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ABSTRACT

The COVID-19 pandemic, caused by SARS-CoV-2, is a significant public health challenge. One approach to combat this virus is to
develop antiviral drugs from natural products, such as those produced by cyanobacteria. Cyanobacteria produce a diverse range of
secondary metabolites (SMs), including nodularin, aplysiatoxin, and obyanamide, which have unique chemical properties that make them
potential scaffolds for drug development. We hypothesized that these SMs might be effective binders against the main protease of SARS-
CoV-2, a key target for antiviral therapy. To test this, we used structure-guided drug design tactics to investigate the binding affinity of
13 cyanobacterial SMs against the main protease. Our results showed that three metabolites - nodularin-R, aplysiatoxin, and obyanamide
had the highest binding affinity towards the main protease. We further analyzed the interaction profiles of these molecules in a bound state
with the main protease. Notably, we calculated the binding free energies of nodularin-R using molecular mechanics/generalized born
surface area (MM-GBSA) and free energy landscape (FEL) analysis, along with molecular dynamics (MD) simulations. These simulations
demonstrated the stability of nodularin-R in the active site of the main protease. Our study suggests that nodularin-R may be a promising
therapeutic against SARS-CoV-2, pending further clinical evaluation. This research highlights the potential of cyanobacterial SMs as a rich
source of antiviral compounds and demonstrates the power of structure-guided drug design in identifying promising leads.
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and economic crises worldwide [2]. Till 7 October 2021, the
number of confirmed cases of COVID-19 is 236,132,082 with
4,822,472 deaths (World health organization (WHO) global

Introduction statistics). Furthermore, until this date, a total of 6,262,445,422

The 2019-novel coronavirus (2019-nCov), responsible for the
pandemic coronavirus disease 2019 (COVID-19) belongs to the
subfamily of Orthocoronavirinae, family Coronavidae, order
Nidovirales, and the genus Betacoronavirus that affects animals
and mammals [1]. It caused a global pandemic since 2019 that
is still ongoing, leading to millions of infections and deaths,

vaccine doses have been administered (WHO global statistics).
In addition to vaccination, therapeutic options against this 2019
novel coronavirus remain a major challenge for the scientific
and medical community. The genome of this coronavirus
consists of 11 open reading frames ORFs (reference sequence:
NC_045512.2, severe acute respiratory syndrome coronavirus
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2 isolate Wuhan-Hu-1, complete genome). The size of these
genes are as follows: ORFlab is 21,290 bp in length, S gene
is 3,822 bp, ORF3a is 828 bp, E gene is 228 bp, M gene is 669
bp, ORF6 is 186 bp, ORF7a is 366 bp, ORF7b is 132 bp, ORF8
is 366 bp, N gene is 1,260 bp and lastly ORF10 is 117 bp in
length [3]. The proteins encoded by these ORFs are as follows:
Replicase polyprotein lab (PODTDI1), Replicase polyprotein
la (PODTCI), Spike glycoprotein (PODTC2), ORF3a protein
(PODTC3), Envelope small membrane protein (PODTC4),
Membrane protein (PODTCS), ORF6 protein (PODTC6), ORF7a
protein (PODTC7), ORF7b protein (PODTDS8), ORF§ protein
(PODTCS8), Nucleoprotein (PODTC9) and ORF10 protein
(AOA663DJA2) respectively, as per Uniprot database accession
numbers [4]. Since the start of the pandemic, several research
groups have aimed to develop antiviral drugs against 2019-
nCov by targeting the extracellular proteases such as ACE-2,
TMPRSS2, Furin, intracellular proteases including Cathepsin L,
SARS-Co-V2 spike proteins, RNA dependent RNA Polymerase,
Papain-like protease (PLpro), and Main Protease (Mpro) [5].

