Journal of Genetic Engineering and Biotechnology 23 (2025) 100531

Contents lists available at ScienceDirect Journalof
Genetic Engineering

and Biotechnology

Journal of Genetic Engineering and Biotechnology

o %

ELSEVIER journal homepage: www.elsevier.com/locate/jgeb

Check for

Computational identification of dual COX-1 and NIK inhibitors from marine &
microalga Chlorella vulgaris

Mahesh Samantaray a,b,1 Sthitaprajna Sahoo “', Durga Prasad Sahoo d Guneswar Sethi ©,
Sarman Singh “®, Hak-Kyo Lee “', Biswajita Pradhan ®"™", Donghyun Shin

& Directorate of Medical Research, Aarupadai Veedu Medical College & Hospital, Puducherry 607403, India

b Department of Bioinformatics, Pondicherry University, Puducherry 605014, India

¢ Department of Agricultural Convergence Technology, Jeonbuk National University, Jeonju 54896, Republic of Korea

4 Department of Radiation Oncology, Acharya Harihar PG Institute of Cancer, Cuttack 753007 Odisha, India

€ Center for Large Animals Convergence Research, Korea Institute of Toxicology, Jeongeup-si, Jeonbuk-do 56212, Republic of Korea
f Department of Animal Biotechnology, Jeonbuk National University, Jeonju, Republic of Korea

8 School of Biological Sciences, AIPH University, Bhubaneswar, Odisha, India

" Department of Botany, Model Degree College, Rayagada 765017 Odisha, India

ARTICLE INFO ABSTRACT

Keywords: The search for safe and effective anti-inflammatory agents remains a critical area of research due to the wide-
Anti-inflammation spread impact of chronic inflammatory diseases. Natural compounds, particularly those derived from marine
In silico

sources, present a promising avenue for developing novel therapeutics. In this study, we investigated the po-
tential of Chlorella vulgaris, a unicellular green alga with a rich profile of bioactive compounds, as a source of
anti-inflammatory agents. Through in silico molecular docking and dynamics simulations, we identified com-
pounds C8 and C4 as potent inhibitors of COX-1 and NIK, key targets in inflammatory pathways. These com-
pounds demonstrated significantly stronger binding affinities than standard inhibitors MXM and OWC. For COX-
1, C8 and C4 showed binding affinities of —8.625 and —4.359 kcal/mol, respectively, compared to —3.454 kcal/
mol for MXM. Similarly, for NIK, the binding affinities were —6.798 and —3.789 kcal/mol for C8 and C4,
respectively, compared to —2.628 kcal/mol for OWC. Molecular dynamics simulations further demonstrated that
C8 and C4 formed stable interactions, including hydrogen bonds and hydrophobic contacts, with key residues in
the active sites of COX-1 and NIK, suggesting a potential for sustained inhibitory activity. These findings high-
light the therapeutic potential of C. vulgaris derived compounds for the treatment of inflammatory conditions.
Although further in vitro and in vivo studies are necessary to fully elucidate their efficacy and safety, these
results provide a promising foundation for the development of novel, naturally sourced anti-inflammatory
therapies.

Molecular docking
Molecular dynamic simulation
GC-MS

1. Introduction acute inflammation represents a physiological response to injury or
infection, characterized by pain, heat and erythema but chronic

Inflammatory diseases arise from dysregulation of the immune sys- inflammation develops when this response persists, potentially
tem, leading to its inappropriate targeting of self-tissues. It is typically damaging healthy tissues. This sustained inflammatory state is impli-
classified into two categories acute and chronic inflammation. While cated in a range of pathologies, including rheumatoid arthritis, Crohn’s
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RMSF, Root mean square fluctuations; Rg, Radius of gyration; SASA, Solvent accessible surface area; PCA, Principal component analysis; FEL, Free energy landscape;
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disease, lupus, cardiovascular disease, diabetes, cancer, and Alzheimer’s
disease.'™ Enzymes such as COX-1, COX-2, 5-LOX, 15-LOX, and NF-xB
play crucial roles in inflammatory processes.*®

Cyclooxygenase-1 (COX-1) plays a critical role in the inflammatory
process by transforming arachidonic acid into lipid mediators impli-
cated in inflammation, such as prostaglandins and thromboxane.’
Several tissues constitutively express COX-1, which is in charge of pre-
serving regular physiological processes like kidney blood flow regula-
tion and stomach lining protection.'’ Nevertheless, COX-1 helps
produce pro-inflammatory prostaglandins during inflammation, inten-
sifying inflammatory reactions. Knowing how COX-1 contributes to
inflammation aids in the creation of focused treatments for inflamma-
tory diseases. COX-1 is distinct from COX-2, another isoform of the
enzyme mainly produced in inflammatory areas and inducible. Tradi-
tional nonsteroidal anti-inflammatory medicine (NSAIDs) inhibit both
COX-1 and COX-2, resulting in a wider spectrum of effects, whereas
COX-2 inhibitors are intended to reduce inflammation without impact-
ing COX-1.""'? An NSAID called meloxicam (MXM) is used to treat
rheumatoid arthritis and osteoarthritis by reducing pain and inflam-
mation. It functions by preventing the cyclooxygenase (COX) enzyme
from producing prostaglandins, which are responsible for pain and
inflammation.'>'* However, like other NSAIDs, Meloxicam can have
common side effects, i.e., diarrhea, nausea, stomach pain, dizziness, and
indigestion.'® Apart from this, it also causes more serious side effects
such as stroke or heart attack, especially in individuals with pre-existing
heart conditions or long-term use. It can also cause gastrointestinal
bleeding, which can be fatal. Additionally, it also causes some other
serious side effects, which include liver and kidney damage.'*!*

