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ABSTRACT

Due to an outbreak of COVID-19, the number of research papers devoted to in-silico drug discovery of
potential antiviral drugs is increasing every day exponentially. Still, there is no specific drug to prevent
or treat this novel coronavirus (SARS-CoV-2) disease. Thus, the screening for a potential remedy
presents a global challenge for scientists. Up to date over a hundred crystallographic structures of
SARS-CoV-2 MP™ have been deposited to Protein Data Bank. With many known proteins, the demand
for a reliable target has become higher than ever, so as the choice of an efficient computational meth-
ods. Therefore, in this study comparative methods have been used for receptor-based virtual screen-
ing, targeting 9 selected structures of viral MP™. Reliability analyses followed by re-docking of the
specific co-crystallized ligand provided the best reproductivity for structures with PDB ID 6LU7, 6Y2G
and 6Y2F. The influence of crystallographic water on an outcome of a virtual screening against
selected targets was also investigated. Once the most reliable targets were selected, the library of easy
purchasable natural compounds were retrieved from the MolPort database (10,305 compounds) and
docked against the selected MP™ proteins. To ensure the efficiency of the selected compounds, bind-
ing energies for top-15 hit ligands were calculated using Molecular Mechanics as well as their absorp-
tion, distribution, metabolism, excretion, and toxicity (ADMET) properties were predicted. Based on
predicted binding energies and toxicities, top-5 compounds were selected and subjected to Molecular
Dynamics simulation and found to be stable in complex to act as possible inhibitors for SARS-CoV-2.

Abbreviations: MP°: Main Protease; SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2;
MM-GBSA: Molecular Mechanics - Generalized Born Surface Area; ADMET: Absorption, Distribution,
Metabolism, Excretion, and Toxicity; MD: Molecular Dynamics; PCA: Principal Component Analysis;
HTVS: High Throughput Virtual Screening; SP: Standard Precision; XP: Extra Precision; RMSD: Root
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1. Introduction

Severe Acute Respiratory Syndrome - Coronavirus-2 (SARS-
CoV-2) is the causative virus for the pandemic Coronavirus
Disease or COVID-19 (Zhou et al., 2020). It has spread more
rapidly and with more potency than its two well-known pre-
cursors, SARS-CoV and MERS-CoV (Gorbalenya et al., 2020).
The infected people produce an array of flu-like symptoms
from cough to fever but the novel coronavirus is, also, char-
acterized by extensive dermal and cardiac complications
(Joob & Wiwanitkit, 2020; Zheng et al., 2020). Currently, no
specific therapies for COVID-19 are available and a treatment
of patients is limited to medications that can ease the symp-
toms. Antiviral and antimalarial drugs are undergoing clinical
studies along with the clinical trial of multiple vaccines as
potential treatments for COVID-19 (Gautret et al., 2020).

Largest portion of research employing computational
drug design approaches targeting SARS-CoV-2 MP™ structure
with PDB ID 6LU7, which was a first MP™ structure in com-
plex with covalently linked N3 ligand deposited to PDB (Jin
et al., 2020). Zhang, Lin, et al. (2020) deposited crystal to
PDB structures of MP™ in its apo (6Y2E), as well as mono-
clinic (6Y2F), and orthorhombic (6Y2G) forms in complex
with o-ketoamide inhibitor. Its Apo form was used along
with 6LU7 (Sampangi-Ramaiah et al., 2020) for molecular
docking analysis of natural compounds from plants. Must be
noted that binding affinities of selected ligands targeting
6LU7 and 6Y2E had a poor correlation (R*> = 0.236), and
binding poses were slightly different, which suggest an
importance of target selection for identification of potential
drugs. Cocrystalized ligand forms of 6Y2G and 6Y2F were
used as a target for virtual screening and molecular docking
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of selected FDA-approved drugs (Kumar & Singh, 2020).
SARS-CoV-2 MP™ unliganded structure 6Y84, deposited by
Owen et al. (2020) was used for another drug-repurposing
blind molecular docking analyses of selected known drugs
and bioactive natural compounds (Das et al, 2020). Apo
form 6MO3 (Zhang, Zhao, et al., 2020) was used as a target
for molecular docking and MD simulation of five natural mar-
ine compounds as potential inhibitors (Khan et al., 2020). Up
to date over a hundred crystallographic structures of MP™
are available in PDB and this number continues to grow.
Due to an increasing number of known protein structures,
the demands for a reliable target and efficient computational
methods have become more urgent than ever. Interestingly,
not many research papers have been devoted to investiga-
tion of structure reliability. Palese (2020) in his work analyzed
78 structures of SARS-CoV-2 and 26 structures of SARS-CoV
using a principal component analysis (PCA). Interestingly,
6LU7 was detected outside the 99% confidence ellipse and it
even showed a bigger similarity to structures of SARS-CoV
than to others from its own strain.

