted using a computational pipeline executed in Jupyter Lab.
Molecular descriptors were calculated using the RDKit (v2023.09.1) and Mordred libraries
(https://github.com/mordred-descriptor/mordred) within the Python 3.10 environment to characterize the
pharmacokinetic behaviour of the ligands. The analysis was aimed at predicting critical parameters; the
Gastrointestinal (GI) absorption and Blood-Brain Barrier (BBB) permeance were predicted based on TPSA and
LogP thresholds, whereas susceptibility to P-glycoprotein (P-gp) efflux and CYP3A4 enzymatic inhibition were
predicted through fragment-based toxicophore identification [12]. Moreover, a multi-parameter safety test was
performed, including acute oral toxicity (LD 50 estimation), hERG-mediated cardiotoxicity risk and AMES
genotoxicity screen. The compounds were prioritized by a Multi-Parameter Optimization approach (MPO) with
the priority of "Hit" to the ligands with zero Ro5 violations and a better safety profile in comparison to the existing

standards.
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Fig 2: Stepwise flowcharts Outlining the methods employed in this in-silico study. This workflow
involves protein target selection and preparation, alongside ligand selection and drug-likeness
screening. These pathways converge at ligand optimization and molecular docking, followed by
molecular interaction analysis and in silico ADMET prediction to evaluate pharmacokinetic and

toxicity profiles.



3.0 RESULTS

Table 1: Lipinski’s drug-likeness screening of the bioactive compounds and the control Inhibitors

Chemi Molecu
cal PubCh lar
Compound Name em_CI . LogP HBD HBA nRotB ROS_Violations
formu D weight
lar (MW)
- H
0 %fmethoxyphenol SC" 9O l7041 15416 141 1.0 3.0 2.0 0.0
4-hydroxy-3- CsHsOs
1 L“eent:‘;?;'hy i 1183 15215 121 |10 3.0 20 00
(Vanillin)
CsoHso
2 Beta-amyrin 0 73145 386.66 7.24 1.0 [1.0 0.0 1.0
-Di-tert- CisH
3 iﬁy%;ggl o 311 20633 399 10 1.0 00 00
4 Dibutyl phthalate gij” 3026 278.35 3.60 0.0 40 8.0 0.0
H
5 Quercetin (C)‘j 10 328034 30224 199 50 7.0 1.0 0.0
6 [Luteolin SEH“’ 228044 286.24 228 40 60 (1.0 0.0
. CisHis
7 |Catechin oo 9064 29027 155 50 60 1.0 0.0
8 Edrophonium (STD) 90" 3202 16624 (198 |10 1.0 20 0.0
9 gr%glo"hlca‘”dl Nol 2236 34128 334 1.0 60 30 00

3.1 Drug-likeness screening of selected compounds

The drug-like properties of the promising bioactive compounds of the Parkia biglobosa were assessed considering
important physicochemical descriptors, such as the molecular weight (MW), lipophilicity (LogP), hydrogen bond
donors (HBD), hydrogen bond acceptors (HBA), number of rotatable bonds (nRotB), and a violation of the
Lipinski rule of five (ROS5) . As observed in Table 1, all the lead compounds, quercetin, luteolin, catechin, vanillin,
and 2,6-dimethoxyphenol, in general, adhered to the Lipinski rule, with the only cases of zero violation. Their
molecular weights fell within the acceptable range (less than 500 Da), and their LogP values were medium
lipophilicity, which is a good indication of membrane permeability. Moreover, the amount of hydrogen bond

donors and acceptors of these compounds stayed within the acceptable range, which is an indication of their
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possible good oral bioavailability. The number of hydrogen bond donors and acceptors of quercetin, luteolin and
catechins was relatively higher than that of other compounds, and this could facilitate the formation of stable
interactions with the target proteins. Nevertheless, these values were still at acceptable levels, which means that
there was no compromise in drug-likeness. The molecular weights of vanillin and 2, 6- dimethoxyphenol were
lower, and their structure was less complex; their physicochemical properties further justify their use as drug
candidates. Conversely, beta-amyrin had a single violation of the Lipinski rule mainly because its lipophilicity
was high (LogP > 5), hence limiting its bioavailability. Nevertheless, other compounds like dibutyl phthalate and
2,4-di-tert-butylphenol had acceptable profiles with no violation of rules. The standard inhibitors, edrophonium
(AChE inhibitor) and aristolochic acid I (LAAO inhibitor), also complied with Lipinski’s criteria, validating the
screening approach used in this study. These results indicate that the selected lead compounds possess favourable

drug-like properties and are suitable for further molecular docking and interaction studies.