NF-xB-inducing kinase (NIK) regulates the noncanonical NF-«kB
pathway, a critical regulator of inflammation and immune responses.
NIK mediates diverse cellular processes, including differentiation, pro-
liferation, and survival. Aberrant NIK expression or regulation has been
implicated in cancer, metabolic disorders, and various inflammatory
diseases.'® In inflammatory disorders, NIK modulates endothelial cell
activation, leading to increased immune cell adhesion and the subse-
quent exacerbation of inflammation through the upregulation of in-
flammatory mediators and adhesion molecules.'” Consequently, NIK
inhibition offers a potential therapeutic avenue for the treatment of
chronic inflammatory diseases by targeting these key pathways. Com-
pound OWC, chemically known as (2R)-4-[1-(2-amino-5-chloropyr-
imidin-4-yl)-2,3-dihydro-1H-indol-6-yl1]-2-(1,3-thiazol-2-yl) but-3-yn-2-
ol, acts as an inhibitor of the NF-kB pathway. By inhibiting this
pathway, compound OWC may attenuate inflammation and modulate
immune responses, suggesting its potential therapeutic utility in in-
flammatory diseases. Mechanistically, OWC inhibits NF-kB activation by
preventing its nuclear translocation, thereby suppressing the expression
of pro-inflammatory genes.'® While this inhibitory action may offer
therapeutic benefits in mitigating chronic inflammation, a key feature of
inflammatory conditions such as rheumatoid arthritis and inflammatory
bowel disease, potential adverse effects associated with OWC warrant
careful consideration. Similar to other NF-xB inhibitors, OWC may
induce gastrointestinal disturbances, including nausea, vomiting, and
diarrhea. Moreover, prolonged use, analogous to Meloxicam, may
elevate the risk of cardiovascular complications such as stroke and
myocardial infarction. The immunosuppressive potential of NF-kB in-
hibition also raises concerns regarding increased susceptibility to
infection.

Many synthetic anti-inflammatory drugs, like NSAIDs, can cause side
effects such as gastrointestinal issues, cardiovascular problems, and
kidney damage.'” Natural anti-inflammatory compounds are often part
of a broader approach to health that includes diet, lifestyle, and overall
wellness. Foods like fatty salmon, berries, and green leafy vegetables
contain compounds that help reduce inflammation. Particularly in areas
where access to synthetic medications is restricted, natural compounds
may be more accessible and more sustainable. Since they may be
sourced from regional foods and plants, they are a sensible choice for
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many people.’’ In this regard, the search for natural compounds is
promising as they have fewer side effects. Marine algae, particularly,
have garnered significant attention due to their potential as sources of
bioactive compounds with various health benefits.?'*® Chlorella vulgaris
is a unicellular green microalga known for its rich composition of
bioactive metabolites, including polysaccharides, carotenoids, and
polyunsaturated fatty acids,”’ which displayed several biological ac-
tivities such as antimicrobial, antioxidant, and anti-inflammatory ef-
fects.”” Among these, anti-inflammatory compounds are of particular
interest due to their potential applications in treating inflammation-
related conditions.

Keeping this in view, this study aims to identify and profile the anti-
inflammatory compounds present in C. vulgaris using Gas
Chromatography-Mass Spectrometry (GC-MS). GC-MS-based chemical
profiling enables detailed characterization of these compounds, eluci-
dating their chemical structures and potential therapeutic proper-
ties.”®?° In silico approaches, such as molecular docking and virtual
screening,?’ were performed to predict interactions between the com-
pounds derived from C. vulgaris and specific inflammatory targets, such
as COX-1 and NIK. This enhances our understanding of the molecular
mechanisms underlying their anti-inflammatory effects and aids in
identifying novel compounds with high therapeutic potential. The
integration of computational techniques with traditional biochemical
methods offers a promising approach for developing novel anti-
inflammatory agents from marine microalgae. This research has the
potential to advance therapeutic strategies and enhance our under-
standing of inflammatory disease management. C. vulgaris represents a
valuable resource for natural anti-inflammatory compounds, potentially
leading to the development of novel therapeutics.

