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Abstract: The ongoing COVID-19 pandemic has highlighted the urgent need for effective antiviral
treatments to combat the spread of the virus. Natural products have emerged as a valuable source of
potential drug candidates, given their diverse chemical structures and ability to inhibit viral replication.
In this study, we selected a dataset of 356 antiviral natural products from the Ambinter chemical library
and screened them for their ability to inhibit the main protease (MP™), a key target for drug development
against SARS-CoV-2 using molecular docking in order to estimate their potential pharmacological
activity. Furthermore, we evaluated the selected compounds' physicochemical properties and
pharmacokinetic parameters to assess their drug-likeness. Finally, molecular dynamics simulations
were conducted on the highest-ranking compounds to assess their stability and molecular interactions
over time. Our findings indicate that the compounds Amb18482894 and Amb1953578 belonging to the
flavones and the flavonolignans chemical classes exhibit strong affinity towards MP™ with binding
scores of —8.4 and —8.0 kcal/mol, respectively, which were found to be higher than the reference
compound, masitinib. Moreover, better stability was observed in the studied natural compounds in
complex with MP, suggesting their potential as future drug candidates for COVID-19. This study
contributes to the ongoing efforts to identify safe and effective treatments for this global health crisis.

Keywords: main protease (MP°); SARS-CoV-2; virtual screening; natural compounds; ADMET
prediction; molecular dynamics simulations.
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1. Introduction

The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has caused a current pandemic with over 590 million
cases and over 6.0 million deaths (https://covid19.who.int/) [1]. Currently, vaccines are being
applied in many countries; however, it takes more time to reach levels that could control this
global epidemic, which is likely to become a seasonal disease [2]. Although some antiviral
drugs have received emergency authorization by various drug regulatory agencies worldwide,
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their use is limited [3]. Seeing how options for treating and preventing the development of
COVID-19 are limited has prompted the repurposing of available drugs as new courses of
treatment [4]. Lopinavir, chloroquine, and hydroxychloroquine are among the drugs that
showed in-vitro efficacy on COVID-19 [5-7]. Although several studies and clinical trials have
investigated this newly found activity [8-11], these drugs still seem to fall short. The lack of
effectiveness opens up new opportunities for discovering and developing new and potent
therapeutics for the treatment of COVID-19.

The coronavirus enters cells by utilizing its trimeric glycosylated spike (S) protein,
which consists of S1 and S2 subunits. The S1 subunit binds to the angiotensin-converting
enzyme-2 (ACE2) receptor, while the S2 subunit mediates viral cell membrane fusion by
forming a six-helical bundle via the two heptad repeat regions. Host cell proteases, including
Transmembrane Serine Protease 2 (TMPRSS2) and endosomal cathepsins, trigger proteolytic
cleavage of the S protein bound to ACE2, facilitating viral envelope-cell membrane fusion.
This process releases the viral nucleocapsid into the host cell. The host cell's translation
machinery recognizes the genomic RNA, synthesizing polyproteins 1a (ppla) and 1lab (pplab)
through ribosomal frameshifting. Main protease (MP™) cleaves these polyproteins, yielding
various nonstructural proteins (nsp). Notably, nsp5 (MP) of porcine coronavirus can modify
host immune system components by cleaving NFkB and STAT-2, impacting IFN-B production
and expression of interferon-stimulated genes [12-14].

To date, different drug targets against SARS-CoV-2 have been identified for the
development of a potential treatment, such as the RNA-dependent RNA polymerase (RARp),
papain-like protease (PLP™), and main protease (MP™) [15]. The latter (MP™) has gained
relevance because, in addition to being vital for the viral life cycle, it has been observed that
this enzyme prefers specific substrates not present in humans, speeding up the identification
and design of new high selectivity and low toxicity covalent and non-covalent inhibitors [16].

Figure 1. Three-dimensional structure of SARS-CoV-2 MP™ bound with non-covalent Masitinib ligand (PDB
ID: 7JU7).

MP' a dimeric protein responsible for cleaving the polyprotein into various functional
proteins, plays a crucial role in viral replication and transcription [17]. Consequently, MP™
serves as a significant drug target in the treatment of COVID-19 [18]. Structurally, MP™ consists
of three domains: 1, 1, and I11, with domains | and Il exhibiting a chymotrypsin-like fold [19].

