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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is to identify potential drug-like molecules against SARS-CoV-2 virus among the natural
SARS-CoV-2 antiviral compounds published in the Encyclopedia of Traditional Chinese Medicine. To test inhibition capability
An_tli‘”rals ) of these compounds first, we docked them with Spike protein, angiotensin-converting enzyme 2 (ACE2) (PDB ID:
Spike protein 6MO0J) and neuropilin 1 (NRP1) (PDB ID: 7JJC) receptors, and found significant docking scores with extra
Neuropilin .. . e ;g :

ACE2 precision up to —11 kcal/mol. Then, their stability in the binding pockets were further evaluated with molecular

dynamics simulation. Eight natural antiviral compounds were identified as potential inhibitors against SARS-
CoV-2 cell entry after 200 ns molecular dynamics simulations. We found CMP-3, CMP-4, CMP-5, CMP-6 and
CMP-8 are strong binders for the spike protein, CMP-1, CMP-2, CMP-4, CMP-5 and CMP-7 are strong binders for
the neuropilin receptor, and CMP-5 is a strong binder for the ACE2. Quercetin derivatives (CMP-4, CMP-5, CMP-6
and CMP-7) were found highly stable in the active domain of NRP1, ACE2 and Spike protein. Especially, CMP-5
showed an inhibitory activity for all targets. These natural antivirals may be potential drug candidates for the

Molecular docking
Molecular dynamics simulation

prevention of SARS-CoV-2 infection.

1. Introduction

Around December 2019 in Wuhan city, Hubei province of China, a
severe and highly contagious viral disease that causes concentrated
pneumonia cases were reported by the Wuhan Municipal Health Com-
mission [1]. As of September 2021, nearly 222.5 million people have
been affected and 4.6 million people lost their life all over the world [2].
The outbreak was attributed to a novel coronavirus (SARS-CoV-2) that
has genetic similarities with previously known coronaviruses (Bat-SL--
CoVZXC2 and bat-SL-CoVZC45) [3], and the disease was named as
coronavirus disease 2019 (COVID-2019) by the WHO. As of April 2021,
there is no proved antiviral drugs specific for COVID-19, but various
approved antiviral drugs have been used and studied since outbreak
emerged. Lopinavir developed as a human immunodeficiency virus 1
(HIV-1) protease inhibitor has been used safely in combination with
ritonavir [4] with limited side effects and a good efficacy [5]. Addi-
tionally, lopinavir/ritonavir has been reported to have antiviral activity
against SARS-CoV [6] and MERS-CoV [7]. Therefore, it was considered
as an option for treating SARS-CoV-2 [8-11]. Although the lopina-
vir/ritonavir did not show significant benefits for severe COVID-19 pa-
tients [12-15], it was advised as a supportive care for mild COVID-19
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patients [16]. Ribavirin, which was used for SARS-CoV [17,18] and
MERS-CoV [19-21] and associated with serious side effects [19,22], has
been recommended at the beginning of the outbreak in China, but its
efficacy remained controversial, even though it showed some beneficial
effects in the treatment of COVID-19 patients [20,23]. Favipiravir,
which was originally designed for influenza with inhibiting the RNA
polymerase of RNA viruses, showed an antiviral activity against
SARS-CoV-2 [24-27] at high doses and reduced healing time [28,29].
Remdesivir is one of the most promising antiviral drugs against a wide
variety of RNA viruses [30-32], and the Food and Drug Administration
issued permits the use remdesivir in the treatment of patients infected
with SARS-CoV-2. In a double-blind, randomized, placebo-controlled
study, patients who used remdesivir had a shorter recovery time and
lower respiratory tract infection than the patients in the placebo group
did [33,34]. Although remdesivir inhibits SARS-CoV-2 in human lung
cells [35], a serious side effects have been reported and the treatment
was halted [36] because further explorations were needed to verify its
benefits and safety [37-39]. Hydroxychloroquine and chloroquine were
first developed against malaria. Besides the treatment of malaria dis-
ease, they have been used for the treatment of various rheumatic dis-
eases [40]. When COVID-19 outbreak spread all over the world,
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hydroxychloroquine and chloroquine were attracted by the researchers
because of their antiviral properties and considerable benefits have been
reported in the patients infected with SARS-CoV-2 especially when these
drugs were combined with Azithromycin [41-43]. However, the dose
used for SARS-CoV-2 treatments is much higher than the recommended
optimal dose (400 mg/day) for malaria treatments [44]. Additionally,
some side effects, such as prolongation in the QT interval due to blocks
the KCNH2 encoded hERG/Kv11.1 potassium channel [45] and reti-
nopathy, were reported [46-49].

Despite the above preliminary antiviral evidences of drugs originally
developed for HIV, SARS-CoV and MERS-CoV against SARS-CoV-2, the
development of efficient and proven drugs specific to SARS-CoV-2 is still
urgent. In this context, several major targets, such as non-structural
protein complex, main protease, papain-like protease and RNA-
dependent RNA polymerase, have been considered for drug discovery
[50,51]. Generally, these are the important targets to prevent the
replication and translation process of the virus in host. Another impor-
tant approach is to suppress the viral binding between the virus proteins
and the proteins of the host cell [52]. Viral transmission of the
SARS-CoV-2 starts after the interaction of the spike (S) protein, a type I
glycoprotein on the surface of the virus, with the host
angiotensin-converting enzyme 2 (ACE2) receptor. Once the S protein
makes viral binding to the ACE2 protein, fusion to the host cell mem-
brane starts after the cleavage of the S protein by the host trans-
membrane protease serine 2 (TMPRSS2) [53-55]. Therefore, preventing
protein-protein interactions (see Fig. 1) between S protein and ACE2
receptor via inhibiting receptor binding domain (RBD) of S protein and
peptidase area of the ACE2 receptor with drug molecules is an important
approach for developing therapeutics against SARS-CoV-2 [55].