2. Methodology
2.1. Collection of datasets

Crystal structures of COX1 and NF- kB were retrieved from the RCSB
Protein Data Bank database (https://www.rcsb.org/). The crystal
structure of COX1 (PDB ID: 401Z) comprises 553 amino acid residues
and contains a co-crystalized ligand, Meloxicam (MXM), a partial in-
hibitor of COX1.%° Similarly, the NF- kB inducing kinase (NIK) crystal
structure comprises 342 amino acids with a co-crystalized ligand,
OWC.?! The missing residues in the crystal structure of NIK (residues
S38-E51 and Q218-1232) were predicted using the Swiss-Model web
server.>? The water and other small molecules were removed from both
proteins.

A GC-MS analysis of the methanolic extract from C. vulgaris was
performed, presented in our previous publication,?® and also provided in
Supplementary Table S1. The GC-MS results exhibited 14 different peaks
of potential compounds at different retention times. Hence, these 14
compounds were retrieved in.sdf format from the PubChem database
and considered further for molecular docking analysis. The drug-like
properties of these compounds were mentioned in our previous study.”®

2.2. Molecular docking

To identify the most potent natural compound from C. vulgaris
against both the targets, i.e., COX-1 and NIK, we performed molecular
docking studies using the Schrodinger Maestro 2024-3 package. The
proteins were prepared using the protein preparation wizard, permitting
the standard protocols. Protonation states were adjusted using PROPKA
at physiological pH (7.4). The dimension of the grid box for both re-
ceptors was generated (using Receptor Grid Generation) according to
the position of the crystalline ligands. The grid box dimensions were set
to 30 x 30 x 30 A for both the receptors. The grids center at 239.81,
113.85, 42.81 for COX-1 and 28.02, 55.38, 5.77 for NIK. All the algal-
derived compounds and crystallized ligands were prepared using the
LigPrep module. Ten optimal conformations for each ligand were
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generated and docked with both receptors using the XP (extra-precision)
approach. The XP (extra precision) method in Schrodinger’s Glide
module offers higher discriminatory power and penalizes non-physical
ligand-receptor interactions more rigorously than SP (standard preci-
sion). The glide gscore function was used to evaluate the binding affinity
and interaction between the receptors and ligands. The ADMET prop-
erties of the lead compounds C4 and C8 were evaluated using the
SwissADME web server”” and systematically compared with the refer-
ence drugs Meloxicam (MXM) and OWC to assess their drug-likeness,
pharmacokinetic profiles, and oral bioavailability.

2.3. Molecular dynamics protocols

Two selected algal-derived compounds and the respective crystalized
ligands of both the receptors (3 protein-ligand complexes with each
receptor; a total of 6 complexes) were considered for all-atom molecular
dynamics (MD) simulations. MD simulations were performed using the
Gromacs 2022.2 package and CHARMMS36 force field parameters.**>°
The optimized ligand structures and their corresponding topology files
were generated using the CGenFF webserver.>” The systems were further
solvated using the TIP3P water model and a cubic box type with a
minimum distance of 1.0 nm between the solute and box edge. Sodium
and chlorine ions were added to neutralize the system. The Steepest-
descent algorithm was used to perform energy minimization of the
system with a maximum tolerance of 1000 kJ/mol/nm.*® Next, all the
systems were equilibrated using a Berendsen thermostat (V-rescale) and
Parrinello-Rahman pressure coupling algorithm at 300 K and 1 Pascal
bar pressure, respectively.>”'? All the systems were equilibrated for 100
ps each under NVT and NPT conditions. Finally, a 100 ns MD simulation
was performed for all systems, and trajectories were saved at a 2 fs in-
terval. The whole trajectory information was used to study the root
mean square deviation (RMSD) of backbone atoms of the receptors and
ligands, root mean square fluctuation (RMSF), radius of gyration (Rg),
and solvent accessible surface area (SASA) using GOMACS’s modules.
Secondary structure assignments were computed using the gmx do_dssp
module integrated within the GROMACS package. The initial 50 ns
trajectory was considered as equilibrated states, and the last 50 ns tra-
jectory information was used to study the global dynamics of both re-
ceptors induced by each ligand, as reported in our previous studies.*' **

2.4. PCA based FEL analyses

We utilized Principal Component Analysis (PCA) to analyze molec-
ular dynamics trajectories, uncovering major conformational changes.
The GROMACS g covar module generated a covariance matrix, which
g anaeig then diagonalized to yield eigenvalues and eigenvectors (prin-
cipal components). We assessed the top five PCs for cosine content;
values under 0.2 indicated excellent sampling convergence and biolog-
ical significance. This led us to select PC1 and PC2 for constructing Gibbs
free energy landscapes (FEL) using the g sham utility. These 2D FELs
were visualized and analyzed with Mathematica, as mentioned in our
previous study.”® From these landscapes, we identified global energy
minima, representing the most stable conformations across six different
complexes. This approach allowed us to effectively compare their
structural dynamics and infer potential functional roles.

