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Amyotrophic lateral sclerosis (ALS) is a severe and progressive
neurodegenerative disorder marked by the selective loss of upper and lower
motor neurons. Increasing evidence indicates that altered neuronal
excitability, driven in part by dysfunction of voltage-gated sodium channels,
contributes significantly to disease progression by promoting excessive
sodium influx and subsequent neuronal injury. Current pharmacological
options, including riluzole, offer only modest clinical benefit, underscoring
the need for alternative therapeutic strategies.In the present study, a ligand-
based drug repurposing approach was applied to identify potential modulators
of voltage-gated sodium channels for ALS management. Drug-like
compounds were initially screened using Morgan fingerprint-based similarity
analysis, followed by structure-based molecular docking using the CB-Dock
platform to assess binding interactions with the sodium channel target.
Among the evaluated compounds, 6-(2,2,3,3-tetrafluoropropoxy)-1,3-
benzothiazole-2-amine exhibited a higher binding affinity and a more
favorable interaction profile than riluzole.Detailed interaction analysis
indicated stable accommodation of the ligand within the channel cavity,
supported by key hydrophobic contacts and hydrogen-bond interactions with
functionally relevant residues. Molecular dynamics simulations further
validated the structural stability of the ligand—protein complex over the
simulation period. Additionally, in silico ADMET and toxicity assessments
suggested acceptable drug-likeness and safety properties.Collectively, these
findings indicate that 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-
amine represents a promising repurposed candidate for targeting voltage-
gated sodium channels in ALS. This study demonstrates the utility of
computational drug repurposing strategies in identifying potential therapeutic
agents for neurodegenerative disorders.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive and fatal neurodegenerative
disease characterized by the selective degeneration of upper and lower motor neurons in the brain and
spinal cord. Clinically, ALS manifests as progressive muscle weakness, spasticity, paralysis, and
ultimately respiratory failure. Despite decades of intensive research, ALS remains incurable, and
currently available therapeutic options provide only limited improvement in patient survival. The
pathogenesis of ALS is multifactorial, involving a complex interplay of glutamate-mediated
excitotoxicity, oxidative stress, mitochondrial dysfunction, abnormal protein aggregation, and
disturbances in neuronal excitability.(1-10)

Among these mechanisms, altered neuronal excitability has emerged as a critical contributor
to motor neuron degeneration in ALS. Voltage-gated sodium channels (VGSCs), which play a central
role in the initiation and propagation of neuronal action potentials, are particularly implicated in this
process. Dysregulated expression and abnormal gating behavior of sodium channels in ALS result in
excessive sodium influx, sustained membrane depolarization, and increased neuronal firing rates. This
hyperexcitable state promotes excessive glutamate release and secondary calcium overload, ultimately
triggering excitotoxic injury and accelerating motor neuron loss. Consequently, modulation of voltage-
gated sodium channel activity has gained attention as a promising therapeutic strategy for mitigating
disease progression.

Riluzole, the first drug approved by the U.S. Food and Drug Administration for ALS treatment,
exerts its neuroprotective effects in part by inhibiting voltage-gated sodium channels and suppressing
glutamate release. However, the clinical benefits of riluzole remain modest, typically extending patient
survival by only a few months. This limited efficacy highlights the pressing need to identify more
effective and selective sodium channel modulators capable of better controlling neuronal
hyperexcitability while minimizing adverse effects.(11-23)

In recent years, drug repurposing has gained prominence as a cost-effective and time-efficient
approach for discovering new therapeutic applications for existing or drug-like compounds. Ligand-
based drug repurposing strategies rely on chemical similarity to known active molecules to predict
compounds with comparable biological activity. Morgan fingerprint analysis is a widely used
cheminformatics method in this context, as it encodes detailed molecular structural features and
enables efficient similarity-based virtual screening of large compound libraries.(23-30)

In the present study, a Morgan fingerprint—guided ligand-based drug repurposing strategy was
employed to identify novel modulators of voltage-gated sodium channels for potential ALS therapy.
Riluzole was used as a reference compound to screen and prioritize structurally similar candidates.
These compounds were subsequently evaluated using structure-based molecular docking with the CB-
Dock platform to predict binding conformations and key interaction patterns within the sodium channel
binding cavity. (31-37) Molecular dynamics simulations were further conducted to assess the stability
and dynamic behavior of the ligand—protein complexes under physiologically relevant conditions. (38-
39)

Among the screened candidates, 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine
emerged as a promising compound. This molecule demonstrated stronger predicted binding affinity
and more stable interactions with the voltage-gated sodium channel compared to riluzole. (40-43) The
benzothiazole scaffold has been previously associated with neuroactive properties, while the presence
of a tetrafluoropropoxy substituent may enhance lipophilicity, metabolic stability, and central nervous
system penetration. Together, these characteristics suggest that the compound may offer improved
modulation of sodium channel activity and enhanced therapeutic potential in ALS. (44-46)

