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ABSTRACT

Neurodegenerative diseases such as Parkinson's disease are characterized by the pathological aggregation of a-synuclein.
Targeting a-synuclein aggregation through natural bioactive compounds offers a promising therapeutic strategy. In this study,
sulfur-containing compounds derived from Allium sativum were evaluated for their drug-likeness, pharmacokinetic properties,
and ability to inhibit a-synuclein aggregation using a combination of in silico and in vitro approaches. ADMET profiling indi-
cated high gastrointestinal absorption for nine compounds, supporting their drug-like properties. Six compounds were predicted
to cross the blood-brain barrier, suggesting potential efficacy in the central nervous system. Molecular docking identified alliin,
allicin, E-ajoene, and diallyl disulfide as top binders to a-synuclein, forming stable interactions with key aggregation-prone
regions. Molecular dynamics simulations over 100ns confirmed the structural stability of alliin- and allicin-a-synuclein com-
plexes, with minimal residue fluctuations and persistent hydrogen bonding. MM-GBSA binding energy analysis corroborated
these results, showing favorable binding free energies, particularly for alliin and E-ajoene. Principal component analysis (PCA)
further supported the role of alliin in stabilizing a-synuclein dynamics. In vitro cellular assays further validated these compu-
tational findings. Using an SH-SY5Y cell-based a-synuclein aggregation model, treatment with alliin and allicin significantly
reduced a-synuclein aggregation. Furthermore, MTT-based cytotoxicity assays in SH-SY5Y neuroblastoma cells overexpressing
a-synuclein revealed that alliin and allicin conferred notable cytoprotective effects by reducing a-synuclein-induced toxicity.
Taken together, these findings highlight alliin and allicin as potent lead compounds that not only bind and stabilize a-synuclein
but also attenuate its aggregation and associated cytotoxicity.

| Introduction neurodegenerative conditions [1]. Clinically, PD is characterized

Parkinson's disease (PD) is a progressive neurodegenerative dis-
order affecting over 10 million people worldwide and is second
only to Alzheimer's disease in prevalence among age-related
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by a constellation of motor symptoms such as resting tremors,
bradykinesia, muscular rigidity, and postural instability, often
accompanied by non-motor manifestations including cognitive
impairment, mood disorders, sleep disturbances, and autonomic
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dysfunction [2]. The hallmark neuropathological feature of PD
is the selective degeneration of dopaminergic neurons in the
substantia nigra pars compacta and the presence of intracellular
inclusions known as Lewy bodies, primarily composed of aggre-
gated a-synuclein [3].

a-Synuclein is a 140-amino acid presynaptic neuronal pro-
tein that exists in a dynamic equilibrium between soluble
cytosolic and membrane-associated helical conformations
under physiological conditions [4]. However, under patholog-
ical circumstances, a-synuclein misfolds and self-aggregates
into -sheet-rich oligomers and fibrils, which are neurotoxic
and contribute to the formation of Lewy bodies [4]. The cen-
tral non-amyloid component (NAC) domain of a-synuclein
(residues 61-95) is critical for aggregation, while the N- and
C-terminal regions modulate solubility and interaction with
cellular components [5]. Furthermore, point mutations such
as A53T, A30P, and E46K, as well as gene duplications or trip-
lications, have been linked to familial PD and are known to
enhance the propensity of a-synuclein to form toxic aggre-
gates [6]. These misfolded species disrupt intracellular vesicle
trafficking, mitochondrial function, proteasomal degradation,
and calcium homeostasis, ultimately leading to neuronal dys-
function and death [7].

Given the central role of a-synuclein aggregation in PD patho-
genesis, it represents a compelling therapeutic target. Inhibiting
the initial nucleation of monomeric a-synuclein, destabilizing
oligomeric intermediates, or promoting clearance of preformed
fibrils are considered viable strategies to mitigate disease pro-
gression [8]. Recent advances have led to the development of
small molecules, peptides, antibodies, and gene-silencing ap-
proaches aimed at reducing a-synuclein toxicity [9]. Structure-
based drug design, molecular dynamics (MD) simulations,
and high-throughput virtual screening have also enabled the
identification of compounds that can bind to specific regions of
a-synuclein and stabilize its native conformation, thereby pre-
venting its pathological aggregation [10].

Among emerging therapeutic options, plant-derived phyto-
chemicals have shown promise due to their antioxidant, anti-
inflammatory, and neuroprotective properties. Numerous
studies have demonstrated that natural compounds such as
curcumin, resveratrol, epigallocatechin gallate (EGCG), and
baicalein can inhibit a-synuclein fibrillation, disrupt preformed
fibrils, and ameliorate motor symptoms in cellular and animal
models of PD [11]. These polyphenols exert their protective ef-
fects by directly interacting with aggregation-prone regions of
a-synuclein, modulating signaling pathways, or enhancing the
cell’'s proteostatic capacity through autophagy and chaperone
induction [12].

Among the most bioactive-rich plants, Allium sativum (garlic)
has long been revered in both traditional and modern medicine
for its broad-spectrum pharmacological properties. Garlic is a
potent source of organosulfur compounds which exhibit anti-
microbial, antioxidant, cardioprotective, anticancer, and hepa-
toprotective effects [13]. These compounds are also known to
modulate immune responses, inhibit inflammation, and scav-
enge reactive oxygen species—mechanisms that are particularly
relevant in neurodegenerative disorders [14]. In recent years, A.

sativum-derived phytochemicals have been reported to improve
cognitive performance, enhance neurogenesis, and attenuate
neuroinflammation in experimental models of AD and PD [15].
Despite these promising attributes, their direct role in modulat-
ing a-synuclein aggregation and toxicity remains underexplored.

In this study, we investigated the pharmacokinetic properties,
binding potential, and neuroprotective effects of nine bioac-
tive sulfur-containing compounds from A. sativum against
a-synuclein. Using a combination of in silico approaches—
including ADMET (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) profiling, molecular docking, MD sim-
ulations, and principal component analysis (PCA)—we identi-
fied key interactions that stabilize a-synuclein and prevent its
misfolding. These computational results were validated through
in vitro cellular assays, where the effects of alliin and allicin on
a-synuclein aggregation and cytotoxicity were assessed in SH-
SY5Y cells. Our findings provide a mechanistic basis for the
anti-aggregation potential of A. sativum-derived compounds
and support their further exploration as therapeutic agents in
the treatment of synucleinopathies.

2 | Methods

2.1 | Curation of Organosulfur Compounds From
A. sativum

Toinvestigate the neuroprotective potential of organosulfur com-
pounds derived from A. sativum, a systematic in silico curation
approach was employed. Initially, an extensive literature review
was conducted using scientific databases to identify bioactive
sulfur-containing molecules previously reported in garlic. This
was complemented by data mining from chemical repositories
including PubChem, ChEMBL, and Dr. Duke's Phytochemical
and Ethnobotanical Databases [16, 17]. Compounds known for
their antioxidant, antimicrobial, or neuroprotective properties
were prioritized [18]. The selection criteria required that each
compound be a naturally occurring constituent of A. sativum,
possess sulfur-containing functional groups (e.g., thiol, disul-
fide, sulfoxide, or thiosulfinate), and have potential biological
activity relevant to neurodegenerative processes. Based on these
criteria, nine compounds were curated: alliin, allicin, E-ajoene,
Z-ajoene, diallyl sulfide (DAS), diallyl disulfide (DADS), diallyl
trisulfide (DATS), 2-vinyl-4H-1,3-dithiin, and allyl methyl sul-
fide (AMS). Canonical SMILES, InChIKeys, and 3D conformers
for each compound were retrieved from the PubChem data-
base [19]. Structures were optimized using Avogadro with the
MMFF94 force field to obtain energetically favorable conforma-
tions [20]. These structures were then formatted appropriately
for downstream molecular docking and simulation studies.