Table 2a: Molecular docking scores and binding interaction analysis of selected phytochemicals
and standard inhibitor against AChE.

Hydrog
Bindin (|Inhibit |[Hydrog |len bond |[Hydroph i{)’;‘:l;)f;ld Others gltlltl::":c
Compound (|g score (jion en bond |/(Interac|jobic bond (Interacte|(Numbel|ted
S (kcal/m||affinity ||((Numbe||ted (Number d rs) residues
ol) (M) ||rs) residues|(s) .
) residues) )
MET68S,
ASN 83,
Quercetin  ||-9.9 0.06 5 SER 120, |[3 I\I;L38228, 1 MET 68
TYR 128,
UNK 426
GLN 67,
TRP 82,
Luteolin -9.7 0.07 5 GLY 115, (|2 TRP 82 - -
GLU 197,
UNK 426
ASN 83,
Catechin  [-82  [l0.91 |3 GLY 116, |13 1‘&;18129' 1 GLU 197
GLU 197
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) residues) )
.- Tyr 128,
Vanillin -5.9 4091 |2 SER 120 1 TRP 82 - -
2,6- SER 120,
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TrP 82,
Standard izg GLY TYR 328,
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Table 2b: Molecular docking scores and binding interaction analysis of selected phytochemicals
and standard inhibitor against LAAO.

Hydrog
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3.2 Molecuar Docking, Inhibition Affinity, and Molecular Interaction Analysis

The binding pockets of snake venom acetylcholinesterase (AChE) and L-amino acid oxidase (LAAQO) were

identified based on literature-validated residues and co-crystallized inhibitor. This data helped ensure that the

bioactive compounds from Parkia biglobosa were correctly placed in the enzymes' active sites. In this study, the

reference inhibitors, Edrophonium (for AChE) and Aristolochic acid (for LAAO), were docked to their respective

proteins first to determine their binding strength and which parts of the enzymes they interact with . Following

the screening of the bioactive compounds of the plant, a few phytochemicals showed a better or equal affinity to

these standard inhibitors. During the docking analysis with AChE, Quercetin had the highest score with a binding

energy of -9.9 kcal/mol and an estimated inhibition constant (Ki) of 0.06 mM. Five hydrogen bonds with MET68,
ASNS3, SER120, TYR128, and UNK426 supported this high affinity, and hydrophobic interactions with TYR328
and TRPS82. Luteolin was the second-best with a binding energy of -9.7 kcal/mol and Ki of 0.07 \muM. It created

13




five hydrogen bonds with GLN67, TRP82, GLY 115, GLU197 and UNK426, as well as hydrophobic contacts
with TRP82 (Table 1; Fig. 1a, b). Catechin was the next to bind with a binding score of -8.2 kcal/mol, with
hydrogen bonds formed with ASN83 and GLY 116 and GLU197, and hydrophobic interactions with TYR119 and
TRPS82. Conversely, the conventional drug Edrophonium exhibited a much lower binding energy of -6.5 kcal/mol,
with hydrogen bonding of TRP82, SER130, GLY116 and GLU197, and hydrophobic interactions of TYR328,
TRP82 and GLY115. The standard inhibitor Aristolochic acid gave a binding energy of -9.8 kcal/mol and K i of
0.07 \muM in the docking analysis against the target- LAAO with hydrogen bonds formed with ASN203, ARGS85
and ARG315. Luteolin demonstrated a highly competitive affinity of -9.5 kcal/mol (K i: 0.11 \muM), anchoring
itself through four hydrogen bonds with LYS338, ARGS85, SER215, and GLU204, and five hydrophobic
interactions with PHE222, LEU202, TYR152, and SER218. Quercetin followed with a binding score of -9.2
kcal/mol, establishing hydrogen bonds with GLU3, GLUS, and GLU12, as well as hydrophobic bonds with HIS90
and TYRI11 (Table 1; Fig. 2a, b). Catechin also showed significant potential with a binding energy of -8.5
kcal/mol, interacting with ASN203 and GLN109 through hydrogen bonding and forming hydrophobic contacts
with LEU367, PHE222, and ASN203. Smaller phenolic compounds, Vanillin and 2,6-dimethoxyphenol, exhibited
binding affinities of -5.9 and -5.7 kcal/mol, respectively, with Vanillin forming hydrogen bonds with GLUS,
ARG91, and HIS90. Overall, the lead flavonoids showed a distinct ability to saturate the catalytically active sites
more effectively than the reference standards across both venom-implicated enzymes. The 3D visualizations
confirmed that these compounds, particularly the flavonoids, fit better within the enzyme cavities and formed

