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ABSTRACT: SARS-CoV-2 variants recurrence has emphasized the imperative prerequisite
for effective antivirals. The main protease (Mpro) of SARS-CoV-2 is crucial for viral
replication, making it one of the prime and promising antiviral target. Mpro features several
druggable sites, including active site and allosteric sites near the dimerization interface that
regulate its catalytic activity. This study has identified six highly efficacious antiviral SARS-
CoV-2 compounds (WIN-62577, KT185, bexarotene, ledipasvir, diacerein, and simepervir)
using structure-based virtual screening of compound libraries against Mpro. Using SPR and
ITC, the binding of selected inhibitory compounds to target Mpro was validated. FRET-based
protease assay demonstrated that the identified molecules effectively inhibit Mpro with ICso
values in the range from 0.08 to 7.31 uM. Additionally, in-vitro cell-based antiviral assays
showed high efficacy with ECsp values in the range of 1.8 to 18.92 uM. Crystal structure of
Mpro-minocycline complex detailed the possible inhibition mechanism of minocycline, an
FDA-approved antibiotic. Minocycline binds to an allosteric site, revealing residues critical for
the loss of protease activity due to destabilization of molecular interactions at the dimeric
interface, which are crucial for Mpro proteolytic activity. The study suggests that the binding
of minocycline to the allosteric site may play a role in Mpro dimer destabilization and directs
the rational design of minocycline derivatives as antiviral drugs.
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INTRODUCTION

The mysterious outburst of coronavirus disease 19 (COVID-19) in Wuhan, China, in late 2019
has drawn attention of the world's scientific community.* Earlier epidemics of severe acute
respiratory syndrome coronavirus (SARS-CoV) in Guangdong, China, in 2003 and Middle
East respiratory syndrome coronavirus (MERS-CoV) in 2013 have shown a high decease rate.?
Coronaviruses have spread cross-species transmission in both outbreaks, infecting humans and
other vertebrates.® The occasional recurrence of coronavirus has proved to be a substantial
global threat to human lives.* Irrespective of vaccine's prominent success, the viral genome's
unpredictable mutations raised questions about the efficacy of available vaccines.>®
Predominantly, the Omicron and its lineages carry more than 30 mutations in spike protein,
primarily targeted for vaccine development.” These mutations cause predominant
conformational deviations in the spike protein, empowering the virus to evade the immune
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response produced by current vaccines and sustained viral growth.® Therefore, targeting other
crucial viral proteins for drug discovery becomes indispensable.

SARS-CoV-2 has a genome size of ~30 kb with 12 open reading frames (ORFs). The
genomic organization is in order 5'-replicase (rep)-spike (S)-envelope (E)-membrane (M)-
nucleocapsid (N)-3' and short untranslated regions.® The rep gene covers almost two-thirds of
the genome and encodes two overlapping polyproteins, ppla and pplab, using ORFla and
ORF1b.1° Papain-like protease (PLpro) and Mpro cleave the replicase polyprotein into 16
functional non-structural proteins (nsps), crucial in genome transcription and replication.'!?
Mpro cleaves at different sites (nsp4-nsp16) in downstream polyproteins to form individual
mature proteins.t®

Mpro functions as a homodimer, with two monomers situated closely perpendicular to
each other.**1> Each monomer encompasses three main domains: Domains | (residues 10-99),
domain 11 (residues 100-182), and domain 111 (residues 198-303).2> Domain | & II consist of
a six-stranded antiparallel B-barrel fold and form a chymotrypsin-like structure, keeping the
active site in the cleft between these domains.'® The fundamental cleavage motif of Mpro is
Leu Gln|(Ser/Ala/Gly), which is conserved amid several variants of SARS-CoV-2.1> Domain
I11 is a C-terminal helical domain, which is vital for protein dimerization and regulation using
an intermolecular salt-bridge interface between Glu290 and Arg4.1” The complexities of dimer
dynamics showed that Mpro works on a flip-flop mechanism where only one monomer remains
active at a time.!® Mpro functions as an asymmetric dimer, potentially exhibiting a half-site
acylation-deacylation catalytic cycle. In this cycle, when one subunit adopts the active acylated
state, the other subunit enters the deacylated state, and they alternate between these states.81°
Targeting/mutating the key residues in the dimeric interface can significantly impede protease
activity, which profoundly relies on suitable dimerization and the accurate alignment of the
subdomains.'® In fact, Mpro has six experimentally confirmed allosteric sites together with
dimeric site.?’ The residues involved in these sites are highly conserved among SARS-CoV-2
variants, which advocates them as prime drug targets against SARS-CoV-2.2! Gunther et al.
performed X-ray screening to discover potential drugs against Mpro and identified five
compounds that also interact to two discrete allosteric sites.? Numerous potential inhibitors of
SARS-CoV-2 Mpro are reported, but most of them fall into the peptidomimetics category,
which repeatedly illustrates reduced pharmacokinetic (PK) properties. Therefore, considering
the multiple roles of Mpro and targeting both the active and allosteric sites may provide a
propitious approach for developing safe and effective antivirals against pan SARS-CoV-2
variants.