Additional to ACE2 receptor, a recent experimental study [56]
showed that neuropilin (NRP) receptor, which regulates axon guidance,
angiogenesis and vascular permeability, can play an important role in
the rapid infection of SARS-CoV-2. The cleavage of the poly-basic
domain of S protein by furin motivates the formation of C-end Rule
(CendR) motif in the C-terminal of S protein, which corresponds to
682-685 residue numbers. It is also reported that the infectivity of
SARS-CoV-2 increased when CendR motif interacts with the bl ecto-
domain of NRP1, and these viral interactions could be reason of severe

neuronal symptoms seen in COVID-19 patients. Hence, blocking of bl
ectodomain of NRP1 is another important strategy for developing
therapeutics against SARS-CoV-2 [56,57].

Since the COVID-19 outbreak, a variety of inhibitors have been found
through screening and structure based design approaches among small
molecules, natural compounds and approved drugs taken from the
SWEETLEAND library [58], Swiss Target Prediction website [59],
LOPAC drug library [60], DrugBank and PubChem database [61,62] and
Traditional Chinese Medicine Systems Pharmacology (TCMSP) database
and analysis platform [63]. In addition to these, some specific herbs and
natural compounds in the Traditional Chinese Medicine have been
attracted by the researchers and several computational studies have
been reported. In a screening study of natural compounds, which were
taken from Traditional Chinese Medicine System Pharmacology data-
base, 13 antiviral molecules were found to have inhibitory feature
against SARS-CoV-2 activity [64]. In other computational studies,
inhibitory potency of several antiviral molecules taken from specific
herbs or a group of derivatives were tested against SARS-CoV-2. Mole-
cules of Saikosaponins [65], a group of oleanane derivatives, and com-
pounds from Rhizoma polygonati [66] and Glycyrrhiza glabra [67] were
found to have inhibitory capability against SARS-CoV-2. Additionally,
glycyrrhizic acid [68], quercetin, isoquercitrin, astragaloside IV and
rutin have been reported [69] as effective candidate compounds against
SARS-CoV-2.

In the present work, we examined inhibitory potency of natural
antiviral compounds published in the Encyclopedia of Traditional Chi-
nese Medicines (ETCM) [70] for S protein, ACE2 and NRP1 receptors. To
develop a ligand library for docking, 3D structures of antiviral com-
pounds were obtained from various online databases. However, some of
them could not be found and they were prepared by drawing and opti-
mizing their 3D structures with LigPrep module of Maestro [71]. To
explore their potential druggability, molecular docking studies were
performed to identify compounds that have high binding affinity in the
pocket of each receptor. Some of the screened antiviral compounds
especially prepared ones produced better docking scores compared to
the broad spectrum antivirals such as remdesivir, lopinavir [72,73]
when they were docked with S protein. Therefore, natural antiviral
compounds identified in this study can be potential therapeutics against
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Fig. 2. The approach of searching best inhibitors at the current study.

COVID-19. To verify their docking stability and explore their molecular
interactions with the receptors (S protein, ACE2 and NRP1), molecular
dynamics simulations were carried out for each compound-receptor
complex.

2. Materials and methods
2.1. Ligand preparation

Drug candidates were selected among antiviral compounds from the
ETCM [70]. To the best of our knowledge, some of the antiviral mole-
cules in the ETCM have not previously been studied, and they were not
published in drug compound data banks. Thus, some of the compounds
(see Table S1) have been prepared in 2D form. Then, 3D conformers of
ligands with acceptable bond length and angles were generated from
their 2D structures using OPLS3e force field and charges [74]. All
possible protonation and ionization states were enumerated for each
ligand using Epik [75-77] at a pH of 7.2. Only the lowest energy
conformer was kept for the docking computation [71].

2.2. Determination of pharmacokinetic properties of ligands

The pharmacokinetic properties of the prepared ligand molecules
were determined using the QikProp [78] module in Maestro. Their
pharmacokinetic properties and druggability were determined via
drug-likeness and bioactivity parameters (donorHB, accptHB, Qplog-
Po/w, QplogHERG, QPPCaco, QPPMDCK, Human Oral Absorption,
Percent Human Oral Absorption and Lipinski’s rule of five).

