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Abstract: Mycosporine-like amino acids (MAAs) act as efficient photoprotective and antioxidant agents, safeguarding biological
systems from ultraviolet-induced oxidative damage. Owing to their biocompatibility and stability, MAAs have gained significant atten-
tion as eco-friendly bioactives in cosmetic and dermatological formulations. While previous research has primarily focused on their
photoprotective roles, limited attention has been given to their broader therapeutic potential. Emerging evidence suggests that these
compounds may influence multiple biochemical pathways related to aging, neural health, and immune function. However, systematic
investigations into their molecular interactions with diverse biological targets are still limited. In the present study, we address this knowl-
edge gap through a comprehensive multitarget molecular docking analysis of 32 structurally diverse MAAs against four key human
proteins implicated in oxidative stress, neurodegeneration, and immune modulation. The selected targets include acetylcholinesterase
(4EY7) for neuroprotection, matrix metalloproteinase-1 (3SHI) for anti-aging, Keapl (1U6D) for oxidative stress regulation, and
cyclooxygenase-2 (SIKR) for immunomodulation. This integrative computational approach aims to elucidate the multitarget thera-
peutic potential of MAAs, highlighting their prospective roles beyond conventional UV photoprotection. Our findings demonstrate
promising binding interactions between several MAAs and these target proteins, suggesting potential inhibitory and regulatory effects
across multiple physiological systems. These results highlight the multitarget binding potential of MAAs and suggest possible phar-
macological relevance that warrants further experimental validation. The study thus redefines the scope of MAAs, presenting them

not merely as photoprotective compounds but as versatile biomolecules with wide-ranging pharmacological relevance.
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1. Introduction

Mycosporine-like amino acids (MAAs) represent a struc-
turally diverse group of small, highly water-soluble secondary
metabolites synthesized by a wide array of organisms ranging
from cyanobacteria and micro- and macro-algae to fungi, lichens,
and certain marine invertebrates that are exposed to intense
solar UV radiation [1]. Typically, MAAs are built around either
an aminocyclohexenone or aminocyclohexenimine core, which is
often modified by the addition of amino acid or amino alcohol
substituents, thereby influencing spectral and chemical properties
[2]. These compounds are distinguished by their ability to absorb
UV-A and UV-B radiation, combined with remarkable photosta-
bility and efficient conversion of excitation energy into harmless
heat, rendering them nature’s own molecular sunscreens [1]. Their
absorption maxima (Amax) typically span the wavelength region
from approximately 309 nm to 362 nm, depending on molecu-
lar substitution and ring structure, and many MAAs exhibit high
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molar extinction coefficients (¢), underscoring their effectiveness
in UV screening.

Beyond their UV-screening capacity, accumulating evidence
highlights multifunctional bioactivities of MAAs. They have
been shown to act as antioxidants, scavenging reactive oxygen
species and thereby mitigating oxidative stress, a key contrib-
utor to cellular aging and neurodegeneration [3]. In addition,
MAAs display anti-inflammatory, anti-aging, wound healing, and
even immunomodulatory properties, suggesting that their bio-
logical effects may extend beyond cosmetic photoprotection [4].
Several review articles have summarized aspects of their chem-
istry, biosynthesis, and photoprotective functions [5—7]. However,
these reviews often emphasize specific features (e.g., UV absorp-
tion or ecological distribution) and do not always address the
broader multitarget molecular interactions that MAAs may have
in human health-relevant pathways. Therefore, we hypothesize
that MAAs are capable of interacting with multiple human pro-
tein targets involved in oxidative stress regulation, extracellular
matrix (ECM) degradation, neurotransmission, and inflamma-
tory signaling and that such interactions may contribute to their
reported multifunctional biological effects.

© The Author(s) 2026. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
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To investigate the potential multifunctional roles of MAAs
in aging, neurodegeneration, oxidative stress, and immune regula-
tion, four human protein targets with well-established biomedical
relevance were selected for molecular docking. Each target was
chosen for its critical role in a specific pathological pathway:
matrix metalloproteinase (MMP-1) as a key driver of collagen
breakdown and skin aging, AChE as a central regulator of cholin-
ergic signaling and cognitive decline, Keapl as the principal
modulator of the nuclear factor erythroid 2—related factor 2 (Nrf
2) antioxidant response, and cyclooxygenase (COX-2) as a major
mediator of inflammatory and immune pathways. By targeting
these proteins, the study focuses on complementary and clinically
relevant axes to evaluate whether MAAs may exert broad multi-
functional biological effects beyond their known photoprotective
role.