more stable interactions than the reference standards.
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Fig. 4a 2D molecular contacts profiling of docked compounds with amino acid residues at the
active site of LAAO: (A) Quercetin (B) Luteolin (C) Catechin (D) 4-hydroxy-3-methoxy-

benzaldehyde (E) 2,6-dimethoxyphenol
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Fig. 4b 3D molecular contacts profiling of docked compounds with amino acid residues at the
active site of LAAO: (A) Quercetin (B) Luteolin (C) Catechin (D) 4-hydroxy-3-methoxy-
benzaldehyde (E) 2,6-dimethoxyphenol (F) Standard (Aristocholic acid)

Table 3: Predicted ADMET and pharmacokinetic profiles of Selected bioactive compounds and
standard Inhibitors For Antivenom Therapy
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3.3 Pharmacokinetics and Toxicity Profiling

Table 3 shows a comparison of the pharmacokinetic properties of the investigated compounds. Parameters such
as Ames mutagenesis, blood-brain barrier, P-glycoprotein, and CYP3A4 were studied, though not all the
compounds were able to penetrate the blood-brain barrier (BBB). Pharmacokinetic evaluation of the identified
bioactive compounds of Parkia biglobosa and the reference standards exhibited a promising absorption and safety
profile in the use of these compounds in antivenom therapy. All the compounds were found to be highly
gastrointestinally absorbed, including the standards Edrophonium and Aristolochic acid, meaning that they would
be readily absorbed into the body on oral intake. Vanillin, 2,6-dimethoxyphenol, and the standard Edrophonium
could cross the blood-brain barrier (BBB), whereas the primary flavonoids, Quercetin, Luteolin, and Catechin,
and Aristolochic acid were predicted to be non-permeable. This non-penetration of the flavonoids in the BBB is
good because it would diminish the possibility of side effects in the central nervous system. Moreover, none of
the bioactive compounds was substrates to P-glycoprotein, which further diminishes the chances of the body
actively pumping the compounds out, which maintains steady therapeutic concentrations. The metabolic profile
demonstrated that the bioactive compounds had no generally inhibitory effect on the CYP3A4 enzyme, with the
exception of Aristolochic acid, meaning that the plant-derived compounds have a low likelihood of drug
interactions. Toxicity analysis showed that the toxicity of all the compounds is toxicity class 4 and the LD50 of
1121.0 mg/kg to 1334.0 mg/kg, indicating that they are relatively safe in biological applications. The LD 50 of
Quercetin, Luteolin, and Catechin were 1199.0 mg/kg, 1228.0 mg/kg and 1155.0 mg/kg, respectively, which are
close to the standards. All the compounds were negative for Ames toxicity, which proves that they are not
mutagenic. Although the risk of hERG inhibition was minimal in all the compounds, the majority of them
exhibited the possibility of skin sensitization, which is a typical feature of a great deal of phenolic bioactive
compounds. The bioactivity score of all the compounds is 0.55, which further confirms the possibility of the
compounds being active in physiological activity. The evidence above indicates that the bioactive compounds of
Parkia biglobosa possess the required pharmacokinetic stability and safety margin to be a promising solution in

the treatment of snake venom-related toxicity (Table 3).

4.0 DISCUSSION

The findings of this computational study give an in-depth molecular understanding of the possibilities of
secondary metabolites of Parkia biglobosa to interrelate with important enzymes involved in snake venom-related
systemic toxicity. The identified leads, quercetin, luteolin, and catechin, were predicted to bind
acetylcholinesterase (AChE) and L-amino acid oxidase (LAAQ) and demonstrated the predicted binding profiles
in accordance with the modulation of the neurotoxic and cytotoxic pathways related to elapid envenomation.
These results offer a scientific richness to the long-standing ethnomedicinal status of the plant in West Africa in
treating snake bites like Naja nigricollis [2, 3, 28]. Nonetheless, since it is a molecular docking and ADMET
study, it is important to reiterate that the findings are still predictive and are more of a theoretical foundation as

opposed to a validation of clinical effectiveness [43]. The positive predicted pharmacokinetic characteristics and
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binding affinities are indicative of the presence of bioactive scaffolds in P. biglobosa, which can be used to

supplement the existing antivenom-based treatments [5, 21].

