’ © 2025 Journal of Pharmacy & Pharmacognosy Research, 13 (3), 729-743, 2025
ISSN 0719-4250
https://jppres.com

N
DOI: https://doi.org/10.56499/jppres24.2122 13.3.729

Original Article

In silico study of a-synuclein pathology in Parkinson's disease
and the potential of H2O2 as complementary therapy

[Estudio in silico de la patologia de la a-sinucleina en la enfermedad de Parkinson y el potencial del H>O» como terapia
complementaria]

Athiyah Layla?, Sri Widyarti23, Sutiman Bambang Sumitro23*

1Magister Program, Department of Biology, Faculty of Mathematics and Natural Sciences, Universitas Brawijaya, Malang, Indonesia.
2 Department of Biology, Faculty of Mathematics and Natural Sciences, Universitas Brawijaya, Malang, Indonesia.
3Indonesia Molecule Institute, Elpico Mall No 23, 2nd floor, Malang, Indonesia.
*E-mail: sutiman@ub.ac.id

Abstract

Context: Parkinson “s disease (PD) is caused by protein aggregates composed of a-synuclein (aSyn) and its pathologies, such as mitochondrial dysfunction,
loss of dopamine neurons, dysregulation of the dopamine transporter (DAT), and absorption of aSyn. Treatment with L-DOPA could not overcome it.
Therefore, it requires complementary therapy with H,0; low dose.

Aims: To evaluate the potential of H,02 as a complementary therapy with L-DOPA.

Methods: The three-dimensional (3D) ligand and protein target structures were retrieved from PubChem and Protein Data Bank (PDB). H.0,, as ligand, was
converted using the Open Babel, which integrated with PyRx v.0.9.8. The molecular docking program used AutoDock Vina as a plug-in in PyRx v.0.9.8. Docking
visualization results were analyzed using PyMOL v.2.5.5 (Schrodinger, LLC) and Discovery Studio 2021 Client v21.1.0.20298. The protein-protein docking
program used an HDOCK server (Lab of Biophysics and Molecular Modeling, Huazhong University). Molecular dynamics simulation used YASARA Structure
v.23.9.29.

Results: H,02 could prevent the formation of aSyn fibrils by reducing the binding affinity between aSyn proteins. H,0; could avoid mitochondrial dysfunction
and loss of dopamine neurons by preventing aSyn binding to VDAC. Dysregulation of the DAT could be avoided by the ability of H.0, to prevent aSyn binding
DAT and avoid aSyn uptake by preventing aSyn binding to LRP1.

Conclusions: The H202 low dose has the potential to be a complementary therapy with L-DOPA.

Keywords: a-synuclein; bioinformatics; hydrogen peroxide; neurodegenerative disease.

Resumen

Contexto: La enfermedad de Parkinson (EP) es causada por agregados proteicos compuestos por a-sinucleina (aSyn) y sus patologias, como disfuncién
mitocondrial, pérdida de neuronas dopaminérgicas, desregulacién del transportador de dopamina (DAT) y absorcién de aSyn, no han sido superadas por el
tratamiento con L-DOPA, por lo que se requiere terapia complementaria con dosis bajas de H,0..

Objetivos: Evaluar el potencial del H20, como terapia complementaria con L-DOPA.

Métodos: Las estructuras tridimensionales (3D) del ligando y la proteina diana se recuperaron de PubChem y Protein Data Bank (PDB). El H20, como ligando,
se convirti6 utilizando Open Babel, que se integrd con PyRx v.0.9.8. El programa de acoplamiento molecular utilizé6 AutoDock Vina como complemento en
PyRx v.0.9.8. Los resultados de la visualizacion del acoplamiento se analizaron utilizando PyMOL v.2.5.5 (Schrodinger, LLC) y Discovery Studio 2021 Client
v21.1.0.20298. El programa de acoplamiento proteina-proteina utiliz un servidor HDOCK (Laboratorio de Biofisica y Modelado Molecular, Universidad de
Huazhong). La simulacién de dindmica molecular utiliz YASARA Structure v.23.9.29.

Resultados: El H202 podria prevenir la formacion de fibrillas de aSyn al reducir la afinidad de unidn entre las proteinas aSyn. El H.02 podria evitar la disfuncion
mitocondrial y la pérdida de neuronas dopaminérgicas al prevenir la unién de aSyn a VDAC. La desregulacion del DAT podria evitarse mediante la capacidad
del H,0, de prevenir la unidn de aSyn al DAT y evitar la captacion de aSyn al prevenir la unién de aSyn a LRP1.

Conclusiones: El H20; a dosis bajas tiene potencial de ser una terapia complementaria con L-DOPA.

Palabras Clave: a-sinucleina; bioinformatica; enfermedades neurodegenerativas; perdxido de hidrégeno.

ARTICLE INFO AUTHOR INFO
Received: June 11, 2024. ORCID: 0009-0008-2582-8257 (AL) 0000-0001-8001-4338 (SBS)
Accepted: November 25, 2024. 0000-0002-9100-7544 (SW)

Available Online: December 15, 2024.



https://jppres.com/
https://doi.org/10.56499/jppres24.2122_13.3.729
mailto:sutiman@ub.ac.id
https://orcid.org/0009-0008-2582-8257
https://orcid.org/0000-0001-8001-4338
https://orcid.org/0000-0002-9100-7544

Laylaetal.