2.3. Protein preparation

Crystal structures of SARS-CoV-2 S protein RBD bound with ACE2
(PDB ID: 6M0J) and NRP1 b1 domain in complex with SARS-CoV-2 S1 C-
end rule (CendR) peptide (PDB ID: 7JJC) were downloaded from the
RCSB web service. As the modeling complex structure of SARS-CoV-2 S
protein bound with ACE2 receptor, we chose 6MO0J because the structure

quality of 6MO0J was better than the other ACE2/S protein complexes
[79]. Hydrogen atoms, partial charges and side chains and/or whole
loop segments are missing in these structure files. Therefore, we pro-
cessed the structure with the Protein Preparation Wizard [80] in
Maestro. Missing atoms and residues were added, and incomplete loop
segments were completed using Prime [81-83]. Hydrogen atoms were
added after removing any original ones, and bond order adjustment for
amino acid residues and ligands was performed. The protonation were
adjusted to obtain a pH of 7.2. Water molecules on the active sites and
within the distance of 5 A to the ligands were kept and the others were
removed to reduce the computation time. Hydrogen bond sampling with
the adjustment of active site water molecule orientations was performed
using PROPKA at pH of 7.2. Finally, the protein complexes were sub-
jected to geometry refinement using OPLS3e force field [74] to avoid
steric clashes until restrained minimization with convergence of heavy
atoms reach to an RMSD of 0.3 A [84].

2.4. Grid preparation

The receptor grid for targets was prepared using the OPLS3e force
field for each structure. We specified the active sites of 6M0J for SARS-
CoV-2 as the receptor binding pocket. These active sites include receptor
binding motifs of S protein (K417, G446, Y449, Y453, L455, F456, A475,
F486, N487, Y489, Q493, G496, Q498, T500, N501, G502, Y505) and
peptidase domain (Q24, T27, F28, D30, K31, H34, E35, E37, D38, Y41,
Q42, L79, M82, Y83, N330, K353, G354, D355, R357, R393) of ACE2
protein [54]. For 7JJC, active site was chosen around the binding pocket
of NRP1 bl ectodomain (N300, D320, Y297, Y353, T349 and W301)
[56]. Softening potential of non-polar atoms of the receptor was per-
formed by scaling the Van der Waals radii by a factor of 1.0. Atoms were
considered non-polar if their absolute partial atomic charges were less
than or equal to 0.25. The grid center was set to be centroid of active site
area and the cubic grid has a side length of 20 A. No constraints were
used in any of the receptor binding regions but rotations were allowed in
any of the receptor grids.
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2.5. Docking ligands to grids

Prepared ligands were docked into the generated receptor grids using
Glide [85-88] with XP docking precision in Maestro. For the docking
runs, a softening potential was considered using scaling factor of 0.8 for
Van der Waals radii of the ligand’s non-polar atoms with an absolute
partial atomic charge cut-off of 0.15, which are default values. All poses
were subjected to a post-docking minimization. We considered the
best-docked structure of the ligand based on the docking score lower
(better) than —5.0 kcal/mol [89], which combines the energy grid score,
the binding affinity, the internal strain energy, and the Coulomb-Van der
Waals interaction energy scores, for the molecular dynamics
simulations.

2.6. System preparation

Each system was solvated in an octahedral box using SPC water
models [90-92] with at least 10 A between protein and box boundaries,
and neutralized with Na® and Cl~ ions. Additionally, we added salts
with a concentration of 0.15 M to get a simulation at near physiological
conditions. The OPLS3e force field parameters were used for system
preparation using the Desmond system builder in Maestro [93,94].

2.7. Molecular dynamics simulation of system

Energy minimization and heating procedures were completed in
several steps with default parameters implemented in the Desmond
molecular dynamics. The SHAKE algorithm [95] was used to constrain
the length of covalent bonds involving hydrogen atoms, and thus the
equation of motion was integrated with a time step of 2 fs. The
Nose-Hoover thermostat [96] was implemented to equilibrate the tem-
perature of the system at 310 K. Long-range electrostatic interactions
were considered using the particle-mesh Ewald method [97], and
non-bonded cut-off distance was limited to 9 A. All MD stages were
carried out without any restraints in the isothermal isobaric (NPT)
ensemble with 310 K using Berendsen barostat [98] with a target
pressure of 1 bar and pressure coupling a constant of 2.0 ps. All MD runs
were performed with Desmond on GPU using OPLS3e force field. To test
docking stability of the ligand molecules, first all systems were simu-
lated for 10 ns. After each MD simulation, trajectories and timeline
representations of the interactions, such as hydrogen bonds, hydro-
phobic, ionic and water bridges, were examined visually, and the com-
plexes in which the ligand lost its interactions and contacts with the
receptor were identified as unstable systems. Hence, they were elimi-
nated and survived systems were extended to 50, 100 and 200 ns (see
Fig. 2).

2.8. Analysis of the results

Root mean square deviation (RMSD) of Ca atoms with respect to the
initial crystal structure was calculated as a function of time to assess the
conformational stability of the protein-ligand complex during the 200 ns
MD simulation. Protein-ligand interactions like hydrogen bonds, hy-
drophobic and ion pair interactions, water bridges, and various struc-
tural analysis like root mean square fluctuations (RMSF), principal
component analysis based on essential dynamics approach, inter-
molecular hydrogen bonding and solvent-accessible surface area
(SASA) were monitored from the last 100 ns of each MD simulation.