Acetylcholinesterase (AChE; PDB ID: 4EY7) is a critical
enzyme in the cholinergic neurotransmission system, catalyz-
ing the hydrolysis of acetylcholine into choline and acetic acid
at neuronal synapses. Its excessive inhibition or dysfunction
results in cholinergic imbalance, leading to cognitive decline and
neurodegenerative disorders such as Alzheimer’s disease. The
4EY7 crystal structure, resolved at 2.35 A with donepezil as
the co-crystallized ligand, provides a well-characterized model
for assessing neuroprotective activity through AChE modulation
[8, 9].

MMP-1) PDB ID: 3SHI), a zinc- and calcium-dependent
endopeptidase, catalyzes the degradation of interstitial colla-
gens (types I-III) within the ECM. Overexpression of MMP-1
contributes to photoaging and dermal collagen loss, resulting
in wrinkle formation and reduced skin elasticity. The catalytic

domain structure (2.20 A) offers a reliable framework for studying
anti-aging or collagen-protective interactions. [10-12].

Kelch-like ECH-associated protein 1 (Keapl; PDB ID:
1U6D) serves as a cytoplasmic oxidative stress sensor, regulating
the structural destabilization of Nrf2 through the ubiqui-
tin—proteasome pathway. Under oxidative conditions, Keapl
cysteine residues undergo conformational changes that prevent
Nrf2 degradation, leading to the activation of antioxidant and
detoxification genes. The B-propeller structure of the 1U6D
Kelch domain reveals the ETGE-motif binding pocket crucial for
Keapl-Nrf2 interaction, making it a prime target for discovering
antioxidant response activators [13, 14].

COX-2 (PDB ID: SIKR), also known as prostaglandin-
endoperoxide synthase-2, is an inducible enzyme responsible for
catalyzing the conversion of arachidonic acid into prostaglandin
H,, a precursor of prostaglandins involved in pain, inflammation,
and immune responses. Its crystal structure (2.34 A) in com-
plex with mefenamic acid, a nonsteroidal anti-inflammatory drug,
illustrates the substrate-binding channel and inhibitory interac-
tions within the cyclooxygenase domain, supporting its role as a
key immunomodulatory target [15, 16].

Collectively, these four targets encompass critical biochem-
ical axes, AChE for neurodegeneration, MMP-1 for skin aging,
Keapl for oxidative defense, and COX-2 for inflammation con-
trol. By docking a panel of 32 structurally diverse MAAs against
these proteins, this study aims to elucidate their potential as mul-
tifunctional bioactives, offering a unified molecular perspective
on anti-aging, neuroprotective, and immunomodulatory mech-
anisms beyond their established photoprotective role. Figure 1
summarizes the workflow of our study.
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Figure 1. Overview of the virtual screening and molecular docking workflow used for selecting potential bioactive MAAs against key

therapeutic target proteins

02



Medinformatics Vol. 00 Iss. 00 2026

2. Materials and Methods

2.1. Ligand selection and preparation

A set of 32 MAAs was chosen based on their structural
diversity and reported biological relevance from existing lit-
erature and compound databases. The two-dimensional (2D)
structures of the selected MAAs were sourced in SDF format
from the PubChem database and subsequently converted into
three-dimensional (3D) conformations using Pymol. All selected
MAAs were energy-minimized using the Open Babel minimizer
implemented in PyRx (Python Prescription 0.8), while AutoDock-
Tools (version 1.5.7, The Scripps Research Institute, La Jolla, CA,
USA) was used for adding polar hydrogens, assigning Gasteiger
charges, and converting the structures to PDBQT format for
docking [17, 18].

2.2. Protein target selection and preparation

Four target proteins representing key biological processes—
that is, aging, neurodegeneration, and immune regulation—were
selected for docking: 4EY7, human acetylcholinesterase (AChE),
central to cholinergic neurotransmission; 3SHI, human col-
lagenase (MMP-1), associated with skin aging and collagen
degradation; 1U6D, Keapl, serves as a cytoplasmic oxidative
stress sensor; and SIKR, cyclooxygenase-2, a regulator of immune
and inflammatory signaling.