2.2 | ADMET Analysis of Organosulfur
Compounds From A. sativum

The pharmacokinetic properties of the nine curated organo-
sulfur compounds from A. sativum were evaluated through in
silico ADMET analysis to predict their drug-likeness and sys-
temic behavior [21, 22]. Canonical SMILES notations and 3D
structures of all compounds were retrieved from the PubChem
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database. The ADMET predictions were carried out using two
web-based platforms: SwissADME (http://www.swissadme.
ch/) and ADMETIlab 2.0 (https://admetmesh.scbdd.com/)
[23, 24]. For each compound, physicochemical parameters such
as molecular weight, hydrogen bond donors and acceptors, to-
pological polar surface area (TPSA), number of rotatable bonds,
and logP values were computed. Gastrointestinal (GI) absorp-
tion was predicted based on the BOILED-Egg model, and blood-
brain barrier (BBB) permeability was assessed to determine the
potential of the compounds to exert central nervous system
(CNS) activity [25]. Skin permeability coefficients (Log K,) were
also calculated to evaluate the potential for transdermal deliv-
ery [26]. Drug-likeness was assessed according to Lipinski's
Rule of Five, and compounds were screened for any rule viola-
tions [27]. Additionally, metabolism-related parameters such as
CYP450 enzyme inhibition profiles, and toxicity endpoints, in-
cluding hepatotoxicity and Ames mutagenicity, were predicted
to ensure safety profiles [28, 29]. Compounds exhibiting high
GI absorption, favorable BBB permeability (where applicable),
zero violations of Lipinski's rules, and acceptable toxicity pro-
files were considered suitable for further molecular docking and
simulation studies.

2.3 | Preparation of a-Synuclein Structure

For molecular docking and simulation studies, the a-synuclein
protein structure was prepared using the structure available in
the Protein Data Bank (PDB ID: 1XQ8) [30]. The structure was
retrieved in PDB format from the RCSB PDB [31]. Initial protein
preparation steps were carried out using the Protein Preparation
Wizard in Schrodinger's Maestro suite [32]. This process in-
cluded assigning proper bond orders, adding missing hydrogen
atoms, and correcting any structural anomalies. Protonation
states of ionizable residues were adjusted to pH 7.4 using the Epik
module, ensuring physiological relevance of the protein's charge
state [33]. The structure was then energy-minimized using the
OPLS3e force field, with restraints applied to the heavy atoms to
maintain the overall backbone geometry [34].

2.4 | Molecular Docking of Selected A. sativum
Compounds With a-Synuclein

To investigate the binding interactions between a-synuclein and
selected organosulfur compounds from A. sativum, molecular
docking was performed using a structure-based approach. The
protein and ligands' structures were prepared as described above.
The binding site of a-synuclein was defined based on literature-
reported aggregation-prone regions, especially the central hy-
drophobic NAC domain and surrounding helices, which are
critical in early oligomer formation. A receptor grid was gen-
erated around this region to confine the docking search space.
Molecular docking was performed using Glide (Schrodinger)
in standard precision (SP) mode to predict the most favorable
binding poses based on GlideScore and interaction profiles [35].
Each ligand was docked flexibly into the defined site, allowing
for sampling of different conformational orientations. The best-
ranked docking poses were selected based on binding affinity
scores and visual inspection of molecular interactions, includ-
ing hydrogen bonds, hydrophobic contacts, m—m stacking, and

salt bridges. Special attention was given to interactions involv-
ing residues known to influence a-synuclein misfolding and
aggregation. The docking output was further analyzed using
Maestro's interaction analysis tools [36] and PyMOL for 3D vi-
sualization [37].

2.5 | MD Simulation of a-Synuclein-Ligand
Complexes

MD simulations were conducted to evaluate the dynamic sta-
bility, conformational flexibility, and interaction persistence of
a-synuclein complexes with four selected A. sativum-derived
compounds: alliin, allicin, E-ajoene, and DADS. The docking-
derived complexes were used as initial structures for simulation.
All MD simulations were carried out using the Desmond sim-
ulation engine implemented within the Schrodinger Maestro
suite (Schrodinger Release 2023-1) [36].

Each protein-ligand complex was first placed in an orthorhom-
bic simulation box with a 10 A buffer distance and solvated using
the TIP3P explicit water model [38]. The system was neutralized
by adding appropriate counterions (Nat or Cl7) and brought to
physiological salt concentration (0.15M NaCl) to mimic biolog-
ical conditions. The system was then subjected to energy mini-
mization using the OPLS3e force field to remove steric clashes
and optimize initial geometries. After minimization, the system
was equilibrated using the default NPT relaxation protocol in
Desmond, which includes several short runs under NVT and
NPT ensembles [36]. The production MD run was then per-
formed for 100ns at constant temperature (300K) and pressure
(1atm), maintained using the Nose-Hoover thermostat and
Martyna-Tobias-Klein barostat, respectively [39, 40]. A time
step of 2fs was used, and snapshots were recorded at 100 ps in-
tervals for trajectory analysis.

Post-simulation, root mean square deviation (RMSD) and root
mean square fluctuation (RMSF) analyses were conducted to as-
sess the stability of the protein backbone and fluctuations of in-
dividual residues, respectively. The radius of gyration (Rg) was
calculated to examine the overall compactness of the protein
during simulation. Ligand RMSD plots were also analyzed to
determine the positional stability of the compounds within the
binding site. Additionally, secondary structure elements (SSEs)
of a-synuclein during the simulation were analyzed using the
simulation interactions diagram (SID) tool in Desmond, which
provides time-resolved data on helices, strands, and coil re-
gions [36].

Protein-ligand interaction profiling was carried out across the
trajectory to identify persistent interactions such as hydrogen
bonds, hydrophobic contacts, salt bridges, and water bridges.
Interacting residues were mapped, and the frequency of inter-
actions over simulation time was quantified to determine inter-
action stability and specificity. Binding free energy calculations
were performed using the MM-GBSA (Molecular Mechanics-
Generalized Born Surface Area) method implemented in Prime
(Schrodinger) on representative frames extracted from the
equilibrated portions of each trajectory [41]. These calculations
provided insight into the thermodynamic favorability of ligand
binding.
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2.6 | PCA of MD Trajectories

PCA was employed to investigate the collective conforma-
tional motions and dominant dynamic modes of a-synuclein in
complex with selected A.sativum-derived compounds—alliin,
allicin, E-ajoene, and DADS-based on the 100-ns MD simula-
tion trajectories. For each complex, trajectory files generated
by Desmond were pre-processed using the Simulation Event
Analysis tool in Maestro (Schrédinger suite). The trajectories
were first aligned to a reference frame based on the protein's
Ca atoms to remove translational and rotational motions, en-
suring that the analysis focused only on internal conforma-
tional changes. The covariance matrix of atomic positional
fluctuations (Ca atoms) was calculated over the simulation
time, and the resulting matrix was diagonalized to yield a set
of eigenvectors (principal components) and corresponding
eigenvalues, which represent the magnitude of motion along
each vector [42]. The first few principal components (typically
PC1-PC3), which accounted for the majority of structural
variance, were used to generate 2D and 3D projection plots.
These plots illustrate the conformational space sampled by the
protein during the simulation, with each point corresponding
to a specific frame in the trajectory. The transitions from blue
to red in the projection plots indicate the temporal progres-
sion from the start to the end of the simulation, allowing vi-
sualization of structural convergence or divergence over time.
The degree of clustering of these points was used to assess the
structural stability and conformational flexibility of each pro-
tein-ligand complex. In addition, scree plots were generated
to visualize the eigenvalue distribution and determine how
much variance was captured by the top principal components.
Complexes with tightly clustered projections and low variance
beyond PC2 were considered more stable, while broader dis-
tributions indicated enhanced flexibility or less stable binding
conformations. Comparative PCA analysis among the four
ligand-bound systems provided insights into the relative abil-
ity of each compound to stabilize a-synuclein and suppress
large-scale conformational rearrangements associated with
its aggregation-prone behavior.

2.7 | Cell-Based Assays for a-Synuclein
Aggregation and Cytotoxicity

To evaluate the effect of A. sativum-derived compounds alliin
and allicin on a-synuclein aggregation and associated cyto-
toxicity, cell-based assays were conducted using the human
neuroblastoma cell line SH-SY5Y [43]. Cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2mM L-glutamine, and 1%
penicillin-streptomycin, maintained at 37°C in a humidified
incubator with 5% CO,. Cells were seeded in 6-well or 96-well
plates depending on the downstream assay, and allowed to
reach 70%-80% confluency before transfection.

To induce intracellular aggregation of a-synuclein, SH-SY5Y
cells were transfected with a plasmid encoding human a-
synuclein fused to green fluorescent protein (c-synuclein-GFP)
using Lipofectamine 2000. Transfected cells were incubated
for 24-48h to allow for adequate protein expression. Following
transfection, cells were treated with alliin or allicin at final

concentrations of 1, 5, and 10uM diluted in culture medium.
Untreated cells served as controls. After 24 h of compound treat-
ment, a-synuclein aggregation was assessed by fluorescence
microscopy. Aggregation was identified by the formation of
punctate GFP signals in the cytoplasm, while diffuse fluores-
cence indicated non-aggregated protein. Images were captured,
and the number of aggregate-positive cells was quantified from
multiple fields using ImageJ software [44].