Pathology of aSyn and potential therapy of H202

Abbreviations: ADP/ATP: Adenosine diphosphate/ Adenosine triphosphate; BBB: blood-brain barrier; DAT: dopamine transporter; H.Oz:
Hydrogen peroxide; IMM: inner membrane mitochondria; L-DOPA: levo-3,4-dihydroxyphenylalanine; LRP1: low-density lipoprotein
receptor-related protein 1; MD: Molecular dynamics; OMM: outer membrane mitochondria; PD: Parkinson’s disease; PDB: Protein Data
Bank; Rg: radius of gyration; TH: tyrosine hydroxylase; VDAC: Voltage-Dependent Anion Channel; aSyn: a-synuclein.

INTRODUCTION

Parkinson's disease (PD) is the second most com-
mon neurodegenerative disorder (Agnello and Ciac-
cio, 2022). PD causes memory and cognitive impair-
ment, tremors, and painful muscle contractions. This
disease has no cure and worsen over time, but thera-
pies and medications can reduce symptoms (Gitler et
al., 2017, WHO, 2023). The prevalence of PD has in-
creased in the last 25 years. In 2019, more than 8.5
million people had PD (WHO, 2023). PD is caused by
deficiency of dopamine and the presence of intraneu-
ronal insoluble protein aggregates of a-synuclein
(aSyn) (referred to as Lewy pathology) (Jones et al.,
2014; Hijaz and Volpicelli-Daley, 2020; Simon et al.,
2020), mitochondrial dysfunction (Park et al., 2020;
Pathak et al., 2013), the loss of dopamine neurons in
the substantia nigra pars compacta (Hijaz and Volpi-
celli-Daley, 2020), dopamine transporter (DAT)
dysregulation (Butler et al., 2015; Swant et al., 2011;
Vaughan and Foster, 2013), and aSyn uptake (Chen et
al., 2022). aSyn is a protein expressed in the presynap-
tic terminals of the central nervous system, where it
regulates neurotransmitter release (Burré et al., 2014).

PD treatment is carried out by therapy of L-DOPA
(levo-3,4-dihydroxyphenylalanine) or levodopa,
which is a precursor to dopamine, to overcome do-
pamine deficiency in PD. In recent years, there have
been problems associated with long-term use of L-
DOPA (Jones et al., 2014). L-DOPA requires energy to
be converted into dopamine, but this can be disrupted
due to insufficient available energy because of mito-
chondrial dysfunction. This is associated with aSyn
pathology and its interaction with voltage-dependent
anion channel (VDAC), specifically the ability of aSyn
to bind VDAC. These proteins are found in the mito-
chondrial outer membrane, as the main gateway for
ADP/ATP (Risiglione et al., 2021; Rosencrans et al.,
2021; Rostovtseva et al,, 2015). aSyn can block the
VDAC pore and can translocation into the mitochon-
drial inner membrane. This leads to decreased ATP
production, representing mitochondrial dysfunction
(Rostovtseva et al., 2015). L-DOPA has been convert-
ed into dopamine, and a certain amount of dopamine
is recycled by reuptake via the DAT (Jones et al,
2014). After exocytosis release, dopamine binds to
DAT and transported into the cytosol (Chen et al,
2010). DAT controls dopamine neurotransmission and
maintains dopamine homeostasis (Swant et al., 2011).
In PD, the dopamine reuptake is not functioning
properly, causing excess dopamine in the synaptic
cleft. This causes a lot of dopamine to bind to presyn-
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aptic D2 autoreceptors, and overstimulation occurs.
Then, it inhibits tyrosine hydroxylase (TH) activation,
limiting the rate of endogenous dopamine production
(Blackstone, 2009). Aggregation and spreading of
aSyn protein are major pathological features of PD
(Chen et al., 2022). aSyn oligomers, fibrils, and mon-
omers, can be transferred between cells and taken up
by neighbor cells (Kang et al., 2022). Spreading mech-
anism can mediated by low-density lipoprotein recep-
tor-related protein 1 (LRP1), which acts as the main
regulator of aSyn absorption (Chen et al., 2022; Robert
et al.,, 2020). Excessive amounts of aSyn enter neu-
ronal cells, making PD worsen.

Treatment using only L-DOPA cannot overcome
some of the problems above. Giving L-DOPA be-
comes ineffective and requires complementary thera-
py using H>O; low dose, which has neuroprotective
potential (Widyarti et al., 2023). H>O- is known to be a
toxic compound responsible for free radical-
dependent neuronal damage, but in recent years, the
‘bad reputation’ of HO; has changed (Nistico et al.,
2008). In research conducted by Nistisco et al. (2008),
the rescuing action of H>O2 showed that neuroprotec-
tion against in vitro OGD (oxygen/glucose depriva-
tion) on CA1 hippocampal neurons was observed in
slices treated with H>O> (3 mM). Research conducted
by Wang et al. (2020) states that pretreatment with
low concentrations of H,O, (50 pM) can improve the
ability of anti-oxidative stress and reduce bone mar-
row mesenchymal stem cells (BMSC) apoptosis un-
der oxidative stress. Studies from Blanc et al. (2003)
showed that 100 pM of H2O; increased ERK 1/2
phosphorylation in vascular smooth muscle cells
(VSMC). According to Jiang et al. (2017) low concen-
trations of H>O, promote the proliferation, migration,
and formation of human umbilical vein endothelial
cells (HUVECs). From some of the research above, it
can be seen that low concentrations of H>O» are very
important for several physiological processes. The
aim of this research is to determine the potential of
H>Os low dose in preventing the formation of aSyn
fibrils, preventing aSyn from binding to VDAC, DAT,
and LRP1 using in silico methods. Therefore, it is
known that H>O; low dose is a candidate for com-
plementary therapy with L-DOPA.