Resolved protein structures were obtained from the Pro-
tein Data Bank (PDB) [19]. Each structure was preprocessed
using AutoDock Tools (v1.5.7) by removing water molecules,
co-crystallized ligands, and heteroatoms. Kollman charges were
assigned, polar hydrogens were added, and the proteins were
converted into PDBQT format. For proteins that contained co-
crystallized (native) ligands, the grid box for docking was centered
around the native ligand coordinates to define the active site. For
targets that lacked native ligands, the CASTp server (Computed
Atlas of Surface Topography of Proteins) (http:/sts.bioe.uic.edu)
was employed to identify potential binding pockets and deter-
mine their geometric centers and pocket volumes [20, 21]. These
coordinates were subsequently used to define the docking grid
parameters.

2.3. Molecular docking

Docking simulations were performed using AutoDock Vina
(v1.5.7) (http://vina.scripps. edu) to predict the most favorable
binding conformations and interactions between MAAs and the
selected protein targets [12]. Each receptor was rigid, while the
ligands were allowed full torsional flexibility. For each recep-
tor, the docking grid was defined based on either the native
ligand position or the largest pocket predicted by the CASTp
server [22].

2.4, Validation of docking protocol

The docking protocol was validated to ensure the reliability
and reproducibility of the results. For proteins with native lig-
ands (4EY7 and 3SHI), re-docking was performed, and the
resulting poses showed root mean square deviation (RMSD)
values below 2.0 A, confirming the accuracy of the docking
parameters. For the protein without a native ligand (1U6D and
SIKR), consistency of the docking approach was verified by

performing multiple independent docking runs using CASTp-
defined grid centers, which produced reproducible binding
orientations across simulations [23]. To enhance methodolog-
ical robustness, docking parameters were standardized across
all targets, including consistent exhaustiveness values and
grid definitions centered on experimentally validated binding
pockets or CASTp-predicted cavities. The docking threshold
(£ —6.5 kcal/mol) was selected based on reported literature
benchmarks where values below this range typically suggest
energetically favorable ligand—receptor interactions. However, we
acknowledge that docking scores are relative estimates and should
be interpreted comparatively rather than as absolute measures of
binding strength.

2.5. Pharmacokinetics analysis

The chosen ligands were analyzed through ADME (Absorp-
tion, Distribution, Metabolism, and Excretion) profiling to
predict their drug-likeness and pharmacological suitability.
Parameters such as molecular weight (MW), hydrogen bond
donors (HBD) and acceptors (HBA), topological polar surface
area (TPSA), rotatable bonds, lipophilicity (LogP), and water sol-
ubility were computed using freely accessible web-based platforms
SwissADME (accessed at http://www.swissadme.ch/). Compliance
with Lipinski’s rule of five, the BOILED-Egg model was assessed
to estimate oral bioavailability, human intestinal absorption, and
blood-brain barrier (BBB) permeability [24, 25].

2.6. Toxicity assessment

Toxicological assessments were carried out using OSIRIS
property explorer software, which serves to predict parameters such
as mutagenicity, carcinogenicity, and skin irritation and repro-
ductive effects, along with evaluation of drug score (DS) and
drug-likeness of selected hits[14]. The PkCSM tool was used to eval-
uate the oral toxicity risk of the shortlisted hit ligands. Compounds
exhibiting severe toxicity risks or failing multiple ADME crite-
ria were excluded from further consideration [26]. This integrative
workflow ensured that only ligands demonstrating strong binding
affinity (< 6.5 kcal mol™!), acceptable pharmacokinetic character-
istics, and favorable toxicity profiles were prioritized for subsequent
discussion as potential multifunctional bioactive candidates.

2.7. Visualization and interaction analysis

Docked complexes were analyzed using a combination of
2D and 3D visualization tools to elucidate the interaction pat-
terns and spatial conformations of the MAAs with their respective
protein targets. The top ligands, selected based on lowest bind-
ing energy as well as favorable ADME and toxicity profiles,
were examined in Discovery Studio Visualizer (v2021) to evalu-
ate the overall ligand orientation within the binding pocket, assess
the depth and complementarity of the active site, and confirm
key interactions such as hydrogen bonding, 7-7 stacking, and
hydrophobic contacts in 3D space [27].