To evaluate cytotoxicity, the MTT assay was performed [45].
SH-SY5Y cells were seeded in 96-well plates and treated under
the same experimental conditions as described above. After
24h of compound exposure, 20 uL of MTT reagent (5mg/mL
in PBS) was added to each well and incubated at 37°C for
4h. Formazan crystals formed by viable cells were solubi-
lized using 100 uL of DMSO, and absorbance was measured
at 570 nm using a microplate reader. Cell viability was calcu-
lated relative to untreated controls. Additional MTT assays
were performed on non-transfected SH-SY5Y cells treated
with alliin or allicin alone to ensure that the compounds were
not inherently cytotoxic.

All assays were performed in triplicate, and data were analyzed
statistically using Student's ¢ test or ANOVA, with p <0.05 con-
sidered significant.

3 | Results

3.1 | ADMET Analysis of Bioactive Compounds
From A. sativum

Nine bioactive compounds isolated from A. sativum were sub-
jected to a detailed in silico ADMET analysis to assess their
pharmacokinetic behavior and drug-likeness (Table 1). Each
of the nine compounds exhibited high GI absorption, suggest-
ing favorable oral bioavailability. This property was attributed
to their relatively low molecular weights, ranging from 88.17 to
234.40g/mol, which support efficient passive diffusion across
the intestinal epithelium. Compounds such as AMS (88.17g/
mol) and DAS (114.21 g/mol), being the smallest in size, are par-
ticularly likely to be rapidly and extensively absorbed upon oral
administration.

Positive BBB permeability was predicted for six of the nine com-
pounds, including allicin, 2-vinyl-4H-1,3-dithiin, DAS, DADS,
DATS, and AMS. This indicates that these compounds may have
CNS activity and could potentially be utilized in neurological
applications. In contrast, alliin, E-ajoene, and Z-ajoene were not
predicted to cross the BBB, suggesting a limited ability to exert
effects within the CNS. Additionally, skin permeability, as in-
dicated by Log, K values, varied significantly among the com-
pounds. Alliin showed the lowest skin permeation (—9.89 cm/s),
implying minimal dermal absorption, whereas DAS (—5.46 cm/s)
and 2-vinyl-4H-1,3-dithiin (—5.55cm/s) had relatively higher
skin permeability, which may make them suitable candidates
for transdermal delivery systems.

All nine compounds were evaluated against Lipinski's Rule of
Five. Remarkably, all tested compounds complied fully with
these criteria, registering zero violations. This suggests that
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TABLE1 | ADMET analysis of nine compounds isolated from Allium sativum.
Log K, (skin
permeation)
Name of compound Molecular weight GI absorption BBB permeant (cm/s) Lipinski
Alliin 177.22 High No —-9.89 Yes
Allicin 162.27 High Yes —6.36 Yes
E-ajoene 234.40 High No —6.52 Yes
Z-ajoene 234.40 High No —6.52 Yes
2-Vinyl-4H-1,3-dithiin 144.26 High Yes —5.55 Yes
Diallyl sulfide 114.21 High Yes —5.46 Yes
Diallyldisulfide 146.27 High Yes —5.63 Yes
Diallyltrisulfide 178.34 High Yes —5.51 Yes
Allyl methyl sulfide 88.17 High Yes —5.76 Yes

each compound possesses physicochemical characteristics con-
ducive to oral administration and systemic bioavailability.

Overall, the ADMET analysis supports the potential of these
A. sativum-derived compounds as promising drug candidates.
Their favorable absorption, acceptable distribution properties,
and strong compliance with drug-likeness rules position them
well for further computational and experimental pharmacolog-
ical investigation.

3.2 | Molecular Docking Analysis of A.
sativum-Derived Compounds With a-Synuclein

Four molecules (alliin, allicin, E-ajoene, and DADS) were sub-
jected to docking simulations on a-synuclein to explore the
binding affinity of each compound at the predicted active site of
a-synuclein (Figure 1A-D). The results revealed that the binding
affinities of these compounds ranged from —5.1 to —10.8kcal/
mol, indicating varying degrees of interaction strength between
the ligands and a-synuclein. Among these, alliin and DADS ex-
hibited the highest binding affinities of —10.8 kcal/mol, followed
closely by allicin and E-ajoene, each with a binding energy of
—10.4kcal/mol. Due to their strong interaction potential, these
four compounds—alliin, allicin, E-ajoene, and DADS—were se-
lected for detailed structural analysis and considered for further
validation.

The a-synuclein-alliin complex showed that alliin fits stably
into the cavity by interacting with key residues such as K32,
G36, L38, V40, and K43 (Figure 1A). The molecule engages in
strong hydrogen bonding and electrostatic interactions through
its sulfoxide and carboxylic acid functional groups. Residues
like A124 and A125 provide additional van der Waals contacts,
stabilizing the ligand within the protein's structure.

In the a-synuclein-allicin complex, allicin was found to be sta-
bilized primarily by hydrogen bonding with residues K32, E35,
G36, L38, Y39, V40, and K43 (Figure 1B). The sulfoxide moiety
of allicin plays a pivotal role in anchoring the molecule through
polar interactions. Hydrophobic interactions involving residues

L38, E35, and V40 contribute further to the overall stability of
the complex.

The a-synuclein-E-ajoene complex demonstrated that E-ajoene
interacts with a shallow groove on the protein surface through
hydrogen bonding and m-7 stacking with residues Y39, G41,
K43, and T44 (Figure 1C). Its disulfide linkage and vinyl group
facilitate distinct conformational anchoring, supported by addi-
tional electrostatic interactions with E36 and hydrophobic con-
tacts with L38.

Similarly, the a-synuclein-DADS complex showed extensive in-
teractions involving residues E35, L38, Y39, G41, T44, and K45
(Figure 1D). The disulfide bond of DADS forms stable interac-
tions with both polar and nonpolar residues, while the hydro-
phobic diallyl moieties contribute to favorable van der Waals
interactions.

Overall, these findings indicate that sulfur-containing com-
pounds from A. sativum, particularly alliin, allicin, E-ajoene,
and DADS, exhibit strong and specific interactions with
a-synuclein.

3.3 | MD Simulation and Structural Stability
Analysis of a-Synuclein-Ligand Complexes

To evaluate the conformational stability and dynamic behavior
of a-synuclein upon binding with alliin, diallyldisulfide, allicin,
diallyltrisulfide, and E-ajoene, a 100-ns MD simulation was car-
ried out for each protein-ligand complex.

The results of RMSD profiles of the Ca atoms of the protein
across all five complexes show that each complex under-
goes a rapid structural relaxation phase within the initial
10-20ns, after which the protein backbone reaches equilib-
rium (Figure 2A). Among the complexes, a-synuclein-alliin
and a-synuclein-allicin exhibit the lowest average RMSD val-
ues (Figure 2A), suggesting greater conformational stability.
In contrast, the a-synuclein-E-ajoene complex shows consis-
tently higher RMSD values (~23-25 A) (Figure 2A), indicating

1909



A a-synuclein-alliin B a-synuclein-allicin

v ’
£’ k ¢ !
P { 4
& V5 \ ( ( J ' &
} ( 3 ,( B R {'/ ¥
/ Y. < k _ / S
rd ' - K7 Y -~
¢ ) St V4 8 )
. \‘\," K (\\‘ ] J/
"< AL B |
:2, Tyr39(A)
UA <
f : “ ’77TT“<S =
x [ |
) 5 -
) i/))l”,%mm) ‘ : ta < Leu38(A)
] ‘ g
Glu35(A f ) Val40(A)
Pisl o
I ‘/‘ &l

I

WS

2{;& I

[ T A AT L\s-l3(
| e

| S
L_vsSZ(Aw)QE ~ G

Glu35(A)

D a-Synuclein-DADS

‘ ‘, g
5 Py
9 r

O $ /
{ N ’f v
4 < “ »lJrAv/
<

. v t\’\

Tyr39(A)