The estimated compliance of the lead phytochemical library with the Rule of Five presented by Lipinski is a
crucial initial reading of the possible applicability of the phytochemicals to oral delivery. Having zero violations
on quercetin, luteolin, catechin, vanillin, and 2,6-dimethoxyphenol, these compounds have the desired molecular
weight, lipophilicity, and hydrogen-bonding potential that can support favourable oral bioavailability. This is
consistent with larger surveys of FDA-approved oral medications, in which about 66% comply with these
regulations to guarantee gastrointestinal absorption [9, 12]. In rural areas, where the use of conventional
intravenous antivenom is prone to delay, the discovery of bioavailable scaffolds of local flora is crucial in the

development of available adjunct therapies [5].

There is, however, a critical difference when examining the blood-brain barrier (BBB) permeability. Larger
phenols, such as quercetin, luteolin, and catechin, were too big to cross the BBB, whereas smaller ones, such as
vanillin, were able to cross. This is in line with observations by Daina et al. [12] on the restrictive effect of the
BBB on bulkier, highly hydroxylated scaffolds. Although this could restrict its application to central
neuroprotection, it may provide a safety benefit in that interactions are concentrated on peripheral neuromuscular
junctions, the major location of elapid neurotoxicity, without causing any central nervous system side effects [26,
32]. The moderate predicted lipophilicity ((LogP 1.21-2.28)) of these further indicates the ability of the compound
to be membrane permeable, unlike the "molecularly obese" synthetic leads that frequently fail because of too

much hydrophobicity [9, 38].

The docking studies showed that there is a clear order in the expected binding affinity with flavonoids performing
better than smaller phenolic compounds and conventional inhibitors. Both quercetin (-9.9 kcal/mol) and luteolin
(-9.7 kcal/mol) had binding affinities scores that were significantly more negative than that of the standard
inhibitor edrophonium (-6.5 kcal/mol) against AChE. This is consistent with the studies of Orhan [32] and Taqui
et al. [36], who reported the high inhibitory ability of quercetin against cholinesterases. The exceptional
performance of flavonoids compared to edrophonium can be scientifically attributed to the complex aromatic
structure that enables them to have multiple interactions with residues such as Trp82 and Tyr328 through the
interaction of their structure, which is absent in the case of the simple edrophonium molecule [19, 32]. We also
observed more desirable affinities when compared to other natural products such as boeserngin A (-6.07 kcal/mol),
which further indicates that the flavone scaffold is naturally predisposed to occupy AChE active sites and not by

chance [1].

In LAAO targeting, our findings indicated that luteolin (-9.5 kcal/mol) and quercetin (-9.2 kcal/mol) had the most
competitive binding affinities to the standard inhibitor, aristolochic acid (-9.8 kcal/mol). This point is important
since, although aristolochic acid is a reported potent binder, it has been linked with serious genotoxicity, which
restricts its feasibility in clinical practice [7]. These large scores in the LAAO models are consistent, indicating
that flavonoids are binding to one or more of the conserved structural elements of the enzyme, including the FAD-
binding funnel, as in the case of pentagalloylglucopyranose (PGG) of Thai mango seed extracts [24]. Conversely,
the smaller phenolics, including vanillin, were significantly less sensitive to predicted affinity, suggesting that at
least molecular complexity and multi-point receptor anchoring play a crucial role in the attainment of robust

complex stability in these deep catalytic channels [9, 36].
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The predicted interactions of quercetin and luteolin through this study are explained by the functional groups of
these compounds. The leads in the BFAChE complex formed hydrogen bonds with Met68, Asn83, and Tyr128.
This is consistent with the results of Azmal et al. [4] and Cheung et al. [10], who found these residues to play a
role in the stabilization of high-affinity complexes in the catalytic triad and peripheral anionic site (PAS) of the
enzyme. The aromatic rings of the flavonoids are planar, and this allows the & -interaction with aromatic residues
in the catalytic gorge stabilizing the quaternary ammonium group of acetylcholine. The P. biglobosa leads by
settling in these areas can theoretically disrupt the entrance of acetylcholine or adjust the adherence of venom

neurotoxins [11, 32].