MATERIAL AND METHODS

Protein target preparation

Ligand drug-likeness properties were determined
with Lipinski’s rules of 5. These methods were done
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to ensure that ligands meet the requirements of drug-
likeness properties to be used as drug molecules
(Banerjee et al., 2024; Lestari et al., 2023). These prop-
erties are analyzed using the Protox III database,
which can be accessed via https://tox.charite.de by
inputting the canonical SMILES of the ligand. It could
also be used to see toxicity predictions. The com-
pound used in this study is H,O, at low concentra-
tions because it has neuroprotective abilities (Widyar-
ti et al., 2023). The protein target three-dimensional
(3D) crystal structure of Homo sapiens was retrieved
from Protein Data Bank (PDB)
(https:/ /www.rcsb.org/). The Protein target consists
of aSyn (PDB ID: 8A9L), VDAC (PDB ID: 5XDO), and
DAT (PDB ID: AF-Q01959-F1), which were retrieved
in pdb format and prepared by removing water mole-
cules using Discovery Studio 2021 Client v21.1.0.
20298, operated under Microsoft Windows 11. The
crystal structure of LRP1 had yet to be elucidated
(Boder et al., 2023). To perform homology modeling
to obtain a model of LRP1, we used SWISS-MODEL
(https:/ /swissmodel.expasy.org/). First, we used the
webserver Uniprot to find the fully sequenced of
LRP1 human sequence (Uniprot #Q07954) (Boder et
al., 2023). The sequence was copied and inputted onto
SWISS MODEL for homology modeling.

Molecular docking

Hydrogen peroxide (CID: 784) as a ligand was re-
trieved in SDF format from  PubChem
(https:/ /pubchem.ncbi.nlm.nih.gov/). The ligand
preparation process was also carried out using Open
Babel (Price et al., 2014) integrated into PyRx 0.9.8
software to lower or minimize the free energy of the
ligand (Lestari et al., 2023). Then, it was converted
into pdbqt format. AutoDock Vina integrated in PyRx
v.0.9.8. was used for docking H>O»-aSyn proteins. We
used a rigid docking method in this study, with 50
exhausted and nine modes parameters and visualiza-
tion used PyMOL v.2.5.5 (Schrodinger, LLC) and Dis-
covery Studio 2021 Client. In the body, aSyn, some
are in monomer form, and some have formed poly-
mer (aggregation of aSyn) (Moriarty et al., 2013).
Thus, the potential of H2O, was known to prevent
aSyn monomers from aSyn aggregation and prevent
the binding of monomers or polymers aSyn to pro-
teins target (VDAC, DAT, and LRP1). HDOCK server
(from Lab of Biophysics and Molecular Modeling,
Huazhong University)
(http:/ /hdock.phys.hust.edu.cn/) was used for pro-
tein-protein docking to form complexes: VDAC-aSyn,
DAT-aSyn, and LRP1-aSyn (all in monomeric or pol-
ymeric a-Syn form, with and without H»O»). Then,
the binding energy and binding site of each complex
were analyzed. Validation of the docking method:
This could be seen from the binding energy, which
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had a negative value, indicating that the receptor-
ligand interaction took place spontaneously. Free
energy analysis was obtained from docking results
using HDOCK by looking at the docking score that
showed the free energy value and then comparing
protein complexes with and without H2O,. Chemical
interaction of ligand and target protein could be seen
from the docking result complex opened with Discov-
ery Studio, which saw the ligand interaction of non-
bond and unfavorable non-bond sections (category
and type, to know the type of interaction).

Molecular dynamic

Molecular dynamics (MD) was performed simula-
tion wusing YASARA Structure v.23.9.29, with
forcefield AMBER 14. The variables for simulation
included the water solvent with a density of 0.997
g/mL; ion concentration of NaCl 0.9%; pH 7.4; tem-
perature 310K (Lestari et al., 2023); save interval was
set in 25000 fs and duration of simulation in 20 ns. To
evaluate the stability of the simulated system, it was
necessary to analyze: molecular mechanic Poisson
Boltzmann surface area (MMPBSA), root mean square
deviation (RMSD), backbone root mean square fluc-
tuation (RMSF), radius of gyration (Rg), and super-
impose (Biswas et al., 2023; Chaudhuri et al., 2019).
From MD results in tab.file format was changed to
Microsoft Excel. Then, the wvalues of MMDPBSA,
RMSD, RMSF, Rg, and superimpose of each complex
were compared. Then, the data presentation was dis-
played as a picture with an insert chart in Microsoft
Excel.