Not only a target selection but also identification of an
appropriate method for molecular docking is crucial for an
achievement of trustable results. Large number of research
papers carries out molecular docking using AutoDock Vina
software (Kumar & Singh, 2020; Palese, 2020; Sampangi-
Ramaiah et al.,, 2020). Less often Schrodinger Glide (Kandeel
& Al-Nazawi, 2020; Ton et al, 2020), Molecular Operating
Environment (Farag et al, 2020; Haider et al., 2020; Khan
et al.,, 2020) or other programs are used. Important marker of
selected methods’ reproductively is a positive control
method, based on re-docking of co-crystallized ligand.
Thereby re-docking of N3 co-crystallized ligand of 6LU7 was
carried out in order to compare the performance of
AutoDock Vina and SMINA (Talluri, 2020). Obtained results
indicated a similar performance for both programs. The
results obtained by different levels of precision were com-
pared for molecular docking performed using Glide (Ton
et al, 2020), and showed Standard Precision (SP) as a fast
and at the same time accurate enough method for this task.
While some research papers are limited to molecular docking
or virtual screening exclusively, the others provide more
comprehensive investigation by including prediction of an
absorption, distribution, metabolism, and excretion proper-
ties (ADME) (Das et al, 2020; Enmozhi et al, 2020; Khan
et al, 2020) and toxicity profile. | very much important for
timely drug discovery maintaining the safety issue of new
drugs. The MD simulations have been mostly performed
when investigating a small number of ligands and research-
ers had used simulation time vary from 1 to 100ns (Khan
et al., 2020; Muralidharan et al., 2020).

Combination of all the techniques described above can
provide a state-of-art methodology for a rational in-silico
drug design, though currently, the number of such research
papers is rather limited. Therefore, herein comparative meth-
ods have been used as standard techniques for receptor-
based virtual screening. In this study, the reliability of MP™
for total pool of 9 structures retrieved from the PDB was
assessed first. It was then followed by evaluation of potential

targets achieved by re-docking of co-crystallized ligands.
Thereafter, virtual screening of the library of natural com-
pounds (MolPort) against the most reliable MP™ structures of
SARS-CoV-2 was performed. At the next step binding ener-
gies were calculated using MM-GBSA and ADMET profiling
and predicted for top-15 hit ligands. The selected ligands
were also docked into an active site of SARS-CoV MP™ to
check whether the selected ligands were also active for pre-
vious strain. Finally, the MD simulation for 30 ns was carried
out for top-5 compounds in order to determine the most
suitable drug-like molecule that can become a potential
therapeutic against SARS-CoV family of viruses.

2. Materials and methods
2.1. Protein reliability and preparation

Recently deposited 3D structures of the SARS-CoV-2 virus
MP™ have been retrieved from the PDB (Table 1). The
Schrodinger software package was used for all the simula-
tions study (Sastry et al, 2013). To compare reliability of
retrieved structures, a structure analysis panel was used to
obtain a Protein Reliability Report. The diffraction data was
downloaded from PDB along with the protein structures and
was used for reliability analysis.

Each of the target proteins were prepared in the presence
and absence of crystallographic waters using Protein
Preparation Wizard (Sastry et al, 2013) implemented in the
Schrodinger software package. The bond orders were
assigned, and hydrogens were added after removal of the
original hydrogens. Missing loops and side chains were filled
in using Prime (Jacobson et al., 2004), and the protonation
states were generated using Epik (Shelley et al.,, 2007) with
pH value 7.0 +£2.0. Hydrogen bond networks were optimized,
and their restrained minimization was carried out using
OPLS3e (Roos et al,, 2019) force fields. The SiteMap module
(Halgren, 2009) was used to detect possible binding sites.
Five top-ranking fine grids have been created for each pro-
tein with and without water molecules. The grid was cen-
tered on the co-crystallized ligands (centered on x: 14.0, y:
1.0, z: 24.0; length — 20 A) with a scaling factor value 1.

2.2, Ligand preparation and filtration

The MolPort Database (2020) includes information on 10,305
unique purchasable natural compounds originating in plants,
animals, and microbial and marine sources. The structures
have been downloaded and subjected to LigPrep (2020).
lonization states for the compounds have been generated at
target pH of 7.0+ 2.0 using Epik.

2.3. Virtual screening

The Virtual Screening Workflow of Glide (Friesner et al., 2006)
was used for screening the compounds’ library against the
SARS-CoV-2 virus MP™, During the first step of virtual screen-
ing compounds that did not satisfy Lipinski's rule of 5 were
eliminated and filtration was performed using the QikProp
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Table 1. Selected MP™ protein structures of SARS-COV-2 retrieved from the PDB.

PDB Code Form Resolution Date released Reference

6LU7 in complex with N3 2.16 A 2/5/2020 Jin et al., 2020

6Y2E unliganded form 1.75 A 3/4/2020 Zhang, Lin, et al., 2020
6Y2F monoclinic form in complex with a-ketoamide 1.95 A 3/4/2020 Zhang, Lin, et al., 2020
6Y2G orthorhombic form in complex with a-ketoamide 220 A 3/4/2020 Zhang, Lin, et al., 2020
6MO03 unliganded form 2.00 A 3/11/2020 Zhang, Zhao, et al., 2020
6Y84 unliganded form 139 A 3/11/2020 Owen et al., 2020

5RF8 in complex with 72271004858 1.44 A 3/25/2020 Fearon et al., 2020a
5RGO in complex with PCM-0102535 1.72 A 3/25/2020 Fearon et al., 2020b
5R8T unliganded form 127 A 4/1/2020 Fearon et al., 2020c
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Figure 1. Graphical representation of performed workflow.