Overall, this study integrates ligand-based similarity screening, structure-based molecular
docking, molecular dynamics simulations, and in silico ADMET evaluation to identify 6-(2,2,3,3-
tetrafluoropropoxy)-1,3-benzothiazole-2-amine as a potential repurposed drug candidate for ALS. (47)
The computational repurposing framework presented here provides a rational and efficient strategy for
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discovering novel therapeutic options for complex neurodegenerative disorders such as amyotrophic
lateral sclerosis. (48-49)

Figure 1 - Normal neuronal signaling and pathological alterations in amyotrophic lateral
sclerosis.
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2. Literature Review

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative disorder
characterized by the selective degeneration of upper and lower motor neurons, ultimately leading to
muscle weakness, paralysis, and respiratory failure. Extensive research over the past decades has
demonstrated that ALS pathogenesis is multifactorial, involving glutamate-mediated excitotoxicity,
oxidative stress, mitochondrial dysfunction, abnormal protein aggregation, and neuroinflammation.
Among these mechanisms, increasing attention has been directed toward altered neuronal excitability,
which has been consistently observed in both ALS patients and experimental models. Clinical and
electrophysiological studies suggest that motor neurons in ALS exhibit a hyperexcitable phenotype
early in disease progression, which may contribute to excitotoxic injury and accelerate neuronal
degeneration.

Voltage-gated sodium channels (VGSCs) play a crucial role in regulating neuronal excitability
by controlling the initiation and propagation of action potentials. Dysregulation of these channels has
been implicated in sustained depolarization, excessive sodium influx, and increased firing rates in ALS
motor neurons. Persistent sodium currents can lead to secondary calcium overload through sodium—
calcium exchangers, ultimately triggering excitotoxic cascades and neuronal death. Several studies
have reported altered expression and functional properties of VGSC subtypes in ALS, highlighting
these channels as promising therapeutic targets. Consequently, pharmacological modulation of sodium
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channel activity has emerged as a viable strategy to reduce hyperexcitability and slow disease
progression.

Riluzole remains the only widely approved drug for ALS treatment and exerts its
neuroprotective effects partly through inhibition of voltage-gated sodium channels and suppression of
glutamate release. Although riluzole has demonstrated modest survival benefits, its limited efficacy
underscores the urgent need for more effective and selective sodium channel modulators. Previous
pharmacological and computational studies have explored sodium channel blockers and
benzothiazole-based scaffolds for neurological disorders, including epilepsy and neurodegeneration.
Benzothiazole derivatives, in particular, have attracted interest due to their favorable neuroactive
properties, structural versatility, and ability to interact with ion channels involved in neuronal signaling

3. Materials And Methods
Ligand-Based Drug Repurposing —

Lead Compound Selection Ligand-based virtual screening was performed using the DrugRep
platform, which compiles FDA-approved drugs and experimental compounds curated from the
DrugBank database. The screening library consisted of approximately 2,300 FDA-approved drugs
along with nearly 5,900 experimental molecules. (50-52)DrugRep incorporates multiple ligand
similarity approaches, including LigMate, FitDock, and various molecular fingerprint-based methods.
In this study, Morgan fingerprint—based similarity analysis was chosen because of its computational
efficiency and its proven ability to reliably identify structurally related bioactive compounds.

Riluzole, an FDA-approved therapeutic agent for amyotrophic lateral sclerosis, was selected
as the reference compound for the ligand-based drug repurposing analysis. Riluzole is known to
modulate voltage-gated sodium channel activity and thereby attenuate neuronal hyperexcitability,
which represents a central pathological feature of ALS. Owing to its well-characterized mechanism of
action and established clinical relevance, riluzole serves as a suitable benchmark for the identification
of structurally related compounds with the potential to exhibit improved sodium channel modulation.
(53-59)

Morgan Fingerprint Similarity Analysis -

The chemical structures of all compounds in the screening library were encoded as Morgan
fingerprints using the RDKit cheminformatics toolkit. (60) Fingerprints were generated with a radius
of 2 and a bit vector size of 1,024 bits. Structural similarity between riluzole and each compound in
the database was quantified using the Tanimoto similarity coefficient. Compounds exhibiting a
similarity score of > 0.6 were shortlisted as candidates with meaningful structural resemblance to
riluzole. (61-64) The highest-ranking molecules were subsequently prioritized based on their similarity
scores and drug-likeness characteristics for further evaluation through molecular docking studies. (65-
66)

Figure 2 - Workflow of ligand-based virtual screening using Morgan fingerprint similarity,
followed by prioritization of candidate compounds for structure-based validation.
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Molecular Docking Studies
Protein Structure Preparation —

