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The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as a novel coronavirus and
the etiological agent of global pandemic coronavirus disease (COVID-19) requires quick development of poten-
tial therapeutic strategies. Computer aided drug design approaches are highly efficient in identifying promising
drug candidates among an available pool of biological active antivirals with safe pharmacokinetics. The main
protease (MPro) enzyme of SARS-CoV-2 is considered key in virus production and its crystal structures are
available at excellent resolution. This marks the enzyme as a good starting receptor to conduct an extensive
structure-based virtual screening (SBVS) of ASINEX antiviral library for the purpose of uncovering valuable
hits against SARS-CoV-2 MPro. A compound hit (BBB_26580140) was stand out in the screening process, as op-
posed to the control, as a potential inhibitor of SARS-CoV-2 MPro based on a combined approach of SBVS, drug
likeness and lead likeness annotations, pharmacokinetics, molecular dynamics (MD) simulations, and end
point MM-PBSA binding free energy methods. The lead was further used in ligand-based similarity search
(LBSS) that found 33 similar compounds from the ChEMBL database. A set of three compounds
(SCHEMBL12616233, SCHEMBL18616095, and SCHEMBL20148701), based on their binding affinity for MPro,
was selected and analyzed using extensive MD simulation, hydrogen bond profiling, MM-PBSA, and
WaterSwap binding free energy techniques. The compounds conformation with MPro show good stability
after initial within active cavity moves, a rich intermolecular network of chemical interactions, and reliable rel-
ative and absolute binding free energies. Findings of the study suggested the use of BBB_26580140 lead and its
similar analogs to be explored in vivo which might pave the path for rational drug discovery against SARS-
CoV-2 MPro.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Coronavirus disease 19 (COVID-19),declared a pandemic by the
World Health Organization (WHO), is a highly infectious disease first
reported in late December 2019 as a cluster of pneumonia cases in
Wuhan, China, and has since spread globally [1,2]. Genomic sequencing
identified a novel coronavirus as the causative agent of this disease. The
virus shares 96.2% sequence homology to bat viruses and 79.5% homol-
ogy to the known SARS-CoV: thus it was named SARS-CoV-2 by the In-
ternational Committee on Taxonomy of Viruses [3,4]. COVID-19 is
affecting more than 219 countries and 2 international conveyances
with 103,595,858 confirmed cases that have resulted in 2239,285 fatal-
ities at the time of writing (https://www.worldometers.info/
coronavirus/). Unfortunately, at this time no well-defined clinically ef-
fective antivirals or vaccines are available to treat and prevent COVID-
19 infections [5]. Some HIV drugs like Ritonavir and Lopinavir have
MDL, Foundation University
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been used in combination withα-interferon, but they confer little cura-
tive effect and can lead to toxic side effects [6]. A broad-spectrum anti-
viral, Remdesivir, developed and being explored by Gilead Sciences as a
possible COVID-19 treatment needsmore data to substantiate its real ef-
ficacy [7]. Considering all this, there is an unmet need for development
of safe and specific anti-SARS-CoV-2 therapeutics to reduce the severity
of this deadly pathogen.

SARS-CoV-2 has an RNA genome with approximate size length of
30,000 nucleotides [8]. It comprises at least 6 open reading frames
(ORFs); the first being the overlong ORF (covers 2/3 of the genome)
which codes for two polyproteins: polyprotein 1a (pp1a) and
polyprotein (pp1ab) [9,10]. Both these proteins are processed into
16 mature non-structural proteins (nsps) by the main protease
(Mpro) in the presence of papain-like protease. There are four main
nsps: spike (S), envelope (E), membrane (M), and nucleocapsid (N).
Considering this prominent and essential role of the Mpro in the life
cycle of COVID-19 and because there is no homolog of the Mpro in
humans, it has been proposed as an attractive candidate for the dis-
covery of novel drugs [11,12]. Mpro is functional in homodimers,
each monomer is 306 residues long and is a three domain cysteine
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Fig. 1. Surface presentation ofMPro crystal structure. The carmofur compound can be depicted as a stick docked at the active pocket and involved in key interactionswithHis41 and Cys145.
Deep view of the chemical interacting network of the compound is also provided.

Fig. 2. BBB_26580140-Mpro complex in aqueous solution box. The Mpro is shown by
chartreuse surface, water molecules are in sticks whereas Na + ions are presented by
blue balls.
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protease folded into helices and β-strands [11,13]. The first domain
(Domain I) covers residues from 10 to 99 whereas the second (Do-
main II) is from residue 100–184; both have antiparallel β-barrel
structures. The third domain (Domain III), ranging from 201 to 303,
is in a large antiparallel globular cluster of five α-helices. Domain III
is connected to Domain II by a long loop of 16 residues (residues
185–200). The catalytic activity of the Mpro is mainly due to a dyad
(H41 and C145); both of these residues are positioned at the junction
of Domain I and II.

Several crystalized monomeric structures of the Mpro have been
published recently both in APO (PDB: 6M03) and HOLO (PDB:
7BUY) form [14]. The crystal structure of Mpro co-crystallized with
carmofur is shown in Fig. 1. Four active sides of the enzyme have
been identified which are highly conserved and include S1′, S1, S2,
and S4 and have been targeted for the design of several groups of in-
hibitors. Zhenming et al. detail the inhibition of Mpro by an antineo-
plastic drug known as carmofur [14]. The reactive carbonyl group of
this compound is seen to bind covalently to Cys145, allowing the
fatty acid tail to occupy the hydrophobic S2 active site. The compound
can inhibit Mpro activity in cells with EC50 of 24.30 μM. Similarly, two
lead compounds were identified by Wenhao et al. and co-crystalized
with Mpro [12]. The compounds have a covalent interaction with
Cys145 and have a good pharmacokinetics profile with low toxicity.
As well as this, several in silico studies for finding potent leads against
Mpro highlight the vital importance of bioinformatics techniques in the
identification of potential Mpro inhibitors [15–21]. The current aim is
to provide a fast platform to determine potential leads against SARS-
CoV-2 MPro from a pool of antivirals that are active and produce safe
pharmacokinetics through a comprehensive computational structure
based virtual screening (SBVS), ligand based similarity search (LBSS),
drug likeness, lead likeness, molecular dynamics (MD) simulations,
binding free energies and entropy techniques.
2