(2020). The selected 13,496 compounds were subjected to
virtual screening with Glide HTVS (high throughput virtual
screening), followed by SP (standard precision) and XP (extra
precision) docking calculation (each of methods keeping the
top 10% of compounds). Virtual screening was performed for
flexible ligands, while a protein structure was kept rigid.
Planarity of conjugated m groups was enhanced and Epik
state penalties of ligands were added to docking score. The
scaling factor was set to 1 and calculations were performed
for all the target proteins with water molecules being elimi-
nated and remained using OPLS3e force fields. A description
of Ligand Preparation and Virtual screening steps is shown in
Figure 1.

The top hits from each XP simulation in total of 15 com-
pounds were used to perform postprocessing with Prime

molecular mechanics/generalized born surface area (MM-
GBSA) calculation implemented Virtual Screening Workflow
of Schrodinger software package. Settings for MM-GBSA are
not available to change in Virtual Screening Workflow, thus
default settings were used. Estimated free binding energies
have been calculated based on the following equation:

AG = Ecomplex - (Eligand + Ereceptor) (1

Followed by, the protein-ligand complexes were ranked
based on their binding free energy calculation.

2.4. Positive control molecular docking

The positive control was performed with the same settings
as virtual screening. Co-crystalized ligands of proteases 6LU7,
6Y2F, 6Y2G, 5RF8, and 5RGO were docked into all MP™ struc-
tures in order to verify whether chosen settings of virtual
screening workflow can reproduce the experimental data.

2.5. Admet prediction

Once the drug molecule is synthesized and showed its
desired activity for anticipated disease, it must go through
preclinical and clinical trials (Phase | to Phase IV) for the
evaluation of absorption, distribution, metabolism, elimin-
ation, and toxicity (ADMET) properties. There should be a
fine tuning between drug-likeness and ADMET profiling of a
new drug candidate to be a successful one. Thus, early pre-
diction of drug-likeness and ADMET of probable drug mole-
cules can help to avoid costly late-stage drug failure in the
drug discovery process (Kar & Leszczynski, 2017). Many of
new potential drugs even failed at the last stage ‘Market sur-
veillance’ of the clinical trial. In the initial screening and lig-
and preparation, we have already filtered molecules with
Lipinski's rule of 5 and Qikprop to pass for further investiga-
tions only those ligands which showed the drug-likeness
properties like lipophilicity, solubility etc. Therefore, top-15
molecules from docking study were further analyzed to
determine their ADMET profile. All ADME properties were
determined using pkCSM software (http://biosig.unimelb.edu.
au/pkcsm/) (Pires et al., 2015) providing SMILES of the mole-
cules. Meanwhile multiple organ toxicities were predicted
employing pkCSM and ProTox-Il (http://tox.charite.de/protox_
II/) (Banerjee et al., 2018) software. The idea to use both soft-
ware packages is to predict all possible sources of toxicity
along with important toxicological pathways like 7 Nuclear
receptor signaling pathways and 5 Stress response pathways
with prediction of major toxicity target (checked from 16
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major toxicity targets), toxicity value in form of LD50 and
toxicity class. In the era of green chemistry and concerning
possible ecotoxic effect of pharmaceuticals lead us to check
the toxicity towards to major species (T. pyriformis and fat-
head minnow) for ecotoxicity determination of these drug
candidates using pkCSM.

2.6. Molecular dynamics simulation

Selected top-5 compounds became a subject to MD simula-
tion implemented in Desmond module (Bowers et al., 2006).
The MM-GBSA output files have been used as an input for
MD studies. An orthorhombic box with water molecules has
been used to build a model. The system has been neutral-
ized with sodium ions. Temperature and pressure were main-
tained at 300K and 1.01325bar, respectively. Trajectories
have been calculated using a simple point charge solvent
model. Simulation time was set to 100 ns with a time step of
25 ps. Obtained trajectories were analyzed using Simulation
Interaction Diagram.

3. Results
3.1. Proteins’ reliability analysis

Relevant information on protein reliability is illustrated in
Figure 1S (Supporting Information file 1). All the MP™ struc-
tures have a problem with steric clashes except for 5RF8,
5RGO and 5R8T. However, these three proteases have been
detected to possess peptide planarity problems. The 6Y2G
displayed the worst reliability report with 552 steric clashes,
12 waters with no hydrogen binding (HB) partners, 12 prob-
lems with a peptide planarity, and a poor average B-factor as
well as problem with protein packing. Meanwhile, the 6Y2F
showed to have similar to previous one’s reliability report.
Even though it possesses fewer problems, it contrary to
6Y2G, has buried unsatisfied acceptors. Based on overall ana-
lysis, 5R8T, 5RF8, and 6LU7 exhibited the best reliability
when compared to the other MP™ structures.

Since we encountered problems with the water molecules
with no HB partners, each protein was generated and mini-
mized in two forms (crystallographic water molecules
remained and another form with waters being removed).
Steric clashes seem to serve as an important contributor to
the reliability of some proteases studied here. The verifica-
tion of steric clashes was carried out by building a
Ramachandran plot (Figure 2S, Supporting Information file
1). Each plot illustrates whether any residues of a protein
have torsion angle values that are not possible because of
steric hindrance in the absence or presence of water mole-
cules. Out of the minimized protease structures, 6Y2E with
water molecules has GLN306 inside prohibited region, where
only glycine is allowed (Figure 2a). However, in the absence
of water molecules 6Y2E has PRO9 in the prohibited region
(Figure 2b). Therefore, it explains why the formation of steric
clashing occurs. For 6Y2F with no water molecules (Figure
2c) and 6Y2G under both water conditions (Figure 2d-e)
showed amino acid residues PRO9, SER301, TYR154 that

were very close to prohibited region. Above-mentioned resi-
dues were at significant distance from the binding pocket
proposed in literature, hence, problems with steric clashes of
6Y2F, 6Y2G, and 6Y2E may have insignificant impact on vir-
tual screening quality.