Molecular docking was carried out using CB-Dock, a blind docking web server that integrates
automated cavity detection with AutoDock Vina—based scoring. The three-dimensional structure of
the voltage-gated sodium channel was obtained from the Protein Data Bank and prepared prior to
docking by removing crystallographic water molecules, adding hydrogen atoms, and assigning
appropriate atomic charges. The processed protein structure was subsequently used as the receptor for
all docking experiments. (67-73)

Binding Site Identification and Molecular Docking —

CB-Dock automatically identified potential ligand-binding cavities on the sodium channel
surface based on geometric and surface curvature analysis. For each predicted cavity, a corresponding
grid box was generated, and molecular docking was performed using AutoDock Vina. (74-77) The
compounds shortlisted from the Morgan fingerprint-based virtual screening, including 6-(2,2,3,3-
tetrafluoropropoxy)-1,3-benzothiazole-2-amine and the reference drug riluzole, were docked into the
identified binding sites. Docking poses were ranked according to their predicted binding affinity
scores. (78-82)

Docking Score and RMSD Analysis —

Docking scores, expressed in kcal/mol, were used as an indicator of ligand—protein binding
strength, with more negative values reflecting stronger predicted affinity. Root mean square deviation
(RMSD) values were calculated to evaluate the consistency and reliability of the predicted docking
poses. Ligand—protein complexes exhibiting favorable docking scores in combination with low RMSD
values were selected for subsequent analyses. (83-89)

Molecular Dynamics Simulation —

To further assess the stability of the docked complexes under dynamic conditions, molecular
dynamics (MD) simulations were conducted. The top-ranked complex of the voltage-gated sodium
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channel bound to 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine was subjected to MD
simulation under physiologically relevant conditions. (90-92) Trajectory analyses were performed to
examine structural stability, persistence of ligand binding, and time-dependent conformational changes
of the protein—ligand complex. (93)

Statistical and Data Analysis —

Descriptive statistical analyses were applied to compare docking scores, Tanimoto similarity
coefficients, and predicted binding energies of the screened compounds. Correlation analysis was
performed to explore the relationship between ligand similarity and docking performance. (94-97) All
cheminformatics, statistical analyses, and data visualizations were carried out using Python-based
tools, including RDKit for molecular analysis and Matplotlib for graphical representation. (98-102)
4. Results And Discussion

Results of Ligand-Based Drug Repurposing -

Table 1 - Justification for selecting Riluzole as the primary drug for designing new agents
targeting ALS

Justification Description

Riluzole is an FDA-approved drug effective in the treatment of amyotrophic
Established Clinical |lateral sclerosis (ALS). Its established clinical use and regulatory approval
Use gives a strong foundation for exploring its strength repurposing for other
neurological and neurodegenerative disorders.

Riluzolegives its therapeutic effect mainly by inhibiting glutamate release,
Mechanism of blocking voltage-gated sodium channels, and modulating excitatory
Action neurotransmission. These mechanisms help in reduce excitotoxicity, a key
pathological process involved in various neurodegenerative diseases.

Beyond ALS, Riluzole has demonstrated neuroprotective properties in
Potential for various preclinical and clinical trials, suggesting its potency utility in
Repurposing disorders such as Huntington’s disease, spinal cord injury, mood disorders,
and other conditions involving glutamate-mediated neurotoxicity.

Extensive pharmacokinetic and pharmacodynamic data are available for

xisting . Riluzole, including its absorption, metabolism, distribution, and safety
Pharmacological . . . . . .
Data profile. This wealth of information supports informed exploration of its

efficacy in new therapeutic indications.

Structural analogs and derivatives of Riluzole can be explored to better
Analog Exploration |binding affinity, selectivity, and bioavailability, potentially leading to
enhanced therapeutic outcomes and reduced adverse effects.
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Justification Description
Riluzole’s ability to modulate excitatory neurotransmission and oxidative
Targeting stress pathways may provide added benefits in patients with comorbid
Comorbidities neurological or psychiatric conditions, enabling a more comprehensive
treatment approach.
Riluzole has a well-characterized safety and tolerability profile from long-
. term use. This established safety data reduces the risks associated with
Safety Profile . e .. -
repurposing and accelerates the transition into advanced preclinical or clinical
trials.
Repurposing Riluzole as a lead compound offers opportunities to develop
Opportunity for novel therapeutic strategies with improved efficacy, reduced development

Novel Therapeutics

timelines, and better patient compliance for neurological and
neurodegenerative diseases.