Currently, rapid vaccine development has halted the spread of
the virus globally. However, the appearance of new mutants that
could resist the different approved vaccines worries more and
more the scientific community as long as no effective treatment
has been approved. To prevent outbreaks by novel mutant strains
of'this severe acute respiratory syndrome 2019-novel coronavirus
or SARS-CoV-2, the effort of the scientific community is
currently focusing on developing specific antiviral agents that are
effective against this 2019-nCov. One of the SARS-CoV-2 drug
targets is the Mpro which is also named 3-Chymotrypsin like
Protease or non-structural protein 5 [6]. This protease enzyme
is generated from the translation of ORF1lab, and it cleaves the
viral protein replicase polyprotein to generate the non-structural
proteins 4, 6-16, which are essential for the viral particles to
assemble and replicate inside the host cell [7]. The Mpro cleaves
ORF1lab at certain specific amino acid sites and its functional
protein is a dimer, each subunit is composed of three domains I,
II, and III. Its substrate-binding site is located between the first
two domains and comprises the unique catalytic dyad (Cys 145
- His 41), which is lacking in human proteases [8]. Therefore,
Mpro is one of the promising drug targets for SARS-CoV-2, as
it has unique sites for recognizing the amino acids for cleavage,
which are not present in the proteases of humans.

Natural compounds-based drugs derived from living organisms
are traditionally used in human therapy and are gaining importance
in the modern world healthcare sector. Due to their extraordinary
abundance in the marine environment and their production of a
large diversity of SMs, cyanobacteria have attracted the attention
of many research groups worldwide as a highly potential source
of new pharmaceutically active compounds [9]. Several literature
studies (Table 1) have reported antiviral, antifungal, antibacterial,
anticancer, anti-inflammatory, and antioxidant activities of
cyanobacterial metabolites [10,11]. Recently, studies exploring
algae and cyanobacteria as promising natural sources of the
antiviral drug against SARS-CoV-2 have been reported [12]. These
studies revealed that cyanobacterial metabolites such as flavonols,
flavanones, and alkaloids showed potential inhibitor activity
against coronavirus proteins like transmembrane protease serine 2
(TMPRSS2), main protease (Mpro), and angiotensin-converting
enzyme 2 (ACE2) involved in SARS-CoV-2 viral replication [13].

Similarly, microginins, a class of linear peptides produced by the
cyanobacterial genus Microcystis, showed potential inhibitor
activity against ACE [11]. Given the urgent need to block the
SARS-CoV-2 pandemic worldwide and the years of research
and development required for the discovery of new effective
drugs by a conventional approach, there has been considerable
interest in both the reuse of approved antiviral agents and in
silico drug repurposing approach based on molecular docking of
natural products from various microorganisms [14]. Due to the
rapid genomic sequencing of SARS-CoV-2 and the identification
of drug-binding pockets of key viral enzymes essential for virus
replication, such as the major protease (Mpro) and papain-
like protease (PLpro), the in silico molecular interaction-based
approach could rapidly lead to the discovery of a potential drug
against existing and future emerging 2019-nCov mutants. In
this study, we investigated thirteen cyanobacterial metabolites
by targeting the Mpro protease of 2019-nCov using this in silico
approach based on molecular docking.

Materials and Methods

Selection of Cyanobacterial Metabolites for the Study
Structure coordinates of thirteen cyanobacterial metabolites were
accessed from the fabled database PubChem [15]. The chemical
structures have been provided in Figure 1. Two-dimensional
coordinates of all the metabolites (ligands) were retrieved after
confirming their various details. All the ligands were kept ready
for subsequent molecular docking in a structure data file (SDF)
format.

Selection of SARS-CoV-2 Main Protease Structure

Among the various crystal structures Available for SARS-CoV-2
main protease, we selected a structure bearing PDB ID: 6ZRU
[16]. As a thumb rule before initiating molecular docking, we
inspected the structure for any missing amino acid residues.
Redundant molecules including native ligands associated with
the protein chain of the main protease were removed. Maestro
which is not only a user interface but performs other functions
as well was used for checking the sequence continuity and for
removing above mentioned irrelevant structures [17,18].