The difference between geometries for all of nine proteins
in terms of the root mean square deviation (RMSD) did not
exceed 0.792 A. A significant difference near the binding site
was detected with the biggest deviation being found
between residues CYS44-TYR54 (Figure 3a). Mpro structure
with code 6Y2F (colored in green) has a slight mismatch
compared to the other geometries, as well as 6Y2G (colored
in light blue) having a slight deviation. In addition to this,
segment GLN189-ASP197 was also altered. Since these frag-
ments are close to the binding site, the difference in geome-
tries may play a significant role in the results of virtual
screening. Likely, most of the proteins retain similar position-
ing with HIS41 and CYS145 serving, as the most important
residues forming a catalytic dyad. Though, in the case of
5RGO (colored in gray), the imidazole ring of HIS41 is located
perpendicular to the other proteins, while for 6LU7, (colored
in orange) CYS145 is slightly moved toward the center of the
protease when compared to other structures. The superpos-
ition of co-crystallized ligands for 6LU7, 6Y2F, 6Y2G, 5RFS,
and 6Y2F is illustrated in Figure 3b. The co-crystallized ligand
of 6LU7 has a very similar binding mode as co-crystallized
ligand of protein structures 6Y2F and 6Y2G, while the ligand
of 5RF8 is bound to different place in protein (with binding
pocket including PRO184, VAL186, ARG188, THR190,
ALA191, GLN192).

For verification of proper ligand binding, a SiteMap mod-
ule of Schrodinger was used to calculate the top-ranked
binding sites. Unfortunately, for the protein 5RF8, none of
five top-ranked binding sites were predicted to be at the
same place where co-crystallized ligand is (Figure 4). It
should also be noted that for all protein structures in the
presence of water molecules the most favorable binding site
is the one proposed in literature (Figure 3S, Supporting
Information file 1). Meanwhile, when water molecules are
removed an additional cavity appears near residues PHES,
GLN110-THR111, GLN127, ASN151-TYR154, GLY302-THR304,
thus making this area to be classified as the top-ranked bind-
ing site for 6Y2E, 6Y2G, 6Y84, 5RGO, and 5R8T, while binding
site proposed in literature was ranked as the second one. To
further support these findings, the binding site’s scores were
reviewed (Table 1S, Supporting Information file 1). Although
both sites indicated not a significant difference in SiteScores
and Dscores, it is important to pay close attention to posi-
tioning of a grid box for virtual screening.

3.2. Positive control

To further validate that our current findings could serve as a
reliable method for virtual screening, the co-crystalized
ligands of each of the five MP™ were docked into the rigid
protein structures under various water conditions (with or
without water) and compared in relation to its reference co-
crystallized ligand’s binding mode. 6LU7, 6Y2F, and 6Y2G
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Figure 3. a - Superposition of all studied proteins, with catalytic dyad ball-and-stick representation; b - superposition of five studied proteins with their co-crystal-
lized ligands. (6LU7 — orange; 6Y2E —yellow; 6Y2F — green; 6Y2G - light blue; 6M03 — purple; 6Y84 — magenta; 5RF8 — dark blue; 5RGO - grey; 5R8T - red).

reflected their reference ligand binding mode when docked
against corresponding targets without water molecules
(green), while docking against targets in the presence of
crystallographic waters (orange) did not yield satisfactory
results (Figure 5). Insufficient results obtained with water
molecules being kept can be explained by the immobility of
these molecules during a virtual screening, which causes a
steric hindrance. Interestingly, the binding modes of both
5RGO and 5RF8 against their corresponding proteins led to
significantly different results from their reference ligands
(Figure 5). In the presence of water, these remaining two
ligands did not provide any poses. Whereas, upon removal
of crystallographic waters the binding modes did not reflect
its reference structures. According to Wong and Lightstone

(2011), it has been reported that achieving high affinity for a
protein target in drug design can become complex with the
presence of water, followed by complicating the process of
finding poses and calculating the binding affinity, even when
water molecules are set to be flexible. Thus, further all the
calculations were performed with crystallographic water
being removed. Free binding energies from MM-GBSA were
calculated and illustrated in Table 2. Results of cross-docking
of co-crystallized ligands against all targets indicate that MP™
structures 6LU7, 6Y2F, and 6Y2G can reproduce binding
modes of their co-crystallized ligands during virtual screening
without the presence of water molecules, whereas, 5RGO and
5RF8 may not be suitable using proposed methods.
Interestingly, re-docking of a-ketoamide inhibitor into 6Y2F
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SRF8
Figure 4. Top-ranked binding sites for 5RF8 protein.

performed using AutoDock Vina reproduced binding mode
of reference ligand worse then re-docking performed here.
Thus, selection of Schrodinger software for calculations car-
ried out here is justified.