Results of Ligand-Based Screening using the DrugRep platform -

Table 2 - Binding scores of the compound

Compound ID (DrugBank / Best Vina

Rank ZINC) Compound Name Score

1 [ZINC000256049479 6-(2.2,3,3-tetrafluoropropoxy)-1,3- 7.0
benzothiazole-2-amine

2 ZINC000003226385 6-Phenoxy-1,3-benzothiazole-2-amine -6.8

3 ZINC000016158509 6—(2,2,2—tr1ﬂuoroeth0xy)— 1,3-benzothiazole-2- 6.7
amine

4 ZINC000026508261 6—(4'1—Ch10r0phenoxy)— 1,3-benzothiazole-2- 67
amine

5 DB00740 Riluzole -6.6

6 ZINC000038478257 2-chloro-6-(trifluoromethoxy) benzothiazole |-6.6

. ZINC000000090712 6—(Tr1ﬂu0r0methy1th10)— 1,3-benzothiazole-2- 65
amine

8 ZINC000038537397 2-bromo-6-(trifluoromethoxy) benzothiazole |-6.5
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Compound ID (DrugBank / Best Vina
Rank
an ZINC) Compound Name Score

9 ZINC000002562250 6—(Tr1ﬂuor0methyl)— 1,3-benzothiazole-2- 6.5
amine

10 lZINC000002536946 6—(P1ﬂuoromethoxy)— 1,3-benzothiazole-2- 63
amine

1 ZINC000408715169 6-(2,2-D1ﬂuoroethoxy)- 1,3-benzothiazole-2- 62
amine

12 ||ZINC000026721619 6-(tert-butoxy)-1,3-benzothiazole-2-amine -5.9

13 ||ZINC000020133674 6-(Isopropoxy)-1,3-benzothiazole-2-amine -5.9

Docking studies and Validation process results -

Table 3 - Validation metrics from PDB-RED

Validation Metrics

|Original|[PDB-Redo|

Crystallographic Refinement ||

R | 02174 | 0.221

R-Free

| 0.2581 | 0.2411

Bond Geometry RMS Z-Score ||

|

| |
| |
| |
| |
| Bond Length RMS Z-Score | 0.678 | 0.669 |
| Bond Angle RMS Z-Score | 0759 | 0829 |
‘Model Quality Raw Scores (Percentiles)” H |
‘ Ramachandran Plot Normality || 4 H 2 |
‘ Rotamer Normality || 17 H 12 |
‘ Coarse Packing || 97 H 99 |
‘ Fine Packing || 68 H 87 |
‘ Bump Severity || 13 H 5 |
‘ Hydrogen Bond Satisfaction || 19 H 19 |

The table presents a comparative evaluation of structural validation parameters for the original
model and the corresponding PDB-REDO-refined structure. Overall, the PDB-REDO model
demonstrates improved geometric quality. This improvement is reflected by lower root mean square
(RMS) Z-scores for both bond lengths and bond angles, indicating better agreement with ideal
stereochemical parameters. In addition, the PDB-REDO model shows higher percentile rankings in
Ramachandran plot statistics and rotamer normality, suggesting enhanced backbone and side-chain
conformational quality.
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A modest improvement in the R-free value is observed for the PDB-REDO model, although
the R-factor is slightly higher compared to the original structure. Bump severity remains comparable
between the two models, indicating similar levels of steric clashes. Hydrogen-bond satisfaction is
marginally higher in the PDB-REDO model; however, the difference between the two structures is
minimal. Taken together, these results indicate that the PDB-REDO-refined model exhibits overall
better structural refinement and stereochemical quality, making it more suitable for subsequent

computational analyses.

Figure 3 - Comparative Analysis of Model Quality Metrics: Original vs. PDB-REDO
Refinement
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Box plot comparisons between the original protein models and their corresponding PDB-
REDO-refined structures across key model quality metrics, including R-free and Ramachandran plot
Z-scores, reveal an overall improvement in structural quality following PDB-REDO refinement. The
refined models display higher Ramachandran Z-scores and lower R-free values relative to resolution-
matched neighboring structures, indicating improved stereochemical correctness and closer agreement
with experimental data. These findings suggest that the PDB-REDO-refined models represent more
reliable and accurately optimized protein structures suitable for subsequent computational

analyses.proteinstructures.
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Figure 4 - Kleywegt-like plot
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The Kleywegt-type Ramachandran plot depicts the distribution of backbone dihedral angles (¢
and ) for residues in the protein structure. The background color gradient indicates the density of
allowed and favored conformational regions, with red regions representing the most preferred
backbone conformations. Residues from the original model and the PDB-REDO-refined structure are
shown as distinct colored points, enabling direct visual comparison of conformational quality. The
increased clustering of residues within favored regions observed for the PDB-REDO-refined model
reflects improved stereochemical accuracy and overall refinement quality of the voltage-gated sodium
channel structure..