RESULTS AND DISCUSSION

To advance the discovery and development of
new drugs, evaluation of similar 'drug-like' properties
of molecules at an early stage of the discovery-
research process was undertaken. The simplest and
most widely used approach was the Lipinski Rule or
Rule of Five (ROF), developed by Lipinski et al.
(2012). It was a rule of thumb for evaluating drug-
likeness or determining whether a chemical com-
pound with a particular pharmacological or biological
activity had properties that would make it an active
drug. In the discovery set, the 'rule of 5' predicted that
poor absorption or permeation was more likely when
there were more than 5 H-bond donors, 10 H-bond
acceptors, a molecular weight (MWT) greater than
500, and a calculated Log P (CLogP), greater than 5
(or MlogP. 4.15) (Lipinski et al., 2012). Ligands met
Lipinski’s rule of 5 (Table 1) and are included as safe
compounds because it has a toxicity class 23, with
topological polar surface area (TPSA) also being be-
tween 0 and 140 (Lestari et al, 2023).
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Table 1. The result of Lipinski rule from Protox III.

Name

Hydrogen peroxide

Molecular weight (g/mol)

Number of hydrogen bond acceptors
Number of hydrogen bond donors
Number of atoms

Number of bonds

Number of rotable bonds

Molecular refractivity (m*/mol)
Topological polar surface area (A?)

Octanol/water partition

34.01
2

2

2

1

0
5.26
40.46

0.02

Source: https://tox.charite.de

LRP1-aSynH202(pol)
LRP1-aSyn(pol)
LRP1-aSynH202
LRP1-aSyn
DAT-aSynH202(pol)
DAT-aSyn(pol)
DAT-aSynH202
DAT-aSyn
VDAC-aSynH202(pol)
VDAC-aSyn(pol)
VDAC-aSynH202
VDAC-aSyn
aSynH202-aSyn

Complex
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Figure 1. The binding energy of all complexes from HDOCK.

aSyn-oSyn

(=]

Potential of H>O; molecule to reduce binding
affinity

The potential of H>O; to prevent the formation of
aSyn fibrils and prevent aSyn from binding the pro-
tein target (VDAC, DAT, and LRP1) could be known
by its ability to reduce the binding affinity value,
change the interaction type and active site residues of
the aSyn-protein target complex (all active site resi-
dues shown in supplementary Table S1). The docking
result showed that the complexes without H2O, mole-
cules have a lower binding energy (Fig. 1), indicating
that the complexes had a higher binding affinity than
the complexes with H>O,. Because of the lower or
more negative binding energy of the docking results,
the binding affinity of ligand and protein target is
higher (Li et al., 2021). There was a change in the in-
teraction types and active sites on aSyn-protein target
complexes (Table 2). This indicated that H:O:
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can interfere with the active site residue on the target
protein, making it not the active site residue that is
bound.

Based on the results of the analysis showed the
addition of unfavorable bonds, which were bonds
that could affect stability. The formation of unfavora-
ble bonds between protein-ligand complexes reduced
the stability of the complex because this bond showed
the repulsive force that occurs between two molecules
and an atom (Dhorajiwala et al.,, 2019). Therefore,
with the increase in unfavorable bonds, it was possi-
ble for aSyn to be released from its protein target. In
the VDAC-aSynH>Oxpoy complex, the number of
conventional hydrogen bonds and carbon-hydrogen
bonds was reduced. This also reduced the stability of
the complex because conventional hydrogen bonds
were basically the fundamental stabilizing force in
biomolecular structures (Horowitz and Trievel, 2012).
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Table 2. Change in the active site and type of interaction of all complexes.

Complex Change in the active site and type of interaction
aSyn-aSyn compared to aSyn e  GLUS5T from conventional hydrogen bond - carbon-hydrogen bond.
H20, aSyn e ALA91 from hydrophobic bonds = carbon-hydrogen bond.
e Theelectrostatic bond possessed by the aSyn monomer changes from the active residue.
GLU5T to LYS58.
e ALA53 and VAL48, conventional hydrogen = unfavorable bond.
VDAC-aSyn compared to VDAC- e  Forming new bonds that did not exist before, SER44 and GLU189 form conventional hydrogen.
aSynH;02 bonds and LEU10 forms a new hydrogen carbon bond.
e There was a change in electrostatic bond residues from LYS20 to LYS32.
VDAC-aSynpo) compared to . Conventional hydrogen bond and carbon-hydrogen bonds in the VDAC-AsynH202(poly cOmplex.

VDAC-aSynH202(po) are reduced when compared to the amino acid residues in the VDAC-aSyn(p.) complex.

e  Thereis an addition of amino acid residues in the hydrophobic, electrostatic and unfavorable
bonds in the VDAC-AsynH202(p0)) complex.

e  THR107 from unfavorable bonds - conventional hydrogen bond.
e ARG218from hydrogen bonds = electrostatic bond.

e  THR80 conventional hydrogen bond-> unfavorable.

e ASN185 carbon-hydrogen bond > unfavorable bond.

DAT-aSyn compared to DAT- .
aSynH»0,

GLU608 unfavorable bond - conventional hydrogen bond.
e ARG606 hydrophobic bond = unfavorable bond.
e  VAL620 and ARG615 electrostatic bond = conventional hydrogen bond.