3.3. Virtual screening

Considering all the information extracted from the protein
reliability analysis and the positive control results, 6LU7,
6Y2F, and 6Y2G were selected as final targets for virtual
screening. A library of natural compounds were prepared,
protonation states and conformations were generated. A set
of compounds was filtered, and final prepared set total of
13,496 compounds was screened against the selected pro-
tein structures. As a result, fifteen drug-like molecules (Figure
4S, Supporting Information file 1) were selected as hits with
consequent calculation of their free binding energies (AGping)
(Table 3). The binding modes for the potentially successful
candidates were compared to the one of reference ligands.

Co-crystallized ligand of 6LU7, N3 exhibited highest aver-
age binding affinity (-76.71 kcal/mol) among all the com-
pounds proposed here, followed by MolPort-039-338-330
((-)-Dehydrodiconiferyl Alcohol, a natural product isolated
from several plant species including Aglaia foveolata,
Viburnum erosum and Rosa multiflora), MolPort-039-063-560
(8-Lavandulylkaempferol, compound derived from the
Sophora  flavens), and MolPort-005-944-636  (1-(3,5-
Dihydroxyphenyl)-12-hydroxy-2-tridecanyl acetate). Average
binding energies of those ligands were varying from —57.39
to —54.61 kcal/mol. The co-crystallized ligand of 6Y2F/6Y2G,
o-ketamide, exhibited an average binding energy of
—51.24 kcal/mol.

Interestingly, from a pool of natural compounds found in
roots of Sophora flavescens Ait not only MolPort-039-063-560,
but also MolPort-028-754-113 (Leachianone A) and MolPort-

S5RF8 no water

039-338-717 (Kushenol X) exhibited high binding affinity to
the MP"™ of SARS-CoV-2. Other compounds, that showed to be
potentially active included MolPort-039-337-168 (Magnolignan
C, compound found in barks of Magnolia officinalis), MolPort-
039-052-665 (Dihydroxybergamottin, found and different cit-
ruses), MolPort-035-706-028 (Massoniresinol, found in Pinus
massoniana),  MolPort-005-945-924  (2-Methoxy-4-[(1E)-1-
propen-1-yllphenyl hexopyranoside), and MolPort-039-052-
338 (Noricaritin, derived from Epimedium brevicornu Maxim).
Even though all the compounds indicated a similar binding
pose to the one of reference ligands, not all of them satisfied
another criterion (interaction with HIS41 and CYS145). Most of
them indicated a contact only with one out of two important
residues, while MolPort-005-945-924, MolPort-039-052-338,
MolPort-039-063-560, MolPort-039-337-168, and MolPort-044-
754-193 showed no such interactions at all, making instead
contacts with other residues inside a binding pocket. The best
interaction pattern was shown by MolPort-039-052-665 form-
ing both H-bond with CYS145 and m-nt stacking with HIS41
of 6Y2F.

In order to verify whether selected compounds can also
be efficient against SARS-CoV strain, XP docking with conse-
quent MM-GBSA post-screening was performed against MP™
of SARS-CoV (PDB Code: 1WOF). The comparison of top-15
ligands’ binding affinities towards SARS-CoV MP™ 1WOF and
average binding affinities towards SARS-CoV-2 MP™ proteins
6LU7, 6Y2F, and 6Y2G is illustrated in Figure 6. One can see
that most of the selected ligands have similar potential for
inhibition of both viral MP™®, Meanwhile, Noricaritin (MolPort-
039-052-338) showed significantly stronger affinity towards
SARS-CoV MP™. The best binding affinity correlation was
shown between structures TWOF and 6LU7 with correlation
coefficient of R=0.89, while the worst correlation (R=0.05)
is between TWOF and 6Y2F. This finding indicates that due
to the similarity of a binding pocket, potential drugs
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Figure 5. Superposition of ligands docked into protein without water (green), protein with water (orange), and the reference co-crystalized ligand (grey).

Table 2. Binding energies for cross-docking of co-crystallized ligands against

all targets.
AGging, keal/mol Table 3. Virtual screening results.
] ] ] ] ] AGping, kcal/mol
Ligand Ligand Ligand Ligand Ligand