' i %uss(m

]
——— '-‘- ",‘
- Gy :;% N Syakoa)

i
S [ L :
. g 102
Tyr39(A) . X L 5
o | o Wy
i X Lys43(A)
e e Rt GIuSSE‘i‘f{%
(JI\SG(“:;(%
Lys32(A)
'l'l|r3§xf)%

| Molecular docking of Allium sativum-derived compounds with a-synuclein. (A-D) Predicted binding conformations of alliin (A),
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aggregation-prone region of a-synuclein. The binding orientation and interaction profiles suggest stabilization of the native helical structure, poten-
tially preventing pathological unfolding and aggregation.
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FIGURE 1

substantial conformational rearrangement or structural flex-  with RMSD values plateauing around 16-18 A (Figure 2A),

ibility upon ligand binding. The other complexes (of diallyldi- suggesting these ligands moderately stabilize «-synuclein
sulfide and of diallyltrisulfide) maintained moderate stability, structure.
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The ligand RMSD plots represent the positional deviations
of the ligands relative to their initial bound poses through-
out the simulation (Figure 2B). Most ligands remained rel-
atively stable after the initial equilibration phase (~20ns),
exhibiting fluctuations within an acceptable range (<2.5A),
which indicates their consistent stability within the binding
pocket (Figure 2B). However, E-ajoene displayed high fluc-
tuation throughout the trajectory (up to ~3.5A), likely due to
conformational rearrangements or a potential flipping of the
ligand within the active site during the 50-90ns timeframe
(Figure 2B). Despite these transient fluctuations, the ligand

FIGURE 2 | Molecular dynamics simulation analysis of a-synuclein
in complex with Allium sativum-derived ligands over 100ns. (A) Root
mean square deviation (RMSD) plot showing backbone fluctuations
of a-synuclein in the presence of five different ligands. Each trace
represents one ligand-bound complex: Alliin (red), allicin (yellow),
E-ajoene (black), diallyl disulfide (DADS, blue), and diallyl trisul-
fide (DATS, pink). The results indicate that a-synuclein-alliin and a-
synuclein-allicin complexes exhibit lower RMSD values, reflecting
enhanced conformational stability, while a-synuclein-DATS shows
the highest RMSD, indicating greater structural flexibility. (B) Ligand
RMSD plot demonstrating the positional stability of the ligands with-
in the a-synuclein binding site throughout the simulation. Alliin, alli-
cin, and DADS show relatively stable binding with low RMSD values
(<2A), whereas E-ajoene and DATS display higher fluctuations, par-
ticularly DATS, suggesting more dynamic interactions or pose changes
during the simulation. (C) Root mean square fluctuation (RMSF) plot of
a-synuclein residues, highlighting residue-wise flexibility in each com-
plex. The N-terminal and C-terminal regions show expected flexibility,
while central residues involved in ligand binding display lower fluctu-
ations in the alliin and allicin complexes, supporting their role in stabi-
lizing aggregation-prone regions of a-synuclein. Elevated RMSF values
in the DATS-bound complex correlate with its higher global RMSD, re-
flecting reduced stabilization.

ultimately achieved a stabilized configuration, maintaining
its association with the protein.

For all the complexes, residues located in the N-terminal and
C-terminal regions, as well as in loop segments, showed ele-
vated RMSF values (Figure 2C), indicative of their inherent
flexibility. Notably, the a-synuclein-E-ajoene complex exhib-
ited the highest fluctuations across multiple residue segments
(Figure 2C), consistent with its elevated RMSD profile. In con-
trast, a-synuclein-allicin and -alliin complexes displayed the
least fluctuation (Figure 2C), particularly in the central struc-
tured regions, suggesting that these ligands contribute to con-
formational rigidity and localized stabilization of a-synuclein.
Importantly, residues associated with ligand binding sites
demonstrated reduced RMSF values, signifying a stable ligand-
protein interaction interface.

The binding free energies (AG binding) of all complexes were
calculated using the MM-GBSA approach (Figure 3A). Among
the studied ligands, alliin and E-ajoene exhibited the most fa-
vorable AG values, reflecting stronger binding affinities with
a-synuclein (Table 2, Figure 3A). While the helical content of
the unbound a-synuclein decreased over the simulation time,
indicating the helix-to-disorder transition of «-synuclein
during simulation (Figure 3B), the binding of the ligands
prevented the loss of helical structure of the ligand-bound a-
synuclein (Figure 3B).

Total contacts (Figure 4A), including hydrogen bonding anal-
ysis revealed differential interaction profiles among the five
complexes. For a-synuclein-alliin, key interacting residues
included Met1, Lys21, Lys58, Thr59, and GIn62, which formed
persistent hydrogen bonds throughout the simulation. The
a-synuclein-allicin complex displayed interactions predom-
inantly through residues Glu28, Lys32, Lys34, and Glu35.
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dynamics simulations in the absence and presence of ligands. The presence of alliin, allicin, E-ajoene, and DADS maintains or slightly enhances a-

helical stability throughout the simulation period, in contrast to the unbound protein which shows a gradual loss of helical structure.

TABLE 2 | Binding affinities of compounds.
Binding

Name of affinities
compound PubChem CID (kcal/mol)
Alliin 9576089 -10.8
Allicin 65036 -10.4
E-ajoene 5386591 -10.4
Z-ajoene 9881148 -5.1
2-Vinyl-4H- 133337 -6.0
1,3-dithiin
Diallyl sulfide 11617 —6.8
(DAS)
Diallyldisulfide 16590 -10.8
(DADS)
Diallyltrisulfide 16315 =75
(DATS)
Allyl methyl 66282 —6.2
sulfide (AMS)

Diallyldisulfide showed fewer hydrogen bonds, suggesting
hydrophobic interactions may be more dominant in main-
taining the complex. In the Diallyltrisulfide complex, criti-
cal hydrogen bond-forming residues included Lys10, Glu28,
Gly84, Gly86, Ser87, and Lys96. For E-ajoene, residues Lys21,
Ala89, and thr92 contributed significantly to hydrogen bond-
ing. These observations collectively suggest that although all
ligands interacted favorably with a-synuclein, the nature and
extent of interactions varied based on the chemical features of
each ligand.

In conclusion, the MD simulation analyses confirm that alliin
and allicin are potent stabilizers of a-synuclein conformation,
whereas E-ajoene, despite a strong binding affinity, introduces
notable structural flexibility.

3.4 | Time-Resolved Interaction Dynamics
of a-Synuclein With A. sativum-Derived Ligands
During MD Simulation

During the simulation, allicin is observed to engage in a network
of stabilizing interactions with key residues within the central
binding groove of a-synuclein, including Lys43, Tyr39, Leu3s,
Val40, Glu35, and Gly36 (Figure 5). These interactions involve
hydrogen bonding and hydrophobic contacts that stabilize the
sulfoxide moiety of allicin. Notably, these contacts are largely
conserved at the end of the simulation (Figure 5), indicating a
persistent binding pose. However, slight reorientation of allicin
within the groove is visible, likely due to local relaxation of side
chains, though the core interaction network (Lys43, Tyr39, Glu35)
remains intact (Figure 5), reflecting stable and robust ligand
retention.

For alliin, the binding configuration during simulation reveals
strong hydrogen bonding and electrostatic interactions with res-
idues Glu3s, Gly36, Lys32, and Leu38 (Figure 5). These contacts
are indicative of alliin anchoring itself within the NAC-adjacent
helical region, contributing to structural stabilization. At the end-
ing phase of simulation, these interactions are preserved with
minor positional adjustment of the alliin molecule, suggesting a
well-defined and energetically favorable binding mode (Figure 5).
The consistent participation of Lys32 and Glu35 in hydrogen
bonding across the simulation period underscores alliin’s strong
binding affinity and potential to prevent conformational drift of
a-synuclein.

The E-ajoene-bound complex shows a relatively dynamic inter-
action pattern. E-ajoene engages Glu35, Val40, Lys43, and Tyr39
through a combination of polar and hydrophobic interactions
(Figure 5). However, by the end of simulation, there is a visible
shift in the binding orientation, with new contacts forming with
Thr33 and a rearrangement in the positions of interacting resi-
dues such as Leu38 and Lys32 (Figure 5). This evolving interac-
tion profile suggests that while E-ajoene remains bound within
the groove, its pose is more flexible and adaptive, possibly indi-
cating a less rigid, though still relevant, stabilizing influence on
a-synuclein.
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DADS is stabilized predominantly through hydrophobic interac-
tions involving Leu38, Val40, Tyr39, and Gly36, as well as lim-
ited electrostatic interactions with Lys32 and Glu35 (Figure 5).
These interactions suggest a preference for nonpolar contacts,
consistent with the aliphatic and disulfide-rich nature of DADS.
By end of simulation, the DADS molecule retains its orientation
and maintains most of its original contacts, highlighting a sta-
ble binding configuration despite the absence of extensive hy-
drogen bonding (Figure 5). The persistence of interactions with
Leu38 and Tyr39 at both time points supports DADS' capacity
to contribute to conformational stabilization via hydrophobic
interactions.