Docking results —

Table 4 -Binding Affinity Analysis of DrugBank Compounds to Target Pockets: Identification
of Potential Drug Candidates

Sr. Drug Bank Best Vina|[Pocket
C dN ZINC ID

No, ||~ mpouna Hame D Score  |Size (A%)

1 |Riluzole DB00740 |— 6.6 512

,  [6-(Trifluoromethylthio)-1,3- - ZINC000000090712[-6.5 512
benzothiazole-2-amine

3 6—(t.ert—butoxy)—1,3—benzoth1azole—2— B ZINC00002672161911-5.9 519
amine

g |?chloro-6-(trifluoromethoxy) - ZINC000038478257(-6.6 512
benzothiazole

5 [?-bromo-6-(trifluoromethoxy) - ZINC000038537397(-6.5 512
benzothiazole

IJWOS | Vol.3 No.01, January 2026 | https://ijwos.com

400




International Journal of Web of Multidisciplinary Studies
E-ISSN: 3049-2424

Sr. Drug Bank Best Vina|[Pocket
ZINC ID
No. Compound Name ID NC Score Size (A3)

~(2.2.2-trifluorocthoxy)-1.3-
6 |0(322-tifluoroethoxy)-1,3 - ZINC000016158509]-6.7 512
benzothiazole-2-amine

7 [6-(Difluoromethoxy)-1.3- - ZINC000002536946-6.3 512
benzothiazole-2-amine

8 ij;eenoxy'l’3'benZ°thlaZ°1e'2' . ZINC000003226385|-6.8 512

g |6-(Trifluoromethyl)-1,3- _ ZINC000002562250

benzothiazole-2-amine 6.5 512

~(2.2.3.3-tetrafl 13-
jo [O(%23,3-tetratluoropropoxy)-1.3- | ZINC000256049479(-7.0 512
benzothiazoel-2-amine

11 [S-Usopropoxy)-1,3-benzothiazole- | ZINC000020133674[-5.9 512
2-amine

jp [6-(4-Chlorophenoxy)-1,3- - ZINC000026508261[-6.7 512
benzothiazol-2-amine

~(2.2-Difluorocthoxy)-1.3-
13 |0(22-Difluoroethoxy)-1,3 - ZINC000408715169]-6.2 512
benzothiazol-2-amine

Molecular docking analysis revealed several benzothiazole derivatives with favorable binding
affinities toward the voltage-gated sodium channel. Among the screened compounds, 6-(2,2,3,3-
tetrafluoropropoxy)-1,3-benzothiazole-2-amine showed the strongest predicted binding, achieving a
best AutoDock Vina score of —7.0 kcal/mol within a binding pocket of approximately 512 A3. This
binding affinity was superior to that of the reference drug riluzole, which exhibited a docking score of
—6.6 kcal/mol in the same region. Other structurally related analogues, including 6-phenoxy-1,3-
benzothiazole-2-amine (—6.8 kcal/mol) and 6-(2,2,2-trifluoroethoxy)-1,3-benzothiazole-2-amine
(—6.7 kcal/mol), also demonstrated comparable binding strengths within the identified pocket.

The consistent docking performance observed among these benzothiazole derivatives suggests
a favorable structure—activity relationship, indicating that fluorinated and ether-substituted
benzothiazole scaffolds may be particularly well suited for interaction with sodium channel binding
sites. Collectively, these results highlight 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine
as a promising candidate for further investigation and potential drug repurposing in the context of
amyotrophic lateral sclerosis.

Docking Visualization and Binding Site Analysis -

Molecular docking studies were conducted to assess the binding behavior of riluzole and
structurally related benzothiazole derivatives toward the voltage-gated sodium channel. The ligand-
binding cavities predicted by CB-Dock are visualized as semi-transparent surface representations
within the protein structure, highlighting well-defined pockets formed by key surrounding residues.
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These cavities exhibit sufficient depth and spatial organization to accommodate small-molecule
ligands, suggesting favorable accessibility and the potential for stable drug—target interactions.
Visualization of the predicted binding site from multiple orientations demonstrates consistent
pocket geometry across views, supporting the robustness and reliability of the docking predictions.
Comparative analysis indicates that fluorinated benzothiazole derivatives, particularly 6-(2,2,3,3-
tetrafluoropropoxy)-1,3-benzothiazole-2-amine, display more favorable positioning within the binding
cavity relative to the reference drug riluzole. These observations further support the potential of this
compound as a promising candidate for repurposing in the treatment of amyotrophic lateral sclerosis.