2.5. Binding free energy calculation

MM-PBSA is a widely used computational approach for calculating
the binding free energy of biomolecular complexes, including pro-
tein-ligand complex, protein-DNA, protein-RNA, and protein-protein
interactions.*® It is extensively employed in computer-aided drug dis-
covery and lead optimization to assess ligand binding affinities, compare
binding poses, and guide the selection of potential drug candidates. This
approach integrates molecular mechanics, solvent model, and empirical
solvation energy terms to provide insights into protein-ligand
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interactions. The current study calculated the systems’ binding free
energy (AG) using the g mmpbsa module by considering 50 ps co-
ordinates from the last 50 ns MD simulation trajectories.*°

3. Results and discussion
3.1. Binding interactions of algal-derived compounds with COX1 and NIK

The Schrodinger Maestro 2024-3 was employed for the XP (Extra
Precision) docking studies and the prediction of molecular docking en-
ergy values, including the docking and Glide scores. Glide energy fo-
cuses on the energy associated with the interactions between the ligand
and receptor, accounting for intermolecular forces such as hydrogen
bonding, hydrophobic interactions, electrostatic interactions, and van
der Waals forces.

All the screened compounds were docked against COX-1 and NIK and
sorted based on their docking scores in Table 1. The data provides a
detailed comparison of the receptor-ligand interactions between the
potential natural compound from C. vulgaris and the approved drugs
against COX-1 and NIK. The bond distances between the key amino acid
residues and the compounds were analyzed to assess selectivity and
binding strength, focusing on identifying compounds that exhibit
stronger interactions with COX-1 and NIK (Fig. 1). Hydrogen bonding,
hydrophobic interactions, and salt bridges, highlighted by certain amino
acid interactions, play a crucial role in stabilizing these protein-inhibitor
complexes.

Compounds such as C6, C8, C5, C9, C2, C4, C7 and C11 exhibited a
binding affinity of —9.311, —8.625, —7.925, —7.035, —5.971, —4.349,
—4.102 and —3.993 kcal/mol, respectively compared to the standard
compound which is MXM having a binding energy of —3.454 kcal/mol
with the COX-1. Additionally, compounds C8, C10, C7, C4, C1, C6, and
C9 exhibited a binding energy of —6.798, —5.291, —4.955, —3.789,
—3.699, —3.248 and —3.230 kcal/mol, respectively compared to the
standard compound, OWC having a binding energy of —3.454 kcal/mol
with the NIK receptor. Among the 9 listed compounds, C8 and C4
emerged as the standout candidates, highlighting their potential as
highly selective inhibitors in molecular docking analysis. These com-
pounds demonstrate potential for selective inhibition, and their absolute
binding energy values compared with the standard compound suggest
that they require further analysis for effectiveness. MXM, the reference
compound for COX-1, demonstrated H-bond interaction with S530 by
forming a bond as short as 3.2 A. As compared to C4, C8 has a higher
binding affinity with COX-1. While C8 formed one H-bond with R120
and one salt-bridge interaction with Y355, C4 formed two H-bonds with
Y385 and S530. Y355, at the cyclooxygenase channel entrance, is known
to interact with NSAIDs like ibuprofen. This C8-Tyr355 interaction
highlights a shared pharmacophoric element with established NSAIDs,
indicating a similar binding strategy. Additionally, C8 and C4 estab-
lished 12 and 7 hydrophobic interactions with the COX-1 receptor,
respectively. Although C8 has a stronger binding score with the COX-1,

Table 1
The binding affinity of all the algal-derived compounds and co-crystallized li-
gands (MXM and OWC) against anti-inflammatory receptors, COX-1 and NIK.

COX-1 NIK

Compounds Glide score Compounds Glide score
(€3 -9.311 c8 —6.798
c8 —8.625 C10 —5.291
C5 -7.925 (o74 —4.955
(¢°] —7.035 C4 —3.7894
Cc2 -5.971 Cl —3.699
Cc4 —4.359 C6 —2.248
Cc7 —4.102 (¢°] —-3.230
C11 -3.993 owC —2.628
MXM —3.454 c2 —2.614
Cl —2.660 C13 —2.552
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Fig. 1. Molecular interaction of selected compounds with COX-1 and NIK. The pale green and light orange color cartoon structures represent the COX-1 and NIK
receptors, respectively. Both the reference compounds (MXM and OWC) are represented with a cyan stick model and interacting residues were highlighted with lines.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