2. Methodologies

2.1. SARS-CoV-2 MPro crystal structural retrieval and preparation

The Protein Data Bank (PDB) was accessed to retrieve the crystal
structure of SARS-CoV-2 MPro (PDB ID, 7BUY, and resolution, 1.6 Å)
[12]. The structure was subjected to a a mini preparatory phase where
the attached co-crystallized ligand and water molecules were deleted
in UCSF Chimera version 1.15 [22]. The energy of the enzyme was
then minimized through 1000 rounds of steepest descent (fast relive
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of highly unfavorable clashes in the protein structure) and conjugate
gradient (slow relive of severe clashes in the protein structure, good at
reaching an energy minima) algorithms. The initial step size length of
both algorithms are set to default 0.02 Å. All atoms of the enzyme
were allowed to move by selecting fixed atoms as none. For assigning
parameters to standard residues, AMBER ff14SB was used whereas for
non-standard residues AMBER antechamber was employed [23,24].
The overall quality and bad contacts in minimized and un-minimized
apo structure of the MPro were evaluated through the PDBSum
Ramachandran plot and the one with better structural features was se-
lected for downward investigations [25,26].

2.2. Retrieval and preparation of Asinex antiviral library

Uncovering chemical entitieswith improves safety and profound an-
tiviral activity needs high quality compounds as meaningful starting
leads. Asinex has developed an antiviral library of macrocycles and
Fig. 3. Methodo
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small molecules that could deliver valuable novel leads in target di-
rected virtual screening process. The Asinex antiviral includes 8722
compounds and can be freely accessed at https://www.asinex.com/
antiviral/.The library was retrieved in .sdf format, subsequently
imported toDiscovery studio software version 2020 [27] tofilteredmol-
ecules that meet the criteria of drug likeness [28,29] and lead likeness
[30]. The different rules of drug likeness and lead likeness parameters
are tabulated in S-Table 1. The compounds were converted to .pdbqt
and minimized to achieve to lower energy state in virtual screening
software (PyRx software 8.0) [31].

2.3. Site directed virtual screening (SDVS) and ligand based similarity
screening (LBSS)

The junction of Domains I and II where catalytic dye is presented
was used as the primary site in SDVS [32]. Many of the reported
HOLO structures of the Mpro have reported inhibitors bound at this
logy flow.

https://www.asinex.com/antiviral/.The
https://www.asinex.com/antiviral/.The


Fig. 4. Ramachandran plot analysis of pre-minimized Mpro (left) and minimized Mpro (right).
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specific site. The prepared compounds library was docked using the
coordinates of the Cys145 hotspot residue considered significantly
vital for catalytic functionality. The binding site was defined by
pointing coordinates of Cys145 sulfur atom (X-axis: −13.610, Y-axis:
17.354, Z-axis; 65.955) with dimensions of 15 Å. The number of itera-
tions set for each compound was 8, and the one with stable binding
conformer by acquiring highest negative binding energy (kcal/mol)
Fig. 5. Binding conformation and chemical interactions ne

4

was ranked as top. The top complex of the SDVS was selected and
subjected to molecular dynamics (MD) simulations [33] and MM-
PBSA binding free energy assays [34,35] to affirm docking prediction.
The procedure for performing MD simulations and MM-PBSA energy
calculations can be seen in Sections 2.5 and 2.7. The screened high af-
finity binder molecule was then used in ligand-based similarity
screening program in ChEMBL database to probe similar analogues
twork of BBB_26580140 inside Mpro binding pocket.



Fig. 6.MD simulation based statistical MPro rmsd (top left), compounds rmsd (top right), Mpro Rg (bottom left) and Mpro‑lead/control H-bonds analysis (bottom right).
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of the molecule [36]. The highly similar compounds fulfilling all drug
and lead like parameters were selected and processed through the
same steps discussed earlier for docking with Mpro.

2.4. Pharmacokinetics studies

The different physiochemical properties, pharmacokinetic profile
and various other properties of the lead molecule were predicted
through online pkCSM [37] and SwissADME [28].

2.5. MD simulations

The predictionmade bymolecular docking in terms of bindingmode
of the lead compound and its analogs was evaluated using MD simula-
tion. TheMD system chemical interactions profile and stability informa-
tion were extracted from the trajectories produced during the MD
simulation production phase. MD simulations were performed using
AMBER 18 simulation package [24]. The MD system parameters library
was generated through Antechamber program; the general amber force
field (GAFF) [38] was used to create parameters for the compounds
whereas the AMBER leap module [39] aided in centering the complex
in a 12 Å TIP3P water box. The BBB_26580140-Mpro complex in the
TIP3P water box is shown in Fig. 2. Charge on the system was neutral-
ized by adding appropriate counter ions. Systems energy was mini-
mized progressively through several rounds: hydrogen atom
minimization (for 100 steps), water box minimization (for 500 steps),
entire system minimization (500 steps) applying a constraint of
5 kcal/mol –Å2 on Cα, and non-heavy atoms minimization (100 steps)
5

keeping restraint of 10 kcal/mol Å2. Progressive heating of the system
from 0 to 300 K was then performed using an NVT ensemble at a time
step of 2 femtosecond for a period of 20 ps keeping a restraint of
5 kcal/mol –Å2 on systems Cα. Temperature hold was achieved via
langevin dynamics [40] while the SHAKE algorithm [41] was employed
to maintain constant hydrogen bond length. Systems were then equili-
brated for 1 ns considering time step of 2 femtoseconds. Afterward, con-
stant temperature and pressure (NPT) ensemble [42] was produced for
each system by carrying out 1 ns at 300 K and 1 bar pressure. Finally,
systems were allowed to equilibrate themselves for 1 ns. Production
run was performed 50 ns for the lead compound whereas for lead ana-
logs 100 ns long run was performed. The production ensemble was cre-
ated using a Berendsen temperature coupling algorithm [43], allowing a
time step of 2 fs and non-bound interactions set to 8 Å. Simulation
trajectories were performed using the CPPTRA module to examine
structural parameters of the systems [44].
2.6. Radial distribution function (RDF) analysis

In biomolecular simulations, the radial distribution function or
shortly g(r) is employed to illustrate variations in chemical interaction
density as a function of distance from a chosen reference atom [45].
RDF assay was performed using PTRAJ module of AMBER using close
receptor-ligand interactions generated in Visual Molecular Dynamics
(VMD) [46]. The RDF expression can be presented as:



Table 1
In silico pharmacokinetics of the virtually screened lead molecule.