3. Results and discussion

SARS-CoV-2 viral infection starts after the formation of viral binding
between the S protein and ACE2 receptor. To prevent infection, proper
inhibitors for S protein and ACE2 receptor must be docked with receptor
binding domains of S protein and peptidase area of ACE2 receptor,
respectively. On the other hand, infectivity of SARS-CoV-2 increases,
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a)
CMP-3

Avg-RMSD =1.56A
DS = -6.5 kcal/mol

b)
CMP-4

C)
CMP-5

d)
CMP-6

Avg-RMSD =1.65A
DS = -8.3 kcal/mol
Y

e)
CMP-8

Avg-RMSD =1.57A
DS = -7.4 kcal/mol

Fig. 3. Superpositions of S protein with CMP-3, CMP-4, CMP-5, CMP-6 and
CMP-8. The superposition image of the structure was created from snapshots
taken along the trajectory at every 10 ns with PyMol program [99]. Helix
residues are indicated in light blue for all snapshots. However, loop residues are
indicated in different colors for every snapshot. Abbreviations: Avg-RMSD,
Average RMSD; DS, Docking Score. (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. 4. RMSF plots of S protein with five different compounds. Thick vertical light blue and pink bars below the RMSF values show p-strand and « helices regions of
the S protein, respectively. Green vertical lines indicate the residues that interact with compounds. Red plot shows temperature factor of the S protein crystal
structure. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

when C-end rule motif of S protein binds to the b1l ectodomain of NRP1
receptor. Therefore, blocking of bl ectodomain of NRP1 is another
important approach to reduce the SARS-CoV-2 infection. Thus, we
developed a ligand library from the 374 natural compounds with po-
tential antiviral activities published in the ETCM. First, to determine
docking scores and poses of ligands targeted to S protein of SARS-CoV-2,
ACE2 and NRP1 receptors, Glide docking [85], an efficient, but less
accurate method, was used. After docking, each ligand-receptor system,
which includes protein with the natural compound that has the best
docking scores, was further evaluated via molecular dynamics simula-
tion method, which is a more accurate, but less efficient computational
approach.

3.1. Docking results

To test inhibitory capability of compounds, we docked them with the
RBD of SARS-CoV-2 S protein, peptidase area of the ACE2 receptor and
b1 ectodomain of NRP1 receptor (see Table S2). Compound poses, which
have docking scores lower than —5 kcal/mol with Glide XP precision,
were considered for further studies. Some of the screened molecules had
more than one docking poses that have nearly equal docking scores with
a little structural translation and rotation in their pockets. Therefore,

only the one with the lowest docking score was considered for the
computation. For S protein, 108 different docking poses were obtained
from 62 unique ligands. As mentioned earlier, some of the compounds in
our ligand library created from antiviral compounds published in the
ETCM, were not found in common online drug/compound libraries, so
they were employed to the computation after drawing and optimizing
their 3D structures with LigPrep module of Maestro [71]. For S protein,
19 compounds are among the ligands prepared from their 2D forms. For
ACE2 receptor, 24 different poses from 18 unique ligands were selected
and three of them were among the prepared ligands. Finally, for NRP1,
274 different poses from 81 unique ligands were obtained and 11
compounds were among the prepared ligands. Some of the screened
antiviral compounds especially prepared ones produced better docking
scores compared to the broad spectrum antivirals such as remdesivir and
lopinavir [72,73] (see Figure S1) when they were docked with S protein.
Thus, these antiviral compounds identified after docking computation
need to be studied further with molecular dynamics simulations tech-
niques whether they are potential therapeutics against COVID-19.
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Fig. 5. Protein-ligand interactions for RBD of S protein with (a-b) CMP-3, (c—d) CMP-4, (e-f) CMP-5, (g-h) CMP-6 and (i-j) CMP-8, extracted from the last the 100 ns
MD simulations.

3.2. MD results for S protein structure, RMSD of Ca atoms of S protein with CMP-3, CMP-4, CMP-5,
CMP-6 and CMP-8 were computed from 200 ns simulation trajectories
3.2.1. RMSD and RMSF for each protein-ligand complex and their average of RMSDs was found

To determine the degree of conformational changes in the protein as 1.56, 1.99, 1.49, 1.65 and 1.57 A, respectively (see Figure S2). All
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Fig. 6. Most fluxional parts of ACE2 are presented as superpositions of secondary structures for 10 snapshots along the last 100 ns trajectory. Peptidase area within
the 5 A of CMP-5 molecule is shown as gray surface. CMP-5 molecule is presented in ball and stick form. Abbreviations: Avg-RMSD, Average RMSD; DS, Dock-

ing Score.

compounds except CMP-4 exhibited RMSDs close to each other, and they
have slight deviations from the equilibrium RMSD. On the other hand,
CMP-4 has temporary larger RMSD than others especially around 70 ns.
However, it is still within an acceptable interval. These RMSDs are
within the acceptable range and superposition of each S protein & CMP
complex, which were generated from 10 equally separated snapshots
from the trajectory of last 100 ns MD simulation, presented in Fig. 3.
These indicate that S protein docked with the hit natural compounds
showed a persistent conformational stability during the MD simulation.

Root mean square fluctuation (RMSF) shows the individual fluctua-
tions of residues, and it is useful to assess the flexibility of local residues.
Therefore, to analyze the stability of complexes, we computed RMSF for
each complex considering their heavy atoms, and results with corre-
sponding secondary structures are presented in Fig. 4 f-strands and
a-helices always showed lower fluctuations than the loops did, as they
are the most motile regions (see Fig. 3). Average RMSF of each complex
are below 2 A, and correlations between RMSF and temperature factor
were plotted from their initial crystal structures mostly maintained
throughout the last 100 ns MD simulation. All natural compounds did
contact mainly with the residues (numbers: 150-175). However, CMP-8
had more contacts with RBD of S protein, especially in two different
locations (residue numbers: 25-35, 160-175), than the other
compounds.