C4 formed two strong H-bond interactions and one with the S530 res-
idue, which also formed an H-bond interaction with the standard com-
pound MXM. Similarly, OWC, the reference compound for NIK,
exhibited one H-bond of length 2.92 A with E149 and three hydrophobic
interactions (two with R84 and one with L198). However, compound C8
formed an H-bond interaction with D120 and eight different hydro-
phobic interactions. Whereas C4 formed one short H-bond of length 3.35
A with 1148, two long H-bond interactions with S152 (3.53 i\) and Q155
(3.52 A), and five different hydrophobic interactions. Like OWC, algal-
derived compounds formed common hydrophobic interactions with
residues R84 and L198 of NIK. Overall, the comparison indicates that C4
and C8 show promising selectivity for the anti-inflammatory targets
based on their binding interactions and formation of stabilizing H-
bonds, hydrophobic, and salt bridges. C4 emerges as a strong drug-like
candidate with optimal ADME properties and no Lipinski violations,
while C8, despite its high lipophilicity, shows potent target engagement.
These findings support the continued development of these algal-
derived compounds as anti-inflammatory agents, with C4 offering a
particularly favorable balance of drug-likeness and biological efficacy
(Supplementary Table S2). Our docking results indicate that the algal-
derived compounds C8 and C4 exploit similar physicochemical proper-
ties to effectively interact with key residues in the active sites of COX-1
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and NIK. A similar kind of study has been performed by Rasouli et al.
2022, where structure-based approaches were used to study the
inhibitory activity of three protein kinases involved in Alzheimer’s
disease. This selectivity could be crucial for developing anti-
inflammatory inhibitors, minimizing off-target effects in human cells.

3.2. MD simulation analysis

Molecular dynamics (MD) simulations provide insights into the dy-
namic behavior of protein-inhibitor interactions, revealing potential
alterations in binding modes and the robustness of these interactions
under physiological conditions. MD simulations also help in identifying
any transient states that may enhance the inhibitory activity of com-
pounds.“®*° Hence, to evaluate the stability of the identified C4 and C8
compounds against both COX-1 and NIK, the docked complexes were
simulated for 100 ns using the GROMACS 2022.2 package.

The Root Mean Square Deviation (RMSD) analysis provided
insightful results, highlighting the selective binding of MXM, C8, and C4
compounds to COX-1 and OWC, C8 and C4 to the NIK, respectively
(Fig. 2). In the initial 0-50 ns, all COX-1 complexes (MXM, C8, and C4)
underwent a brief equilibration period. RMSD values gradually
increased and stabilized, indicating the adaptation of ligands within the
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Fig. 2. Structural deviation of protein backbone and ligand throughout the simulation. (A) and (B) represent the RMSD profile of COX-1 and NIK, respectively. (C)
and (D) represent the RMSD profile of each ligand when bound to COX-1 and NIK, respectively. Blue and green represent the reference compounds MXM and OWC for
COX-1 and NIK. Purple and orange represent compounds C8 and C4, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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binding pocket. Among the protein-inhibitor complex systems, MXM,
C8, and C4 exhibited an average protein backbone RMSD of 0.24, 0.21,
and 0.26 nm, respectively, during the whole trajectory. Whereas the
binding of OWC, C8, and C4 to the NIK receptor was characterized by a
slight fluctuation during the initial 50 ns MD simulation but later sta-
bilized with an average protein backbone RMSD of 0.27, 0.27 and 0.28
nm, respectively, indicating stable interactions. Overall, the binding of
compounds C8 and C4 to both the receptors demonstrated no significant
changes in the RMSD values of the protein backbone, as compared to
their respective standard compounds, i.e., MXM and OWC for COX-1 and
NIK, respectively. Notably, the binding of C8 and C4 to the NIK was
characterized by more stable interactions than the standard OWC
compound. This aligns with the molecular docking results, where these
C8 and C4 compounds showed more favorable binding energies to the
COX-1 and NIK, particularly C8 was unique in exhibiting low RMSD
values with both COX-1 and NIK, suggesting that it binds more stably to
the active site target. The RMSD profile of ligands bound to COX-1 and
NIK complexes revealed that the C4 bound complexes show minor de-
viations throughout and appear more stable than the standard MXM and
OWC complexes.

RMSF analysis was performed to assess the flexibility of individual
amino acid residues within both COX-1 and NIK, as represented in Fig. 3.
The RMSF values obtained ranged from 0.06 to 0.46 nm, reflecting
moderate flexibility in various regions of both proteins. This analysis
provides valuable insights into the mobility and flexibility of specific
residues, enhancing our understanding of their functional roles within
the protein structures upon ligand binding.® The binding of MXM, C8,
and C4 with COX-1 exhibited a similar trend in most regions, whereas
MXM caused higher RMSF values (0.28-0.46 nm) between the G96-1108
region and the E486-G496 region when it binds to COX1. In contrast, C8
binding led to reduced fluctuations (0.05-0.8 nm) in key active site
residues Y355, S530, and R120, correlating with stronger binding af-
finity and suggesting enhanced conformational stabilization. C4 showed
moderate rigidification, particularly at Y355. These regions correspond
to functionally relevant domains, such as the membrane-binding and
catalytic sites, thus warranting further structural mapping to determine
their potential impact on enzymatic activity. A higher RMSF value in-
dicates more flexible movements and fluctuations during the simula-
tion.”! In this regard, the C8 and C4 complexes with COX-1 do not
contribute to any significant fluctuations in the system. Similarly, no
significant fluctuations were observed in the NIK receptor when bound
to OWC, C8, and C4 compounds. Remarkably, the loop region residues,
the A41-T50 and the V82-G88 region of NIK, exhibited higher fluctua-
tions (0.2-3.2 nm) when they bind to the algal-derived compounds (C8
and C4), compared to OWC, consistent with improved interaction at the
ATP-binding cleft. These flexible regions are involved in regulatory or
substrate recognition functions, suggesting that algal-derived com-
pounds (C8 and C4) modulate protein function via induced local dy-
namics. These findings are significant, as they suggest compounds C8
and C4 from C. vulgaris could modulate COX-1 and NIK activity by acting
as inhibitors, similar to known standard compounds MXM and OWC.