Docking Metabolites Against Processed Sars-Cov-2 Main
Protease

CB-Dock server was used to perform molecular docking.
Following the detection of putative binding regions, CB-Dock
performs cavity sorting to detect the various top cavities based
on their size [17,19]. Each ligand was docked against the main
protease of SARS-CoV-2 individually. While the ligands were
given as input in SDF format, the main protease was provided to
the server as a PDB file. The docking centre was set, and the size
of the docking box was adjusted. Finally, the molecular docking
and reranking were performed with the help of Auto Dock Vina
(version 1.1.2) [20]. CB-Dock server, as a default, performed
docking in five putative cavities. The correct cavity in SARS-
CoV-2 and the correct pose of ligands was assured and selected
by taking advantage of native (cocrystallized)-ligand. As the
binding region of the co-crystallized ligand has been determined
experimentally, thus it serves as a good reference for confirming
the correct binding site and poses of algorithm-docked ligands
[17]. All thirteen docked complexes were minutely analyzed for
picking the correct pose bound at the proper binding region. For
this confirmation, the Chimera tool was employed [21].
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Ligand-Main Protease Interaction Profile Study

From the docked complexes, the interaction profile was
generated using the correct pose. The three-dimensional
interaction profiles were generated through the protein-ligand
interaction profiler. This tool explores interactions (non-covalent
ones) between a ligand and its biological macromolecular
target. Using the protein-ligand docked complex as input, this
tool identifies seven interaction types between the duo at the
atomistic scale. These interactions include not only hydrogen
and hydrophobic contacts but also pi-cation, pi-stacking, water
bridges, and salt bridges. Additionally, halogen bonds between
the macromolecular target and ligand are also detected by this
rule-based algorithm-reliant tool [17,22].

Molecular Dynamics Simulation

For checking the stability of Nodularin-R in the binding site
of SARS-COV-2 main protease molecular dynamics (MD)
simulation was performed. We used Desmond, a module of
Schrédinger, for this purpose. The docked protein-ligand
complex was preprocessed with the Protein Preparation
Wizard of Maestro, where molecular optimization and energy
minimization were done. After that, System Builder was used
for system preparation, adding water for solvation, 0.15 M of
sodium chloride (NaCl) and additional Na+/Cl- ions to neutralize
the charges in the protein. Simple point-charge (SPC) was used
as the water model. An orthorhombic box of 10 A x 10 A x 10 A
was adopted for simulation. An NPT ensemble with temperature
0f 300.0 K and pressure of 1.01325 bar was utilized.

Root means square deviation (RMSD), root mean square
fluctuation (RMSF) and radius of gyration (Rg) were calculated
using GROMACS. The Desmond trajectory is converted to the
GROMACS, XTC format using MDTraj [23]. The commands
gmx rms, gmx rmsf and gmx gyrate were used for RMSD,
RMSF and Rg, respectively. For RMSD and RMSF, only the
C-alpha atoms were considered, while for Rg, only the protein
backbone was considered.

Principal Component Analysis and Free Energy Landscape
Principal component analysis (PCA) was used for the
investigation of conformational change during the simulation.
For PCA, the covariance matrix was calculated using only the
C-alpha atomic coordinates of the protein. Diagonalizing the
matrix, we obtained the eigenvectors (principal components)
and the corresponding eigenvalues. In this process, GROMACS
was employed. The XTC trajectory obtained before was input.
The gmx covar and gmx anaeig commands were used for
construction of the covariance matrix and diagonalization,
respectively.

Free energy landscape (FEL) was to study the change of free
energy and for the detection of metastable conformations.
GROMACS was again utilized to calculate the Gibbs free energy

as a function of the first two principal components (PCs), where
the gmx sham command was used. Locally estimated scatterplot
smoothing (LOESS) regression was used for smoothing the FEL
plot.