Figure S -Visualization of five binding pockets (CurPocket IDs C1-C5) on the target protein

Curpocket ID C5
Figure 6 - Molecular docking of 6-(2,2,3,3-Tetrafluoropropoxy)-1,3-benzothiazole-2-amine
with the Voltage-Gated Sodium Channel (Nav): Key binding interactions relevant to Amyotrophic
Lateral Sclerosis
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The figure illustrates the predicted binding pose of 6-(2,2,3,3-tetrafluoropropoxy)-1,3-
benzothiazole-2-amine (TFA-BTA) within a cavity identified on the voltage-gated sodium channel.
Voltage-gated sodium channels are central regulators of neuronal excitability, and their dysfunction
has been strongly implicated in the pathophysiology of amyotrophic lateral sclerosis (ALS). The
surface representation of the protein highlights a well-defined ligand-binding pocket capable of
accommodating small-molecule inhibitors, while the enlarged view provides detailed insight into
residue-level interactions stabilizing the docked complex.

The ligand is positioned deep within the channel cavity and forms multiple stabilizing
interactions with surrounding amino acid residues. Hydrogen-bond interactions are observed between
the amine (—NH2) group of TFA-BTA and polar residues, including Glu45 (E45) and adjacent
backbone atoms, contributing to polar stabilization of the ligand—protein complex. Additional
electrostatic interactions between the ligand and residues lining the binding pocket further support
favorable charge complementarity within the site.

Hydrophobic interactions play a prominent role in anchoring the benzothiazole scaffold of
TFA-BTA within the cavity. Nonpolar residues such as Phe530 (F530), Tyr757 (Y757), Leu804
(L804), Val801 (V801), and Tyr181 (Y181) form close contacts with the aromatic core of the ligand,
enhancing binding stability through van der Waals interactions. The fluorinated propoxy substituent
contributes additional hydrophobic packing, improving ligand accommodation and reinforcing binding
affinity within the pocket.

Notably, the docked conformation places the ligand in proximity to a sodium ion (Na*) within
the channel region, suggesting a potential influence on ion conduction or channel gating behavior. This
spatial arrangement supports the hypothesis that TFA-BTA may modulate sodium channel function by
stabilizing a specific conformational state of the channel.

Overall, the combined contribution of hydrogen bonding, hydrophobic contacts, and
electrostatic interactions indicates the formation of a stable ligand—protein complex. These findings
suggest that 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine may function as a potential
modulator of voltage-gated sodium channels and highlight its promise as a drug-repurposing candidate
for ALS, warranting further molecular dynamics simulations and experimental validation.

Molecular Dynamics Simulation Results -

Molecular dynamics (MD) simulations were performed to examine the structural stability,
conformational flexibility, and dynamic behavior of the 6-(2,2,3,3-tetrafluoropropoxy)-1,3-
benzothiazole-2-amine—voltage-gated sodium channel (Nav) complex under near-physiological
conditions. This approach provides detailed insight into the time-dependent effects of ligand binding
on the conformational stability of the sodium channel, which is directly relevant to its functional role
in neuronal excitability and the pathophysiology of amyotrophic lateral sclerosis (ALS).
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Figure 7 - Deformability Analysis of the 6-(2,2,3,3-Tetrafluoropropoxy)-1,3-benzothiazole-2-
amineVoltage-Gated Sodium Channel Complex
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The deformability plot reflects the intrinsic flexibility of individual regions of the voltage-gated
sodium channel following ligand binding. Overall, the majority of residues display low deformability
values (generally below ~0.6), indicating that the protein retains a largely rigid and structurally stable
conformation throughout the simulation period.

Several moderate peaks are observed at specific atom index regions, corresponding to localized
flexibility typically associated with loop regions or surface-exposed segments of the protein.
Importantly, no pronounced or abnormal fluctuations are detected in proximity to the predicted ligand-
binding site. This observation suggests that binding of 6-(2,2,3,3-tetrafluoropropoxy)-1,3-
benzothiazole-2-amine does not induce structural destabilization of the sodium channel but instead
supports the formation of a stable protein—ligand complex.

The absence of significant deformability in functionally important regions of the channel
further indicates that ligand binding is structurally well tolerated. Such stability is essential for
effective therapeutic modulation of sodium channel activity and supports the potential relevance of
this compound in the context of amyotrophic lateral sclerosis.

Figure 8 - B-Factor Comparison of the 6-(2,2,3,3-Tetrafluoropropoxy)-1,3-benzothiazole-2-
amine—Voltage-Gated Sodium Channel Complex
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The B-factor comparison plot illustrates residue-wise flexibility by contrasting values derived
from normal mode analysis (NMA) with those obtained from the corresponding reference PDB
structure. The close similarity between the NMA-derived and PDB-based B-factor profiles indicates
consistent dynamic behavior of the protein across both representations.

Regions showing moderately elevated B-factor values are primarily associated with flexible
loop segments and surface-exposed peripheral regions of the channel. In contrast, the majority of the
protein exhibits low to moderate B-factor values, reflecting overall structural rigidity. Importantly,
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residues involved in ligand binding do not display abnormal increases in B-factor values, suggesting
that ligand association does not introduce excessive local flexibility or structural strain.

