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ABSTRACT
Introduction: Parkinson’s Disease (PD) is a distressing neurodegenerative ailment that involves 
the demise of neurons present in dopaminergic system and continuous progression of α-synuclein 
into amyloid fibrils. Combating α-synuclein aggregation represents an intriguing approach 
to develop disease-modifying therapy. Materials and Methods: This work encompasses a 
systematic in silico design to evaluate plant-based benzoquinone and its derivatives Vilangin, 
phenyl-Vilangin, and methyl-Vilangin, against the α-synuclein fibril structure (PDB ID: 2N0A). 
Molecular docking was performed at three reported functional binding pockets (Sites 2, 3/13, 
and 9) to determine the binding affinity and interaction profiles. The most promising complexes 
were subsequently subjected to 200-ns molecular dynamics simulations using the CHARMM 
force field. The root mean square deviation, the root mean square fluctuation, principal 
component analysis, and free energy landscape profiling were used to evaluate structural 
stability and conformational behaviour. Results: The docking results identified phenyl-Vilangin 
as the strongest binder, particularly at Site 3/13 (ΔG=-7.9 kcal/mol), followed by vilangin, while 
methyl-vilangin showed comparatively weaker interactions. Molecular dynamics simulations 
confirmed enhanced structural stabilisation in the α-synuclein-phenyl-vilangin complex, 
characterised by lower conformational deviation, reduced residue-level fluctuations, restricted 
essential motions, and well-defined low-energy conformational basin. Conclusion: Overall, 
phenyl-vilangin emerged as the most promising scaffold for targeting α-synuclein aggregation, 
warranting further experimental validation.

Keywords: Anti-Parkinsonian Agent, α-synuclein, Methyl-vilangin, Molecular docking and 
dynamics simulations, Phenyl-vilangin, Vilangin.

INTRODUCTION

Parkinson’s Disease (PD) is a long-lasting and detrimental 
neurodegenerative ailment that affects the Central Nervous 
System (CNS). It involves the incessant injury of dopaminergic 
neurons in the Substantia Nigra Pars Compacta (SNpc) and the 
development of Lewy Bodies (LBs), which results in dopamine 
insufficiency in the basal ganglia thereby manifesting both motor 
and non-motor symptoms (Wardhan et al., 2024). The frequency 

of PD increases with age, and the disease affects millions of 
people throughout the world. Moreover, epidemiological 
observations indicate a higher occurrence in men than in women 
(Thangavelu et al., 2024). Pathologically, PD is strongly linked 
with the aggregation of α-synuclein (α-syn) in LBs and Lewy 
neurites. Tremor, rigidity, bradykinesia, constipation, hyposmia, 
depression, sleep instabilities including rapid eye movement sleep 
related disorder, and other clinical manifestations are frequently 
reported in PD (Negi et al., 2024). Evidence suggests that 
misfolded or aggregated α-syn may originate in peripheral tissues 
viz., the gastrointestinal tract and propagate via neural pathways 
such as the vagus nerve to the brainstem. This is supported by 
other clinical manifestations, among which gastrointestinal 
dysfunction, especially constipation, may appear prior to classical 
motor symptoms (Adam et al., 2024). The progressive spread 
of α-syn inclusions across brain regions is considered a major 
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neuropathological basis of disease progression, emphasising 
that α-syn assembly is not only as a biomarker for diagnosis and 
staging but also as a promising target for therapeutic intervention 
(Endo et al., 2024).

Under physiological settings, α-syn, which comprises 140 amino 
acids, is an intrinsically disordered protein and contains an 
apparent lipid-binding domain at its N-terminus. The highly 
hydrophobic segment (residues 65-90), also referred to as the 
Non-Amyloid β Component (NAC), plays a key role in α-syn 
load and fibril formation (Sardar et al., 2018). The unusual 
accumulation of α-syn and the subsequent neurotoxicity 
contribute to the worsening of dopamine-producing neurones 
in the SNpc, thereby impairing motor control and related neural 
functions (Poewe et al., 2017).