Across all four complexes, certain residues—particularly
Tyr39, Leu3s, Gly36, and Glu35—emerge as common interac-
tion hotspots, indicating their central role in mediating ligand-
induced stabilization (Figure 5). While allicin and alliin form
extensive and persistent hydrogen bonds over time, E-ajoene
exhibits more dynamic repositioning, suggesting moderate flex-
ibility in its binding. DADS, in contrast, relies predominantly
on hydrophobic contacts but maintains a relatively fixed pose
throughout the simulation. These observations indicate that the
structural and chemical features of each ligand govern their in-
teraction dynamics with a-synuclein. Allicin and alliin, through
consistent polar interactions, appear to contribute to more stable
complexation, potentially inhibiting the structural rearrange-
ments necessary for a-synuclein aggregation. E-ajoene, although
interactive, shows more conformational plasticity, while DADS
secures its position via nonpolar forces, with limited conforma-
tional perturbation.

3.5 | PCA Reveals Ligand-Dependent Stabilization
Dynamics of a-Synuclein

PCA was employed to capture the essential collective mo-
tions and dominant conformational changes of a-synuclein
upon ligand binding, using the 100ns MD trajectories of the
protein-ligand complexes. For the PCA results for each a-
synuclein-ligand complex, the scatter plots represent pro-
jections of the MD trajectories onto the first three principal
components (PC1-PC3). Each dot corresponds to a conforma-
tional snapshot in time, colored from blue (initial frames) to red
(final frames), thus illustrating the conformational progression
throughout the simulation.

For all complexes, the major conformational transitions are
predominantly captured by PC1 and PC2. In the a-synuclein-
alliin complex, PC1 accounts for 41.12% of the total variance,
followed by PC2 (29.85%) and PC3 (7.09%) (Figure 6). The
clustering of red points in a compact zone and their limited
dispersion in PC1-PC2 and PC1-PC3 subspaces suggests a
stable conformational state attained after an initial dynamic
rearrangement. This behavior reflects effective stabilization
of the a-synuclein structure by alliin.

Similarly, the a-synuclein-allicin complex shows even higher
contributions from PC1 (47.85%) and PC2 (16.15%) (Figure 6),
suggesting that allicin also induces substantial motion along the
principal axes. However, the convergence of red-colored snap-
shots in a restricted region further supports the hypothesis of
stable complex formation. Notably, the conformational space

1913



50 ns

Vald0(A) @~

GIuJS(A)

a-synuclein-allicin

. ,?'cl,s(u(,\)
L\s-H(A)\"‘ L e

Lwt;"(:% (\ {i:mm)
valAYE r\ il

VIHS(A)

Glu3s(A)

Gly%(f‘:\:%nzuﬁygzm)

LeuJS(A

Vald0(A)

Tyr39(A)

a-Synuclein-DADS o-synuclein-E-ajoene  a-synuclein-alliin

s"%)clyum
%:\r.wﬂ)
; 39“/ Leu38(A)

GI\ 36(A)

..... ‘& Leu3s(A)

% i:‘:s‘ﬂ(z\)

Tyr39£;¥§ %Y,-:vm )

Glu35(A) E ‘
(.h.m(,\)
Lysd43(A) :E C

Glu3s(A)

lt\ll.l;&lx J fGI}M(Al
Tw:m(,\)l,"'"" %
. z.)\"ﬁ\.'-uow

E

Tyr39(A)
{_‘ * vaoa)
f" 4 \\43(,\)
Thr33(A
'o,‘,m)@ Iusm)
ansen & $ w
2 Lys32(A)
Lys32(A)
e
1v36(A
Val0(4) GbaNa)
%Gluﬁm)
mssu% L%
T\r3‘)(A)
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namics simulation. For each complex, the left panels show the 3D surface representation of a-synuclein with the bound ligand within the binding

groove, while the right panels show detailed 2D interaction diagrams depicting residues involved in hydrogen bonding, hydrophobic, and electrostat-

ic interactions. Interacting residues such as Lys32, Glu35, Gly36, Leu38, Tyr39, Val40, and Lys43 are consistently observed across different ligands.

sampled by this complex appears to be narrower than that ob-
served for alliin, indicating more restricted motion and poten-
tially stronger binding-induced rigidity.

In contrast, the a-synuclein-E-ajoene complex exhibits rela-
tively higher variability in conformational space, as shown by
the scattered red and blue dots in the PC projections. PC1 and
PC2 together explain 55.01% of the variance (38.06% and 16.94%,
respectively), while PC3 adds another 10.6% (Figure 6). The
broader dispersion of points, even in the later stages of simula-
tion, suggests a less stable binding mode and greater structural
plasticity upon E-ajoene interaction.

The a-synuclein-DADS complex exhibits moderate dynamic
behavior, with PC1 (34.85%) and PC2 (17.23%) capturing a total
of ~52% of the variance (Figure 6). Although the transition of
colors from blue to red indicates a progression to a somewhat
stable state, the wide scattering of red points implies that con-
formational stabilization is less pronounced compared to alliin
and allicin complexes.

The scree plots adjacent to each set of PCA projections display
the eigenvalue distribution across the first 10 eigenvectors. The
eigenvalue corresponding to PC1 is significantly higher than
the subsequent components in each complex, confirming that
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FIGURE 6 | Principal component analysis of a-synuclein-ligand complexes from the molecular dynamics simulations. Scatter plots represent the
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pal component. In all complexes, the first few components (PC1-PC3) capture the majority of the system's dynamic motion, with a-synuclein-allicin

showing the highest variance captured by PC1.

PC1 represents the most dominant mode of motion (Figure 6).
In all complexes, the cumulative variance reaches a plateau by
the seventh or eighth component, indicating that the majority
of the system's motion is adequately described by the first few
principal components.

Overall, PCA clearly indicates that alliin and allicin pro-
mote more defined and stable conformational landscapes of
a-synuclein compared to E-ajoene and DADS. The clustering
patterns, motion amplitudes, and eigenvalue distributions
together suggest that alliin and allicin contribute to stronger
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images showing a-synuclein-GFP aggregation in untreated cells and cells treated with 10uM of alliin or allicin. In untreated cells, distinct punc-

tate GFP-positive aggregates are visible, indicating misfolded a-synuclein accumulation. In contrast, both alliin- and allicin-treated cells exhibit a

diffuse cytoplasmic GFP signal with markedly reduced aggregate formation. Scale bar: 5um. (B) Quantification of the percentage of cells exhibiting

a-synuclein aggregates under each condition. Treatment with alliin or allicin significantly reduced the proportion of aggregation-positive cells com-

pared to untreated controls (p <0.01, Student's ¢ test). Data are represented as mean + SEM from three independent experiments.

and more stable interactions with the intrinsically disordered
a-synuclein, potentially suppressing its pathogenic misfolding
or aggregation.

3.6 | Alliin and Allicin Reduce a-Synuclein
Aggregation in SH-SY5Y Cells

To assess the modulatory effect of alliin and allicin, SH-SY5Y
neuroblastoma cells were transfected with a plasmid encoding
a-synuclein tagged with green fluorescent protein (a-synuclein-
GFP). In untreated control cells, a substantial proportion of the
a-synuclein-GFP-expressing cells exhibited distinct punctate
aggregates distributed throughout the cytoplasm, indicating
pathological misfolding and oligomerization of a-synuclein.

Upon treatment with 10 uM concentrations of alliin and allicin,
a marked reduction in a-synuclein aggregation was observed
compared to the untreated group. As shown in the representa-
tive fluorescence images, control cells expressing a-synuclein—
GFP displayed robust and widespread aggregation patterns,
characterized by intense green puncta (Figure 7A). In contrast,
cells treated with either alliin or allicin exhibited significantly
fewer fluorescent puncta, and the GFP signal appeared more
diffusely distributed throughout the cytoplasm (Figure 7A), in-
dicative of a reduction in aggregated species.