Property Model name Predicted
value

Unit

Absorption Water solubility −2.738 Numeric (log mol/L)
Caco2 permeability −0.012 Numeric (log Papp in

10–6 cm/s)
Intestinal absorption
(human)

59.806 Numeric (% Absorbed)

Skin Permeability −2.358 Numeric (log Kp)
P-glycoprotein substrate No Categorical (Yes/No)
P-glycoprotein I inhibitor No Categorical (Yes/No)
P-glycoprotein II inhibitor No Categorical (Yes/No)

Distribution VDss (human) −0.546 Numeric (log L/kg)
Fraction unbound
(human)

0.497 Numeric (Fu)

BBB permeability −0.522 Numeric (log BB)
CNS permeability −3.129 Numeric (log PS)

Metabolism CYP2D6 substrate No Categorical (Yes/No)
CYP3A4 substrate No Categorical (Yes/No)
CYP1A2 inhibitor No Categorical (Yes/No)
CYP2C19 inhibitor No Categorical (Yes/No)
CYP2C9 inhibitor No Categorical (Yes/No)
CYP2D6 inhibitor No Categorical (Yes/No)
CYP3A4 inhibitor No Categorical (Yes/No)

Excretion Total Clearance 0.533 Numeric (log ml/min/kg)
Renal OCT2 substrate No Categorical (Yes/No)

Toxicity AMES toxicity No Categorical (Yes/No)
Max. tolerated dose
(human)

0.88 Numeric (log mg/kg/day)

hERG I inhibitor No Categorical (Yes/No)
hERG II inhibitor No Categorical (Yes/No)
Oral Rat Acute Toxicity
(LD50)

1.876 Numeric (mol/kg)

Oral Rat Chronic Toxicity
(LOAEL)

1.255 Numeric (log
mg/kg_bw/day)

Hepatotoxicity Yes Categorical (Yes/No)
Skin Sensitization No Categorical (Yes/No)
T. pyriformis toxicity 0.105 Numeric (log ug/L)
Minnow toxicity 2.575 Numeric (log mM)
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g rð Þ ¼ ρij rð Þð Þ
<ρj>ð Þ:

where, ρij represents density frequency at distance (r) ratio to average sol-
vent bulk atom frequency, ρj.

2.7. MMPBSA binding free energies estimation

The net binding free energy of complexes containing different high
affinity binderswas calculated through theAMBERMMPBSA.pymethod
[34]. In total, 100 frames were evenly selected fromMD trajectories and
each was subjected to solvation free energy and molecular mechanical
energy estimation. Parameters set for MMPBSA analysis included inter-
nal dielectric constant (1), and external dielectric constant (80). The
non-polar solvation energy contribution was estimated using solvent
accessible surface area by setting surface tension value to 0.054. The
net free energy is estimated for both receptor and ligandmolecule indi-
vidually, add it, and then subtracted from complex net energy [35,47].
This can be presented as,

ΔG netbinding free energy
¼ ΔGbinding free energy of complex– ΔGreceptor þ ΔGLIG−and

� �

Each of the above ΔG terms is computed in gas and solvation phase
and thus can be classified into,

ΔGbinding free energy ¼ ΔGbinding fee energy in gas phase
þ ΔGbinding free energy in solvation phase
6

The gas phase energy is further computed from two components,

ΔGbinding fee energy in gas phase¼ Eprotein−LIG−and interaction energy–TΔS

The protein-ligand interactions involve combined energy from elec-
trostatic and vanderWaals interactionswhereas entropy energy contri-
bution is estimated by TΔS. The solvation energy term is the output of:

ΔGbinding free energy in solvation phase ¼ ΔGpolar solvation energy
þ ΔGnon−polar solvation energy

Estimation of the non-polar energy term is done from the following
equation:

ΔGnon−polar solvation energy ¼ γ:SASA solvent accessible surface areað Þ:β

In this study, the γ value is set to 0.00542kcal (mol Å2)−1 while β to
0.92kcal/mol.

2.8. Estimating binding entropy using Normal mode analysis

The entropy contribution to the net bindingMM-PBSA energy of the
complexeswas computed using the AMBERNMODEmodule [48]. Keep-
ing in mind the extensive need for computational power for this assay,
we only considered 10 snapshots from the MD simulation trajectories
during the analysis.

2.9. WaterSwap absolute binding free energy calculations

Besides the use of the aforementioned approaches for estimating
systems binding free energies, we additionally used the WaterSwap
technique from Sire package [49,50]. In contrast to the implicit water
model system in MM-PBSA, WaterSwap uses an explicit solvent
model. The idea behind WaterSwap is to swap ligand dimensions with
equal size and volume of binding pocket explicit water molecules thus
considering the free energy contribution of thewatermolecules present
at the protein binding site. A total of 1000 roundswas performed on the
last 10 ns MD simulation trajectories. The calculation of absolute bind-
ing free energy was done by means of four highly efficient binding
free energy methods: free energy perturbation (FEP), Bennett's accep-
tance ratio (BAR) method, thermodynamic integration (TI), and
quadrature-based integration of TI. Good convergence of the predicted
values ideally <1 kcal/mol among these statistical methods assessed
the good agreement on the high complex stability [51]. The complete
flow of steps followed in the current study is presented in Fig. 3.