3.2.2. Molecular interactions

Interactions between S protein and CMP-3 are illustrated in Fig. 5a
and b. Residues Glu484, Phe490, Leu492 and GIn493 had hydrogen
bond interactions with CMP-3 before MD simulation (see Figure S3).
Nonetheless, they lost their interactions immediately at the beginning of
MD simulation. On the other hand, residue Lys417 constructed
hydrogen bond interactions with the hydroxyl group of tetrahydropyran
rings of CMP-3 at least 30% of the simulation time, and it had also
considerable water bridges with the CMP-3. Additionally, a few water
bridge formations between residues Tyr421 and Arg457, and CMP-3
were detected. Moreover, residues Phe456 and Tyr489 have consider-
able amount of hydrophobic interactions with CMP-3. Binding affinity
between ligand and protein is regulated mainly by hydrogen bond
pairings rather than weak interactions such as # — z stacking, hydro-
philic and hydrophobic interactions [100]. Therefore, we addressed
residues having hydrogen bond interactions with compounds. Hence,
the residue Lys417 was identified as a key residue in the formation of S

protein & CMP-3 complex.

Fig. 5c and d shows interactions between residues of S protein with
CMP-4. Residues Arg403, Ser494 and Asn501 had hydrogen bond in-
teractions with CMP-4 in the docking pose (see Figure S4). z-cation in-
teractions of residue Arg403 and hydrogen bonding of residue Ser494
with CMP-4 were retained for 48% and 90% of the simulation time,
respectively. Additionally, hydrogen bond interactions between residue
Arg403 and CMP-4 during the docking pose were altered to water bridge
formations with the same oxygen atom of the 4H-chromen-4-one ring.
On the other hand, residue Asn501 continued its hydrogen bond in-
teractions with a different 3-hydroxyl benzene moiety for 53% of the
simulation time. Additionally, residues Asn501, Tyr495 and Gly496
established water bridges with the oxygen atom of the same moiety of
CMP-4 for 65%, 42% and 39% of the simulation time, respectively. On
the other hand, residue Glu406 formed hydrogen bond interactions with
two of hydroxyl groups, and residue Asp405 also constructed water
bridges with the second hydroxyl group of the other p-hydroxy group of
trihydroxybenzoate. Residues Arg403 and Tyr495 constructed water
bridges with the same oxygen atom of 4H-chromen-4-one moiety of
CMP-4 for 67% and 40% of the simulation time, respectively. Moreover,
residue Gly502 established water bridges with the hydroxyl group of the
same moiety for 52% of the simulation time. Hence, residues Arg403,
Glu406 and Asn501 were identified as key residues in the formation of S
protein & CMP-4 complex.

Interactions between S protein and CMP-5 are displayed in Fig. Se
and f. Residues Glu406 and Gly496, which had hydrogen bond in-
teractions in the docking pose (see Figure S5), retained their interactions
with CMP-5 for 46% and 87% of the simulation time, respectively.
Residue Gly496 also constructed new hydrogen bond interactions with
the hydroxyl group of the same moiety for 56% of the simulation time.
However, residue Lys417 exhibited water bridge interactions mainly
instead of hydrogen bond interactions for 32% of the simulation time.
Residue Arg403 established 7-cation interactions with 2-methoxyphenol
ring and water bridge with the adjacent tetrahydropyran ring for 53%
and 44% of the simulation time, respectively. Additionally, a water
bridge formation, which has a connection between residue Glu406 and
hydroxyl group of tetrahydropyran ring, has been observed for 31% of
the simulation time. Consequently, residues Gly496 and Glu406 were
identified as key residues in the formation of S protein & CMP-5
complex.

Fig. 5g and h shows interactions between residues of S protein with
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to color in this figure legend, the reader is referred to the Web version of this article.)

CMP-6. Hydrogen bond interactions of residues Gly446, GIln493,
Ser494, Gly496 and Tyr505, and z-cation interactions of Arg403, which
were observed in the docking poses (see Figure S6), did not retain their
interactions with CMP-6 in the course of MD simulation. However,
residue Ala522 established hydrogen bond interactions with the hy-
droxyl group of tetrahydropyran ring of CMP-6 for 41% of the simula-
tion time. Additionally, 7 — = stacking interactions and water bridge
formations between residues Gly502 and Tyr505, and 1,2-dihydroxy-
benzene moiety of CMP-6 were observed for 80% and 42% of the
simulation time, respectively. Moreover, an ion bridge interactions
through a Cl™ ion were established between Arg403 and the other hy-
droxyl group of the same moiety for 46% of the simulation time. Hence,
residues Tyr505 and Ala522 were identified as key residues in the for-
mation of S protein & CMP-6 complex, and residues Arg403 and Gly502
also play an important role in this complex with their ion and water
bridge formations, respectively.