DAT-aSynH202(p0) compared to . DAT-aSynH:202(pol) has unfavorable bonds, while the DAT-aSyn po) complex does not have
DAT-aSynpol) unfavorable bonds at ARG515.

LRP1-aSyn compared to LRP1- e ASN202 conventional hydrogen bond - unfavorable bond.

aSynH202 . In the LRP1-Asyn complex, there is a sulfur-X interaction at residue CYS208.
LRP1-aSynpoy compared to e  The LRP1-aSynH:0:po) complex has fewer conventional hydrogen interactions.

LRP1-aSynH202(po)

e GLN122unfavorable bond - conventional hydrogen bond.

e ALA123 carbon-hydrogen bond - hydrophobic bond.

The presence of H>O, molecules had the potential
to reduce the binding stability of the complex. In the
LRP1-aSyn complex, there is a sulfur-X. These inter-
actions belong to noncovalent interactions involving
sulfur atoms and play an important role in protein
structure and function by contributing significantly to
protein stability, folding, and biological activity
(Kojasoy and Tantillo, 2023). Thus, the LRP1-aSyn
complex was more stable than the LRP1-aSynH>O». In
conclusion, changes in interactions indicated that the
presence of H>O, molecules affects the interaction of
aSyn with the protein target, and H>O» molecule had
the potential to prevent aSyn from binding to the
protein target.

The potential of HO, molecule to prevent aSyn
formation of fibrils

Fibrillogenesis and aggregation on aSyn (oligo-
mers and amyloid fibrils) are highly toxic (Lashuel et
al., 2013; Michel et al., 2016). Therapeutic interven-
tions directed at reducing toxicity and aggregation of
aSyn are needed to develop future treatments for PD
(Moriarty et al., 2013). The total RMSD was used to
confirm the stable nature of the protein-ligand com-

https://jppres.com

plex under simulated conditions (Alom et al., 2023).
Lower values of total RMSD indicated more stable
molecules (Biswas et al., 2023). RMSD provided in-
formation related to protein conformational changes.
RMSD >2.50A indicated conformational changes in
protein structure, and RMSD >8.0A indicated unfold-
ing (Sumaryada et al, 2016). The average of total
RMSD complexes with HxO, (aSynH>O. and
aSynH;O,-aSyn) was higher (Fig. 2A). The total
RMSD value was also in accordance with the value of
Ca RMSD (Fig. 2B). Ca RMSD could indicate a con-
formational change in the target protein. The presence
of H>O, molecules increased the total and Ca RMSD
value and underwent unfolding (Sumaryada et al.,
2016), which caused the protein to be non-functional
(Alaei et al., 2021), and the potential to reduce aSyn
pathology. In native condition, aSyn is in an unfolded
state, so the presence of H O, molecules makes aSyn
in its native state, which prevents folding. Because the
presence of folded monomers aSyn facilitated the
formation of fibrils and led to the formation of Lewy
bodies and the development of PD (Uversky, 2008).
The presence of H O, molecules can prevent the for-
mation of aSyn fibrils.
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Figure 2. Molecular dynamics (MD) results of H.0, potency to prevent the formation of aSyn fibrils.

(A) Total root mean square deviation (RMSD); (B) Ca RMSD; (C) root mean square fluctuation (RMSF) value of aSyn-aSyn and aSynH.0,-aSyn complex;
(D) Superimpose of aSyn H.0,complex; (E) Superimpose aSynH.0,-aSyn complex (purple: before MD simulation, grey: after MD simulation).

The RMSD result was supported by the RMSF
analysis (Fig. 2C). H>O» molecule increased the RMSF
in the active site. RMSF was used to measure fluctua-
tions in the interaction or position of ligands with
amino acid residues (Farmer et al., 2017).

In the aSynH>O»-aSyn complex, the amino acid
residues that fluctuated exceeded 3 A, at numbers 45,
58, 80, 86, and 97, and the highest reached 5 A resi-
dues at numbers 83 and 94, which were included in
the active site residues, it was estimated that these
residues have a major impact on ligand binding
(Rampogu et al., 2022). A high RMSF value indicated
greater flexibility with a maximum degree of fluctua-
tion (Ajjarapu et al., 2021). A lower RMSF value of the
binding site residue indicated the stability of ligand
binding to the protein (Soumia et al., 2022). When the
active site residue fluctuated, it had the potential for
aSyn protein to be released from the aSynH>O»-aSyn
complex, so that the formation of aSyn fibrils could be
prevented. Proteins that unfolded in the aSynH>O»
complex (Fig. 2D) and aSynH»O»-aSyn (Fig. 2E) could
be seen from the superimpose results. The superim-
pose showed the comparison of all protein samples
before and after the simulation. This analysis pro-
vides information about the effect of ligand binding
on the conformational stability of protein receptors
(Bauer et al., 2008).
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The potential of H,O> molecule to prevent aSyn
binding to VDAC