3. Results and discussion

3.1. Selection of appropriate quality Mpro structure

The first step in the study was the selection of quality Mpro structure
for docking simulation studies. This was accomplished by performing
energy minimization in UCSF Chimera to get an equilibrium structure.
High energy configurations contains steric clashes that potentially can
result in a physical perturbation and instability during simulation. How-
ever, such minimization may also introduce bad contacts in the struc-
ture and affect the protein structure. Therefore, structure evaluation
before and after minimization is significant to determine the best en-
ergy optimized structure for subsequent docking and simulation assays
to put forward thebest possible predictions. The energyminimizedMpro

achieved a minimal energy state as it has 89.8% residues in the favored
region opposed to 87.9% in the pre-minimized Mpro of the
Ramachandran plot. Moreover, 9.1% of residues (10.9% for pre-
minimized Mpro), 1.1% (0.8% for pre-minimized Mpro), 0% (0.4% for
pre-minimized Mpro) residues were plottedand allowed for regions



Fig. 7. Docked complex of SCHEMBL12616233 (yellow), SCHEMBL18616095 (red), and SCHEMBL20148701 (blue) at the functional pocket of Mpro (shown in surface). The chemical
interactions between the derivatives and functional site residues are also shown. For interpretation of the interactions, the dark green disc represents conventional hydrogen bonds,
LIG-ht green discs (van der Waals), LIG-ht aquamarine discs (carbon hydrogen bond), red discs (unfavorable donor), pink discs (alky and pi alkyl bonds), and purple disc (pi sigma).
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and disallowed regions, respectively, of the Ramachandran plot.
Ramachandran plots of both structures can be seen in Fig. 4.

3.2. Unveiling a lead compound

A lead compound “BBB_26580140” or (1-(carboxymethyl)-5-
(cyclopentylcarbamoyl)pyridin-1-ium-2-olate) was unveiled by SBVS,
exhibiting good affinity for the functional site of Mpro. The compound
binding affinity is −8.1 kcal/mol. The compound selection was based
on the fact that it gives an appropriate binding pose and interactions
at the binding pocket of Mpro (Fig. 5). The contribution of major interac-
tions was observed from 1-(carboxymethyl)pyridin-1-ium-2-olate
moiety of the compound interacting with several critical residues of
the S1 subsite of the pocket. The propionic acidmoiety of the compound
reported to form a network of four hydrogen bonding with Leu141,
Leu144, Cys145, and His163 at distance 5.9 Å, 2.8 Å, 4.0 Å, and 5.2 Å, re-
spectively. The central pyridin-1-ium-2-olate moiety positioned closed
towards the S1 subsite engaging Glu166 via hydrogen bonding at a dis-
tance of 4.12 Å. The N-cyclopentylacetamide moiety is extended in the
direction of S´ subsite where it is stabilized by establishing several hy-
drophobic contacts. The conformational stability of the lead molecule
with MPro was considered further through MD simulation assay of 20-
ns and the quality was estimated by plotting all Cα atoms deviations
7

along the simulation time. Compared to the control co-crystallized
carmofur-Mpro complex (mean rmsd: 2.6 Å), our lead-Mpro can be
seen to be structurally stable (mean rmsd: 1.5 Å). Secondly, carmofur-
Mpro complex rmsd plot is showing some minor structural variations
whereas lead-Mpro rmsd plot is highly stable (Fig. 6-top-left). Further
support on our lead-Mpro complex stability was derived from the
compound rmsd during the simulation time. Both the control co-
crystalized lead and screened lead of this study revealed a significant
stable nature (rmsd <1 Å), depicting ligand-reduced movements and
complementing on the good agreement favorable binding affinity
(Fig. 6-top-right). Detailed insights about protein compactness and con-
formation equilibrium was achieved by running Rg analysis on MD tra-
jectories of both complexes over the simulation time. Results obtained
demonstrated that both complexes are relatively compact (~ 40 Å)
(Fig. 6-bottom-left). Hydrogen bonding assay revealed that the stability
of both control and lead molecule complexes with Mpro benefits from
the regular formation of strong hydrogen bonds throughout simulation
time (Fig. 6-bottom-right). The binding strength of our lead towards
Mprowas further estimated byMM/PB(GB)SAmethods. The net binding
energy of the lead-Mpro complex is−43.0937 kcal/mol inMMGBSA that
illustrates high stability of the complex compared to the−31.9077 kcal/
mol total binding free energy in MMPBSA. To this net energy, the major
contributor is the gas phase energy which is−68.0019 kcal/mol in both



Fig. 8. Time dependent evolution of systems Cαrmsd (top left), ligand rmsd (top right), CαRg (bottom left), and number of hydrogen bond formation (bottom right).
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approaches opposed to the highly unfavorable solvation energy
(24.9082 kcal/mol in MMGBSA and 36.0942 kcal/mol in MMPBSA).
The good gas phase energy is due to 2-fold extra van der Waals energy
(−46.3815 kcal/mol) than electrostatic energy (−21.6204 kcal/mol).
The polar electrostatic energy (29.0146 kcal/mol in MMGBA and
38.8359 kcal/mol) was found to be themain non-contributor to the sol-
vation energy compared to non-polar energy that contributes favorably
(−4.1064 kcal/mol in MMGBSA and − 2.7418 kcal/mol in MMPBSA).
Fig. 9. Close view of compounds adjustment inside binding pocket of Mpro. Snapshots at differ
(spring green).

8

3.3. Pharmacokinetics and medicinal chemistry of the lead compound

Drug attrition due to bad pharmacokinetics in the drug discovery
process leads to high developmental costs and take extra time [52].
The availability of in silico pharmacokinetics tools in this regard greatly
improves the selection of appropriate drug molecules having the safest
pharmacokinetics [53]. Therefore, a comprehensive in silico pharmaco-
kinetic profile of the lead molecule was performed to guide future
ent time are shown as: 0-ns (tan), 20-ns (sky blue), 40-ns (plum), 80-ns (coral) and 120



Table 2
Time dependent hydrogen bond analysis of the complexes, along with occupancy.