Most PD cases are considered idiopathic; however, both genetic 
predisposition and environmental exposures are known to 
contribute to disease risk. Several studies suggest that interaction 
with pesticides, herbicides, and heavy metals may upsurge the 
risk of PD, while lifestyle factors such as cigarette smoking and 
excessive caffeine consumption have been associated with a 
lower risk as per epidemiological reports (Kouli et al., 2018). The 
development and progression of PD involve complex interactions 
among genes, proteins, cellular pathways, dysfunctional 
organelles, and neural networks, which may explain the 
heterogeneity of symptoms and disease trajectories among 
patients (Elkouzi et al., 2019). Although dopaminergic therapies 
remain the clinical gold standard to hamper the symptoms of PD, 
there is still a significant unmet need for therapies that address 
dopaminergic-resistant motor and non-motor symptoms and, 
importantly, modify the natural course of disease progression. 
In recent decades, many candidates’ disease-modifying agents 
have not achieved the primary endpoints in clinical trials (Lang 
and Espay, 2018). Current therapies such as levodopa, selegiline, 
syndopa, biperiden, and bromocriptine primarily aim to restore 
physiological balance and manage symptoms. However, their 
long-term use may cause adverse effects and reduced efficacy 
in controlling disease progression (Alimohammadi et al., 2021; 
Vidović and Rikalovic, 2022). Hence, there remains a strong 
need to identify and validate new molecular scaffolds that can 
modulate PD-relevant targets, especially α-syn aggregation.

Benzoquinone derivatives have emerged as promising candidates 
in PD-related research. (Koppal et al., 2021; Ramachandra et al., 
2022). Being a naturally occurring benzoquinone compound, 
embelin (2,5-dihydroxy-3-undecyl-1,4-benzoquinone) is easily 
extracted from the berries of the Embelia ribes plant and widely 
investigated in PD models as protective agent. It has revealed 
encouraging therapeutic potential in both in vitro and in vivo 
studies. Our recent published cell line study supports the in vitro 
efficacy of vilangin (embelin dimer) against rotenone toxicity in 
SHSY cells (Rajendiran et al., 2026). Computational mapping 

has reported multiple potential binding sites on α-syn fibrils, 
with Sites 2, 3/13, and 9 as favourable pockets for ligand binding 
(Ramachandra et al., 2022). Additionally, embelin has been 
reported to influence mitochondrial biogenesis and to modulate 
NAD/NADH levels in dopaminergic neuronal cell systems (Rao 
et al., 2020). Based on these results, the present study employed 
a structured in silico strategy to examine the binding of vilangin, 
phenyl-vilangin, and methyl-vilangin to α-syn. Molecular 
docking was used to identify the optimal interaction partners, and 
their binding affinities and modes were assessed. The GROMACS 
program was used for Molecular Dynamics (MD) simulations 
to decode the protein-ligand interactions (Nieto-Giraldo et al., 
2026). Principal Component Analysis (PCA) and Free Energy 
Landscape (FEL) analysis clarified the dynamic behaviour of the 
complexes as well as the effect of ligand binding on α-syn activity 
(Papaleo et al., 2009).

MATERIALS AND METHODS

Molecular Docking

The Three-Dimensional (3D) structure of the α-syn fibril (PDB 
ID: 2N0A) (Figure 1(A)) (Ramachandra et al., 2022) was retrieved 
from the RCSB Protein Data Bank. AutoDock Vina (version 1.2.0) 
was used to assess the binding affinity and interaction profiles 
of α-syn and three derivatives of embelin (Figure 1B): vilangin 
(Figure 1C), phenyl vilangin (Figure 1D), methyl vilangin (Figure 
1E). Based on prior structural and experimental evidence, three 
functionally relevant binding regions - Sites 2, 3/13, and 9 - were 
selected as docking targets.