aSyn regulated mitochondrial function through
the VDAC. When complexed with aSyn, the C-
terminal domain was transiently captured within the
VDAC pore and partially blocked, reducing
ATP/ADP transport (Risiglione et al., 2021). Subse-
quently, aSyn could translocate to the mitochondria
through the VDAC, interfere with mitochondrial res-
piration (interaction with the complex-I electron
transport chain), decrease ATP production, and cause
mitochondrial dysfunction (Rajendran et al., 2022).
Therefore, it was possible to regulate the complexa-
tion of aSyn with VDAC with H>O, low dose. Dock-
ing results showed the ability of H>O» to reduce the
binding affinity of aSyn protein with VDAC (Fig. 1).
This result is supported by total RMSD (Fig. 3A).
VDAC-aSyn complex had a high total RMSD value
(>8A) indicating the VDAC protein becomes unfunc-
tional when it binds to aSyn (Sumaryada et al., 2016).
VDAC-aSynH;O, complex has a lower total RMSD
value of <8A, potentially making the complex more
functional. However, this result is not in accordance
with the VDAC that binds to the aSyn polymer
(VDAC-aSynor), which has a lower total RMSD val-
ue than the VDAC-aSynH>Oxpo1) complex.
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As a result of the Ca RMSD (indicating a confor-
mational change in the target protein) (Fig. 3B), the
VDAC-aSynH2Oxpoy complex has a low Ca RMSD
value, although it does not show a significant de-
crease. However, when viewed from the results of
RMSF analysis of protein stability (Fig. 3C). When
compared to the VDAC-asyn oy complex, the VDAC-
aSynH>Oxpoy complex has more active sites that expe-
rience high fluctuations exceeding 3 A, at residues
212, 218, 186, 189, 168, and 185. These results indicat-
ed that the bond between VDAC and aSynH:>Ozpol
becomes less stable (Ajjarapu et al., 2021; Rampogu et
al., 2022), and the aSynH>Ox o1 ligand has the poten-

Pathology of aSyn and potential therapy of H202

tial to detach from VDAC, this can be validated by the
results of the RMSF analysis of ligand stability (Fig.
3D), which shows that the aSynH:>Ozpo ligand in the
VDAC-aSynH>Ox o1y complex has a higher fluctuation
value compared to the aSyn o ligand in the VDAC-
aSyngoy complex. Thus, the H>O, molecule can in-
crease the RMSF value at the binding active site and
can reduce the stability of the complex, and has the
potential to detach the aSyn protein binding with
VDAC. Therefore, mitochondrial dysfunction can be
prevented, and ATP production returns to normal.
For more details can be seen from the superimpose of
the complex (Fig. 3E-F).
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Figure 4. Molecular dynamics (MD) result from the potential of the H,02 molecule to prevent aSyn binding to the dopamine transporter (DAT).

(A) Total root mean square deviation (RMSD); (B) root mean square fluctuation (RMSF) value; (C) Superimpose of voltage-dependent anion channel (VDAC)-
aSynH.0;; (D) Superimpose of DAT-aSynH:02p0 (Brown-purple: before MD simulation; Grey: after MD simulation).
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The potential of H>O> molecule to prevent aSyn
binding to DAT

DAT regulates dopamine signaling and may inter-
act with the neuronal protein aSyn, (Threlfell et al.,
2021). The formation of DAT-aSyn complexes is an
aberration and may contribute to the degeneration of
dopamine neurons in PD (Longhena et al., 2018).
aSyn may modulate DAT activity by regulating its
presence on the cell surface. The interaction of DAT
and aSyn can influence the membrane microenvi-
ronment near the transporter. DAT activity is inhibit-
ed when aSyn is overexpressed and can change do-
pamine neuron homeostasis (Butler et al., 2015; Swant
et al., 2011). Therefore, we evaluated the potential of
H>O» to prevent aSyn binding to DAT. Docking re-
sults (Fig. 1) show that the presence of H>O> mole-
cules can decrease the binding affinity of aSyn pro-
tein with DAT. This is supported by the results of the
total RMSD analysis (Fig. 4A).

The total RMSD of the DAT-aSynol complex in-
creased significantly to >8A, indicating when DAT
binds polymer aSyn, it becomes an unfolding protein
and becomes non-functional (Alaei et al., 2021). DAT-
aSynH>Ozpoy complex has lower total RMSD values
<8A: this indicates the complex becomes more stable
and allows DAT to become more functional. Howev-
er, when looking at the total RMSD of the DAT-aSyn
and DAT-aSynH>O, complexes, it shows the opposite
result, where the DAT-aSynH>O, complex has a high-
er total RMSD value. The results of RMSF analysis

https://jppres.com

(Fig. 4B) show the DAT-aSynH>O. complex, all active
binding site residues fluctuations (RMSF value >3A),
at residue numbers 521, 606, 610, 615, 619, 620, 608
and 518. Fluctuations in the active site residue cause a
decrease in the stability of aSynH>O, binding to the
DAT (Ejaz et al.,, 2023) and allow aSynH»O; release
from DAT. In the DAT-aSynH>Ox o1 complex, where
all active sites also increase in fluctuations at 514, 606,
610, 615, 619, 608, 515, 518, 618, 619. This indicates
that the H>O, molecule can increase the RMSF value
of the DAT-aSynH>O, and DAT-aSynHxOzpoy com-
plex, specifically at the active site residue, the com-
plex becomes less stable and the bonds between ami-
no acid residues become tenuous (Wargasetia et al.,
2023). The presence of H>O, molecules causes aSyn
monomers and aSyn polymers to be released from
DAT. More details can be seen in the superimpose
results (Fig. 4C-D).