2.8. Computational environment

All computational analyses were performed on a Windows
10 workstation equipped with an Intel Core i7 processor (3.6
GHz), 16 GB RAM, and an NVIDIA GeForce GPU (4 GB
VRAM). AutoDock Tools and AutoDock Vina (v1.5.7) were used
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for ligand preparation, grid box generation, and docking execu-
tion. All visualizations and post-docking analyses were conducted
using Discovery Studio Visualizer (v2021).

3. Results and Discussions

3.1. Target protein retrieval and preparation

The protein sequences were procured in FASTA format from
the RCSB Protein Data Bank (PDB IDs: 4EY7; 3SHI; 1U6D;
SIKR). The proteins were selected as promising candidates based
on an extensive review of the existing literature. The CASTp
web-based tool was employed to identify and analyze binding
pockets on the target proteins through geometry-driven computa-
tional approaches. The binding site in the chains, denoted by the
residue, was identified and confirmed by the server CASTpfold.
The pocket ID with maximum Area (A2) and Volume (A3) was
chosen for determining the residues [11].

3.2. Biomolecules docking study

The grid box parameters (center coordinates and dimen-
sions) used in AutoDock Vina (v1.5.7) for all targets are
summarized in Table 1. The docking algorithm generated mul-
tiple binding poses per ligand, and the conformation with the
lowest binding energy and most favorable interaction profile was
selected for further analysis. Following molecular docking, lig-
ands exhibiting a binding affinity equal to or better than —6.5 kcal
mol™! were considered to possess significant binding potential
and were selected for pharmacokinetic and toxicity evaluations.
This threshold was chosen based on literature consensus, where
docking scores below —6.5 kcal mol™ generally indicate a plau-
sible and energetically favorable interaction within the target
binding pocket. Table 2 includes a comprehensive overview of all
the screened compounds, specifying their PubChem compound
ID, molecular formula, and docking scores (in Kcal/mol) relative
to the target receptor.

Table 1. Details of grid box parameters utilized for docking analysis

Target Center Size

protein X y z X y z Energy_range Exhaustiveness
4EY7 10.945464 -56.551464 -23.467893 60 60 60 4 8

3SHI 4.923 -16.094 -10.721 40 46 52 4 8

1U6D 5.164 27.945 64.922 66 72 108 4 8

SIKR 46.045 35.464 91.964 60 60 60 4 8

Table 2. List of selected M A As with their respective PubChem ID, molecular formula, and docking score with four different target
proteins (selected hits for further assessment are mentioned in bold)

Cyanobacterial photoprotective PubChem Molecular Docking score (kcal/mol)
compounds compound ID formula 4EY7 3SHI 1U6D SIKR

Aplysiapalythine-A 171119293 C3H»N,O4 -7.2 -6.2 -6.4 -6.0
Aplysiapalythine-B 171119294 CpH, N,05 7.4 -5.9 -7.1 -5.8
Aplysiapalythine -C 171119295 C1H{9N,O5 -6.4 -5.9 -7.4 -5.9
Asterina-330 13194807 Cip,H,0N,O¢ -7.6 -6.3 -59 -6.9
Deoxygadusol 85926716 CgH;,05 6.1 -6.0 -6.8 -6.2
Euhalothece-362 139587792 Ci4H»N,O, 7.6 -7.0 -7.0 -7.2
Gadusol 195955 CgH/,04 -6.5 -6.3 -7.0 6.5
Mycosporine-methylamine-serine 171990363 C1H3N,05 -6.8 -6.0 -1.5 -7.0
Mycosporine-serinol 4485537 C1H9NOg -6.7 -6.0 -6.3 -6.8
Mycosporine-taurine 155802258 Cy0H{;NO;S =5.7 -6.4 -7.4 6.8
Mycosporine-2-glycine 23427657 Ci,H3N,0, -8.0 -6.8 -6.2 -7.4
Mycosporine-GABA 146683910 Ci,H1yNOg -7.2 —-6.6 -7.4 -6.3
Mycosporine-glutamicol 9882880 C3H, NO, -7.3 -6.9 -7.7 -5.8
Mycosporine-glutamine 101835612 C3HyN,O, -8.0 6.6 -8.4 -6.4
Mycosporine-glutaminol 138756215 C13H»N,O4 -7.1 -5.9 -8.0 -6.0
Mycosporine-glycine-valine 101016647 C;sHuN,O, —-6.6 -6.7 -7.9 -6.1
Mycosporine-glycine 14444486 CyoH5NOg -7.0 -6.2 7.6 -7.1
Mycosporine- glutamic acid- glycine 155802374 Ci5sH»N,Oq -7.1 -6.9 -7.5 -6.5
Mycosporine-hydroxyglutamicol 101805382 C3H, NOg -7.2 -6.3 -8.2 -7.7
Mycosporine-lysine 146684856 C14H4N,O4 -6.8 -6.4 -7.0 -7.7
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Table 2. (Continued)