The substrate-binding cleft of MP™ is situated between domains | and 11, as depicted in Figure
https://nanobioletters.com/ 20f 15
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1. MPJacks proteolytic activity due to the unorganized substrate-binding site in its monomeric
form. However, the substrate-binding site adopts a proper conformation in the dimeric form,
enabling its enzymatic function [20].

In this tireless effort to develop a molecule that could be an excellent solution to the
problem caused by COVID-19, this work aimed to screen a library of natural compounds from
Ambinter SARL by Greenpharma (https://www.ambinter.com/) using virtual screening and
molecular docking to guide the rational discovery and optimization of new selective inhibitors
for the SARS-CoV-2 main protease (MP™).

2. Materials and Methods

2.1. Target protein selection.

There are two crystallographic structures of MP™ in complex with Masitinib (G65) on
the RCSB PDB, 7JU7 and 7TV X, with resolutions of 1.60 A and 2.09 A, respectively [21,22].
To compare the superposition of the active site residues and calculate the RMSD to validate
the similarity between the two structures (Figure 2A). The RMSD calculation result shows that
the active site residues are well conserved between the two structures of MP™ with an atomic
deviation value of (0.095). In this study, we chose the (PDB ID: 7JU7) structure because its
resolution and Ramachandran plot show a better distribution of favorable regions with a
percentage of (91.3%) (Figure 2B).
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Figure 2. (A) Superposition of Mpro active site residues; (B) Ramachandran plot of MP™ PDB structure.

Masitinib (MST), a well-known tyrosine kinase inhibitor, had excellent inhibitory
activity against MP® (ICso = 2.5uM). The (MST-MP™®) complex was resolved by X-ray
crystallography and deposited in the Protein Data Bank (PDB ID: 7JU7) [23]. The crystalline
structure of the (MST-MP™) complex shows that MST non-covalently binds to the two active
sites on the MP™ homodimer. There are three key interaction sites between the active site
residues of MST and MP™ that block the recognition of virus-coded polyproteins: (1) the
pyridine-HIS hydrogen bond:163, (2) the thiazole-CYS hydrogen bond:145, and (3) the
toluene-HIS n-7 stacking bond:41 [24]. The last two listed interactions were identified as the
most relevant as they involve the two catalytic residues of the enzyme. However, upon closer
examination of the complex, it can be concluded that the hydrogen bond between the thiazole
ring and the side chain of Cys-145 could not occur due to the low interaction angle formed
(94.7°). Although this intermolecular interaction seems unlikely, we detected during structure
verification that a hydrogen bond could form between the amino group of the aminothiazole
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ring and the carbonyl of the HIS main chain:164. This intermolecular hydrogen bond has a
suitable distance of 3.0 A and an angle of 158.9° to be considered a potential pharmacophore
point (Figure 3).

Figure 3. The (MST-MP™) complex with the residues of the active site of the main protease (MP™) of SARS-
CoV-2.

2.2. Natural products library preparation.

In this study, we have chosen to test 350 natural molecules from the Ambinter SARL
chemical library for natural products (https://www.ambinter.com/#libraries), which are known
for their antiviral effects [25]. The ligands were downloaded from the chemical library in SDF
format.

2.3. Virtual screening.

The result of the preparation and minimization of the 350 molecules was obtained using
the PyRx software based on AutoDock Vina [26-28]. The grid box size was set to 20 x 20 x 24
with a grid center of 11.292, 5.75, and 20.679 in X, Y, and Z dimensions, respectively, and a
spacing of 1A. Compounds displaying a binding affinity of -8.0 kcal/mol or less were taken
into account for further analysis.

2.4. ADMET prediction.

Seven parameters were considered to evaluate the selected candidates' pharmacological
properties after screening alongside Lipinski’s rule of five. Human intestinal absorption (HIA),
blood-brain barrier (BBB) permeability, human ether-a-go-go-related gene (hERG) inhibition,
and cytochrome CYP2D6 inhibition were predicted using the SwissADME web server
(http://www.swissadme.ch/), while toxicity parameters (AMES toxicity and carcinogenicity)
were computed using the pkCSM web server (https://biosig.lab.ug.edu.au/pkcsm/) [29,30].