In the case of LAAO, the postulated mechanism is the blockage of the FAD-binding hydrophobic funnel. The
interaction of luteolin with Lys338 and Arg85 by hydrogen bonding with the substrate and the hydrophobic
interactions of the luteolin with Phe222 and Leu202 are as expected by the substrate trajectory models put forward
by Pawelek et al. [33] and Zhang et al. [44]. Blocking this pathway through docking simulations, these
phytochemicals could be used to inhibit the oxidative deamination reaction that produces reactive oxygen species
(ROS), including hydrogen peroxide (H202). This agrees with the structural analysis of LAAO in different snake
species, with the FAD funnel being a conserved inhibitory target in these studies [7, 35]. The C2=C3 double bond
and structural flexibility of flavonoids enable a more effective adjustment to this funnel as opposed to smaller and

more rigid compounds [16].

The interactions that are predicted have far-reaching effects on mitigating the systemic impact of elapid venoms.
The mechanism of AChE implicated in neurotoxicity is somewhat complicated; although the enzyme is a host
protein, the competitive inhibition of nicotinic acetylcholine receptors by the neuromuscular junction with alpha-
neurotoxins is the hallmark of elapid neurotoxicity [22, 29]. We have found that the supportive or modulatory
action of P. biglobosa could lead to their ability to sustain a higher concentration of synaptic acetylcholine,

perhaps counteracting venom toxin effects, and causing neuromuscular collapse delay [21, 32].

The applicability to LAAO interaction is associated with the suppression of oxidative stress and tissue necrosis.
LAAO is a flavoenzyme that plays a role in cytotoxic phenomena by generating H202 that leads to
proinflammatory cascades and local tissue damage [20, 34]. These events could be less severe by the capability
of the lead flavonoids to theoretically counter the LAAO activity. This is backed by in vitro research conducted
on P. biglobosa aqueous extracts that have shown inhibitory concentration-dependent effects on these particular
enzymatic processes [21, 31]. This multi-target strategy is consistent with the history of the plant to reduce the

symptoms of local and systemic envenomation [3, 28].
4.1 Conclusion

In this study, we found that the identified bioactive compounds of Parkia biglobosa, especially quercetin, luteolin,
and catechin, passed the Lipinski rule of five with zero violations, meaning good oral drug-likeness and
pharmacokinetic properties. The molecular docking analysis findings of this study show that Parkia biglobosa
has bioactive scaffolds that could be used to interact with the key enzymatic targets that are involved in the snake
venom-induced neurotoxicity and cytotoxicity. It is notable that the capacity of the said flavonoid to interact with
both AChE and LAAO suggests a dual-target interaction pattern, which can provide a more holistic approach to

envenomation pathways modulation compared to single-target-based modulation. These compounds can stabilize
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enzymatic activity by multi-point interactions in the catalytic gorge of AChE and in the FAD-binding funnel of
LAAO, which offer a molecular explanation of their binding stability. Nevertheless, these results are informative,
but molecular dynamics simulations and experimental validation, such as in vitro enzyme inhibition studies and

in vivo experiments, are necessary to verify the stability, efficacy, and safety of such compounds.
4.2 Limitations

There are a number of considerations that are important to note as constraints of this study. To begin with, the
research is limited by a fixed molecular docking analysis, in which the ligand - protein interactions were simulated
with a rigid receptor model in AutoDock Vina. Although informative, it might not be able to describe the
intricacies of biological interactions in living beings comprehensively. Moreover, binding affinities and estimated
Ki values are estimates of docking scores, and not a guarantee of enzymatic inhibition. Although RDKit- and
Mordred-based ADMET profiling offered preliminary data on drug-likeness and pharmacokinetic characteristics,
metabolic transformation pathways, more extensive interactions with cytochromes, and drug-drug interactions
were not assessed. Another limitation of the study is its narrow selection of the ligand, which only included eight
reported phytochemicals in Parkia biglobosa, and may have missed other active constituents or synergies in the
plant matrix. These studies were only compared with edrophonium and aristolochic acid, which prevented the
overall benchmarking with other types of inhibitors. The possible off-target effects were also not evaluated,
especially considering that acetylcholinesterase is physiologically relevant in host systems. The absence of
mutational analysis also does not allow for assessing the performance of the ligands against structurally variable
venom enzymes. The molecular dynamics simulations will include the flexibility of proteins and the influence of
solvents, and the calculation of free energies to refine the binding estimates in the future. To ensure biological
activity, experimental validation will be required by enzyme inhibition assays and in vivo studies, as well as an
expanded compound screening and mutagenesis modelling will enhance the translational significance of these

results.
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