The potential of H>O> molecule to prevent aSyn
binding to LRP1

The clinical progression of PD is associated with
the spread of aSyn protein aggregates. aSyn spreads
between cells and causes neurotoxicity. LRP1 is a
multifunctional endocytic receptor that is expressed
in neurons. LRP1 regulates the uptake and spread of
aSyn in the brain and may be a potential target for the
treatment of aSyn spread-related diseases (Chen et
al., 2022). H>O; molecules can reduce the binding
affinity of aSyn protein with LRP1 from the docking
results with HDOCK (Fig. 1). From the total RMSD
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analysis (Fig. 5A), which shows that the LRP1-
aSynH>O, complex has a higher total RMSD value
than LRP1-aSyn. H>O, molecules can increase the
total RMSD value; it makes the complex LRP1-
aSynH>O, unfolding and unfunctional (Alaei et al.,
2021) so that LRP1 cannot bind aSyn. This result is
inversely proportional when LRP1 binds to aSyn
polymers (LRP1-aSyngpoy and LRP1-aSynH>Oxpo),
because the LRP1-aSynH:>Oxpoly complex has a lower
total RMSD value than LRP1-aSynpol.

The RMSF results (Fig. 5B), the LRP1-aSynH:O;
and LRP1-aSynH>Oxpoy complexes show that the
H>O; molecule can increase the RMSF value at several
active site residues (206, 216, 202 and 121). Fluctua-
tions that occur in the active site residues affect the
bonding of the LRP1 protein with the aSyn, allowing

Pathology of aSyn and potential therapy of H202

the aSyn to be released. This result is supported by
Rg analysis (Fig. 5C-D). Rg analysis represents the
compactness of the protein structure (Dankwa et al.,
2022; Wargasetia et al., 2023), where higher values Rg
indicate unstable complex and lower values indicate
the protein to be more compact or stable (Hasan et al.,
2021; Lobanov et al.,, 2008; Mahmud et al., 2021).
Where complexes with H>O, molecules (LRP1-
aSynH>O, and LRP1-aSynH>Ospon) have higher Rg
values than complexes without H,O, (LRP1-aSyn and
LRP1-aSyn(pon), this indicates that the presence of
H>O, molecules increases the Rg value, making the
complex unstable and less compact, which indicates a
loose bond between binding amino acid residues.
More clearly can be seen from the superimpose result
of the complexes (Fig. 5E-F).
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Figure 6. A comprehensive illustration of the role of H,0; as a complementary therapy in Parkinson's disease.

dysfunction \ 7

~ ===~ Monomer Asyn
=Sy~ Polymer Asyn

Mytochondria dysfunction condition

From the results of molecular docking and MD
analysis, it can be seen that the H>O> molecule has the
potential to prevent aSyn forming fibrils and prevent
aSyn from binding to protein targets (VDAC, DAT,
and LRP1) by reducing its binding affinity. H>O, mol-
ecules can also affect interactions at the active site,
which causes changes in interactions. Besides that, the
presence of H>O, molecules can also increase fluctua-
tions in the active site of target proteins, making the
binding of the aSyn protein with the target protein
less stable. Potentially preventing the binding be-
tween aSyn and the target protein, as well as prevent-
ing mitochondrial dysfunction, dysregulation of do-
pamine reuptake, and the spread of aSyn from cell to
cell. Thus, HO, can be used as a complementary
therapy to L-DOPA in PD patients, will be easy to
understand with comprehensive illustration (Fig. 6).
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Supplementary data

Table 1S. Active site of all complexes from HDOCK.

Binding
energy

Complex Residue active site

aSyn-aSyn -1144.50 Conventional hydrogen: LYS32, LYS34, VAL37, TYR39, GLY41 LYS43, LYS45, VAL4S,
GLY51, ALA53, VAL55, GLU57, THR59, GLU61, VAL63, ASN65, GLY68, VALTO0, THR72,
GLY73, THR75, VAL77, GLN79, THR81, GLY84, GLY86, ILESS, ALA9O, THR92, PHE94,
LYS96, ASP98, GLY36, LYS60, GLN62, GLY67, GLUS3, LEU100

Carbon-hydrogen: VAL37, GLY41, GLU46, THR72, ALA90, GLU35, SER42, GLU83

Hydrophobic: TYR39, PHE94, LYS32, LYS34, VAL37, LEU38, VAL40, VALT1, LYS43,
LYS45, VAL48, VAL49, VALE6, VAL52, VALSS5, LYS58, LYS60, VAL63, VAL66, VALTO,
VALT4,VALT77,LYS80, VAL82, ILE88, ALA91, VAL95, LYS96, LYS97, LEU100, ALAT6,
ALAT78