Protein 6LU7 6Y2F 6Y2G 5RF8 5RGO Ligand 6LU7 6Y2F 6Y2G Average
6LU7 no water —70.60 —40.19 —40.19 —31.73 —33.63  MolPort-001-739-296 —43.52 —36.89 —43.68 —41.36
6LU7 —35.45 —52.22 —52.22 —28.96 —22.09  MolPort-005-944-636 —47.82 —59.74 —56.27 —53.78
6Y2E no water —31.81 —35.24 —35.24 —31.68 —27.89  MolPort-005-945-584 —34.67 —44.74 —35.82 —39.71
6Y2E —30.59 —12.26 —12.26 —12.29 N/A MolPort-005-945-924 —47.70 —45.04 —45.54 —46.09
6Y2F no water —86.34 —55.94 —55.94 —24.98 —30.79  MolPort-028-754-113 —37.44 —46.87 —61.60 —48.64
6Y2F —36.39 —42.77 —42.77 —31.04 —34.45  MolPort-035-706-028 —54.30 —49.85 —38.56 —47.57
6Y2G no water —73.20 —57.60 —57.60 —33.33 —24.06  MolPort-039-052-338 —59.51 —30.96 —45.17 —45.21
6Y2G —49.07 —19.71 —19.71 —27.50 —21.09  MolPort-039-052-665 —47.00 —56.24 —42.67 —48.64
6MO03 no water —3843 —49.68 —49.68 —29.21 —27.07  MolPort-039-063-560 —54.91 —49.24 —60.78 —54.98
6M03 —35.77 —13.43 —13.43 —24.15 —17.64  MolPort-039-337-168 —49.94 —47.27 —51.55 —49.59
6Y84 no water —18.38 —29.56 —29.56 —27.46 —22.04  MolPort-039-338-330 —60.38 —53.77 —58.03 —57.39
6Y84 —29.77 —24.31 —24.31 —18.07 N/A MolPort-039-338-602 —36.79 —43.90 —44.65 —41.78
6RF8 no water —54.89 —49.13 —49.13 —31.42 —23.44  MolPort-039-338-717 —40.37 —48.27 —49.44 —46.03
5RF8 —6.50 —15.84 —15.84 N/A N/A MolPort-039-338-733 —41.90 —44.05 —34.64 —40.20
5RGO no water —59.12 —18.89 —18.89 —25.83 —33.39  MolPort-044-754-193 —35.09 —45.05 —39.56 —39.90
5RGO —20.04 —17.61 —17.61 —15.45 N/A Ligand 6LU7 -70.60 -86.34 -73.20 -76.71
5R8T no water —31.95 —36.13 —36.13 —31.37 —30.63  Ligand 6Y2G/6Y2F -40.19 -55.94 -57.60 -51.24
5R8T 6.12 —4.43 —4.43 N/A N/A Ligand 5RF8 -31.73 -24.98 -33.33 -30.01

* N/A - no binding pose were produced. Ligand 5RGO -33.63 -30.79 -24.06 -29.49
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Figure 6. Binding energies of top-15 ligands with SARS-CoV MP™ protein TWOF and average binding energies with SARS-CoV-2 MP™ proteins 6LU7, 6Y2F,

and 6Y2G.

targeting MP™ of SARS-CoV-2 can possibly be efficient
against all family of SARS-CoV viruses.

3.4. Admet properties

To compare the ADMET profile of the selected 15 ligands
from the docking results, we have considered Co-crystalized
ligand N3 of 6LU7 protein and o-ketamide of 6Y2F/6Y2G.
The complete ADMET results for 15 ligands can be found in
supplementary information. The top-5 ligands were identified
based on the desired ADME profile and toxicity to multiple
organs as well as effect on different major toxicity targets of
human body. The top-5 screened ligands are MolPort-001-
739-296, MolPort-005-944-636, MolPort-005-945-924, MolPort-
035-706-028, and MolPort-039-052-338. The details can be
found in Table 4. Regarding organs toxicity, except MolPort-
001-739-296 (weak carcinogenic), all remaining four ligands
reported as much safer drug compare to N3 and o-ketoa-
mide co-crystalized ligands of all three selected proteins
(both N3 and a-ketoamide ligands are weak inactive for hep-
atotoxicity, carcinogenicity and mutagenicity, while N3
showed weak inactive nature to cytotoxicity and a-ketoa-
mide reported weak active profile). In case of Nuclear recep-
tor signaling pathways, except MolPort-005-944-636, all four
ligands showed strong inactive affinity to major target
domain. The MolPort-005-944-636 showed weak active bind-
ing to Estrogen Receptor Alpha (ER-Alpha). Meanwhile, in
case of stress response pathways prediction, MolPort-039-
052-338 reported weak active effect on mitochondrial mem-
brane potential (MMP). Remaining four ligands had strong
inactive effect in majority of the cases except, MolPort-001-

739-296 and MolPort-005-944-636 had weak inactive effect
on MMP, and MolPort-039-052-338 had weak inactive effect
on Phosphoprotein tumor suppressor (p53). The MolPort-
005-945-924 and MP-035-706-028 showed excellent toxicity
profile among all the studied ones. The ADMET profile based
on predicted toxicity class, all ligands are residing under tox-
icity classes of 4 or 5 which supports their safe nature as
drug candidate if considered for human usage. The detailed
parameters predicted under ADMET profiling for all top-15
drug candidates can be found in Table 2S (Supporting infor-
mation file 2).

MolPort is designated as MP; The number inside the col-
ored boxes are probability of correctness of the prediction;
#These parameters are computed using ProTox-Il and remain-
ing ones are employing pkCSM;* Possible toxicity targets out
of 16 major toxicity targets in human body where the value
represents % Avg Similarity Known Ligands; VD: Volume dis-
tribution; BBB: Blood brain barrier; Substrate: Sub; Inhibitor:
Inh; Acute toxicity: AT; Chronic toxicity: CT; LOAEL: Lowest-
observed-adverse-effect level; AhR: Aryl hydrocarbon Receptor;
AR: Androgen Receptor; Androgen Receptor Ligand Binding
Domain (AR-LBD); ER-Alpha: Estrogen Receptor Alpha; ER-LBD:
Estrogen Receptor Ligand Binding Domain; PPAR-Gamma:
Peroxisome Proliferator Activated Receptor Gamma; nrf2/ARE:
Nuclear factor (erythroid-derived 2)-like 2/antioxidant respon-
sive element; HSE: Heat shock factor response element; MMP:
Mitochondrial Membrane Potential; p53: Phosphoprotein
(Tumor Suppressor); ATADS: ATPase family AAA domain-con-
taining protein 5; PG/H S1: Prostaglandin G/H Synthase 1;
GR: Glucocorticoid Receptor; NF: Not found under tested 16
toxicity target
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Figure 7. 2D Structures and unique smiles of five top hit ligands.