Hydrogen bond analysis

Mpro-SCHEMBL12616233 Mpro-SCHEMBL18616095 Mpro-SCHEMBL20148701

Donor Acceptor Occupancy Donor Acceptor Occupancy Donor Acceptor Occupancy

LIG-307-Side-O1 GLU166-Side-OE1 3.65% LIG-307-Side-N2 GLU166-Side-OE1 5.04% LIG-307-Side-O1 CYS44-Main-O 2.41%
LIG-307-Side-N1 GLU166-Side-OE2 11.26% LIG-307-Side-N2 GLU166-Side-OE2 2.20% LIG-307-Side-O1 THR25-Side-OG1 1.49%
LIG-307-Side-N1 GLU166-Side-OE1 12.12% LIG-307-Side-O2 GLU166-Side-OE2 0.74% LIG-307-Side-O1 HIE41-Main-O 0.40%
LIG-307-Side-O1 ASN142-Side-OD1 2.73% LIG-307-Side-O2 ASN142-Side-OD1 1.02% LIG-307-Side-N2 HIE41-Main-O 0.50%
LIG-307-Side-O1 GLU166-Side-OE2 4.51% LIG-307-Side-N2 ASN142-Side-OD1 0.12% LIG-307-Side-O1 THR26-Main-O 2.37%
GLU166-Main-N LIG-307-Main-O 0.32% LIG-307-Main-N ASN142-Side-OD1 0.12% THR25-Side-OG1 LIG-307-Side-O1 0.02%
LIG-307-Side-N1 LEU141-Main-O 1.29% LIG-307-Side-O2 GLU166-Side-OE1 0.35% LIG-307-Side-N2 TYR54-Side-OH 0.06%
LIG-307-Side-N1 SER144-Side-OG 0.19% GLN189-Side-NE2 LIG-307-Main-O 0.02% LIG-307-Side-O1 TYR54-Side-OH 0.00%
GLY143-Main-N LIG-307-Main-O 0.06% GLN189-Side-NE2 LIG-307-Side-C7 0.01% CYS145-Main-N LIG-307-Main-O 0.02%
LIG-307-Side-O1 PHE140-Main-O 0.22% LIG-307-Side-N1 GLN189-Side-NE2 0.01% GLY143-Main-N LIG-307-Main-O 0.00%
LIG-307-Side-O1 SER144-Side-OG 0.01% LIG-307-Main-N GLU166-Side-OE2 0.01% LIG-307-Side-N2 ASN142-Side-OD1 0.32%
LIG-307-Side-N1 ASN142-Side-OD1 0.20% GLU166-Main-N LIG-307-Side-C7 0.04% LIG-307-Side-N2 ASN142-Main-O 0.27%
HIE163-Side-NE2 LIG-307-Side-O1 0.02% GLU166-Main-N LIG-307-Side-C8 0.06% LIG-307-Side-O1 ASN142-Side-OD1 0.12%
HIE163-Side-NE2 LIG-307-Side-C7 0.01% LIG-307-Side-N2 LEU141-Main-O 0.08% LIG-307-Side-O1 ASN142-Main-O 0.01%
LIG-307-Side-O1 LEU141-Main-O 0.01% LIG-307-Side-N2 SER144-Side-OG 0.01% LIG-307-Side-N2 GLY143-Main-O 0.01%
LIG-307-Side-N1 PHE140-Main-O 0.12% LIG-307-Side-N1 GLN189-Side-OE1 0.32% LIG-307-Side-N2 GLN189-Side-OE1 0.32%
LIG-307-Side-N1 GLU166-Main-O 0.01% LIG-307-Side-N2 GLU166-Side-CD 0.01% LIG-307-Side-O1 SER46-Main-O 0.73%
LIG-307-Side-O1 ASN142-Side-ND2 0.01% LIG-307-Side-N1 HIE164-Main-O 0.40% LIG-307-Side-O1 GLN189-Side-OE1 0.01%
– – – LIG-307-Side-N2 PHE140-Main-O 0.01% LIG-307-Side-N2 GLN189-Side-NE2 0.00%
– – – LIG-307-Main-N GLU166-Side-OE1 0.02% LIG-307-Side-N2 SER46-Side-OG 0.00%
– – – GLU166-Main-N LIG-307-Side-O1 0.01% CYS145-Side-SG LIG-307-Main-O 0.02%
– – – – – – LIG-307-Side-N2 CYS44-Main-O 0.00%

Fig. 10. RDF plots for compounds interactions.
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chemists in optimizing the structure, keeping pharmacokinetics within
the acceptable range. The detailed pharmacokinetics of the lead mole-
cules are provided in Table 1. Drug absorption is a principal focus in
medicinal chemistry andwas evaluated first in the in silico pharmacoki-
netics studies [54]. This lead molecule is water soluble which is key to
oral bioavailability [55]. The molecule is predicted to have good
potential to permeate Caco-2 cell lines in vitro. The gastrointestinal
absorption is also high and the compound is not a substrate for
P-glycoprotein transporter [56]. Skin permeability prediction found
the compound to be skin permeable making it an extremely good can-
didate in developing good transdermal delivery products [57]. From
the distribution point of view, the molecule has volume of distribution
(VDss) value of −0.546, indicating the low distribution of the com-
pound in the tissue compared to the plasma [58]. Similarly, the com-
pound fraction unbound (Fu) value is low which could result in its
low binding affinity with the serum protein and can improve its diffu-
sion efficiency of the cellular membranes [37]. The capacity of drugs to
cross the blood brain barrier (BBB) is critical for evaluation to avoid
9

toxicity and side effects of a givenmolecule and to improve its efficiency
if its pharmacological activity is within the brain [59]. The compound
had poor permeability of the BBB and could not cross the central ner-
vous system (CNS). The lead molecule is a non-inhibitor of detoxifying
cytochrome P450 thus allow functional oxidation of xenobiotics and fa-
cilitate their excretion. The predicted total clearance of the compound
which combines both hepatic clearance and renal clearance was 0.53
logml/min/kg. This factor is critical in bioavailability and for calculation
of the dosage rate for steady state concentration. From a toxicity per-
spective, the compound is AMES non-toxic, has a very low LD50 value
when administered orally to rats, is predicted to show no skin sensitiza-
tion and doesn't inhabit hERG I and hERG II thus reducing the chance of
developing QT syndrome [60,61]. Medical chemistry prediction catego-
rized the compound as zero alert PAINS (pans assay interference struc-
ture) [62]. The compound had good synthetic accessibility and revealed
zero alert for lead likeness.