Dynamic Cross-Correlation Matrix

Dynamic cross-correlation matrix (DCCM) was employed for
studying the correlation in motions among different residues.
Only the displacement of the C-alpha atom was considered
in DCCM for each residue. The formula for calculating the
correlation C(i,j) between the ith and jth residues is:

o <Ar-Ar; >
C(i,j)= —
< Ar P>2<| Ar, [P>?

In this formula, Ar, is the displacement vector of the ith residue,
and |Ar| denotes the length of the corresponding vector, and
Ar,- Arl. represents the dot product of the two vectors, and the
angle brackets represent the average value of the quantities.
Positive correlation, negative correlation and no correlation are
represented by C(i,j)>0, C(i,j)<0 and C(i,j)=0, respectively.

We used the decm function in the Bio3D package [58,59] for
calculation of DCCM. The DCD format of trajectory required
for the dccm function was obtained using MDTraj, which can
covert Desmond trajectory to different other formats.

Molecular Mechanics/Generalized Born Surface area (MM/
GBSA) Energy

Molecular mechanics/generalized Born surface area (MM/
GBSA) energy was calculated to evaluate the binding energy
between the protein and the ligand. Uni-GBSA was employed
for calculation of MM/GBSA energy [24]. This tool uses
gmx_ MMPBSA and MMPBSA.py of Amber for MM/GBSA
calculation. The Desmond trajectory is separated into frames.
For each frame, water and ions are removed, and the protein-
ligand complex is split into two PDB files, one protein PDB and
one ligand PDB. Open Babal was used to convert the ligand
PDB file into MOL2 format. The protein PDB and ligand MOL2
were used as input of Uni-GBSA, where we used the default
configuration file (default.ini, see https://github.com/dptech-
corp/Uni-GBSA), after which the total free energy of binding
is output.

Results
In silico Binding Interaction Studies of Selected Cyanobacterial
Compounds with 2019-nCov Main Protease (Mpro).

The 13 cyanobacterial metabolites (Figure 1) were selected based
on the previous reports of their potent biological effects, and
some of them have antiviral activity (Table 1). All compounds
were docked into the active site pocket of SARS CoV-2 Main
protease (Mpro).
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Figure 1: Structures of the 13 selected cyanobacterial metabolites, From the left to the right: Nodularin-R, Aplysiatoxin, Obynamide,
Phytolexin, Belamide A, Largozole, Nodularin V, Dolastatin 10, Microginin 756, Soblidotin, Tasidotin, Cemadotin, and Fuciodan

Table 1: Biological activities of some cyanobacterial metabolites

Costaria costata

Metabolites Cyanobacteria Biological Activity References
Nodularin-R Nodularia sp. Protein phosphatase-1 25
inhibitor, cytotoxic
Nodularin-V (motuporin) Theonella swinhoei Protein phosphatase-1 25,26
inhibitor, cytotoxic
Aplysiatoxin Lyngbya majuscula, Antiviral activity 27
Schizothrix calcicola,
Oscillatoria nigro-viridis,
Trichodesmium erythacum
Obyanamide Lyngbya confervoides Anticancer activity 28
Phytoalexin Scytonema ocellatum Antifungal activity 29
Belamide A Symploca sp. Anticancer activity 30
Largazole Symploca sp. Anticancer and 31
antiproliferative
Dolastatin 10 Dolabella auricularia activities 32
Microginin 756 Microcystis sp. Anticancer activity 11,33
Inhibit angiotensin-converting
Soblidotin Dolabella auricularia enzyme, potential 34
Tasidotin Dolabella auricularia, and inhibitor of SARS-CoV-2 35
cyanobacteria
Cemadotin D. auricularia/Symploca sp. Anticancer activity 36
Fucoidan Eclonia cava, and Anticancer activity 37

Antiviral, anticancer,
and antimetastatic activities

Figure 2 shows the docking score (binding energy in kcal/mol) of the 13 selected cyanobacterial bioactive compounds with binding
site amino acid residues of the SARS-CoV-2 Main protease (Mpro).