2.5. Molecular docking.

A molecular docking study was performed with the AutoDock 4.2.6 software, which
was included in AutoDockTools for the remaining compounds [31]. The grid box parameters
used to configure the molecular docking were set to 55 x 55 x 64, with a grid center of 11.527,
5.98, and 20.578 for X, Y, and Z dimensions, respectively, and a spacing of 0.375 A.
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2.6. Molecular dynamics simulation.

The highest-ranking compounds were selected from the molecular docking study to
assess their stability under dynamic conditions and compare their behavior to the reference
inhibitor. Missing side chains and loops were fixed using the CHARMM-GUI web server
[32,33]. The Desmond module was used for MD simulations to investigate changes in protein
structure within the solvent system [34,35]. The solvated system was created using the System
Builder panel in Desmond, centered in an orthorhombic cubic box with periodic boundary
conditions and filled with Single Point Charge (SPC) water molecules buffered at a distance of
at least 10 A between a protein atom and box edges [36]. The system was neutralized and
maintained at an isosmotic state by adding counter-ions (Na* and CI") and 0.15 M NaCl. The
solvated system was minimized and relaxed using OPLS3e force field parameters, and a
constant temperature of 300 K and pressure of 1 atm were maintained during the simulation
using the Nose-Hoover thermostat algorithm and Martyna-Tobias-Klein Barostat algorithm,
respectively [37,38]. The simulation was run for 100 ns, during which 1000 frames were saved.
The MD simulation trajectory was analyzed using the Simulation Interaction Diagram (SID)
tool [39-41].

3. Results and Discussion

3.1. Virtual screening.

Results indicate that 67 molecules showed an affinity for the main protease (MP) with
a score less than or equal to -8.0 kcal/mol. The top twenty molecules were found to belong to
the class of flavonoids, coumarins, and their derivatives. The analytical evaluation of the results
of the pharmacokinetics and the re-docking of these 67 molecules will allow us to monitor and
predict the ability of these classes of biomolecules to be inhibitors of the SARS-CoV-2 (MP™)
protease.

3.2. ADMET prediction results.

To be effective as a medication, a potent molecule must reach its target in the body at
a sufficient concentration and remain in a bioactive form long enough for the expected
biological events to occur [42]. In addition to Lipinski's rule of five, six pharmacokinetic
parameters were considered to evaluate the pharmacological activity of the selected candidates,
as shown in Table 1. Human intestinal absorption (HIA) is a parameter designed to predict the
proportion of compounds the human small intestine has absorbed. A molecule with less than
30% absorbance is considered poorly absorbed. Blood-brain barrier permeability (BBB)
describes the ability of a given molecule to reach the brain; a BBB value greater than 0.3 is
indicative that the molecule can easily cross the blood-brain barrier, while molecules with
values less than -1 are considered poorly distributed to the brain. Cytochrome CYP2D6
Inhibition (CYP2D6 inhibitor) is responsible for the metabolism of many drugs. However,
P450 inhibitors can significantly alter the pharmacokinetics of these drugs. It is, therefore,
important to evaluate whether a given compound is likely to be a cytochrome P450 inhibitor.
The main isoform responsible for drug metabolism is CYP2D6. Human Ether-a-go-go-related
gene (hERG) inhibition is the main cause of acquired long QT syndrome, leading to deadly
ventricular arrhythmia. AMES toxicity test is a widely used method for evaluating the
mutagenic potential of a compound using bacteria. A positive test indicates that the compound
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IS mutagenic and may act as a carcinogen, while carcinogenicity refers to a highly toxic
endpoint of chemical compounds in drug development. Results indicate that a total of 8
molecules (Table 1) had a good pharmacokinetic profile, making them promising drug

candidates.
Table 1. ADME/Toxicity prediction results of the selected biomolecules.
Ambinter ID ADME T PRT Toxicit_y_ - —
HIA BBB CYP2D6 inhibitor ~ hERG inhibitor ~ AMES toxicity Carcinogenicity