Cyanobacterial photoprotective PubChem Molecular Docking score (kcal/mol)
compounds compound ID formula 4EY7 3SHI 1U6D SIKR
Mycosporine-methylamine-threonine 21773596 C13H»N,O4 -8.1 -6.3 -6.8 -7.4
Mycosporine-ornithine 146684857 C3H»N,O4 -7.4 -7.0 -6.7 7.0
Mycosporine-glycine-alanine 102110164 C3HyN,0O4 -7.6 -6.0 -6.5 -6.7
Palythenic acid 101016648 C4HyN,0, -8.2 -6.8 -6.9 -6.2
Palythene 21773785 C3H,0N, 05 -7.8 6.8 -6.5 -6.5
Palythine 16047608 CioH6N,O5 -7.4 -6.7 -6.1 -1.3
Palythine-serine 1774828 C1H§N,Oq -7.2 -6.7 -6.1 -7.3
Palythine-threonine 155802074 C,HyN,O4 -7.5 -6.9 -6.3 -6.0
Palythinol 9948334 C3H,5N,O0¢ =17 -6.3 -74 -59
Porphyra-334 6857486 C4H,5,N,O¢ -6.9 -6.7 -7.8 -7.9
Usujirene 15847474 C,3H20N, 05 -6.7 6.6 6.2 6.6
Shinorine 10471931 Ci3HyN,Oq -7.6 -6.3 -7.9 -7.6
2-[(2,3-Dimethylphenyl) amino] benzoic - - - - - -1.7
acid
1-Benzyl-4-[(5,6-dimethoxy-1-indanon- - - -7.6 - - -

2-yl) methyl] piperidine I

Among the 32 selected hits, each compound was found
to possess a docking score above or equal to -6.5 for one
or the other target protein. For the target proteins AChE,
MMP-1, Keapl, and COX-2, maximum docking scores were
reported for palythenic acid (—8.2), mycosporine-ornithine (—7.0),
mycosporine-glutamine (—8.4), and porphyra-334 (=7.9), respec-
tively. However, minimum scores were obtained by mycosporine-
taurine (—5.7, AChE), aplysiapalythine-B (—5.9, 3SHI), asterina
(5.9, 1U6D), and mycosporine-glumicol (5.8, SIKR).

3.3. Pharmacokinetics analysis and toxicity risk
assessment

Assessment of a chemical’s suitability for human use involves
the analysis of its pharmacokinetic behavior and predicted toxic-
ity. In this study, drug-likeness and ADME parameters of MAAs
are evaluated using the SwissADME, a web-based tool. Table 3
summarizes the pharmacological and drug-likeness parameters
of the compounds under study. The physicochemical and drug-
likeness evaluation of MAAs and their derivatives was carried
out using computational analysis tools. Parameters such as
MW, partition coefficient (LogP), HBA and HBD, topological
polar surface area (TPSA), and solubility were analyzed to pre-
dict bioavailability, permeability, and overall drug-likeness were
estimated [28, 29].