Quantitative analysis of the aggregation-positive cells revealed
a statistically significant decline in the number of a-synuclein
aggregates upon treatment (Figure 7B). The reduction was ev-
ident in both treatment conditions, with alliin and allicin both
showing similar efficacy in mitigating aggregate formation.
These findings suggest that both compounds interfere with the
intracellular aggregation pathway of a-synuclein, likely by sta-
bilizing its native conformation or enhancing its clearance via
proteostatic mechanisms.

3.7 | Alliin and Allicin Alleviate
a-Synuclein-Induced Cytotoxicity in SH-SY5Y Cells

To evaluate the cytotoxic potential of alliin and allicin in neu-
ronal cells, SH-SY5Y cells were treated with varying concen-
trations (1, 5, and 10uM) of each compound in the absence of
a-synuclein overexpression (Figure 8 A). None of the tested con-
centrations of alliin or allicin elicited significant cell death. The
percentage of viable cells remained comparable to that of un-
treated controls, indicating that both compounds are nontoxic
to SH-SY5Y cells up to a 10uM concentration.

To evaluate the potential impact of alliin and allicin on cell cycle
progression, SH-SYS5Y cells were treated with 10uM concentra-
tions of each compound, and flow cytometry-based cell cycle

1916

Proteins: Structure, Function, and Bioinformatics, 2025



>

» 1001 — 1 Untreated m
] mm Alliin P<0.01
et m Allicin P<0I£{ —
o o 1004—
o a -2
2 50 <
L [&]
o ©
R =
ol = 99
-
-
P4
Compund conc. (uM) °
B 0=
SIFONTRONY
80+ &Gc}eoée>®$®$
[ GO/G1 Phase IPRIANAR
- N N @m S Phase &‘@ & '\%Y\-}\o\
i EE G2/M Phase VU ox
o} mm Dead Cells > O
3 40- R4
o~ & ,‘5\
&

0w e

FIGURE 8 | Cytotoxicity assessment of alliin and allicin in SH-SY5Y cells using MTT assay. (A) Cell viability of SH-SY5Y cells treated with
increasing concentrations (1, 5, and 10uM) of alliin and allicin for 24h. No significant cytotoxicity was observed at any concentration, with sur-

vival rates comparable to untreated control cells, indicating that both compounds are nontoxic up to 10uM. (B) Cell cycle (cell phase) analysis of

untreated, 10uM allicin-treated, and 10 uM alliin-treated cells. (C) Effect of 10uM alliin and allicin on a-synuclein-GFP-overexpressing SH-SY5Y

cells. Overexpression of a-synuclein significantly reduced cell viability compared to untransfected cells (p <0.01). Treatment with alliin or allicin
markedly improved cell survival, suggesting that both compounds effectively attenuate a-synuclein-induced cytotoxicity (p <0.01). Data represent

mean + SEM from three independent experiments.

analysis was performed. The distribution of cells across the GO/
G1, S, and G2/M phases was comparable among untreated con-
trols and treated groups. As shown in the Figure 8B, untreated
cells exhibited 61.2% in the GO/G1 phase, 21.5% in the S phase,
and 15.6% in the G2/M phase. Cells treated with allicin dis-
played a similar distribution, with 60.8% in G0/G1, 22.0% in S
phase, and 15.2% in G2/M phase (Figure 8B). Likewise, alliin-
treated cells showed 61.6% in GO/G1, 21.3% in S phase, and 15.1%
in G2/M phase (Figure 8C). Importantly, the percentage of dead
cells remained consistently low (< 2%) across all groups, with no
statistically significant differences observed (Figure 8C). These
results indicate that treatment with alliin or allicin at 10uM
does not alter the normal cell cycle distribution or induce cyto-
toxic effects in SH-SY5Y cells, affirming the cellular safety and
compatibility of these compounds at the tested concentration.

To assess the effect of these compounds on a-synuclein-mediated
cytotoxicity, SH-SYS5Y cells were transfected with a-synuclein-
GFP and cell survival was quantified. Expression of a-synuclein
led to a marked reduction in cell viability compared to untrans-
fected control cells (Figure 8C), corroborating previous reports

that aberrant a-synuclein accumulation is detrimental to neu-
ronal viability. Interestingly, treatment with 10uM of alliin or
allicin significantly rescued a-synuclein-expressing cells from
cell death (Figure 8C). Both compounds conferred significant
protection, restoring viability to levels much closer to that of un-
transfected controls.

4 | Discussion

PD is a progressive neurodegenerative disorder primarily char-
acterized by the accumulation of misfolded a-synuclein ag-
gregates, which form intracellular inclusions known as Lewy
bodies [3, 46]. Under physiological conditions, a-synuclein ex-
ists as a soluble, intrinsically disordered protein with a propen-
sity to adopt a-helical conformations upon membrane binding.
However, in pathological states, the protein misfolds into (3-
sheet-rich fibrils through a nucleation-dependent process [47].
This transition is influenced by multiple intrinsic factors such as
mutations, posttranslational modifications, and oxidative stress,
leading to the accumulation of toxic oligomers and fibrillar
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aggregates that disrupt cellular homeostasis, impair mitochon-
drial function, and ultimately trigger neuronal death [48].
Targeting a-synuclein aggregation and its associated toxicity
is thus a compelling strategy for developing disease-modifying
therapies in PD [49].

In recent years, phytochemicals have emerged as promising
neuroprotective agents due to their multitarget capabilities, an-
tioxidant properties, and low toxicity [50]. Compounds derived
from A. sativum are particularly notable for their rich content
of sulfur-containing bioactives [13]. Our study focused on four
such compounds—alliin, allicin, E-ajoene, and DADS—and in-
vestigated their capacity to bind a-synuclein and modulate its
aggregation propensity through integrated computational and
cellular approaches.

Molecular docking and dynamic simulations revealed that
all four compounds bind with high affinity to a-synuclein.
Detailed binding analyses demonstrated that these com-
pounds engage key aggregation-prone regions and anchor
themselves through extensive hydrogen bonding, electrostatic
interactions, and hydrophobic contacts. Alliin was shown
to stabilize residues K32, G36, L38, V40, and K43, which lie
near the 3 NAC region crucial for fibril formation. Similarly,
allicin also primarily stabilized N-terminal residues such as
K32, E35, G36, L38, Y39, V40, and K43, potentially prevent-
ing early-stage conformational transitions that promote ag-
gregation. E-ajoene formed multiple interactions along loop
and helical regions but introduced more flexibility in protein
structure, while DADS established hydrophobic contacts that
may reinforce the native conformation. Importantly, these in-
teractions were observed to stabilize o-helical domains and
restrict $-sheet conversion, thereby maintaining the protein
in a less aggregation-prone state.

MD simulations further supported these findings, showing that
alliin and allicin maintained low RMSD values of the protein
backbone and reduced RMSF of residues in the central structured
domains of a-synuclein, indicating enhanced conformational sta-
bility. In contrast, E-ajoene exhibited higher RMSD and RMSF
values, suggesting greater flexibility and possibly less effective
stabilization. The Rg analysis revealed that all complexes main-
tained compact structures throughout the 100ns simulation, al-
though minor fluctuations in the E-ajoene complex reflected its
relatively looser binding conformation. MM-GBSA binding en-
ergy calculations further confirmed the thermodynamic favor-
ability of alliin and E-ajoene, aligning well with docking results.

PCA provided additional insight into the large-scale motions of
the a-synuclein complexes. Alliin and allicin displayed compact
clustering of trajectory frames along PC1 and PC2 axes, indicat-
ing minimal conformational drift and suggesting stable protein-
ligand interactions. These ligands reduced the amplitude of
dominant motions in a-synuclein, potentially lowering the entro-
pic drive towards misfolded states. Conversely, E-ajoene demon-
strated broader dispersion in conformational space, reflecting
structural plasticity and potentially transient binding, which may
limit its aggregation-inhibitory capacity under certain conditions.

Corroborating the computational findings, cellular assays using
SH-SYS5Y neuroblastoma cells expressing a-synuclein-GFP

revealed that both alliin and allicin significantly reduced in-
tracellular aggregation. Untreated a-synuclein-expressing cells
displayed numerous cytoplasmic puncta representing aggre-
gated species, whereas treatment with 10uM of either com-
pound led to diffuse GFP distribution and a marked reduction
in aggregate-positive cells. This anti-aggregation effect likely
results from the compounds’ ability to interfere with oligom-
erization and promote a-synuclein clearance or refolding [51].
Furthermore, MTT-based cytotoxicity assays demonstrated that
while a-synuclein expression alone significantly reduced cell vi-
ability, treatment with alliin or allicin effectively restored cell
survival to near-control levels. Importantly, these compounds
showed no inherent cytotoxicity at doses up to 10uM, under-
scoring their safety for therapeutic applications.