Rule >30 % <-1 (NO) (NO) (NO) [0,0.7]
Masitinib 91.71 -1.344 No No No 0.051
Amb18482225 93.907 -1.122 No No No 0.147
Amb18482894 69.246 -1.174 No No No 0.317
Amb18481507 62.236  -1.015 No No No 0.175
Amh1953578 66.913 -1.332 No No No 0.334
Amb17991925 58.96 -1.314 No No No 0.307
Amb18481638 43.765  -1.295 No No No 0.481
Amb22366827 51.289  -1.359 No No No 0.484
Amb29566134 93,515 -1.115 No No No 0.047

HIA: Human intestinal absorption; BBB: Blood-brain barrier permeability; CYP2D6 inhibitor: Cytochrome
P450 inhibition; hERG inhibitor: Human Ether-a-go-go-Related Gene inhibitor; Ames toxicity: Mutagenicity

test; Carcinogenicity: prediction of highly toxic endpoint of chemical compounds.

3.3. Molecular docking results.

The remaining compounds from the virtual screening and ADMET prediction study
were selected and validated through molecular docking, as shown in Figure 4. The best-selected
compounds have an affinity ranging from -7.2 to -8.4 Kcal/mol and establish hydrogen bonds
with Cys-145 and His-41, the two catalytic residues of the enzyme (Table 2). It is also important
to mention that these molecules form hydrophobic bonds, particularly of the Van der Waals,
Pi-Pi-stacked, Pi-sigma, and Pi-alkyl types with different amino acids such as His-41, Cys-145,

Met-:49, Phe-140, His-163, and Glu-166, as displayed in Figure 5.
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Figure 4. Workflow is used for the multi-stage virtual screening of natural MP™ inhibitors.
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Table 2. Molecular docking-based virtual screening results and the resulting protein-ligand interactions.

Binding score

Aromatic

Compound Chemical structure (kcal/mol) H bonds interactions
7\
Masitinib ~ & 7.7 Gln-189 Met-49 Met-165
/OAQ\[(“\:?:
-~ ’ Tyr-54 Cys-145 Asp- .
i | - - -
Ambisasasos | L r ﬁiQ 8.4 s His-41 Met-49
O Leu-141 .
Amb1953578 j@j -8.0 GIu-166 Arg-188 His-41 Met-165
O \ G His-41 Cys-145
Amb22366827 | Ylj 8.0 GIn-166 Arg-188 Mot 165
Amb29566134 | T T -8.0 Ser-144 Glu-166 Cys-44 Met-49
Amb18481638 | | _{Jj_ I 7.8 GIn-189 Thr-190 His-41 Met-49
Amb18482225 7.6 His-164 \{g'él% AG | Cys-44 Met-49
Amb18481507 > 098y 7.6 GIn-189 Thr-190 His-41 Met-49
Amb17991925 Pﬂ A 7.2 Leu-141 Glu-66 His-41 Met-165
e ’\ﬂ/ \7.‘ —
A

Interactions

Figure 5. 2D plots of protein-ligand interactions of the reference drug, (A) Masitinib and the proposed
candidates: (B) Amb18482894; (C) Amb1953578 using Discovery Studio Visualizer.
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3.4. Molecular dynamics analysis.

A molecular dynamics simulation was performed to gain insights into the potential
impact of selected natural compounds and a reference inhibitor, masitinib, on the structural
stability of Mpro protein. This approach aimed to evaluate potential perturbations in the
protein's structural integrity.

3.4.1. Root-mean-square deviation.

The selected natural products’ stability assessment was based on various parameters,
including the measurement of conformational changes in the given complexes over time using
the protein RMSD of the C-alpha backbone. This method determined whether the simulation
had equilibrated and if its fluctuations towards the end of the simulation were around some
thermal average structure compared to the initial structure obtained from the molecular docking
study of 0 ns as a reference. Figure 6 displays the time evolution of the RMSD profiles for the
C-alpha backbone of the protein and the ligand for all complexes. The RMSD analysis was
performed on the C-alpha backbone of MP™ in complex with the reference inhibitor masitinib.
The results showed that the RMSD increased to 2.8 A for the first 40 ns and then remained
stable, with fluctuations averaging around 2.0 A for the rest of the simulation. The same pattern
was observed for Amb18482894 and Amb1953578, with the RMSD increasing during the first
40 ns before stabilizing at 2.4 A.