The MWs of the analyzed MAAs ranged from approximately
239 to 374 Da, which is within the acceptable range (<500 Da)
for orally active compounds according to Lipinski’s rule of five.
This suggests that most MAAs possess a favorable molecular size
for drug absorption and distribution. Compound mycosporine-
glutamic acid-glycine showed slightly higher MW and was found
to violate more than one of Lipinski’s rule. Therefore, the com-
pound mycosporine-glutamic acid-glycine was eliminated at this
stage. Although several MAAs demonstrated favorable binding
affinity toward acetylcholinesterase (AChE), it is important to
note that most compounds were predicted to exhibit low BBB

permeability according to SwissSADME analysis. This suggests
that direct central nervous system (CNS) neuroprotective effects
may be limited without structural modification or advanced deliv-
ery strategies. Therefore, the neuroprotective relevance proposed
in this study should be interpreted as a computational indica-
tion of target interaction potential rather than confirmed CNS
therapeutic activity. Future in vitro enzyme inhibition studies and
formulation-based approaches would be necessary to validate and
enhance brain accessibility.

The LogP values of all compounds were negative, indicat-
ing a hydrophilic nature. These values suggest that MAAs are
more soluble in aqueous media than in lipophilic environments,
consistent with their natural role as water-soluble UV protec-
tive molecules. Although high hydrophilicity may limit passive
membrane diffusion, it enhances systemic solubility, which is
advantageous for topical and oral formulations. The high solu-
bility ratings (mostly “very soluble” or “highly soluble”) further
confirm their excellent aqueous compatibility, supporting their
use in cosmetic or dermatological applications.

Hydrogen bonding is a key determinant in ligand-receptor
interactions and permeability. The MAAs exhibited HBA val-
ues ranging from 4 to 9 and HBD values from 3 to 8§, both
within acceptable ranges for drug-like compounds. Compounds
with moderate numbers of HBA and HBD are likely to show
good binding affinity to biological targets while maintaining ade-
quate permeability. Similarly, TPSA values ranged between 100
and 160, suggesting strong polarity. Although higher TPSA values
(>140) may reduce BBB penetration, they enhance hydrophilic-
ity and reduce nonspecific toxicity. Accordingly, all compounds
were predicted to have no BBB permeability, which is desirable
for non-neuroactive agents.

The Lipinski rule violations were minimal (mostly zero),
and the predicted bioavailability scores were consistently around
0.55, suggesting that MAAs generally fulfill key criteria for oral
bioavailability. Moreover, PAINS (pan-assay interference com-
pounds) alerts were absent for all compounds, indicating low
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likelihood of assay interference and high reliability as screening
hits. The GI absorption was predicted as low for most MAAs,
which can be attributed to their hydrophilic nature and high
TPSA values. However, this characteristic may favor topical for-
mulations where high solubility and UV absorption are critical.
Figure 2 represents the BOILED-egg predictive plot, which dis-
plays the distribution of compounds within the yellow region
(BBB permeable) and white region (HIA: high intestinal absorp-
tion). Blue circles represent P-glycoprotein substrates (PGP+),
while red circles denote non-substrates (PGP-). Most compounds
fall within the HIA zone, indicating good intestinal absorp-
tion, whereas only a few lie within the BBB region, indicating a
restricted capacity for BBB penetration. The separation between
PGP+ and PGP- molecules reflects differences in efflux suscep-
tibility, which is important for assessing CNS drug-likeness and
therapeutic potential [30].

All the shortlisted compounds that satisfied Lipinski’s rule
of five were further assessed for their toxicity profiles using the
Osiris Property Explorer. This tool evaluates the presence of struc-
tural fragments that are commonly associated with toxic effects,
offering predictive insight into potential safety risks. The anal-
ysis revealed that none of the evaluated molecules showed any
indication of mutagenic, tumorigenic, irritant, or reproductive
toxicity, as summarized in Table 4. In addition, every com-
pound exhibited favorable DS values, varying between 0.45 and
0.83, reflecting their strong overall drug-likeness. However, for
aplysiapalythine-A, aplysiapalythine-B, and aplysiapalythine-C,
reliable toxicity results could not be generated, and consequently,
these molecules were excluded from further consideration. The
remaining compounds demonstrated desirable pharmacokinetic

properties, supporting their potential as viable and promising
candidates for interaction with the selected target proteins.