@)

MXM s €8 s C4

RMSF (nm)

30 80 130 180 230 280 330 380 430 480 530 580
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These ligand-induced shifts, rigidification of COX-1's Y355 & S530 and
NIK’s L148 & R84, enhance hydrogen bonding and zn-n stacking, sup-
porting persistent binding. Overall, RMSF data affirms that C8 and C4
promote structural stabilization of functionally important residues,
underscoring their potential as dual-target anti-inflammatory agents.
Further investigation into the structural and functional implications of
these interactions is necessary to fully understand their therapeutic
potential and develop new treatments for anti-inflammatory related
diseases.

The radius of gyration gives us insights into the overall structure and
compactness of the COX-1 and NIK complexes. Fig. 4A and B represent
the Rg values of the protein backbone of both receptors when they bind
to the selected compounds. From the results obtained, the calculated
average radius of gyration values for COX-1-MXM, COX-1-C8, and COX-
1-C4 complexes are found to be 2.42 nm, 2.44 nm, and 2.43 nm,
respectively. In the case of NIK-OWC, NIK-C8, and NIK-C4 complexes,
the average radius of gyration values is found to be 2.12 nm, 2.14 nm,
and 2.16 nm, respectively. Fig. 4A shows a consistent trend in the radius
of gyration for COX-1-C4 and NIK-C4 complexes through time, indi-
cating greater compactness. In contrast, the COX-1-MXM and COX-1-C8
complexes remained compact throughout the simulation. The estimated
average radius of gyration values for C8 and C4 compounds with the
COX-1 and NIK complexes show that ligand interaction leads to protein
stabilization and enhanced compactness. This implies that the presence
of ligands aids in the structural stability of protein complexes.

The overall capacity of the protein to interact with other molecules
and the degree of expansion in protein volume is determined by Solvent
accessible surface area.”” Fig. 4C and D demonstrate the Solvent
accessible surface area analysis of the complexes. The analysis revealed
that the average SASA values from the whole trajectory for COX-1-MXM,
COX-1-C8, and COX-1-C4 complexes are 250.91 nm?, 255.80 nm?, and
253.90 nm?, respectively. Similarly, NIK-MXM, NIK-C8, and NIK-C4
complexes exhibited average SASA values of 178.11 nm?, 180.57 nm?,
and 180.34 nm?, respectively. The results showed that the complexes
formed by C8 and C4 with COX-1 and NIK show more SASA trends after
the binding of inhibitors. The SASA analysis revealed substantial dif-
ferences, indicating a considerable loss of hydrophobic contact within
the residues of the C8 and C4 with COX-1 and NIK complexes. This
suggests that the C8 and C4 compounds had a major impact on the hy-
drophobic interactions within the COX-1 and NIK complexes. The
exploration of conformational geometry by examining the SASA of C8
and C4 ligand-bound complexes demonstrated that these inhibitors may
affect the overall conformation of COX-1 and NIK.

The conformational stability of the complexes can be examined by
the number of intramolecular hydrogen bonds (the donor-acceptor
distance was < 3.5 A or, 0.35 nm and the hydrogen—donor acceptor
angle was > 120°) formed between the inhibitors and both receptors
COX-1 and NIK over the 100 ns trajectory, and hydrogen bonds at spe-
cific positions are necessary conditions for binding (Fig. 5). MXM and C8
ligand-bound complexes maintained 1 to 2 stable hydrogen bonds
throughout the entire MD trajectories, whereas the C4 ligand-bound
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Fig. 3. Residual fluctuations throughout the simulation. (A) and (B) represent the RMSF profile of each amino acid upon ligand binding to COX-1 and NIK,
respectively. Blue and green represent the reference compounds MXM and OWC for COX-1 and NIK. Purple and orange represent compounds C8 and C4, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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complex had several potential hydrogen bonds up to 3 with the COX-1
receptor. This stability correlates well with their strong interaction en-
ergy profiles and low RMSD values for COX-1. Simultaneously, the
average number of intramolecular hydrogen bonds in the NIK-OWC,
NIK-C8, and NIK-C4 complexes 1, 1, and 2, respectively. This aligns
with its relatively more hydrogen bonds than the standard compounds
and stable RMSD values for the COX-1 and NIK, suggesting that while it
may not form as many immediate interactions, but the binding of C8 and
C4 remains stable over time.