3.5. Molecular dynamics

Considering binding energies, interactions with amino acid
residues HIS41 and CYS145, and ADMET properties of 15
selected ligands, top-5 were selected for further elucidation
through MD simulation (Figure 7). Selected ligands included
MolPort-001-739-296, MolPort-005-944-636, MolPort-005-945-
924, MolPort-035-706-028, and MolPort-039-052-338.
Simulations were performed for all these complexes for
100ns, and obtained trajectories were analyzed using
Simulation Interaction Diagram. MP™ complexes with
MolPort-001-739-296 (Figure 8) showed very high values of
protein’s root mean square deviation (RMSD) after equilibra-
tion (3.5-4.0A) and did not stabilized during all 100 ns, indi-
cating an unstable protein conformation after binding. The
RMSD of ligands fit on a protein and fit on itself were also
high (around 4.0 and 204, respectively), though, ligand
seamed to stabilized after 50ns of simulation. During 35%
and 31% of simulation time both oxygen atoms of a carbox-
ylic group served as acceptors of intramolecular hydrogen
bond from the nearest hydroxyl group, while an oxygen of
this hydroxyl group accepted hydrogen from CYS145 (34% of
a simulation time). The second hydroxyl group interacted
with MP™ residue GLU166 through hydrogen bonding during
44% of trajectory simulation time. Interaction with HIS41 was
also detected (32%) through the alkoxyl group of a MolPort-
001-739-296. After stabilization (after 50 ns) all those interac-
tions were enhanced and additional interactions between

MolPort-005-945-924

carboxylic group and ASN142 and GLY143 were formed.
While root mean square fluctuations (RMSF) of a protein did
not exceed 2.0 A, on the ligands RMSF one can find fluctua-
tions over 3.0 A (carboxylic group).

The least conformational changes were detected for a
complex of MP™ with MolPort-005-944-636 (Figure 9), while
changes of protein’s RMSD varied within 1A. Larger devia-
tions were observed only for a trajectory segment near 65 ns
and the one between 80 and 90ns. The ligand’s deviations
were also not significant. Oxygen atoms of both hydroxyl
groups attached to MolPort-005-944-636 phenyl ring served
as acceptor of hydrogen bond from GLU166, GLY143 and
CYS145 during 80%, 67%, and 44% of a simulation time,
respectively. Meanwhile, a long hydrocarbon chain is fixed
with its hydroxyl group interacting with GLN192 (54%). This
fixation resulted in relatively low RMSF of a ligand’s hydro-
carbon chain not exceeding 2.0 A, except for the last methyl
in a chain and hydroxyl group, which fluctuations were just
slightly above. The highest fluctuations in MolPort-005-944-
636 were detected for acetoxyl group that did not exhibit
any interactions with a main protease, thus remained flexible
inside a binding pocket.

Insufficient results were obtained for a MP™ complex with
MolPort-005-945-924 (Figure 10). It exhibited an extremely
high ligand’s fluctuations and RMSD of a ligand fit on pro-
tein. Moreover, no interactions, which would remain for
more than 30% of a simulation time, were detected for this
complex. It is possible that for this complex 100 ns simulation

pro
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Figure 9. Protein and ligand RMSD, 2D interaction diagram, protein and ligand RMSF of MP™ structures in complex with MolPort-005-944-636 as a result of 100 ns

molecular dynamic simulation.

is not enough, since after 75ns of simulation ligand’s RMSD
was stabilized, and two H-bonds were formed between
GLU166 residue of a main protease and two oxygen atoms
of hexopyranosyl group, complimented by numerous water
bridges. Must be noted, that unsuccessful results could be
obtained due to either a ligand’s failure or due to an

unsuitable initial binding mode selected for molecular
dynamic calculation. Therefore, in order to clarify it, trajectory
after 75ns was clustered, and the binding mode of the most
populated cluster with the largest number of interactions
was subjected to an additional 100 ns of molecular dynamic
simulations. Interestingly with a new initial geometry the
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additional 100 ns molecular dynamic simulation.

results of a simulation improved drastically (Figure 11).
Changes of protein’s RMSD did not exceed 1.0A, while
ligand’s RMSD remained extremely stable and ligand’s RMSF
lower than 2.5 A until after 83 ns of a simulation time. Phenyl
ring was strongly kept inside a binding pocket within hydro-
phobic/polar cavity. Oxygen atom of a hexopyranosyl ring
was an acceptor of an H-bond from GLU166 (48% of a simu-
lation time), and hydroxymethyl group interacted with

PO structures in complex with MolPort-005-945-924 as a result of an

HIS164 (73% of a time). Even though these two interactions
were broken after 83 ns, phenyl ring remained inside a cavity.
An interesting observation is that when compare protein
RMSF of this MD simulation with all the other, one can
notice the difference in a secondary structure of main pro-
teases. While residues ASN53-LEU57 and ASP295-GLN295
represented as a-Helices in all the other structures, a com-
plex of a MP™ with MolPort-005-945-924 during a second
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100 ns molecular dynamic simulation.