3.4. Lead based similarity search

The study was further extended to identify analogs of the lead mol-
ecule to provide an enriched set of molecules that could be used either
directly as anti-COVID 19 drugs or might be useful for providing further
leads. In total, 33 analogs of the lead molecule were identified from
ChEMBLdb as shown in S-Fig. 1. We docked this set of molecules at
the same function site described previously. We prioritized three
complexes based on their affinity for the Mpro and examined them
extensively. These included SCHEMBL12616233 (6-hydroxypyridin-3-
yl)(2-(pyrrolidin-1-ylmethyl)pyrrolidin-1-yl)methanone), SCHEMBL
18616095 (2-hydroxy-N3-methyl-N5-((1R,2R)-2-methylcyclopropyl)
pyridine-3,5-dicarboxamide) and SCHEMBL20148701 ((6-hydrox
ypyridin-3-yl)(3-isopropyl-3,6-diazabicyclo[3.1.1]heptan-6-yl)meth-
anone) with binding affinity of −9.5 kcal/mol, −9.1 kcal/mol and
−9.0 kcal/mol forMpro functional site, respectively.Much of thedocking
affinity of the derivatives, like the lead, is the output of interactions
dominated by hydrogen bonding with the S1 site of the active site
(Fig. 7). Specifically, in the case of SCHEMBL12616233 the pyridin-2-ol
favored the S1 residues of the Mpro vai balanced hydrogen (with
Leu141 and Ser144) and van der Waals bondings. This allows 1-(2-
methylpyrrolidin-1-yl)ethanone moiety positioning to the S2 site and
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leaving downward tilting of the 1-methylpyrrolidine to the S´ site. The
latter two moieties revealed to interact through a mixture of weak
bonding's including van der Waals, carbon hydrogen, alkyl, and pi
alkyl bonds. SCHEMBL18616095 conformer is adjusted mainly to S site
whereas pushing the tail ((1R,2R)-2-methylcyclopropanamine) to the
S2 site of the functional cavity. The bulk of the interactions is the output
of strong hydrogen bonding between 2-hydroxy-N-
methylnicotinamide of the compound with S1 site residues (Phe140,
Ser144, His163, and Glu166). SCHEMBL20148701 occupies the S1 and
S2 sites and interact with residues of both sites by hydrophobic and hy-
drophilic interactions.
3.5. Conformational dynamics evaluation

Conformational stability of each system was assessed by running
longMDsimulations of 120-ns. System trajectorieswere statistically an-
alyzed for structural parameters such as Cα atoms rootmean square de-
viation (Cα rmsd) and Cα atoms radius of gyration (Cα atoms Rg). Cα

Rmsd was calculated by superimposing a complete set of complex sim-
ulated conformers over initially minimized conformer and plotted ver-
sus simulation time. As can be observed in Fig. 8 the systems behave
quite similarly and consistent stability can be seen. The mean Cαrmsd
for Mpro-SCHEMBL12616233, Mpro-SCHEMBL18616095, and Mpro-
SCHEMBL20148701 is 1.4 Å, 1.28 Å and 1.57 Å, respectively (Fig. 8-top
left). These findings affirm the stability of each system where the lead
derivatives sit at the active pocket of Mpro owing to enhanced intermo-
lecular affinity. Further, investigation of the ligands rmsd was con-
ducted. This unravels the flexibility of the ligands in the pocket at
specific times followed by enhanced conformational stabilitytowards
the end of the simulation. (Fig. 8-top right and Fig. 9). For
SCHEMBL12616233, compound mean rmsd is 1.49 Å, and flexibility is
seen at 40-ns. This flexibility allows compound stretching in the pocket
rendering central 1-(2-methylpyrrolidin-1-yl)ethanone positioning
away from the S2 site towards the pocket center and easing
1-methylpyrrolidine contact to the S´ site. Afterward ligand rmsd devi-
ations corresponded to original docked conformation where pyridin-
2-ol adjusting itself very close to the S1 site, central 1-(2-
methylpyrrolidin-1-yl)ethanone to the S1 and S2 junction and 1-
methylpyrrolidine to the S´ site. Mpro-SCHEMBL18616095 mean rmsd
is 0.66 Å and achieved a more stable conformation compared to the
other two ligands despite minor structural adjustment moves at a pe-
riod of 70-ns to 76-ns. The same adjustments acquired by the first com-
poundwere adopted by SCHEMBL18616095 coming close to the S2 site
via its tail. SCHEMBL20148701 was reported to have flexibility at two
points; at 16-ns where the compound showed minor conformer varia-
tions, followed by a second structural variation at time 40 ns-80-ns.
Both these flexibilities in compound rmsd was a result of the outcome
compound detaching from the S1site, moving towards the junction be-
tween S2 and S´ sites. Visual inspection of the simulation trajectories
demonstrated such binding mode changes of the compounds could be
an approach towards gaining a stable mode as complemented by stable
rmsd trend at the end period of simulation. For additional insights on
system equilibrium conformation and protein structure compactness,
the radius of gyration (Rg) was performed over the simulated trajecto-
ries. The mean Rg value for the systems is in the following order: Mpro-
SCHEMBL12616233 (42.3 Å), Mpro-SCHEMBL18616095 (42.21 Å) and
Mpro-SCHEMBL20148701 (42.61 Å), suggesting good overall protein
compactness (Fig. 8-bottom left). These findings also correlated to sys-
tems rmsd and the present stability of the protein structural elements
during the simulation time. Summing up, MD simulation predicted sys-
tems stability making the compound a good candidate be subjected to
experimental studies to decipher its real affinity for the Mpro.