3.3. Secondary structure analysis

To correlate residue flexibility with conformational dynamics, DSSP-
based secondary structure analysis was conducted following the
approach of Rasouli et al. 2017, providing structural context during
MD simulations. In the COX-1 systems, consistent a-helical regions
(residues 100-200, 300-450) were observed across all complexes
(MXM, C8, and C4) depicted in Supplementary Fig. S1. The C8-COX-1
complex exhibited greater structural integrity, marked by limited tran-
sitions and increased p-sheet content (residues 250-300), indicative of
stabilizing ligand interactions. In contrast, the C4 complex displayed
moderate flexibility, particularly in loop regions (residues 200-250),
which alternated between coil and turn conformations, correlating with
its intermediate binding energy (-4.359 kcal/mol) compared to C8
(-8.625 kcal/mol). For NIK complexes depicted in Supplementary
Fig. S2, the OWC reference displayed notable secondary structure

disruptions, especially in residues 150-250, with frequent a-helix to coil
transitions, reflecting its weaker binding (-2.628 kcal/mol). The C8-NIK
complex retained robust a-helical structure and reduced fluctuations in
dynamic regions, supporting its superior affinity (-6.798 kcal/mol). C4-
NIK displayed localized terminal flexibility while preserving core
structure. These findings highlight that C8 and C4 enhance protein
stability in both COX-1 and NIK, explaining their improved binding
profiles. DSSP analysis thus substantiates the structural basis for ligand
efficacy and supports the potential of these algal-derived inhibitors in
targeted drug design.

3.4. Essential dynamics

To understand the concentrated global motions during the simula-
tion, principal components analysis (PCA) analysis was performed
where the first 25 eigenvectors were used to determine the eigenvalues
and percentage change in the movement protein backbone of each
eigenvector from the last 50 ns trajectory of the simulation. The first 5
principal components (PCs) for COX-1 bound to MXM, C8, and C4 and
NIK bound to OWC, C8, and C4 exhibited the most extensive motions
compared to other PCs and represented Fig. 6A and B. The first 2 PCs
showed a cumulative variance of 30.69, 26.41, and 41.46 % COX-1
when they bind to MXM, C8, and C4, respectively. In the other case,
the first 2 PCs exhibited a cumulative variance of 35.64, 38.75, and
38.54 % for NIK when they bind to OWC, C8, and C4, respectively.
Moreover, the projections of the first 2 PCs were generated
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(Supplementary Fig. S3) for both the receptors.

To understand the conformational space and protein dynamics in
terms of the Free energy landscape, the top 2 eigenvectors with cosine
values less than 0.2 were utilized. The C8 and C4 complex structures
show lesser eigenvalues when compared to the standard MXM and OWC
bound complexes, which signifies a reduction in the overall motion of
the proteins during the simulation period (Figs. 7A and 8A). The energy
scale and the extent of FEL sampled by COX-1-MXM, COX-1-C8, and
COX-1-C4 differ. The structure of COX-1-MXM evolves over a larger
extent of FEL with three minimum energy basins, whereas the COX-1-C8
and COX-1-C4 samples over a significantly spread FEL with one and two
minimum energy basins, respectively. Similarly, all three NIK complexes
have one minimum energy basin, but NIK-C4 is involved in lower
amplitude motions.

For further analysis, the stable conformations of (i) COX-1-MXM,
COX-1-C8, and COX-1-C4 were extracted at 96 ns, 83 ns, and 99 ns,
respectively, and (ii) the same for NIK-OWC, NIK-C8, and NIK-C4 are
extracted at 82 ns, 72 ns, and 83 ns, respectively. Figs. 7B and 8B depict
the superimposition of (i) COX-1-MXM, COX-1-C8, and COX-1-C4 with

A

B)

RMSD=1.919

[ Initial structure

the initial configuration having an RMSD of 1.919, 1.117, and 1.943 nm
and (ii) NIK-OWC, NIK-C8 and NIK-C4 from clusters with the initial
configuration having a RMSD of 1.254, 1.506 and 1.744 nm, respec-
tively. The conformations belong to different dynamics states, in which
the purple region reveals minimal dynamics while other regions are
involved in higher amplitude motions. C8 and C4 bound complexes are
corroborated with the confined dynamics attributed to the reduced
residue fluctuations. The Ramachandran plots of both COX-1 and NIK
proteins maintain stable conformations when bound to their respective
compounds during the last 50 ns of the trajectory. The predominant
clustering of data points within the favored regions (alpha-helical and
beta-sheet) signifies well-preserved secondary structures, indicating
stable protein-ligand interactions (Supplementary Fig. S4).