Molecular docking, basically a molecular modeling method has critical importance in finding atomic-level interactions between
proteins and ligands [38]. Apart from this, how a ligand fits in the binding pocket of a biological macromolecule is also explored by
this technique [39]. Cavity-detection guided Blind Docking (CB-Dock) server employs the empirical scoring function of Auto Dock
Vina, which is majorly machine learning, for quantifying ligand-receptor affinity17, 20. A more negative value or lowest Vina Score
indicates more binding affinity while the least negative or highest score designates the least ligand-receptor affinity. Our results
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(Figure 2) show that nodularin-R docked with the best score or binding energy of —8.3 kcal/mol followed by aplysiatoxin (—8.0 kcal/
mol), obyanamide (—7.9 Kcal/mol), phytoalexin (=7.3 Kcal/mol), belamide A (=7.1 Kcal/mol), largazole, nodularin-V, and dolastatin
10 (=7.0 Kcal/mol), microginin 756 (—6.6 Kcal/mol), soblidotin (—6.5 Kcal/mol), tasidotin (—6.3 Kcal/mol), cemadotin (—6.1 Kcal/
mol), and fucoidan (—5.3 Kcal/mol) (Table S1). Recently, Pendyala et al. reported that among 16 phytochemicals screened by
molecular docking against SARS-CoV-2 Main protease (Mpro), cyanobacterial phycocyanobilin showed also the highest docking
score (—8.6 kcal/mol) [40].
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Figure 2: The binding affinity (vina score) of the 13 selected cyanobacterial metabolites towards the main protease (Mpro) of 2019-
nCov. Interactions profiles of the highest affinity potential inhibitors (nodularin-R, aplysiatoxin, and obyanamide) with the binding
pocket of the main protease (Mpro) of 2019-nCov

Ten key active-site amino acid residues (His 41, His 164, Asn 142, Gly 143, Arg 188, Gln 189, Gln 192, Pro 168, Thr 25, and Met 49)
of 2019-nCov Mpro involved in polar interactions at a distance of < 5 A with nodularin-R. However, only four (His 163, Glu 166,
Gln 189, and Met 165) and three (Glu 166, Gln 189, and Met 49) key active-site amino acid residues involved in polar interactions
at a distance of <4 A with aplysiatoxin and obyanamide, respectively. Specific polar contacts of each cyanobacterial compound are
shown in Table 2. Recently, Amin et al.41 reported the list of key active-site amino acids (His 41, His 163, His 164, Cys-145, Met
49, Met 165, Gly 143, Ser 144, Glu 166, Leu 167, Asp 187, Arg 188, Gln 189, Gln 192, Thr 190, and Ala 191) involved in catalysis
and substrate binding for Mpro of 2019-nCov. Our results also showed polar interactions in this specific substrate-binding region for
the three potential inhibitors: nodularin-R, aplysiatoxin, and obyanamide [41].

Figures 3—5 show a 3-D representation of the binding pocket of the main protease (Mpro) of 2019-nCoV-2 with nodularin-R,
aplysiatoxin, and obyanamide, respectively. Interaction profiles extracted from these three top-affinity showing docked complexes
revealed especially hydrophobic and hydrogen bonding interactions between this protease and the ligands (Table 2). Among these
three potential inhibitors, nodularin-R showed a better interaction profile compared to aplysiatoxin and obyanamide. In addition to
a pi-cation interaction, it makes 5 hydrophobic and 9 hydrogen bonding interactions with specific amino acid residues located at the
active site of the pocket of the Mpro. Certain residues like Asn 142 and Arg 188 were found to interact with nodularin-R through
double hydrogen bonds. Several studies reported that both hydrophobic interactions and hydrogen bonding have cross-talk with
stabilizing ligands in the binding pocket of proteins [42].
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Table 2. Molecular Docking Results of Nodularin-R, Aplysiatoxin, and Obyanamide and their Interactions With Key-Active
Site Amino Acid Residues Of 2019-Ncov Main Protease (Mpro)