3.4. Oral toxicity assessment

Twenty-two MAAs showed no predicted AMES toxicity,
hepatotoxicity, or skin sensitization, indicating a generally favor-
able safety profile (Table 5). In addition, acute oral toxicity
(LD50) and chronic oral toxicity (LOAEL) values were estimated
in rats for all selected compounds. This evaluation provides a
deeper understanding of their potential biological effects and
mechanisms of action.

3.5. Protein-ligand interaction study and visualization

The amino acid residues contributing to protein-ligand
binding in the complexes formed by the selected top-ranked lig-
ands with the target proteins are depicted in Figure 3. Three
compounds with the highest docking scores for each recep-
tor and demonstrating favorable ADME and toxicity profiles
were selected for detailed interaction analysis. The 3D inter-
action profiles of the docked complexes were visualized using
PyMOL along with BIOVIA Discovery Studio 2021 [31, 32].
The contributing amino acid residues of the target protein with
each ligand were identified through BIOVIA Discovery Studio
2021. Table 6 highlights the top-ranking compounds, present-
ing their 2D structures, the predicted interacting residues, the
total number of hydrogen bonds formed, and the correspond-
ing bond lengths. It is important to emphasize that molecular
docking provides a theoretical estimation of binding affinity and

WLOGP
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BBB
HIA

o PGP+
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None

0 [
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Figure 2. BOILED-Egg predictive model illustrating gastrointestinal absorption and blood-brain barrier permeation of the selected

ligands based on WLOGP versus TPSA parameters
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Figure 3. Representative 3D binding pose and 2D interaction diagram of top-ranked MA As within the active site of each target protein.

Hydrogen bonds are shown as green dashed lines

interaction patterns between ligands and target proteins. While
favorable docking scores suggest potential molecular compatibil-
ity, they do not directly measure enzymatic inhibition, pharma-
codynamic response, or in vivo therapeutic efficacy. Similarly,
ADME and toxicity analyses represent computational predictions
rather than experimentally verified pharmacokinetic properties.
Therefore, the present findings should be interpreted as prelimi-
nary in silico evidence of multitarget binding potential, requiring
subsequent biochemical assays, molecular dynamics simulations,
and biological validation studies to establish functional activity.

3.6. Comparative multitarget binding analysis

To avoid overinterpretation based on individual docking
scores, a comparative multitarget analysis was performed. Com-
pounds were evaluated based on the number of targets for which
they exhibited binding affinities < —6.5 kcal/mol. Several MAAs,
including mycosporine-glutamine and shinorine, demonstrated
favorable binding across three distinct targets, suggesting broader
multitarget compatibility. Importantly, no compound displayed
uniformly high affinity across all four proteins, indicating that

12

the observed interactions reflect differential target compatibility
rather than universal potency. This pattern supports the inter-
pretation of MAAs as structurally adaptable ligands rather than
definitive multitarget inhibitors.

4. Limitations of the Study

While the present investigation provides a comprehensive
computational assessment, several limitations must be acknowl-
edged. Molecular docking predicts static binding conformations
and approximate affinity values but does not account for pro-
tein flexibility, solvent dynamics, entropy contributions, or kinetic
inhibition constants. Additionally, ADME and toxicity profiles
represent in silico estimations derived from predictive models
rather than experimental validation. The absence of molecular
dynamics simulations further limits the evaluation of binding
stability over time. Therefore, the present findings should be
interpreted as hypothesis-generating rather than confirmatory.
Experimental enzyme inhibition assays, cellular validation, and
dynamic simulation studies are necessary to substantiate the
proposed interactions.
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5. Conclusions

The present study provides an integrative in silico evalu-
ation of MAAs against multiple biologically relevant targets
associated with aging, oxidative stress, and inflammation. The
combined docking, pharmacokinetic, and toxicity analyses sug-
gest that several MAAs possess favorable binding characteristics
and acceptable safety profiles, particularly for dermatological and
antioxidant-related applications. However, it is crucial to distin-
guish computational predictions from experimentally validated
therapeutic effects. While the docking results indicate multitarget
binding potential, they do not confirm biological efficacy or clin-
ical applicability. Furthermore, predicted low BBB permeability
limits direct inference of central neuroprotective action without
further structural optimization or delivery strategies. Overall, this
study establishes a computational foundation for future exper-
imental investigations aimed at validating the pharmacological
potential of MAAs beyond their established photoprotective role.
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