Ligand structures were constructed using ChemAxon Marvin 
17.21.0 and subjected to geometry optimisation in Avogadro 
1.2.0. Protein and ligand preparation, including the addition of 
polar hydrogens and assignment of partial charges, was performed 
using OpenBabel, and the files were converted to the PDBQT 
format. Docking grid boxes were defined to fully encompass each 
binding site, ensuring unrestricted ligand accessibility. Docking 
exhaustiveness values were set within the recommended ranges 
to achieve robust conformational sampling. The most favourable 
binding poses were selected based on minimum binding free 
energy and analysed for key intermolecular interactions using 
UCSF Chimaera.

MD Simulations

MD simulations were executed using GROMACS 2023.2 
(Nieto-Giraldo et al., 2026) to assess the structural stability and 
dynamic behaviour of the top-ranked α-syn complexes with 
vilangin and phenyl-vilangin. The CHARMM36 force field 
was employed for protein and ligand parameterisation. TIP3P 
water molecules were used to solvate each compound in a cubic 
simulation box while keeping a minimum of 0.1 nm between the 
protein surface and the box boundary. To neutralize the system, 
counterions were introduced.
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The steepest descent algorithm was ensured to minimize energy, 
followed by conjugate gradient minimisation to eliminate steric 
clashes. System equilibration was carried out in two stages: NVT 
equilibration with a V-rescale thermostat at 300 K (Martonák et 
al., 2003) and NPT equilibration with the Parrinello-Rahman 
barostat at 1 bar. The protein backbone was subjected to positional 
restrictions during each 500ps equilibration phase (De Sancho, 
2022). Subsequently, a 200-ns production MD simulation was 
executed without restraints. Trajectories were recorded at 10-ps 
intervals and analysed based on the Root Mean Square Deviation 
(RMSD), the Root Mean Square Fluctuation (RMSF), and 
essential dynamics.

PCA and FEL Analysis

PCA was applied to characterise the leading collective motions 
of the α-syn-ligand complexes by diagonalising the covariance 
matrix of atomic fluctuations (Papaleo et al., 2009). The most 
important structural changes in a protein are captured by the first 
eigenvector of the mass-weighted covariance matrix. However, 
the first eigenvector frequently shows a cosine distribution 
near 1, indicating large-scale motions that are not helpful for 
understanding protein activity in terms of the free energy 
landscape (Maisuradze and Leitner, 2007). The cosine content 
of each Principal Component (PC) was calculated to assess 
trajectory convergence and to ensure reliable FEL construction. 
Components with cosine content values ≤ 0.2 were selected to 
generate the FEL, representing meaningful conformational 
sampling. The g_sham tool was used to compute the FEL, enabling 
identification of stable conformational basins and ligand-induced 
stabilisation effects (Samantaray et al., 2025).

Statistical Analysis of Molecular Dynamics 
Trajectories

The stability and dynamic behavior of the simulated complexes 
were evaluated using several trajectory-based metrics 
implemented in GROMACS 2023. Structural stability throughout 
the simulation was assessed using Root Mean Square Deviation 
(RMSD), whereas residue-level flexibility was analyzed using 
Root Mean Square Fluctuation (RMSF). The temporal evolution 
of these parameters was monitored across the entire 200 ns 
simulation period. For PCA, the significance of each principal 
component was determined from the associated eigen values 
obtained from the covariance matrix. Trajectory convergence 
was statistically validated by calculating the cosine content (ci) 
for the first 20 principal components. Principal components 
with ci values ≤ 0.2 were considered sufficiently converged and 
were selected for subsequent free energy landscape analysis. 
The resulting FELs were interpreted based on the distribution of 
energy minima and conformational basins, with lower-energy 
regions representing thermodynamically stable conformational 
states.

RESULTS

Molecular Docking Analysis and Binding Site 
Evaluation

Molecular docking was employed as the primary screening 
strategy to estimate the binding affinity and interaction profiles of 
vilangin, phenyl-vilangin, and methyl-vilangin to the α-syn fibril. 
Docking simulations were performed at three previously reported 
and functionally relevant binding pockets, namely Sites 2, 3/13, 
and 9, to identify the most favourable ligand-site combinations 
and prioritise candidates for MD simulations.