Together, these findings highlight the multifaceted neuropro-
tective potential of A. sativum-derived sulfur compounds. The
ability of alliin and allicin to stably bind a-synuclein, suppress
its aggregation, and alleviate associated cytotoxicity positions
them as promising leads for future drug development in PD.
Their dual capacity to modulate protein structure and protect
neuronal viability makes them especially attractive candidates
for further preclinical validation, including in vivo efficacy and
bioavailability studies. Additionally, their natural origin and
favorable ADMET profiles support their long-term therapeutic
applicability with minimal side effects.

One of the critical limitations of this study lies in the struc-
tural model used for a-synuclein in our in silico experiments.
a-Synuclein is intrinsically disordered in its soluble native
monomeric state under physiological conditions, lacking a sta-
ble secondary or tertiary structure. A significant fraction of its
structure attains helical conformation during its insertion in
membrane structure. Due to the absence of a complete high-
resolution structure of the full-length, disordered a-synuclein,
we employed the micelle-bound a-helical conformation as
a surrogate model. This structure has been commonly used
in previous computational studies as it captures transiently
ordered regions, particularly the N-terminal helices and the
NAC domain, which are critically involved in early aggrega-
tion and membrane interactions. While this choice enables
reproducible docking and simulation analyses, it also rep-
resents the dynamic and flexible nature of some of the native
disordered state. Therefore, the interaction patterns and stabi-
lizing effects observed in our study can be interpreted in the
context of early structural intermediates of a-synuclein, rather
than its fully unstructured form. Future studies incorporating
ensemble-based or coarse-grained approaches to model disor-
dered proteins, or experimental validation with aggregation-
prone variants, will be essential to refine our understanding
of ligand binding under physiologically relevant conditions.
Nonetheless, the consistency between our computational pre-
dictions and experimental aggregation assays supports the
biological relevance of our findings and underscores the po-
tential of the selected compounds in modulating a-synuclein
pathology.

In conclusion, this study provides compelling evidence that spe-
cific garlic-derived bioactive molecules—particularly alliin and
allicin—offer a rational, multitargeted approach to modulating
a-synuclein pathology.

1918

Proteins: Structure, Function, and Bioinformatics, 2025



Author Contributions

S. Rehan Ahmad: conceptualization, investigation, writing — original
draft, methodology, validation, visualization, software, formal analysis,
data curation, supervision, resources. Md. Zeyaullah: investigation,
methodology, validation, visualization. Abdullah M. AlShahrani:
investigation, methodology, validation, software, formal analysis.
Khursheed Muzammil: investigation, funding acquisition, methodol-
ogy, validation, software, data curation. Adam Dawria: investigation,
writing - original draft, methodology, validation, data curation, formal
analysis, software. Md. Faruque Ahmad: investigation, methodology,
validation. Ahmed Salih: investigation, methodology, validation.

Acknowledgments

The authors express their sincere gratitude to the Deanship of Research
and Graduate Studies at King Khalid University for their support and
encouragement throughout the course of this study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. L. V. Kalia and A. E. Lang, “Parkinson’s Disease,” Lancet 386, no.
9996 (2015): 896-912, https://doi.org/10.1016/S0140-6736(14)61393-3.

2. A. H. V. Schapira, K. R. Chaudhuri, and P. Jenner, “Non-Motor Fea-
tures of Parkinson Disease,” Nature Reviews Neuroscience 18, no. 7
(2017): 435-450, https://doi.org/10.1038/nrn.2017.62.

3. M. G. Spillantini, M. L. Schmidt, V. M. Lee, J. Q. Trojanowski, R.
Jakes, and M. Goedert, “Alpha-Synuclein in Lewy Bodies,” Nature 388,
no. 6645 (1997): 839-840, https://doi.org/10.1038/42166.

4.V. N. Uversky, “Neuropathology, Biochemistry, and Biophysics of
Alpha-Synuclein Aggregation,” Journal of Neurochemistry 103, no. 1
(2007): 17-37, https://doi.org/10.1111/j.1471-4159.2007.04765 .

5.P. Kumari, D. Ghosh, A. Vanas, et al., “Structural Insights Into o-
Synuclein Monomer-Fibril Interactions,” Proceedings of the National
Academy of Sciences of the United States of America 118, no. 10 (2021):
€2012171118, https://doi.org/10.1073/pnas.2012171118.

6. M. H. Polymeropoulos, C. Lavedan, E. Leroy, et al., “Mutation in the
a-Synuclein Gene Identified in Families With Parkinson's Disease,” Sci-
ence 276, no. 5321 (1997): 2045-2047, https://doi.org/10.1126/science.
276.5321.2045.

7.D. N. Hauser and T. G. Hastings, “Mitochondrial Dysfunction and
Oxidative Stress in Parkinson's Disease and Monogenic Parkinsonism,”
Neurobiology of Disease 51 (2013): 35-42, https://doi.org/10.1016/j.nbd.
2012.10.011.

8. P. Brundin, K. D. Dave, and J. H. Kordower, “Therapeutic Approaches
to Target a-Synuclein Pathology,” Experimental Neurology 298, no. Pt B
(2017): 225-235, https://doi.org/10.1016/j.expneurol.2017.10.003.

9. C. R. Fields, N. Bengoa-Vergniory, and R. Wade-Martins, “Targeting
Alpha-Synuclein as a Therapy for Parkinson's Disease,” Frontiers in Mo-
lecular Neuroscience 12 (2019): 299, https://doi.org/10.3389/fnmol.2019.
00299.

10. S. Chia, Z. Faidon Brotzakis, R. I. Horne, et al., “Structure-Based Dis-
covery of Small-Molecule Inhibitors of the Autocatalytic Proliferation

of a-Synuclein Aggregates,” Molecular Pharmaceutics 20, no. 1 (2023):
183-193, https://doi.org/10.1021/acs.molpharmaceut.2c00548.

11. C. Henchcliffe and M. F. Beal, “Mitochondrial Biology and Oxida-
tive Stress in Parkinson Disease Pathogenesis,” Nature Clinical Prac-
tice Neurology 4, no. 11 (2008): 600-609, https://doi.org/10.1038/ncpne
uro0924.

12. M. Kujawska and J. Jodynis-Liebert, “Polyphenols in Parkinson's
Disease: A Systematic Review of In Vivo Studies,” Nutrients 10, no. 5
(2018): 642, https://doi.org/10.3390/nul0050642.

13. L. Bayan, P. H. Koulivand, and A. Gorji, “Garlic: A Review of Po-
tential Therapeutic Effects,” Avicenna Journal of Phytomedicine 4, no.
1(2014): 1-14.

14. H. Amagase, “Clarifying the Real Bioactive Constituents of Garlic,”
Journal of Nutrition 136, no. 3 (2006): 716S-725S, https://doi.org/10.
1093/jn/136.3.716S.

15. E. M. Hegazy, A. Sabry, and W. K. B. Khalil, “Neuroprotective Ef-
fects of Onion and Garlic Root Extracts Against Alzheimer's Disease
in Rats: Antimicrobial, Histopathological, and Molecular Studies,” Bio-
Technologia 103, no. 2 (2022): 153-167, https://doi.org/10.5114/bta.2022.
116210.

16. S. Kim, J. Chen, T. Cheng, et al., “PubChem in 2021: New Data Con-
tent and Improved Web Interfaces,” Nucleic Acids Research 49, no. D1
(2021): D1388-D1395.

17.J. A. Duke, Handbook of Phytochemical Constituents of GRAS Herbs
and Other Economic Plants (CRC Press, 1992).

18. S. K. Banerjee and S. K. Maulik, “Effect of Garlic on Cardiovascular
Disorders: A Review,” Nutrition Journal 1, no. 1 (2002): 4.

19. A. Gaulton, A. Hersey, M. Nowotka, et al., “The ChEMBL Database
in 2017,” Nucleic Acids Research 45, no. D1 (2017): D945-D954.

20. M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch, E.
Zurek, and G. R. Hutchison, “Avogadro: An Advanced Semantic Chem-
ical Editor, Visualization, and Analysis Platform,” Journal of Chemin-
formatics 4, no. 1 (2012): 17.