Collectively, these observations confirm that the 6-(2,2,3,3-tetrafluoropropoxy)-1,3-
benzothiazole-2-amine—Nav complex remains dynamically stable throughout the simulation period.
The observed balance between rigidity and localized flexibility is consistent with a functionally
competent protein conformation capable of controlled modulation rather than structural disruption.

Figure 9 - Dynamic Cross-Correlation Matrix (DCCM) and Residue Contact Map Analysis of
the 6-(2,2,3,3-Tetrafluoropropoxy)-1,3-benzothiazole-2-amine—Voltage-Gated Sodium Channel
Complex
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The Dynamic Cross-Correlation Matrix (DCCM) analysis was conducted to assess correlated
and anti-correlated motions between residue pairs of the voltage-gated sodium channel (Nav) in the
presence of 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine during the molecular dynamics
simulation. In the DCCM plot, red regions indicate positively correlated motions, reflecting residues
that move in concert, whereas blue regions denote negatively correlated motions, corresponding to
residues moving in opposite directions. The prominent diagonal represents the self-correlation of
individual residues.

The observed correlation patterns suggest coordinated movements among specific domains of
the sodium channel, which are essential for maintaining structural stability and functional
conformational dynamics. Regions exhibiting strong positive correlations are likely involved in
preserving the structural framework required for ligand accommodation, while areas displaying anti-
correlated motions may correspond to regulatory or flexible segments contributing to channel gating
behavior. Notably, the ligand-binding region exhibits a balanced correlation pattern, indicating that
ligand binding does not induce disruptive or non-physiological motions within the protein.

Complementary residue contact map analysis further supports the stability of the 6-(2,2,3,3-
tetrafluoropropoxy)-1,3-benzothiazole-2-amine—Nav complex by depicting the spatial proximity of
residue pairs over the course of the simulation. Darker regions represent residue pairs that remain in
close contact for a significant fraction of the trajectory, while lighter regions indicate transient or
infrequent contacts. The strong diagonal pattern confirms the preservation of the protein’s secondary
structure, and dense off-diagonal regions highlight long-range interactions contributing to the overall
compactness of the channel.

Importantly, residues surrounding the predicted ligand-binding site maintain persistent contact
patterns, suggesting that ligand binding reinforces local structural coherence without destabilizing the
protein. Together, the DCCM and residue contact map analyses demonstrate that the Nav channel
retains coordinated dynamics and stable residue interactions in the presence of 6-(2,2,3,3-
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tetrafluoropropoxy)-1,3-benzothiazole-2-amine, supporting the potential of this compound as a stable
modulator of sodium channel activity in amyotrophic lateral sclerosis (ALS).

Pharmacokinetic Profile and Safety Predictions
benzothiazoel-2-amine —

for6-(2,2,3,3-tetrafluoropropoxy)-1,3-

Table 5 - ADMET and Physicochemical Profile of 6-(2,2,3,3-tetrafluoropropoxy)-1,3-

benzothiazoel-2-amine

Category Property Value / Prediction
Physicochemical Molecular Weight (MW) ~295.3 g/mol
TPSA ~45.2 A
logP (XlogP3) ~3.1 (moderately lipophilic)
logS —3.2 (low solubility)
logD (pH 7.4) ~2.7
H-bond Donors / Acceptors 1/4
Rotatable Bonds 4
Flexibility 1.33
Stereocenters 0
Medicinal Chemistry Lipinski / Plizer / GSK / Golden Accepted
Triangle
QED 0.58 (moderate drug-likeness)
SAscore 3.2 (easy—moderate synthesis)
Fsp? 0.38
NPscore / MCE-18 —0.1/42
iﬁlrlis / ALARM NMR / BMS 0/0/0
Absorption Caco-2 Permeability —4.8 (moderate)
MDCK Permeability 0.021
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Category Property Value / Prediction
P-gp Interaction Possible substrate, not inhibitor
HIA / Bioavailability High
Distribution Plasma Protein Binding (PPB) ~91%
Fraction Unbound (Fu) ~9%
Volume of Distribution (VD) 1.8 L/kg
Metabolism CYP Interactions Sl;{iiz)éilsubstrate; no major
Excretion Clearance (CL) ~7.2 mL/min/kg
Half-life (T'%) ~4.6 h
Toxicity AMES /hERG / H-HT / DILI —/—/—/-
Eye Irritation —
Skin Sensitization No alerts
Tox21 Pathways NR-AR / NR-ER —/—
Other Pathways No significant activation
g:::;;me“tal BCF /IGC50 / LCSOFM / LCS0DM |1.2/4.1/4.5/4.8

ADMET and Physicochemical Profile Analysis —

6-(2,2,3,3-Tetrafluoropropoxy)-1,3-benzothiazole-2-amine demonstrated favorable
physicochemical and pharmacokinetic properties consistent with drug-like behavior. The compound
exhibits a moderate molecular weight (~295.3 g/mol), an optimal topological polar surface area
(TPSA, ~45.2 A2), and balanced lipophilicity (XlogP3 ~3.1), supporting adequate permeability and
solubility. While predicted aqueous solubility was relatively low (logS —3.2), oral bioavailability and
human intestinal absorption were estimated to be high.