The docking result showed distinct variations in ligand binding 
to each site in α-syn (Table 1 and Figure 2a), suggesting that both 
pocket microenvironment and ligand structure are important 
factors in controlling binding affinity. Phenyl-vilangin has 
the highest binding affinity at Site 3/13 among all site-ligand 
combinations, with a projected inhibition constant (Ki) of 
1.617 nM and a binding free energy (ΔG) of -7.9 kcal/mol. This 
interaction is the most energetically favourable in the present 
study. The favourable binding of phenyl-vilangin can be explained 
by its phenyl substitution, which allows for more hydrophobic 
and π-stacking interactions in the β-sheet-rich area of the α-syn 
fibril.

Vilangin shows favourable binding properties, especially at Sites 
2 (ΔG=-6.7 kcal/mol; Ki=12.256 nM) and 3/13 (ΔG=-6.2 kcal/
mol; Ki=28,504 nM). Vilangin presents favourable contacts with 
Gly41 and His50, hydrophobic interactions with Phe4, and stable 
hydrogen bonds with the side chains of Lys43 and Lys45 at Site 2. 
These interactions confirm previous reports that have identified 
Site 2 as a functionally relevant area for small-molecule binding 
and successfully anchor the ligand within the binding pocket. 
Vilangin appears to have sufficient structural complementarity to 
sustain stable occupancy at this location based on the combination 
of polar and non-polar contacts.

Compared with vilangin and phenyl-vilangin, methyl-vilangin 
consistently demonstrates decreased binding at all sites, including 
an unfavourable interaction at Site 9. The main reason for this 
decreased affinity is the lack of important stabilising interactions, 
such hydrogen bonding and aromatic stacking, which lead to 
poor complementarity with the binding pockets. This observation 
aligns with the structure-activity relationship trends observed for 
α-syn ligands, where successful binding is mostly dependent on 
aromaticity and hydrogen-bonding capability.

Taken together, the molecular docking analysis clearly indicates 
that phenyl-vilangin (Site 3/13) is the top candidate, with vilangin 
(Site 2 and Site 3/13) emerging as a promising secondary lead 
(Figure 2b). Based on these results, vilangin and phenyl-vilangin 
were selected for further validation based on long-timescale MD 
simulations.
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MD Simulations: Structural Stability and 
Conformational Behaviour

To ensure the molecular docking predictions and to monitor 
the dynamic stability of the protein-ligand complexes, 200-ns 
MD simulations were run for α-syn coupled to vilangin and 
phenyl-vilangin. CHARMM36 force field were employed to run 
the simulations, with trajectory analyses focused on the RMSD 
(Figure 3A) and the RMSF (Figures 3B and 3C), as well as PCA 
and FEL profiling.

RMSD Analysis

RMSD analysis demonstrates the global conformational stability 
of protein-ligand complexes over the course of the simulation. 
As presented in Figure 4a, both the vilangin and phenyl-vilangin 
systems show an initial equilibration phase, followed by 
convergence into stable trajectories, indicating successful 
system relaxation. Interestingly, throughout the production 
cycle, the α-syn-phenyl-vilangin complex consistently presents 
a lower RMSD than the α-syn-vilangin complex. This decreased 
deviation implies that by preventing excessive conformational 
drift, phenyl-vilangin improves the structural stability of α-syn 
fibrils. On the other hand, the somewhat higher RMSD values 
for the α-syn-vilangin complex indicates greater conformational 
flexibility, although overall structural integrity is not compromised. 
These findings support the molecular docking results, showing 
that phenyl-vilangin maintains stable connections in dynamic 
physiological conditions in addition to binding favourably in 
static docking.

RMSF Analysis

RMSF analysis was carried out to evaluate residue-level flexibility 
and to pinpoint areas of increased mobility within α-syn fibrils 
during ligand binding. Amyloid fibrils are naturally rigid, so both 
ligand-bound complexes show low RMSF values throughout the 
core β-sheet regions. Given that there are structural limitations, 
fluctuations are higher mostly in terminal and solvent-exposed 
areas. Crucially, the RMSF patterns of both complexes are quite 
similar, suggesting that neither ligand destabilises the α-syn fibril 
core. However, in a number of areas close to the binding pocket, 
the α-syn-phenyl-vilangin complex shows somewhat smaller 
variations in the RMSF, indicating localised stabilisation effects.