21. H.van de Waterbeemd and E. Gifford, “ADMET In Silico Modelling:
Towards Prediction Paradise?,” Nature Reviews Drug Discovery 2, no. 3
(2003): 192-204.

22. A. Daina, O. Michielin, and V. Zoete, “SwissADME: A Free Web
Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules,” Scientific Reports 7 (2017):
42717. https://doi.org/10.1038/srep42717.

23. A. Daina, O. Michielin, and V. Zoete, “SwisSADME: A Free Web
Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules,” Scientific Reports 7 (2017):
42717.

24. G. Xiong, Z. Wu, J. Yi, et al., “ADMETlIab 2.0: An Integrated Online
Platform for Accurate and Comprehensive Predictions of ADMET Prop-
erties,” Nucleic Acids Research 49, no. W1 (2021): W5-W14.

25. A. Daina and V. Zoete, “A BOILED-Egg to Predict Gastrointestinal
Absorption and Brain Penetration of Small Molecules,” ChemMedChem
11, no. 11 (2016): 1117-1121.

26. R. O. Potts and R. H. Guy, “Predicting Skin Permeability,” Pharma-
ceutical Research 9, no. 5 (1992): 663-669.

27.C. A. Lipinski, F. Lombardo, B. W. Dominy, and P. J. Feeney, “Ex-
perimental and Computational Approaches to Estimate Solubility and
Permeability in Drug Discovery and Development Settings,” Advanced
Drug Delivery Reviews 46, no. 1-3 (2001): 3-26.

28.U. M. Zanger and M. Schwab, “Cytochrome P450 Enzymes in Drug
Metabolism: Regulation of Gene Expression, Enzyme Activities, and
Impact of Genetic Variation,” Pharmacology & Therapeutics 138, no. 1
(2013): 103-141.

1919



29. K. Mortelmans and E. Zeiger, “The Ames Salmonella/Microsome
Mutagenicity Assay,” Mutation Research 455, no. 1-2 (2000): 29-60.

30. T. S. Ulmer, A. Bax, N. B. Cole, and R. L. Nussbaum, “Structure and
Dynamics of Micelle-Bound Human Alpha-Synuclein,” Journal of Bio-
logical Chemistry 280 (2005): 9595-9603.

31.S. K. Burley, C. Bhikadiya, C. Bi, et al., “RCSB Protein Data Bank:
Powerful New Tools for Exploring 3D Structures of Biological Mac-
romolecules,” Nucleic Acids Research 49, no. D1 (2021): D437-D451,
https://doi.org/10.1093/nar/gkaal038.

32. G. M. Sastry, M. Adzhigirey, T. Day, R. Annabhimoju, and W. Sher-
man, “Protein and Ligand Preparation: Parameters, Protocols, and In-
fluence on Virtual Screening Enrichments,” Journal of Computer-Aided
Molecular Design 27, no. 3 (2013): 221-234, https://doi.org/10.1007/
$10822-013-9644-8.

33.J. C. Shelley, A. Cholleti, L. L. Frye, J. R. Greenwood, M. R. Tim-
lin, and M. Uchimaya, “Epik: A Software Program for pK a Prediction
and Protonation State Generation for Drug-Like Molecules,” Journal of
Computer-Aided Molecular Design 21, no. 12 (2007): 681-691, https://
doi.org/10.1007/510822-007-9133-z.

34.K. Roos, C. Wu, W. Damm, et al., “OPLS3e: Extending Force Field
Coverage for Drug-Like Small Molecules,” Journal of Chemical Theory
and Computation 15, no. 3 (2019): 1863-1874, https://doi.org/10.1021/
acs.jctc.8b01026.

35.R. A. Friesner, J. L. Banks, R. B. Murphy, et al., “Glide: A New Ap-
proach for Rapid, Accurate Docking and Scoring. 1. Method and As-
sessment of Docking Accuracy,” Journal of Medicinal Chemistry 47, no.
7 (2004): 1739-1749, https://doi.org/10.1021/jm0306430.

36. Schrodinger, LLC, Schrodinger Release 2021-4: Maestro (Schrodinger,
LLC, 2021).

37. Schrodinger, LLC, The PYMOL Molecular Graphics System, Version
2.0 (Schrodinger, LLC, 2015).

38.S. Saha, B. P. Jain, D. K. Ghosh, and A. Ranjan, “Conformational
Plasticity Links Structural Instability of NAA10"28! and NAA10F!28L
Mutants to Their Catalytic Deregulation,” Computational and Struc-
tural Biotechnology Journal 23 (2024): 4047-4063, https://doi.org/10.
1016/j.csbj.2024.11.014.

39. A. Kumar, D. K. Ghosh, and A. Ranjan, “Differential Stabilities of
Mefloquine-Bound Human and Plasmodium Falciparum Acyl-CoA-
Binding Proteins,” ACS Omega 6, no. 3 (2021): 1883-1893, https://doi.
org/10.1021/acsomega.0c04582.

40. G.J. Martyna, D. J. Tobias, and M. L. Klein, “Constant Pressure Mo-
lecular Dynamics Algorithms,” Journal of Chemical Physics 101, no. 5
(1994): 4177-4189, https://doi.org/10.1063/1.467468.

41.7J.Li, R. Abel, K. Zhu, Y. Cao, S. Zhao, and R. A. Friesner, “The VSGB
2.0 Model: A Next Generation Energy Model for High Resolution Pro-
tein Structure Modeling,” Proteins: Structure, Function, and Bioinfor-
matics 79, no. 10 (2011): 2794-2812, https://doi.org/10.1002/prot.23106.

42.C. C. David and D. J. Jacobs, “Principal Component Analysis: A
Method for Determining the Essential Dynamics of Proteins,” Methods
in Molecular Biology 1084 (2014): 193-226, https://doi.org/10.1007/978-
1-62703-658-0_11.

43.S. Saha, A. Mandal, A. Ranjan, and D. K. Ghosh, “Membrane Ten-
sion Sensing Formin-Binding Protein 1 Is a Neuronal Nutrient Stress-
Responsive Golgiphagy Receptor,” Metabolism 162 (2025): 156040,
https://doi.org/10.1016/j.metabol.2024.

44. C. A. Schneider, W. S. Rasband, and K. W. Eliceiri, “NIH Image to
ImagelJ: 25Years of Image Analysis,” Nature Methods 9, no. 7 (2012):
671-675, https://doi.org/10.1038/nmeth.2089.

45.P. Udupa, A. N. Shrikondawar, A. Ranjan, and D. K. Ghosh, “As-
sessing Type I Collagen Expression and Quality in Cellular Models of
Osteogenesis Imperfecta,” Clinical Genetics 105, no. 3 (2024): 329-334,
https://doi.org/10.1111/cge.

46.S. Pande and D. K. Ghosh, “Nuclear Proteostasis Imbalance in
Laminopathy-Associated Premature Aging Diseases,” FASEB Journal
37, no. 8 (2023): €23116, https://doi.org/10.1096/£j.202300878R.

47. F. Chiti and C. M. Dobson, “Protein Misfolding, Amyloid Formation,
and Human Disease: A Summary of Progress Over the Last Decade,”
Annual Review of Biochemistry 86 (2017): 27-68.

48. A. L. Mahul-Mellier, F. Vercruysse, B. Maco, N. Ait-Bouziad, E. Bou-
crot, and H. A. Lashuel, “The Process of Lewy Body Formation, Rather
Than Simply a-Synuclein Fibrillization, Is One of the Major Drivers of
Neurodegeneration,” Proceedings of the National Academy of Sciences of
the United States of America 117, no. 9 (2020): 4971-4982.

49. R. M. Meade, D. P. Fairlie, and J. M. Mason, “Alpha-Synuclein Struc-
ture and Parkinson's Disease—Lessons and Emerging Principles,” Mo-
lecular Neurodegeneration 14, no. 1 (2019): 29.

50. M. Ayaz, A. Sadiq, M. Junaid, et al., “Flavonoids as Prospective Neu-
roprotectants and Their Therapeutic Propensity in Aging Associated
Neurological Disorders,” Frontiers in Aging Neuroscience 11 (2019): 155.

51. B. Winner, R. Jappelli, S. K. Maji, et al., “In Vivo Demonstration That
a-Synuclein Oligomers Are Toxic,” Proceedings of the National Academy
of Sciences of the United States of America 108, no. 10 (2011): 4194-4199.

1920

Proteins: Structure, Function, and Bioinformatics, 2025