Electrostatic: GLU61, LYS80, GLU57, LYS60

Unfavorable: GLY31, LYS32, LYS34, LYS43, LYS45, LYS80, LYS96, LYS97, GLU35,
GLU61, GLUS8, ASP98

aSyn-aSynHz0, -1066.09 Conventional hydrogen: LYS34, VAL37, TYR39, GLY41, LYS43, LYS45, GLY51, VAL55,
LYS58, GLU61, VAL63, ASN65, GLY68, VAL70, THR72, GLY73, THR75, VAL77, GLN79,
THR81, GLY84, GLY86, ILE88, ALA90, THR92, PHE94, LYS96, GLY36, THR44, VAL48,
HIS50, ALA53, GLU57, LYS60, GLN62, GLY67, GLU83, ASP98, LEU100

Carbon-hydrogen: VAL37, TYR39, GLY41, LYS43, LYS45, GLU46, VAL48, ALA53,
VALS55, GLU57, GLY68, THR72, VALT7, ALA90, LYS96, GLU35, SER42, THR44, GLN62,
THR64, VAL66, YS80, VAL82, ALA91, VAL95, LYS97

Hydrophobic: TYR39, PHE94, LYS32, LYS34, VAL37, LEU38, VAL40, VALT1, LYS43,
LYSA45, VAL48, VAL49, VAL66, VAL52, VALSS, LYS58, LYS60, VAL63, VAL66, VALT4,
VAL77,LYS80, VAL82, ILE88, VAL95, LYS96, LYS97, LEU100, ALAT6, ALAT8

Electrostatic: GLU61, LYS80, LYS58, LYS60

Unfavorable: GLY51, ALA53, GLY31, LYS32, LYS34, LYS43, LYS45, LYS80, LYS96,
LYS97, GLU35, GLU61, GLU83, ASP98, VAL48

VDAC-aSyn -130.59 Conventional hydrogen: THR55, GLN166

Carbon-hydrogen: TYR7, THR77,

Hydrophobic: LEU10

Electrostatic: LYS20, ASP30

Unfavorable: VAL54, THR55, THR77, ASN106, ARG15, GLY56, SER57, GLN166

VDAC-aSynH:0: -122.70 Conventional hydrogen: GLN166, SER44, THR55, GLU189

Carbon-hydrogen: TYR7, LEU10, THR77, ALA56

Hydrophobic: VAL54, LEU10

Electrostatic: LYS32, ASP30

Unfavorable: VAL54, THR77, ARG15, SER57

VDAC-aSynpol -164.42 Conventional hydrogen: LYS109, ASN185, ARG218, THR52, LYS53, THR55, ASN216,
ASP78, THR80

Carbon-hydrogen: ARG218, ASN185

Hydrophobic: LYS53, ALA209

Electrostatic: GLU189

Unfavorable: THR107, ASN76, ARG218, ASP186

VDAC-aSynH202(pol) -154.13 Conventional hydrogen SER104, ASN106, THR107

Carbon-hydrogen: SER57

Hydrophobic: LEU26, LYS53, ALA212, PRO105
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Electrostatic: ARG218, ASP186, GLU189

Unfavorable: LEU26, THR51, THR80, THR107, ALA212, ASN48, ASN168, ASN185

DAT-aSyn -182.74 Conventional hydrogen: GLN514, LEU518, ARG606, LYS619, LEU618

Hydrophobic: ARG606, ARG615, LEU518

Electrostatic: ARG615, VAL620

Unfavorable: GLN510, ARG615, ARG515, GLU608

DAT-aSynHz0: -135.36 Conventional hydrogen: ARG521, ARG606, ARG610, ARG615, LYS619, VAL620,
GLU608

Hydrophobic: ARG615, LYS619, EU518

Unfavorable: ARG515, ARG615, ARG606

DAT-aSynpol) -190.86 Conventional hydrogen: GLN514, ARG610, ARG615, LYS619, GLU608

Carbon-hydrogen: ARG515

Hydrophobic: ARG606, LEU518, LEU618, LYS619

Electrostatic: ARG615

DAT-aSynH202(pol) -189.02 Conventional hydrogen: GLN514, ARG606, ARG610, ARG615
LYS619, GLU608

Hidrogen carbon: ARG515

Hydrophobic: ARG606, LEU518, LEU618, LYS619

Electrostatic: ARG615

Unfavorable: ARG515

LRP1-aSyn -131.42 Conventional hydrogen: ASN202, ARG214, GLU206, GLU205, CYS227, SER217,
ASP194

Carbon-hydrogen: GLY195

Hydrophobic: PRO216, PRO229

Electrostatic: ARG214, ASP194

Unfavorable: ASP194, ASP196, GLU205

Other: CYS208

LRP1-aSynH-0, -123.32 Conventional hydrogen: SER217, GLU206, CYS227

Carbon-hydrogen: PRO216

Hydrophobic: VAL226, PRO229, PRO216

Electrostatic: GLU209, ASP239

Unfavorable: GLU205, GLU209, ASN202

LRP1-aSynpol -149.0 Conventional hydrogen: ASN121, THR132, VAL171, THR132, SER210

Carbon-hydrogen: ALA123

Hydrophobic: VAL168, PHE178

Electrostatic: ASP173

Unfavorable: GLN122, VAL171, ARG147, GLN12, SER175

LRP1-aSynH:0x2(pol -120.39 Conventional hydrogen ASN121, GLN122

Carbon-hydrogen: ASN223

Hydrophobic: ALA123

Electrostatic: LYS189

(pol): polymer
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