Table 4
Hotspot residues of the Mpro allowing major interactions and stabilization of the
compounds.

Residue Binding energy in kcal/mol

SCHEMBL12616233 SCHEMBL18616095 SCHEMBL20148701

Leu27 −1.36 0 −1.19
Leu25 0 0 −1
Met49 −1 −1.24 −1.79
Hie41 −1.11 −2.56 −1.82
Phe140 0 −2.89 −0.1.42
Leu141 0 −1.45 −1.01
Ser144 0 −3.5 −2.18
Cys145 −1.47 −4.1 −3.54
Hie163 0 −1.22 −1.1
Hie164 −1 −1 −4.12
Met165 −1.12 −2.45 −2.14
Glu166 −2.54 −2.86 −1
Hie172 0 −3.4 0
Asp187 0 −1.87 −1.23
Arg188 −1.11 −2.12 −1.24
Gln189 0 −2.48 −1.58
Thr190 0 0 0
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3.6. Hydrogen bond analysis

Hydrogen bond analysis was done to determine the pattern and dura-
tion of hydrogen bonding between the protein and ligand molecules. Hy-
drogen bonds are the output when a hydrogen atom is shared between
theheavy atomdonor and acceptor. Such interactions are vital in underpin-
ning intermolecular specificity and are critical to stable protein-ligand com-
plexes. Hydrogen bond formation for Mpro-SCHEMBL12616233, Mpro-
SCHEMBL18616095, and Mpro-SCHEMBL20148701 was plotted,
considering the cut-off 3.0 Å and cut-off angle of 20 degree. Based
on such conditions, all three systems illustrated the consistent forma-
tion of hydrogen bonds between the protein and ligands
(Fig. 8-bottom right). In total, there were 18, 21, and 22 hydrogen
bonds for Mpro-SCHEMBL12616233, Mpro-SCHEMBL18616095, and
Mpro-SCHEMBL20148701, respectively. Details of the hydrogen
bonding for the complexes along with percent occupancy are tabu-
lated in Table 2.

3.7. RDF analysis

The strong hydrogen bonds between the compounds and the Mpro

were further utilized in RDF analysis to interpret interactions intensity
versus time (Fig. 10). Three interactions from Mpro-SCHEMBL12616233
were reported consistently in simulation all involving a Glu166 residue
from the active pocket. The pyridin-2-ol ring of this compound favors
most of these interactions especially through its oxygen and nitrogen
atoms. The rdf plot for the pyridin-2-ol ring of SCHEMBL12616233 with
side OE1 of Glu166 represents the highest interaction density at 2.97 Å
with g(r) value of 0.91. The second interactionwith high interaction den-
sity (g(r) value of 0.79) is between compound N1 from pyridin-2-ol ring
and Glu166 OE2 atom at distance 3.0 Å. RDF of pyridin-2-ol O1 atoms
with the Glu166 OE1 showed less interaction density compared to first
two but seems crucial in holding the compound at S1 site. Themaximum
g(r) of this interaction is 0.64 at distance of 3.04 Å. All the above interac-
tions via RDF quantify the fact of strong affinity of the compound for the
S1 site of the Mpro. Only one SCHEMBL18616095 chemical association
with Glu166 OE1 atom is more dispersed (maximum g(r) value of 0.4 at
distance 3.5 Å)which is due to inside active pocketmoves. However, still,
the compound is demonstrating close affinity for the S1 site.
SCHEMBL20148701 RDF showed less interaction density which is attrib-
uted to later simulation time. This is because the compound moves from
the initial docked site S1 to S1 and S2 junction towards simulation end.
The maximum g(r) value of the interaction is 0.40 at a distance of 3.98 Å.

3.8. Estimation of binding free energies

The binding free energy estimation via MM-GBSA and MM-PBSA pro-
vides an excellent platform to affirm the affinity of compounds for its re-
ceptor in drug discovery protocols [35]. Both techniques can easily be
adopted in virtual screening processes and correlatewell with experimen-
tal activities. All three analogs of the lead showed significantly higher affin-
ity for the Mpro, stability at docked site, and enrich pattern of chemical
interactions (Table 3). In both protocols, the gas phase energy calculated
by molecular mechanics and where no contribution of the solvent is con-
sidered found as major driving contributor in complexes stabilization.
The gas phase energy for Mpro-SCHEMBL12616233 complex, Mpro-
SCHEMBL18616095 and Mpro-SCHEMBL20148701 complex is
−130.32 kcal/mol, −133.57 kcal/mol, and − 111.25 kcal/mol, respec-
tively. Themain contributor to the gas phase energy is electrostatic energy;
that is −101.63 kcal/mol for Mpro-SCHEMBL12616233,−108.7 kcal/mol
for Mpro- SCHEMBL18616095, and − 79.46 kcal/mol for Mpro-
SCHEMBL20148701. The van der Waals bond also provides a favorable
contribution to the net gas phase energy ranging from −24.87 kcal/mol
for Mpro- SCHEMBL18616095 to −31.78 kcal/mol for Mpro-
SCHEMBL20148701 and −28.69 kcal/mol for Mpro-SCHEMBL12616233.
The net solvation energy for each system is highly non-favorable and the
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importance of water molecules in interactions between the receptor and
LIG-ands seems small. The net solvation energy of MM-GBSA is Mpro-
SCHEMBL12616233 (107.97 kcal/mol in MM-GBSA and 107.78 kcal/mol
in MM-PBSA), Mpro- SCHEMBL18616095 (115.46 kcal/mol in MM-GBSA
and 118.27 kcal/mol in MM-PBSA), and Mpro-SCHEMBL20148701
(87.5 kcal/mol inMM-GBSA and 91.9 kcal/mol in MM-PBSA). The electro-
static energy in solvationphase is themajor insignificant contributor and is
found to be above 100 kcal/mol for Mpro-SCHEMBL12616233 and Mpro-
SCHEMBL18616095 and above 90 kcal/mol for Mpro-SCHEMBL20148701.