Fig. 5i and j shows interactions between residues of S protein with
CMP-8. Although Glu406, Gln409, Lys417, GIn493 and Tyr505 had
hydrogen bond interactions with CMP-8 in the docking poses (see
Figure S7), only the residue Tyr505 continued its hydrogen bond in-
teractions and = — 7 stacking interactions with adjacent 1,2-dihydroxy-
benzene ring for 41% and 40%of the simulation time, respectively.
Additionally, other 7 — 7z stacking interactions (46%) with adjacent 1,2-
dihydroxybenzene ring was established. Furthermore, hydrogen bond
interactions were observed between residue Gly502 and the same group
for 37% of the simulation time. On the other hand, hydroxyl groups of
the 1,2-dihydroxybenzene ring were attracted by the surrounding resi-
dues Arg403 (31%), Gly496 (35%), Phe497 (46%), Asn501 (72%) and
Tyr505 (41%). However, only water bridge interactions were observed
between Ser496 and CMP-8 for 57% of the simulation time. Hence,
residues Asn501, Phe497, Tyr505, Gly502, Gly496 and Arg403 were
identified as key residues in the formation of S protein & CMP-8
complex.

3.3. MD results for ACE2 receptor

3.3.1. RMSD and RMSF

Among the compounds subjected to MD simulations, only the ACE2
& CMP-5 receptor complex was survived after 200 ns MD simulation.
RMSD was computed from the Ca atoms of ACE2 receptor. The average
RMSD of the Ca atoms was found 1.64 A, and it is within the acceptable
range (see full RMSD graph in Figure S8). To obtain further information
about deviations on the structure, a superposition (see Fig. 6) was
generated from 10 equally separated snapshots from the trajectory of the
last 100 ns MD simulation (i.e., consecutive snapshots have 10 ns time
intervals) as it is quite stable.

A plot of the RMSF analysis of ACE2 including interactions of resi-
dues with CMP-5 through the last 100 ns MD simulation trajectory is
shown in Fig. 7; also, illustrated is a color bar providing the correlation
between residues and the secondary structure regions. As seen in Fig. 7,
strand residues always have lower RMSF values. On the other hand, loop
residues, such as GIn139, Asn338, Tyr613, Ala614 and Asp615, have the
largest RMSF values as they are the most motile regions. Their RMSFs
show coherence with B-factor of the ACE2 crystal structure. The overall
RMSD and RMSF plots of ACE2 & CMP-5 complex imply that the com-
plex tends to be stabilized during the course of the MD simulation.

3.3.2. Molecular interactions

Fig. 8a and b shows residue interactions of ACE2 with CMP-5. During
the docking poses, residues Lys26, Ala387 and Arg353 had hydrogen
bond interactions with CMP-5 (see Figure S9). MD simulation analysis
shows that residue Arg393 retained its hydrogen bond interactions with
hydroxyl group of its tetrahydropyran ring for 55% of the simulation
time and residue Lys26 continued to form mainly z-cation interactions
with 4H-chromen-4-one moiety for 80% of the simulation time in
addition to the water bridge formation. However, the residue Ala387
was less likely to retain its interactions. On the other hand, residues
Phe390 and Asp38 established significant hydrogen bond interactions
with the fragment of CMP-5 for 99% and 84% of the simulation time,
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Fig. 8. Protein-ligand interactions for peptidase area of ACE2 with (a-b) CMP-5, extracted from the last 100 ns MD simulations.
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Avg-RMSD =1.94A
DS = -6.5 kcal/mol
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Avg-RMSD =1.55A
DS = -5.5 kcal/mol
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CMP-4

Avg-RMSD =1.89A
DS = -6.7 kcal/mol

d)

CMP-5

Avg-RMSD =1.66A
DS = -5.5 kcal/mol

e)

CMP-7

Avg-RMSD =1.64A
DS = -5.4 kcal/mol

Fig. 9. Superpositions of NRP1 with CMP-1, CMP-2, CMP-4, CMP-5 and CMP-7.
Abbreviations: Avg-RMSD, average RMSD; DS, docking score.

respectively. Additionally, residues Asp30, Asn33 and GIn96 had
hydrogen bond interactions with its different hydroxyl groups for 32%,
52% and 59% of the simulation time, respectively. Moreover, residues
His34 and Thr92 constructed water bridges with its tetrahydropyran and
4H-chromen-4-one for 30% and 51% of the simulation time,
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respectively. Consequently, residues Phe390, Asp38, Lys26, GIn59,
Arg393 and Asp30 were identified as the key residues involved in the
formation of ACE2 & CMP-5 complex.

3.4. MD results for neuropilin receptor

3.4.1. RMSD and RMSF

After 200 ns MD simulations, CMP-1, CMP-2, CMP-4, CMP-5 and
CMP-7 showed consistent interactions with the bl ectodomain of the
NRP1 receptor, and averages of computed RMSDs from the Ca atoms are
1.94, 1.55, 1.89, 1.66 and 1.64 10\, respectively (see Figure S10). Their
superpositions (see Fig. 9) were generated from 10 equally separated
snapshots from the trajectory of the last 100 ns MD simulation of each
complex. Higher flexuous RMSD were observed in the CMP-1 and CMP-2
complexes than the CMP-4, CMP-5 and CMP-7 complexes, which are
quercetin derivatives.

Fig. 10 shows RMSF analysis of the last 100 ns MD simulation tra-
jectory for NRP1 including residues interacting with CMP-1, CMP-2,
CMP-4, CMP-5 and CMP-7. N-tail of the NRP1 protein (first residues) has
longer loop region than the C-tail (last residues) does. Therefore, sig-
nificant fluctuations have been observed in the N-tail than the C-tail of
the protein in each MD simulation of the complex. All residues
(numbers: 36-40, 52, 55-59, 85-88, 90, 92 and 152-154), which are
accumulated mainly in four different locations on the RMSF charts (see
Fig. 10), did contact with the natural compounds in all MD simulations.
Particularly, the CMP-5 did more contacts with the NRP1 receptor than
the other compounds did.