Regarding the ligands, the RMSD of masitinib fluctuated around 1.5 A and 3.5 A during
the simulation, which is considered acceptable. However, for the more flexible ligand,
Amb18482894, the RMSD remained stable for the first 50 ns with minimal fluctuations of 0.6
A but then displayed a sudden spike in RMSD up to 4.2 A. This spike may indicate a
conformational change needed for the ligand to bind to the protein. Finally, for Amb1953578,
the RMSD remained stable for 80 ns before reaching 3.2 A, suggesting that the ligand-protein
complex reached a stable conformation.

A T B ———

(¥) asw puebry

Protein RMSD (4)
————
— e
e
%
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= —_—
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Protein RMSD (4)
(¥) aswy puebr|

- i «W Il
¥
: W i )ﬂ V

Figure 6. RMSD analysis of C-alpha backbone and ligands during MD simulation of the selected compounds:
(A) Masitinib; (B) Amb18482894; (C) Amb1953578 with MP™ target.
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3.4.2. Root-mean square fluctuation.

The RMSF analysis provides valuable insights into local changes along the protein
chain during an MD simulation. It is calculated by measuring the motion of each residue around
its initial position throughout the trajectory, and it provides information about the flexibility of
different regions of the protein. Figure 7 shows the RMSF plots of the C-alpha backbone for
the selected complexes, highlighting the flexibility and mobility of each amino acid throughout
the simulation; the green vertical lines represent the amino acids that make contact with the
ligands. The observation of similar RMSF patterns in all three complexes is expected since
they all involve the same protein with different ligands. The high RMSF values at the ends of
the protein can be explained by the fact that these regions are generally less structured and have
more freedom of movement, allowing for higher fluctuations. The region between 160 and 180,
where the maximum RMSF value was observed, is of particular interest as it contains amino
acids involved in ligand binding. The high RMSF values in this region suggest it is more
flexible and dynamic than the surrounding areas, which could be advantageous for
accommaodating different ligands. However, it is also possible that the flexibility of these amino
acids could lead to instability of the protein-ligand complex, which would be unfavorable.
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Figure 7. RMSF plots during MD simulation of the selected compounds: (A) Masitinib; (B) Amb18482894; (C)
Amb1953578 with MP™ target. Vertical green-colored lines represent protein residues that interact with the
ligands.

3.4.3. Protein-ligand interactions.

Protein-ligand contacts were analyzed throughout the simulation to better understand
each residue's role in the binding site of the protein-ligand complexes. The resulting protein-
ligand interaction diagrams are presented in Figure 8. Upon analyzing the reference complex,
it was observed that masitinib formed several hydrogen bonds, particularly with Glu-166, GIn-
189, and Thr-190. Hydrophobic interactions were also noted, mainly involving His-41, Met-
49, and Met-165. Similar interaction profiles were observed for Amb18482894, with Glu-166
consistently bound through a hydrogen bond, albeit slightly weaker than in the masitinib-MP™

https://nanobioletters.com/ 90f 15


https://doi.org/10.33263/LIANBS134.176
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS134.176

complex. In the case of Amb1953578, Glu-166 was observed to be present throughout the
simulation time, indicating the stability of this compound. These findings suggest that Glu-166
is a key residue involved in binding all three ligands to the MP™ protein. However, subtle
differences in the strength of the hydrogen bonding interactions between Glu-166 and the
ligands may account for the variations in binding affinity observed between the different
complexes. Additionally, the hydrophobic interactions with His-41, Met-49, and Met-165
observed in the Masitinib-MP™ complex may also play a role in stabilizing the protein-ligand

complex.
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Figure 8. Protein-ligand interactions diagrams and 2D representation of the selected compounds: (A) Masitinib;
(B) Amb18482894; (C) Amb1953578 throughout the MD simulation.