Site Ligand ΔG (kcal/mol)
Site 2 Vilangin -6.7

Phenyl-vilangin -3.8
Methyl-vilangin -1.9

Site 3/13 Vilangin -6.2
Phenyl-vilangin -7.9
Methyl-vilangin -3.6

Site 9 Vilangin -2.7
Phenyl-vilangin -0.7
Methyl-vilangin 0.5

Table 1: The interaction energy between the three ligands and different 
sites of the α-synuclein fibril.

Figure 1:  (A) The Three-Dimensional (3D) structure for α-synuclein (PDB ID: 2N0A). (B) The Two-Dimensional (2D) structure of embelin 
(the reference compound). (C) The 2D structure of vilangin. (D) The 2D structure of phenyl vilangin. (E) The 2D structure of methyl 

vilangin.
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PCA and Essential Dynamics

PCA was applied to the MD trajectories to evaluate large-scale 
collective motions and crucial dynamics of the protein-ligand 
systems. For comparative analysis, the first two Principal 
Components (PC1 and PC2), which explain most of the motion 
variation, were employed. The α-syn-phenyl-vilangin complex 
shows a more constrained conformational space, suggesting 
limited large-scale motions and a preference for stable structural 
states. In contrast, the α-syn-vilangin complex presents a wider 
conformational range, indicating more flexibility and dynamic 
adaptation. Cosine content analysis confirmed the trustworthiness 
of the PCA results, demonstrating that the principal components 
represent significant collective motions rather than random 
diffusion.

FEL Analysis

The FELs created from PC1 and PC2 afford a thermodynamic 
view of the conformational stability of the complexes (Figure 4). 
The α-syn-phenyl-vilangin complex mostly occupies a single, 
energetically favourable structural state, as evidenced by the 
dominant, well-defined low-energy basin (Figure 4A). Strong 
and enduring protein-ligand interactions that stabilise the fibril 
architecture are reflected in this small basin. On the other hand, 
the α-syn-vilangin complex has various shallow energy minima, 
indicating the existence of multiple metastable conformations 
(Figure 4B). Despite the fact that these states are energetically 
feasible, their dispersion shows more conformational 
heterogeneity than the α-syn-phenyl-vilangin complex. 
Therefore, the FEL analysis shows that phenyl-vilangin more 
successfully limits α-syn to a stable energy minimum, improving 
overall complex stability and supporting the RMSD, RMSF, and 
PCA findings.

DISCUSSION

The current in silico study demonstrates the potential of 
benzoquinone derivatives as α-syn fibril stability modulators in 
PD. Phenyl-vilangin demonstrated the highest binding affinity 
at Site 3/13 among the evaluated drugs, indicating favorable 
interactions with a functionally significant area of the α-synuclein 
fibril. Additional hydrophobic and aromatic groups that improve 
protein-ligand interactions may be responsible for the better 
docking performance. The docking results were validated by 
MD simulations, which showed that the α-syn-phenyl-vilangin 
combination had better structural stability, less flexibility, 
and limited conformational motions in comparison to other 
complexes. A stable and energetically advantageous structural 
state was shown by PCA and FEL studies, indicating that 
phenyl-vilangin may successfully disrupt fibril dynamics and 
possibly prevent α-synuclein aggregation. All things considered, 
these results show that phenyl-vilangin is a viable lead chemical 
for additional experimental validation in the development of PD 
treatments.