MD simulation revealed this region being neither o-Helices
nor a B-strand. Presumably, it may indicate that binding of
this ligand to SARS-CoV-2 main protease structure signifi-
cantly changes its conformation.

As for the complex with Massoniresinol (MolPort-035-706-
028), the protein seemed to be very stable until after 75ns
of a simulation time, while a ligand’s RMSD varied up to
3.0A (Figure 12). During first 12ns both phenyl rings

hydroxyl groups formed interactions THR26 and ARG188,
hydroxymethyl group of a furan ring interacted with GLU47,
while the oxygen atom of a furan ring accepted a H-bond
from HIS41. After 12.5ns and until 20 ns, ligand underwent a
conformational change by breaking most of interactions
except for the one with ARG188. During a simulation time
between 21 and 91ns ligand regained interactions with
HIS41 and THR26, and only after 91 ns strong interactions
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fixing both phenyl rings and the central furan ring occurred.
For this complex, similarly to previous one, trajectory cluster-
ing was performed after 91 ns of a simulation time. The bind-
ing mode of the most populated cluster that exhibited
interactions of both phenyl rings and the central furan ring
with a protein was used as an initial frame for 100ns of
molecular dynamic simulations. Though, even during add-
itional simulation ligand remained extremely flexible and no
improvement of interactions was detected, making
Massoniresinol being the least enough among 5
selected ligands.

According to the results of MD simulations the most sta-
ble interactions occurred between Noricaritin (MolPort-039-
052-338) and 6LU7 (Figure 13). This ligand showed to be
very stable inside a binding pocket during all 100 ns simula-
tion with very the lowest values of ligand’s RMSD fit on itself
among all complexes studied here. One can see a significant
change in proteins’ RMSD. Interestingly, a change of ligand’s
RMSD fit on protein in time repeated the one of proteins’
RMSD. Moreover, it did not reflect anyhow in ligand’s bind-
ing pose. Hydroxyl group of phenyl ring formed an H-bond
with TYR54 as a donor (97% of a simulation time) and
accepted hydrogen from CYS44. Formation of intramolecular
H-bond between the hydrogen of a flavonoid A ring's
hydroxyl and double-bonded oxygen of a C ring enhanced
the capability of A ring’s hydroxyl to accept the H-bond from
GLU166. Meanwhile, hydroxyl of a C ring served as a donor
of H-bond interacting with GLN189. While results of MM-
GBSA indicate no interactions with HIS41 and CYS145,
molecular dynamic simulation shows ring B forming m—n
stacking with HIS41 during 57% of a simulation time.

An additional information as for analyses of MD trajecto-
ries, including ligand RMSD, Radius of Gyration,
Intramolecular Hydrogen Bonds, Molecular Surface Area,
Solvent Accessible Surface Area, Polar Surface Area can be
found in Figure 5S (Supporting Information file 1).

4, Conclusions

A comprehensive reliability analysis was performed for nine
selected SARS-CoV-2 MP™ protein structures. While most of
the reliability analyses approaches have shown structures
deposited recently by Fearon et al. (2020a; 2020b; 2020c)
being the most reliable, we concluded that a positive control
docking provided significantly better reproductivity for struc-
tures with PDB ID 6LU7, 6Y2G and 6Y2F. Thus, pursuant to
results of our investigation, these structures were selected as
potent targets for in-silico drug discovery of SARS-CoV-2
inhibitors. Benchmarking performed here also showed that
crystallographic water has a negative impact on an outcome
of a virtual screening against selected targets, therefor it is
suggested, that water molecules must be deleted before the
virtual screening.

The result of the virtual screening of the MolPort database
of natural compounds against the selected MP™ structures
indicated top-15 hit ligands, for which MM-GBSA calculations
and ADMET properties prediction were carried out.
Interestingly, it was found that these compounds can also

inhibit SARS-CoV MP™. This suggests that these molecules
can act as inhibitors for both SARS-CoV strains. Since a
potent drug supposed to not only have a high affinity
towards a target, but also must be relatively harmless for a
human body, the choice of prospective drug-like molecules
cannot be limited to the compounds performing well in
molecular docking simulation. Taking into account the bind-
ing affinities predicted by MM-GBSA, binding modes, interac-
tions with a CYS145 and HIS41, and ligands’" ADMET
profiling, five hit molecules were identified: MolPort-001-739-
296, MolPort-005-944-636, MolPort-005-945-924, MolPort-035-
706-028, and MolPort-039-052-338. Further, 100 ns MD simu-
lation indicated ligands MolPort-001-739-296 and MolPort-
035-706-028 being unstable inside a binding pocket of SARS-
CoV-2 MP™, while two natural compounds MolPort-005-944-
636 and MolPort-005-945-924, as well as a Noricaritin
(MolPort-039-052-338) derived from Epimedium brevicornu
Maxim appeared to be the most favorable ones. The analysis
offers further investigation of these three potential molecules
as probable drug candidates as viral MP™ inhibitors.
Considering safety issue of these drugs, all three molecules
showed better ADMET profile compare to co-crystalized
ligands of all three proteins.
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