3.4.4. Dynamic cross-correlation matrices.

A heatmap is generated by plotting dynamic cross-correlation matrices (DCCMs),
illustrating atomic motions with robust correlations through elevated correlation values [43].
Positive correlations in the DCCM between specific atom pairs indicate synchronized motions,
implying simultaneous movement over time. Conversely, negative correlations signify anti-
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correlated motions, suggesting that alterations in one atom's position correspond to opposing
changes in another atom'’s position at a subsequent time [44]. In Figure 9, the DCCM plots
display cross-correlations among residues of the MP™ protein (complexes A, B, and C). All
three complexes exhibit strong correlations along the diagonal, indicating coordinated
movements within each complex. Also, distinctive off-diagonal correlations suggest specific
interactions or coordinated motions between regions. In Complex A (Masitinib), strong
positive correlations appear in two main blocks (residues 50-150 and 200-300), implying the
formation of distinct, cooperatively moving structural units. Complex B (Amb18482894)
displays a more dispersed correlation pattern, with smaller blocks of positively correlated
residues, suggesting a potentially more flexible or dynamic structure compared to Complex A.
In Complex C (Amb1953578), a prominent cross-shaped pattern of positive correlations
centered around residue 200 indicates a central hub of coordinated motion involving residues
from different parts of the complex. Notably, Residue 150 consistently exhibits weak or
negative correlations in all three complexes, suggesting it may represent a relatively static or
independent region within the protein structure. A comparison of Complexes A and B reveals
some similarities in correlation patterns, implying shared structural features or modes of
motion, while Complex C exhibits a distinct pattern, indicating unique conformational
dynamics.

300 1.00 1.00
0.75 0.75
250
b 0.50 0.50
200 - v
x ? 025 x 0.25
Q @
2 I g
< ) | ‘ €
_§150 ] .ﬂ, _-_ 0.00 § 0.00
@ @A
- -025 & -0.25
100 4
P \ -0.50 —0.50
50 "l 3 »
= o
A
O, L i Wy ~1.00 Y 2 -1.00
50 100 150 200 250 300 50 100 150 200 250 300
Residue index Residue index
.~ = 1.00
300 2T NS T e s e Py
R SR AR
i I '-'.ri‘ f'f ik 0.75
250 4 ,| " ] _‘ LT W ‘i
TR - P

200‘{;';@\.‘;}?-3 »i'—_a’;«'&_'ﬁ:‘::: 3 025
TR S
1so-i,.!",,.~ ! I ) r’ " 0.00
) “\ R T -0.25
ELXTERIL S |
i $7 s LR S B
SN e YT =

-

5 T S T (A -0.75

~ .;“_ - h,‘ w ‘. 1 20 — ayi

CITE A N W EE ) e e,

SEESREC ¥ TSNS Sl ||

50 100 150 200 250 300
Residue index

Residue index

100

v

-1.00

Figure 9. DCCM plots of the selected compounds: (A) Masitinib; (B) Amb18482894; (C) Amb1953578
throughout the MD simulation.

This work aimed to screen the natural product library (Ambinter SARL by
Greenpharma) using virtual screening and molecular docking to guide the rational design of
new selective inhibitors for the main protease of SARS-CoV-2 (MP™). Upon analysis of the
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molecular docking results, most molecules interact with the amino acids involved in catalytic
activity, namely His-41, Cys-145, His-163, and His-164. The hydrophobic interaction of the
Cys-145 residue proved to be the most favorable. Additionally, most of the selected compounds
have a significant affinity for binding with the main protease (MP™) of SARS-CoV-2 compared
to our reference non-covalent inhibitor (Masitinib). The best profiles of interactions with
energies are observed in molecules Amb1953578, Amb18481638, and Amb29566134. These
molecules may have more potential for inhibiting SARS-CoV-2 (MP).

4. Conclusion

Several drugs like remdesivir, molnupiravir, and paxlovid have been effective in
treating certain cases. However, we need to explore natural compounds for their antiviral
properties to address the current crisis and prepare for future pandemics. This study evaluated
selected natural compounds' interaction and inhibition potential against the SARS-CoV-2
virus. Three compounds, Amb1953578 (Silibinin), Amb18481638, and Amb29566134,
showed satisfactory binding to the target and correlated well with experimental data. We also
identified key residues involved in inhibition and selectivity against SARS-CoV-2. Silibinin,
extracted from milk thistle, is known for its anti-hepatotoxic properties. These promising
findings suggest these compounds should be further tested as potential antiviral drugs against
SARS-CoV-2.
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