2019-nCov MP
Compounds % % - —
Vina Score (kcal/mol) H-bonding Contacts Hydrophobic contacts | pi-cation contact
Nodularin-R —8.3 His 41, Asn 142*, Gly 143, His 164, | Gln 192, Pro 168, Thr | His 41
Arg 188*, Gln 189, GIn 192 25, Met 49, GIn 189
Aplysiatoxin -8 His 163 Glu 166, Gln 189, Met | -
165
Obyanamide =7.9 Glu 166* Gln 189, Met 49 -

* Represents two hydrogen bonds

s Hydrogen Bond

n-Cation Interaction
Hydrophobic Interaction

Figure 3: Mode of interaction of nodularin-R with the main protease (Mpro) of 2019-nCoV-2

(A) nodularin-R (yellow color) in the binding pocket of the Mpro (plum surface). (B) A 3-D docking pocket of 2019-nCov Mpro
with nodularin-R (brown color), showing detailed ligand atom interactions with key-active site amino acid residues of Mpro. Nine
hydrogen bonds (blue line), five hydrophobic bonds (dashed grey line), and one pi-cation interaction (dashed brown line) were

observed between the ligand-receptor.

aplysiatoxin

Figure 4: Mode of interaction of aplysiatoxin with the main protease (Mpro) of 2019-nCoV-2
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(A) aplysiatoxin (red color) in the binding pocket of the Mpro (plum surface). (B) A 3-D docking pocket of 2019-nCov Mpro
with aplysiatoxin (brown color), showing detailed ligand atom interactions with key-active site amino acid residues of Mpro. One
hydrogen bond (blue line) and three hydrophobic bonds (dashed grey line) interactions were observed between the ligand-receptor.

obyanamide

Figure 5: Mode of interaction of obyamide with the main protease (Mpro) of 2019-nCoV-2.

(A) obyanamide (brown color) in the binding pocket of the Mpro (plum surface). (B) A 3-D docking pocket of 2019-nCov Mpro
with obyanamide (brown color), showing detailed ligand atom interactions with key-active site amino acid residues of Mpro. Two
hydrogen bonds (blue line) and two hydrophobic bonds (dashed grey line) interactions were observed between the ligand-receptor.

Molecular Dynamics Manifested Stability Of Nodularin-R In the Groove of the Main Protease

To evaluate the reliability of the molecular docking and stability of the nodularin-R-Mpro docked complex, we conducted molecular
dynamics (MD) simulations. The trajectories obtained from the complex were analyzed and plotted in terms of root mean square
deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), principal component analysis (PCA), free energy
landscape (FEL), dynamic cross-correlation matrix (DCCM) and molecular mechanics/generalized born surface area (MM/GBSA).

The RMSD the protein in nodularin-R-Mpro complex shows the degree of fluctuation of the protein during the MD simulation.
During the 100 ns MD simulation, the RMSD values change abruptly initially, but it quickly equilibrated after 10 ns, with a mean
of 1.898 A and an SD of 0.274 A. (Figure 6). The low RMSD value shows that the complex does not fluctuate much overall and it
is an indication of its stability.