Molecular docking and simulation studies reveal potential 
sites of interaction between α-syn and antioxidant compounds 
from Camellia sp. Theaflavin-3-3-digallate can reduce the α-syn 
structure's alpha-sheet structure to a loop region and shows the 
best interactions at -7.1 kcal/mol (Vats et al., 2022). The effects 
of Curcumin (CUR) and Rosmarinic Acid (RA) on breaking 
the oligomer structure of PDB: 2N0A were investigated. To 
concentrate on the NAC region, they eliminated all N-terminal 
(N-ter) and C-terminal (C-ter) residues from their study 
(Rezaei Kamelabad et al., 2021). The molecule DHF-BAHPC 
(8q) showed the greatest molecular docking score (-16.3120 
kcal/mol) among the 40 DHF (7,8-Dihydroxyflavone) derived 
complexes, indicating a significant binding towards α-syn. The 

Figure 2a:  The PDBePISA server was used to calculate the binding energies for the 
three ligands at each of the three sites on the α-synuclein fibril.
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Figure 3:  (A) The Root Mean Square Deviation (RMSD) of vilangin and phenyl-vilangin interactions with the α-synuclein fibril. The Root Mean Square (RMS) 
fluctuation of α-synuclein fibril chains considering (B) the interactions between phenyl-vilangin and Site 3/13 and (C) the interactions between vilangin and Site 

3/13.

Figure 2b:  The molecular interactions between vilangin, phenyl-vilangin, and methyl-vilangin towards the α-synuclein fibril. (A) Interactions between 
phenyl-vilangin and Site 3/13 of the α-synuclein fibril. (B) Interactions between vilangin and Site 2 of the α-synuclein fibril. (C) Interactions between vilangin 

and Site 9 of the α-synuclein fibril. (D) Interactions between vilangin and Site 3/13 of the α-synuclein fibril.
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molecular dynamics simulation used to assess the stability of the 
ligand-protein complexes revealed that the ligands 8q, 8s, 8p, 
8c, 8n, 8h, and DHF with α-syn complexes had little structural 
changes during the MD simulations. The binding mode study 
confirms that, with the exception of L-DOPA, DHF and its 
derivatives are building stable connections with the α-syn protein 
(Mohankumar et al., 2020). The compound with PubChem ID 
100968625 was chosen for additional study using the Molecular 
Dynamics (MD) simulation approach because it had the lowest 
free binding energy, ΔG0=-7.1 kcal.mol-1. MD trajectory 
analysis revealed that molecules of the chosen ligand (PubChem 
ID 1009686205) interact with the αSN trimer through an H-bond 
interaction, destabilizing the trimer's tight structure (Sahihi 
et al., 2021). In this investigation Yu et al., discovered that the 
Amento flavone was a relatively better ligand. According to these 

findings, amento flavone can bind to the active site of α-synuclein 
and stop the protein from self-associating, which could lead 
to the development of a Parkinson disease medication (Yu et 
al., 2017) Siddiqui et al., (2025) reported four new inhibitors 
(ZINC000150351590, ZINC000299817386, ZINC000085509805, 
and ZINC000095911811) with significant binding affinities (-9.43 
to -9.06 kcal/mol) were found by screening the ZINC natural 
product library using a validated pharmacophore model. While 
MM/PBSA analysis revealed favorable binding free energies 
(-56.7 to -49.2 kcal/mol), molecular dynamics simulations verified 
stable protein-ligand complexes (average RMSD  <  2.5 Å). Four 
naturally occurring inhibitors of α-syn aggregation have been 
identified as intriguing candidates for additional research in the 
drug discovery process for PD (Siddiqui et al., 2025). Borah et al., 
discovered that oleuropein aglycone interacted with α-synuclein's 

Figure 4:  (A) Three representative structures are displayed from the most populated free energy minimum clusters along with the phenyl-vilangin 
interactions at Site 3/13 of the α-synuclein fibril. (B) Three representative structures are displayed from the most populated free energy minimum 

clusters along with the vilangin interactions at Site 3/13 of the α-synuclein fibril.
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N-terminal domain, preventing it from interacting with 
membranes and lipids to form cellular hazardous aggregates. The 
binding-free energy analysis revealed a significant binding affinity 
between α-synuclein and oleuropein aglycone (ΔGbind=-12.56 
kcal mol-1 from MM-PBSA and ΔGbind=-27.41 kcal mol-1 from 
MM-GBSA). Thus, the results of this investigation support the 
impact of oleuropein aglycone on the structure and stabilization 
of α-synuclein monomer, which in turn promotes the formation 
of stable and nontoxic aggregates (Borah et al., 2021).