3.4.2. Molecular interactions

Fig. 11a and b shows residue interactions of NRP1 with CMP-1. It
shows that among the interactions of residues Ser298, Asn300, Trp301
and Asp320 with CMP-1 computed during the docking section (see
Figure S11), only interactions between Asp320 (47%) and phenol ring of
CMP-1 were retained for more than 30% of the simulation time. How-
ever, new hydrogen bond formations, which retained for 31% of the
simulation time, were observed between the residue Glu348 and two
hydroxyl groups of 1,2-dihydroxybenzene moiety, which was occupied
previously by residues Ser298 and Asn300. Additionally, residue Trp301
that has a hydrophobic contact in the form of 7 — # interaction before
the simulation rarely established hydrogen bonds with one of the same
hydroxyl group. However, residues Tyr297 and Tyr353, which have
hydrophobic interactions before the MD simulation, continued to form
hydrophobic interactions considerably with the CMP-1. Both residues
Asp320 and Glu348 were involved in the water bridge formation
considerably (see Fig. 11a and b) during the simulation. Hence, these
residues Tyr297, Trp301, Asp320, Glu348 and Tyr353, some of which
were defined as active residues in the ectodomain of NRP1 [56], were
identified as the key residues involved in the formation of NRP1 &
CMP-1 complex.

Residue interactions of NRP1 with CMP-2 were shown in Fig. 11c
and d. Interactions between residues Tyr297, Trp301 and Asp320, and
CMP-2 computed during the docking stage were conserved for more
than 30% of the simulation time. The residue Tyr297 had hydrogen
bond and 7 — z interactions with the oxygen atom of 4H-chromen-4-one
and the 1,2-dihydroxybenzene moiety of CMP-2, respectively, during
the docking stage (see Figure S12), but only = — x interactions with the
1,2-dihydroxybenzene moiety were survived for 52% of the simulation
time. Additionally, a considerable number of water bridge formations
were observed between the residue Tyr297 and two hydroxyl groups of
the 1,2-dihydroxybenzene moiety of CMP-2 (see Fig. 11d). Residues
Trp301 and Asp320 formed hydrogen bonds with the hydroxyl groups of
4H-chromen-4-one and phenol ring of CMP-2 for 42% and 53% of the
simulation time, respectively. Moreover, a few water bridge formations
were observed between residue Asp320 and CMP-2. On the other hand,
residue Glu348, which did not show any interaction with CMP-2 during
the docking stage, established hydrogen bond with the hydroxyl group
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of 4H-chromen-4-one moiety for 44% of the simulation time. Conse-
quently, residues Tyr297, Trp301, Asp320 and Glu348 were identified
as the key residues involved in the formation of NRP1 & CMP-2 complex.

Figs. 11e and f shows residue interactions of NRP1 with CMP-4.
Molecular interactions (see Figure S13), formed before MD simulation
were not retained as MD computation started, and new molecular in-
teractions were established between the residues and CMP-4. Thr316,
Pro317, Asp320, Glu348 and Ile415 have interactions with CMP-4 for
more than 30% of the simulation time. Especially, residue Asp320
established strong interactions with two hydroxyl groups of the trihy-
droxybenzoate moiety. Moreover, a water bridge, which existed about
63% of the simulation time, occurred between the residue Asp320 and
CMP-4. The residue Pro317 constructed hydrogen bonds with the other
hydroxyl group of the same trihydroxybenzenes moiety for 79% of the
simulation time. Residues Thr316 and Ile415 formed hydrogen bonds
with the same hydroxyl group of the 4H-chromen-4-one moiety for 75%
and 32% of the simulation time, respectively. Another important
hydrogen bond formation was observed between the residue Glu348 and
the hydroxyl group of the 1,2-dihydroxybenzene moiety for 57% of the
simulation time. Hence, residues Thr316, Pro317, Asp320, Glu348 and
Ile415 were identified as the key residues involved in the formation of
NRP1 & CMP-4 complex.

10

Important residue interactions of NRP1 with CMP-5 were depicted in
Fig. 11g and h. Hydrogen bonds were observed between residues
(Asn300, Asp320 and Tyr353) and CMP-5 during docked poses (see
Figure S14). Only the residue Tyr353 conserved its interaction with
CMP-5, but it established hydrogen bonds with the hydroxyl group of the
different moiety for 85% of the simulation time. Additionally, Thr349
established an interaction via hydrogen bond formation with the same
hydroxyl group for 52% of the simulation time. Although residue
Asn300 continued a few water bridges and hydrogen bond formations
during the MD simulation, the residue Asp320 did not retain any
interaction with CMP-5. Interestingly, residue Ser298 established an
enduring interactions with CMP-5 via hydrogen bonding with the oxy-
gen atom of CMP-5 for 98% of the simulation time. Therefore, residues
Ser298, Thr349 and Tyr353 were identified as the key residues involved
in the formation of NRP1 & CMP-5 complex.