RMSD

RMSD (A)
RN N W ow
o in o i o o

o
o

4
o

° 20 40 €0 80 100
Time (ns)

Figure 6: Root means square deviation (RMSD) of the protein in the nodularin-R-Mpro complex

The RMSF shows the local fluctuation of each residue of the protein in the nodularin-R-Mpro complex. In general, the fluctuation of
the complex is low for most domains of the protein with RMSF values of lower than 3 (Figure 7). However, it is observed that the
regions near the N- and C-terminal have relatively high RMSFs, probably because they are the free ends of the protein.
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RMSF

1 50 100

Residue

150 200 250

Figure 7: Root mean square fluctuation (RMSF) of the protein in the nodularin-R-Mpro complex

The Rg shows the level of compactness of protein. In the nodularin-R-Mpro complex, it shows that initially the Rg fluctuates, but
after 40 ns, the values stabilize (mean: 21.93 A, SD: 0.099 A) (Figure 8). This shows that the degree of compactness does not change
much and the complex attains equilibrium after some time in the simulation.

Radius of Gyration

40

Time (ns)

Figure 8: Radius of gyration (Rg) of the protein in the nodularin-R-Mpro complex

The conformational changes of the protein in the nodularin-R-
Mpro complex are investigated via PCA and FEL. The PCA plot
shows two dense regions where many dots accumulate, which
suggests that there might be two metastable conformations
(Figure 9). This is confirmed by the FEL plots, which shows the
free energy of different conformations (Figure 10). It is shown
that there exist two local minima of low energy, an indication of
two stable conformations in the protein of the nodularin-R-Mpro
complex.

PC2
Gibbs energy (kJ/mol)

-5.0 2.5 0.0 255 5.0
PC1

Figure 9: Principal component analysis (PCA) of the protein in
the nodularin-R-Mpro complex

(4] o ~N

PC2

»
Gibbs energy (kJ/mol)

w

N

0.0 25

PC1

5.0 2.5 5.0

Figure 10: Free energy landscape (FEL) of the protein in the
nodularin-R-Mpro complex

The DCCM analysis is used to investigate the correlation
between the motions of different residues. Only the frames
after 10 ns were considered since the RMSD results shows that
the system attains equilibrium after that. The result shows that
there are extensive correlations in motions in the protein of
the nodularin-R-Mpro complex. The negative correlations are
mainly found within residues 100-200 and between residue 20-
100 and 200-250. The positive correlations are mainly between
residues 100-200 and 20-100 and between residues 200-300 and
100-304 (Figure 11).
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Residue No.

Residue No.

Figure 11: Dynamic cross-correlation matrix (DCCM) of the
protein in the nodularin-R-Mpro complex

Molecular mechanics/generalized born surface area (MM/
GBSA) was used to estimate the binding free energy between
Mpro and nodularin-R in the protein-ligand complex. In the
first 20 ns of the simulation, the MM/GBSA energy fluctuates,
but after 20 ns, it stabilizes to a mean value of -28.63 kcal/mol
(SD: 3.846 kcal/mol) (Figure 12). The large binding free energy
indicates a stable protein-ligand interaction.

a0 60 80 100
Time (ns)

Figure 12: Molecular mechanics/generalized Born surface area
(MM/GBSA) of the protein in the nodularin-R-Mpro complex

Molecular docking studies indicated that all nodularin-R
residues (Adda, Glu, Mdhb, Asp, and Arg) are involved in polar
interactions with key amino acid residues located at the active
site of the pocket of the main protease of 2019-nCov. The Glu
residue of nodularin-R is involved in a pi-cation interaction with
the His 41 in the pocket of Mpro. The Arg, Mdhb, Glu, and Asp
residues of nodularin-R interact by hydrophobic bonds with
Arg 188, Asn 142, GIn 189, and Gly 143 in the pocket of Mpro,
respectively. The residue Mdhb of nodularin-R interacts with the
residue Asn 142 of Mpro through double hydrophobic bonds. In
addition, all residues of nodularin-R are involved in hydrogen
bond interactions with the Mpro” amino acid residues. Recently,
Wau et al. reported that sequence alignment of Mpro of SARS-
CoV-2 and other CoVs such as SARS-CoV and MERS are
highly conserved, especially in the active site, which makes it
a potential target for discovering new drugs against 2019-nCoV
[43]. Our screening results by molecular docking performed on
13 metabolites of cyanobacteria suggest that nodularin-R is a
promising inhibitory compound against the main protease 2019-
nCoV. However, nodularin-R is also known as a powerful liver
tumor promoter and potent inhibitor of the protein phosphatase-1
and -2A catalytic subunits [44]. The crystal structure study
of the nodularin-R: PP1 complex showed that all amino acid