The use of computational approaches to predict the interaction 
between benzoquinone derivatives and the α-syn fibril limits 
the current work. The docking investigation was performed 
using a single fibrillar α-syn structure (PDB ID: 2N0A), which 
may not fully capture the structural diversity and dynamic 
character of α-syn assemblies in physiological conditions. The 
biological components and cellular environment that influence 
α-syn aggregation cannot be accurately replicated by 200 ns 
MD simulations, despite the fact that they provide insight into 
complex stability and conformational behavior. Furthermore, 
to validate the anticipated binding affinities and stabilizing 
interactions, biochemical, cellular, and in vivo investigations are 
required. Therefore, more investigation is needed to ascertain the 
mechanism of action and therapeutic efficiency of phenyl-vilangin 
as a potential modulator of α-syn aggregation.

Integrated Interpretation and Lead Compound 
Identification

Based on integration of the molecular docking results, 
long-timescale MD simulations, and sophisticated trajectory 
analysis, phenyl-vilangin represents the most promising 
lead compound of the three analysed in the present study. 
Phenyl-vilangin shows the highest binding affinity with the α-syn 
fibril, and the complex presents better dynamic stability, less 
conformational variations, and a clearly characterised low-energy 
conformational landscape. Hence, phenyl-vilangin could serve as 
a stabilising drug that prevents α-syn aggregation. Vilangin also 
shows favourable binding to α-syn. Indeed, the α-syn-vilangin 
complex shows good stability, especially at Sites 2 and 3/13, but the 
complex is marginally less stable than the α-syn-phenyl-vilangin 
complex. It could be a useful scaffold or secondary option for 
additional optimisation. Methyl-vilangin, on the other hand, is 
unsuitable for further investigation due to relativity poor affinity 
for α-syn. Overall, this in silico study supports the potential of 
phenyl-vilangin in the development of treatment techniques 
targeting α-syn aggregation in PD and identifies it as a strong 
candidate for downstream experimental validation.

CONCLUSION

In this work, we evaluated the embelin-derived benzoquinone 
analogues vilangin, phenyl-vilangin, and methyl-vilangin against 
the α-syn fibril, a crucial target in Parkinson’s disease, using 

an in silico approach that combined molecular docking, MD 
simulations, and essential dynamics analysis. The most promising 
compound is phenyl-vilangin, which shows excellent binding 
affinity, structural stability, and little conformational fluctuation, 
making it an ideal scaffold for controlling α-syn aggregation. While 
methyl-vilangin shows modest binding interactions, vilangin also 
demonstrates favourable characteristics, albeit with somewhat less 
stability compared with phenyl-vilangin. These results emphasise 
the potential of phenyl-vilangin in the development of therapeutic 
strategies against PD. Therefore, compounds that target α-syn 
aggregation in PD may be a crucial and strong lead drug for 
further experimental validation. Confirming the translational 
prospective of these drugs in therapeutic applications requires 
additional experimental validation, such as biophysical measures 
and aggregation inhibition experiments.
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SUMMARY

Molecular docking and dyamics simulations showed that 
phenyl-vilangin had the highest binding affinity for α-syn 
fibrils, particularly at Site 3/13. Additionally, because of phenyl- 
Vilangin’s advantageous hydrophobic and aromatic interactions, 
it demonstrated increased stability. Plain vilangin also showed 
potential binding affinity, while methyl-Vilangin showed 
weaker interactions. MD analyses (RMSD, RMSF, PCA, and 
FEL) confirmed that phenyl-vilangin provides greater structural 
stability than vilangin and restricts the conformational flexibility 
of α-syn. Overall, phenyl-vilangin was shown to be the most 
promising alternative for stabilizing α-syn fibrils.
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