Interactions of residues of NRP1 with CMP-7 are presented in Fig. 11i
and j the residues Tyr297, Ser298 and Asp320 had hydrogen bonding
with CMP-7 at initial docked poses (see Figure S15). Only the residue
Asp320 continued to interact with CMP-7 during the course of MD
simulation. However, residue Asp320 established significant hydrogen
bond formations with the next two hydroxyl group of the same moiety
for 97% and 77% of the simulation time. Residues Trp301 and Glu348
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established hydrogen bonds with the same hydroxyl group for 61% and
91% of the simulation time, respectively. Additionally, residue Pro317
formed hydrogen bond interaction with the hydroxyl group of the 1,2-
dihydroxybenzene moiety for 63% of the simulation time. Moreover,
the residue Ile415 interacted with the same hydroxyl group via forming
water bridges for 31% of the simulation time. Hence, residues Trp301,
Pro317, Asp320 and Glu348 were identified as the key residues involved

11

in the formation of NRP1 & CMP-7 complex.

Even though some of the compounds in our library produced
significantly lower docking scores, most of them did not show a
persistent binding stability and detached from their binding pockets
during the MD simulations. Molecules identified as strong binders have
various functional group of atoms, especially aromatic rings with O-H
groups. Lower docking scores could be produced thanks to these O-H
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Table 1

Eight hit compounds found effective for inhibition of NRP1, ACE2 receptors or S
protein of SARS-CoV-2 after docking computation and molecular dynamics
simulations. Their names, pharmacological activities and natural sources are
also tabulated [70].

[1.5 pt] Pharm. Activities Natural Sources

Name

CMP-1 Anti-HIV Larrea tridentata

CMP-2 Anti-HIV-1 (RT inh.), Anti-EBV, Garcinia multiflora, Garcinia
Antioxidant dulcis

CMP-3 Anti-HSV-1 Bolbostemma paniculatum

CMP-4 HIV-1 (IN inh.) Acer okamotoanum

CMP-5 Anti-HIV-1 (RT and IN inh.), Thevetia neriifolia,
Neuroprotective Oldenlandia diffusa

CMP-6 Anti-HIV-1 (RT and IN inh.), Oldenlandia diffusa, Thevetia
Neuroprotective, DDDP inh. neriifolia

CMP-7 Anti-HIV-1 (RT and IN inh.), DDDP Thevetia neriifolia, Apocymum
inh. venetum

CMP-8 Anti-HIV Lithospermum erythrorhizon,

Amebia euchroma

Abbreviations: HIV, Human Immunodeficiency Virus; RT, Reverse Transcrip-
tase; EBV, Epstein-Barr Virus; DDDP, DNA-dependent DNA polymerase; IN,
Integrase; inh, Inhibitor.

groups that involved in the formation of hydrogen bonding with resi-
dues of the receptor, which is one of the major parameters to score
docking. As seen in Table 1, eight compounds have shown to have
antiviral activity against HIV, EBV or HSV. Four of them identified as
inhibitors for NRP1, ACE2 and S protein are quercetin derivatives which
have antiviral property.

Quercetin, which is a flavonoid compound found abundantly in
vegetables and fruits, was reported to have antiviral activity against
various viruses such as Influenza [101,102] and EBOLA [103] viruses,
HIV-1 [104] and MERS-CoV [105]. Common forms of quercetin also
showed a good inhibitory activity against SARS-CoV [106,107] and
SARS-CoV-2 [108]. Furthermore, various in-silico and clinical studies
based on various quercetin therapeutics were reported in reviews [109,
110]. Our computational study showed that some of quercetin mole-
cules taken from ETCM bind strongly to NRP1, ACE2 and S protein, and
their binding stability were meticulously tested with long MD simula-
tions. Apart from the common forms of quercetin, molecules in our
compound library have some various moieties, and our analysis showed
that those moieties have significant non-covalent interactions with the
key residues of NRP1, ACE2 and S protein. Therefore, CMP-4, CMP-5,
CMP-6 and CMP-7 can have multi inhibitory activity against infection of
SARS-CoV-2. Further experimental studies would be critically important
to test their potential druggability, especially CMP-5 because it was
found effective for all targets. However, when quercetin is taken orally,
it interacts with a series of proteins and enzymes as it moves through the
gastrointestinal system. Therefore, its absorption is limited significantly
[111]. Pharmacokinetic analysis of the CMP-4, CMP-5, CMP-6 and
CMP7 (see Table S1) revealed a similar low bioavailability. Hence, these
drug candidates could be more efficient when they are used as nasal
spray and phytosome [112,113].

4. Conclusions

In summary, we screened natural antiviral compounds published in
the Encyclopedia of Traditional Chinese Medicines against ACE2, NRP1
and S protein. Molecular docking of natural antiviral compounds was
carried out, and the compounds with less than the docking score of —5
kcal/mol were considered for further studies. Molecular dynamics sim-
ulations of compound-receptor complex have been performed up to 200
ns to find the most strong binders. We found CMP-3, CMP-4, CMP-5,
CMP-6 and CMP-8 are strong binders for the spike protein, CMP-1,
CMP-2, CMP-4, CMP-5 and CMP-7 are strong binders for the neuro-
pilin receptor, and CMP-5 is a strong binder for the ACE2. Quercetin
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derivatives (CMP-4, CMP-5, CMP-6 and CMP-7) were found highly sta-
ble in the active domain of NRP1, ACE2 and S protein. Especially, the
CMP-5 showed an inhibitory activity for all targets. Overall, our results
provide valuable insights into inhibitory mechanism of natural antiviral
compounds on ACE2, NRP1 and S protein, and support for experimental
studies.
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