3.5. Binding free energy analysis
The molecular mechanics Poisson Boltzmann surface area is one of

the most commonly used methods for investigating the binding behavior
of biomolecular complexes.*>*®>* The complexes formed by COX-1-

RMSD=1.117 RMSD =1.943

I Low-energy structure

Fig. 7. Gibbs’ free energy landscapes of COX-1 when bound to MXM, C8, and C4. (A) Low energy systems were indicated in deep blue color. (B) Superimposition of
initial configuration and low-energy structures of COX-1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 8. Gibbs’ free energy landscapes of NIK when bound to OWC, C8, and C4. (A) Low energy systems were indicated in deep blue color. (B) Superimposition of
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MXM, COX-1-C8, and COX-1-C4, along with NIK-OWC, NIK-C8, and
NIK-C4, were further explored using the MM-PBSA free energy calcu-
lations. The average AGyping of all the complexes is displayed in Sup-
plementary Table S3, and it can be observed that the lead compounds C8
bound complexes have a high negative binding affinity towards COX-1
as well as NIK (Fig. 9). The top compound C8 displays higher negative
binding free energy, i.e., —172.489 KJ/mol and —100.865 KJ/mol with
COX-1 and NIK, respectively, when compared to the standard com-
pounds MXM and OWC, i.e., —108.598 KJ/mol and —81.303 KJ/mol. C4
also proves to be a better inhibitor that exhibits similar binding, i.e.,
—79.868 KJ/mol and —71.41 KJ/mol with the COX-1 and NIK receptors.

The per-residue energy contributions for the complexes formed by
COX-1-MXM, COX-1-C8, and COX-1-C4, along with NIK-OWC, NIK-C8,
and NIK-C4, are displayed in Supplementary Fig. S5. During the inter-
action of C8 and C4 with COX-1, the residues which are mainly
contributing to the negative energy are V116, L117, F205, V344, Y348,
V349, L352, P381, Y385, W387, P518, 1523, G526, A527, L531, and
L534. Notably, these residues are well-established for their roles in
NSAID binding through hydrogen bonding or water-mediated in-
teractions appear crucial in ligand stabilization, as also supported by
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crystallographic studies of meloxicam and isoxicam binding. In the case
of the interaction between C8 and C4 with NIK, the residues that
contribute to negative binding free energy are V82, D89, V90, A103,
M145, 1147, G150, G151, L198, R205, and C209. These amino acids are
situated within or proximal to the ATP-binding and regulatory domains
of NIK, indicating their direct involvement in modulating ligand affinity
and potential kinase inhibition. The results suggest that the stability of
all the complexes formed by the Standard (MXM and OWC) and top
compounds (C8 and C4) with COX-1 and NIK proteins is mainly due to
van der Waals and electrostatic interactions. The MM-PBSA results un-
derscore the biological significance of these conserved residues within
the active sites, confirming their roles in stabilizing ligand-receptor in-
teractions critical for anti-inflammatory and in the binding between the
lead phytochemicals and the anti-inflammatory receptors. While MM-
PBSA provides valuable insight into ligand binding, it is important to
note that entropy contributions particularly conformational and solva-
tion entropy were not included in the free energy estimations. This
omission is a recognized limitation of the method. Nevertheless, the
relative ranking of compounds remains reliable for comparative pur-
poses. These findings provide a structural rationale for the observed
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Fig. 9. Free energy components in KJ/mol. Blue and green represent the reference compounds MXM and OWC for COX-1 and NIK. Purple and orange represent

compounds C8 and C4, respectively.
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inhibitory effects and inform the rational design of next-generation
therapeutic agents targeting COX-1 and NIK.

4. Conclusions

The prevalence of adverse effects associated with synthetic anti-
inflammatory drugs underscores the need for alternative therapeutic
strategies. Natural products, especially those derived from marine or-
ganisms like C. vulgaris, offer a promising avenue. Therefore, this study
aimed to evaluate the anti-inflammatory activity of potential lead
compounds from the methanolic extract of C. vulgaris by targeting COX-
1 and NIK, two key receptors implicated in the inflammatory process.
Molecular docking analysis identified several C. vulgaris compounds
with strong binding affinities for both targets. Among these, compounds
C8 and C4, possessing desirable drug-like properties, exhibited signifi-
cant potential as selective inhibitors. Molecular dynamics simulations
further supported these findings, showing stable interactions between
the compounds and the target proteins. The analysis of RMSD, RMSF,
Rg, and SASA provided insights into the conformational stability and
dynamic behavior of the protein-ligand complexes. The free energy
calculations using MM-PBSA revealed that the C8 and C4 compounds
exhibited favorable binding energies, suggesting their potential as
potent inhibitors. The analysis of per-residue energy contributions
identified key amino acid residues that contribute to the stability of the
protein-ligand complexes. To substantiate these computational find-
ings, subsequent investigations employing experimental validation are
imperative. To fully elucidate the therapeutic potential and safety pro-
file of the identified compounds, particularly C8 and C4, further
experimental validation, including in vitro and in vivo studies followed
by clinical trials, is necessary. This dual targeting approach, inhibiting
both COX-1 and NIK, presents a promising strategy for developing novel
anti-inflammatory therapies with reduced side effects.
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