3.9. Hotspot Mpro residues

The binding interaction pattern of the derivatives was further eluci-
dated by implementing MMPBSA decomposition analysis to clarify resi-
dues contributing to inhibitor binding. As all three compounds prefer to
bind to the S1 site of the pocket, themajority of the compound stabilizing
residues are the same. Another reason for such a similar binding pattern is
due to lessmobility of the compounds at the docked site. The hotspot res-
idues make regular contacts with the compound during the simulation
time and have binding free energy less <−1 kcal/mol. The hotspot resi-
dues can be seen in Table 4. For SCHEMBL12616233, 8 residues (Leu27,
Met49, Hie41, Cys145, Hie164, Met165, Glu166, Arg188) whereas in
case of SCHEMBL18616095 and SCHEMBL20148701 14 (Met49, Hie41,
Phe140, Leu141, Ser144, Cys145, Hie163, Hie164, Met165, Glu166,
Hie172, Asp187, Arg188, Gln189) and 16 (Leu25, Leu27, Met49, Hie41,
Phe140, Leu141, Ser144, Cys145, Hie163, Hie164, Met165, Glu166,
Hie172, Asp187, Arg188, Gln189) residues were categorized as hotspot
residues. Many of the residues of the compounds are common in all
three complexes reflecting their vital role in holding compound at the
pocket site and are of considerable interest in future lead optimization.
Glu166 in case of Mpro-SCHEMBL12616233 complex strongest binding
and stabilizing factor for the compound with binding energy of
−2.54 kcal/mol. The residues hold the compound via two hydrogen
bonding at close distance. Similarly, in theMpro-SCHEMBL20148701 com-
plex Cys145 (−4.1 kcal/mol) shows a strong magnitude of binding affin-
ity for the compound. The Mpro-SCHEMBL20148701 interaction is in
equilibrium due to the strong affinity exhibition from Cys145 and
Hie145 for the compound at strong hydrogen bonds.

3.10. Estimation of binding entropy

Since estimation of binding entropy was skipped for the simulated
systems inMM-GBSA andMM-PBSA, a follow up normal mode analysis



Table 6
Absolute binding free energy (in kcal/mol) calculated with WaterSwap.

Complex WaterSwap
BAR FEP TI

Mpro-SCHEMBL12616233 −15.58 −16.78 −15.74
Mpro- SCHEMBL18616095 −14.51 −15.84 −15.78
Mpro-SCHEMBL20148701 −18.91 −19.74 −18.76

Table 5
Normal mode binding entropy estimation for the simulated systems. All units are presented in kcal/mol.

Entropy Term SCHEMBL12616233 SCHEMBL18616095 SCHEMBL20148701

Complex Translational 10 9 13
Rotational 9 8 13
Vibrational 2594 2585 2678
Total 2630 2633 2751

Receptor Translational 12 11 12
Rotational 11 11 10
Vibrational 2546 2548 2660
Total 2569 2570 2682

Ligand Translational 11 13 14
Rotational 12 14 13
Vibrational 34 31 36
Total 57 58 63

ΔS total ΔS 4 5 6
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for entropy calculation was applied to the systems in AMBER package.
All three systems clearly can be seen in an entropically unfavorable
state which means that ligands are trapped inside the Mpro pocket and
have limited mobility. Consequently, the systems have achieved de-
creased microstate levels and enhanced stability. The entropy energy
for each system is tabulated in Table 5.

3.11. WaterSwap absolute binding free energy estimation

To remove limitations of the MM-GBSA and MM-PBSA implicit water
model, a more reliable method of WaterSwap that uses an explicit water
model was inducted in the study to validate and support the binding free
energy conclusion for the systems. WaterSwap uses an algorithm of
replica-exchange thermodynamic integration in combination with re-
action coordinates that allows swapping of a given ligand to an equiv-
alent explicit water volume present in protein binding pocket.
WaterSwap was successfully applied on several snapshots of the last
10-ns simulation trajectories that give an average − 16.02 kcal/mol for
Mpro-SCHEMBL12616233,−15.37 kcal/mol forMpro- SCHEMBL18616095
and −19.13 kcal/mol for Mpro-SCHEMBL20148701. This concludes the
higher strength of interactions between the Mpro and compounds. These
absolute energies may overestimate the true binding energy as the en-
tropy contribution is ignored during energy estimation. Detailed results
of WaterSwap are provided in Table 6.

4. Conclusions

Using rigorous in silico approaches we have successfully determine
several antiviral compounds exhibiting high potential against SARS-
CoV-2 MPro. The compounds have improved binding affinity compared
to co-crystallized carmofur. Druggability and leadlike rules assessment
illustrated the compounds fulfilling all prominent rules and exhibit
safe and acceptable pharmacokinetics. MD simulations uncovered com-
pound mobility inside the active pocket that acquired binding mode
equilibrium towards end simulation time. The compoundsmakemulti-
ple hydrogen and van der Waals interactions with hot spot residues of
the enzyme pocket that contribute to enhancing intermolecular affinity.
In particular, all the screened lead molecules interact and form strong
12
bonding with His41,Cys145, His163, and Glu166. These residues are re-
ported in all SARS-CoV-2 MPro crystal structures to form bonding with
co-crystalized ligands [63]. The binding pocket and catalytic residues
of this enzyme are highly conserved among the coronaviruses [21]. So
despite of sequence variations in the protein, it is highly unlikely that
the virus will evade the screen inhibitory molecules action. As a result
of strong interactions, the compounds complexes achieved higher sta-
bility by scoring negative binding energies.

Different classes of protease inhibitors are in clinical trials against
COVID-19. Hits identified in this study belong to different classes and
can accommodate appropriately inside the MPro pocket. As the com-
pounds can be readily accessed from ASINEX antiviral library and
ChEMBL databases and do not require the prior need of synthesis, the
compounds can be quickly explored in vivo experimentation for bind-
ing affinity and inhibition potential. Concluding, the screened com-
pounds are promising and may provide a good foundation in the hunt
of anti-COVID-19 MPro drug discovery.
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