residues of the toxin, except the Arg residue, involved also in
polar interactions with key-active amino acid residues located
at the active site of the pocket of the PP1 [45]. Therefore, the
structure of nodularin-R could serve as a model for designing
new anti-2019-nCoV active principles by modifying certain
functional groups in its chemical structure to reduce its toxicity
and increase its inhibitory potential against the main protease
[46-56].

Discussion

Computational techniques play a crucial role in speeding up
the discovery of new drugs, especially in times of global health
crises like the COVID-19 pandemic. This study used molecular
dynamics simulations to thoroughly analyze the stability,
dynamics, and binding interactions of the nodularin-R-Mpro
complex, revealing its potential as a strong inhibitor of SARS-
CoV-2 major protease (Mpro). The nodularin-R-Mpro complex
reached stability following an initial equilibration period, as
demonstrated by the root mean square deviation (RMSD)
analysis of the MD simulation data. With a mean RMSD of
roughly 1.898 A and a standard deviation of 0.274 A, the complex
showed notable overall little variation, indicating a strong and
stable interaction between nodularin-R and Mpro during the MD
simulation. Furthermore, localised variations within the protein-
ligand complex, notably close to the N- and C-terminals, were
identified by root mean square fluctuation (RMSF) analysis as
suggestive of dynamic behaviour at these locations.

The nodularin-R-Mpro complex's conformational landscape was
further clarified by principal component analysis (PCA) and free
energy landscape (FEL) analysis, which showed the existence
of two metastable conformations. These results highlight the
possibility of several conformational states or binding modes,
offering important new understandings of the dynamics and
binding processes of the protein-ligand interaction. Furthermore,
the examination of the dynamic cross-correlation matrix
(DCCM) revealed significant correlations in the movements
within the complex's protein, emphasising the coordinated
movements of various residues during the simulation.

Molecular mechanics/generalized Born surface area (MM/
GBSA) analysis, which revealed a stable protein-ligand
interaction with a large negative binding free energy of roughly
-28.63 kcal/mol, supporting a favourable binding affinity
between nodularin-R and Mpro, provided evidence for the robust
binding affinity between the two molecules. Molecular docking
experiments confirmed nodularin-R's potential as a promising
inhibitor of SARS-CoV-2 major protease by elucidating precise
interactions between it and important amino acid residues in the
active site pocket of Mpro.

These results highlight nodularin-R's therapeutic potential as a
strong and stable inhibitor of SARS-CoV-2 main protease. Rigid
preclinical and clinical studies are therefore required in order to
establish its safety and efficacy for clinical use. By integrating
computational methodologies with experimental validation, this
study contributes to the accelerated development of effective
antivirals against emerging infectious diseases like COVID-19,
highlighting the pivotal role of computational drug design in
addressing global health challenges.
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Conclusions

In this report, thirteen SMs were investigated for their binding
affinity towards the main protease of SARS-CoV-2. It was
found that three metabolites (nodularin-R, aplysiatoxin, and
obyanamide) proved best in terms of affinity against the defined
protease. These molecules interacted with this protease through
multiple interactions. Importantly, nodularin-R, the best-scoring
molecule proved quite stable in the binding pocket of the main
protease as it showed no drifting from an initial binding position.
The bottom line of the study is that nodularin-R may prove as a
potent and stable molecule for obstructing SARS-CoV-2 main
protease. However, stringent clinical studies are required for
promoting this marvelous molecule from ocean to bedside.

Supplementary Materials: Table S1: Vina score of different
cyanobacterial metabolites against the main protease.
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