The molecule satisfied multiple drug-likeness criteria, including Lipinski, Pfizer, GSK, and
Golden Triangle rules, with a moderate quantitative estimate of drug-likeness (QED) score of 0.58 and
favorable synthetic accessibility (SAscore 3.2). Absorption predictions indicated moderate Caco-2
permeability and low MDCK permeability. The compound is predicted as a potential P-glycoprotein
substrate but not an inhibitor, suggesting limited impact on efflux-mediated transport.

Pharmacokinetic predictions indicate high plasma protein binding (~91%) and a moderate
volume of distribution (1.8 L/kg), suggesting stable systemic distribution. Metabolism analysis
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identified the compound as a CYP3A4 substrate without significant inhibitory activity toward major
CYP isoforms, reducing the likelihood of drug—drug interactions. Excretion parameters showed
moderate clearance and an estimated half-life of ~4.6 hours.

Toxicity predictions were favorable, with no alerts for AMES mutagenicity, hERG channel
inhibition, hepatotoxicity, or endocrine disruption. Environmental risk assessments suggest limited
bioaccumulation and moderate aquatic toxicity.

Overall, the predicted ADMET profile indicates that 6-(2,2,3,3-tetrafluoropropoxy)-1,3-
benzothiazole-2-amine is a stable, safe, and drug-like compound with promising potential as a
modulator of voltage-gated sodium channels for further investigation in amyotrophic lateral sclerosis
(ALS).

Figure 10 - BOILED-Egg Model Illustrating Gastrointestinal Absorption and Blood—Brain
Barrier Penetration of 6-(2,2,3,3-Tetrafluoropropoxy)-1,3-benzothiazole-2-amine
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-

HIA

The pharmacokinetic profile of 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine was
further evaluated using the SwissADME BOILED-Egg model, which predicts gastrointestinal
absorption (HIA) and blood—brain barrier (BBB) permeability based on WLOGP and TPSA values. In
the BOILED-Egg diagram, the compound is positioned within the white region, indicating a high
probability of passive gastrointestinal absorption. Its location outside the yellow (yolk) region suggests
a limited likelihood of passive BBB penetration.

This behavior aligns with the compound’s moderate lipophilicity and polar surface area, which
favor efficient intestinal absorption while restricting unrestricted diffusion into the central nervous
system. Nevertheless, limited passive BBB penetration does not necessarily preclude activity at
neuronal targets, as voltage-gated sodium channels are accessible on both peripheral and central
neuronal membranes. Furthermore, modulation of sodium channel activity in amyotrophic lateral
sclerosis (ALS) may involve indirect neuroprotective mechanisms, suggesting that extensive BBB
penetration may not be required for therapeutic efficacy.

Overall, the BOILED-Egg analysis supports the potential of 6-(2,2,3,3-tetrafluoropropoxy)-
1,3-benzothiazole-2-amine as an orally bioavailable compound, with controlled CNS exposure that
may minimize central adverse effects during long-term treatment of ALS.
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5. CONCLUSION

This study demonstrates that a Morgan fingerprint-based drug repurposing approach,
combined with molecular docking and molecular dynamics simulations, provides an effective strategy
for identifying novel modulators of the voltage-gated sodium channel in amyotrophic lateral sclerosis
(ALS). Using riluzole as a reference, structurally related compounds were screened to identify
candidates with enhanced binding and stability.

Among the screened molecules, 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-amine
exhibited stronger predicted binding affinity and more stable interactions with the sodium channel than
riluzole. Docking and simulation analyses confirmed stable hydrogen bonding, hydrophobic contacts,
and coordinated residue motions, indicating a robust ligand—channel complex under near-
physiological conditions. In silico ADMET and BOILED-Egg assessments further supported favorable
pharmacokinetic properties and safety profiles.

Collectively, these findings highlight 6-(2,2,3,3-tetrafluoropropoxy)-1,3-benzothiazole-2-
amine as a promising modulator of voltage-gated sodium channels and a potential candidate for drug
repurposing in ALS. This integrative computational framework underscores the value of in silico
approaches in accelerating the discovery of therapeutic options for neurodegenerative diseases and
provides a strong rationale for further experimental validation.
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