The present study reports the in-silico screening of FDA-approved drug library
(Selleckchem), natural compound library (Selleckchem), and LOPAC??® (Library of
Pharmacologically Active Compounds, Sigma-Aldrich, St. Louis, MO) library against the
substrate-binding pocket and allosteric site (dimeric interface) residues of Mpro. The residues
that form the substrate binding site and dimeric interface site are essential for catalytic activity
and are conserved across various SARS-CoV-2 variants and SARS-CoV strains of
Coronaviridae family.?®>?* The molecular docking and molecular dynamics (MD) simulations
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were successfully performed to ascertain sixteen potential antiviral compounds. Further, twelve
out of these compounds were biophysically and biochemically validated using surface plasmon
resonance (SPR), isothermal titration calorimetry (ITC) and fluorescence resonance energy
transfer (FRET)-based protease assay. Subsequently, site-directed mutagenesis (C145A and
E290A) helped to examine the mutational effects on the enzyme activity and were used a s
control for experiments. Afterward, an in vitro cell culture-based antiviral assay was performed
to find the most efficacious compounds with significant antiviral against SARS CoV-2.
Notably, the Mpro-minocycline crystal structure revealed that the compound binds to an
allosteric site near the dimeric interface of Mpro and complex structure analysis revealed
structural changes that destabilize and make Mpro inactive. The compounds reported in this
study as potential antivirals are recommended as leading novel Mpro inhibitors against
different SARS-CoV-2 variants for further investigations and in vivo validation.

MATERIALS AND METHODS

Structure-based virtual screening of drug libraries. To identify new potential
antivirals targeting enzyme activity and dimer interface of Mpro (Protein Data Bank, PDB id:
6LU7),% virtual screening was conducted using PyRx 0.8.26 The pharmacologically active
compounds for this screening were sourced from the FDA-approved drug library
(Selleckchem), the natural compound library (Selleckchem), and the LOPAC% drug libraries,
all in the Structured Data File (SDF) format. Over 20,000 compounds were subjected to high-
throughput virtual screening analysis. Energy minimization and file format conversion of
molecules into the Autodock ligands (.pdbqt) format were performed using PyRx 0.8.%
Subsequent screening of the selected molecules against potential binding sites of the SARS-
CoV-2 Mpro protein was conducted using PyRx 0.8 in conjunction with AutoDock Vina.?"?
The grid center points for the active site region were set at X =-24.91, Y =12.33, Z = 57.43,
with box dimensions of 48.30 A x 69.97 A x 60.87 A. The grid centre points for the dimeric
interface region were set at X = -24.92, Y = 15.19, Z = 51.60, with box dimensions of 24.80 A
x 23.68 A x 27.61 A with an exhaustiveness level of 8.

Designing of Mpro substrate peptides. SARS-CoV-2 Mpro specifically cleaves the
non-structural polyproteins at designated cleavage sites. Using the Weblogo 3 web server
version 3.7.4,%° a multiple sequence alignment (MSA) of various cleavage sites reveals that the
residues of Mpro substrates are highly conserved at specific positions (Supporting information,
Figure S1). Based on published studies that have utilized octapeptides as inhibitors following
the "distorted key" approach®, a substrate peptide consisting of eight residues was selected.
The octapeptide is named after Schechter and Berger's (1967) nomenclature, which states that
protease cleaves between P1 and P1' amino acids.®! Therefore, eleven octapeptides, designated
as Pepl through Pepl1, were considered as reference molecules in molecular docking analysis.
These Mpro octapeptide substrates were designed using PyMOL 2.3 software®? to explore the
binding efficacy of the substrates to the Mpro active site (Supporting information, Table S1).

Molecular docking of top-hit compounds and octapeptides. The screened
compounds with higher binding energy than the octapeptide substrates (cleavage sites between
different nsps) were docked using AutoDock 4.2.6. During the docking procedure, Kollman
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charges were added, hydrogens were introduced, and water molecules were removed from the
protein structure using AutoDock MGL Tools 1.5.6.% Hence, the protein was saved in .pdbqt
file format. The .pdbqt file format of the top hits ligands were retrieved from PyRx 0.8
directory, and the .pdb file format of octapeptides were designed using PyMOL 2.3. The
dimensions of grid box and centre point coordinates were kept same as per virtual screening
parameters. Combined with the Lamarckian Genetic Algorithm (GA), the grid-based energy
evaluation method was used for docking studies. Autodock 4 was used to select the maximum
number of evaluations (250,000,000) with a total number of 50 GA runs by keeping other
docking parameters as default.

To analyze the conformational changes of protein atoms in both free and ligand-bound
states, Molecular Dynamic (MD) simulations were conducted within a defined hydration
environment for 100 nanoseconds using the Gromacs 5.1.4 suite.3*3% The CHARMM36m force
field was applied on a LINUX-based workstation.3® The dynamic flexibility of sixteen ligands
at the Mpro active and allosteric sites was examined. Ligand topology was generated using
Avogadro software,®” and the protein-ligand complexes were solvated with simple point charge
(SPC) water in a 534.76 nm? cubic box. Na+ ions were added to neutralize the system. Energy
minimization was carried out using steepest descent and conjugate gradient algorithms, while
the LINCS (LINear Constraint Solver) algorithm applied to calculate covalent bond
constraints. The system was equilibrated at 300K through NVT and NPT phases using the
Parrinello-Rahman method with a 2 femtosecond (fs) timestep. Short-range Lennard-Jones and
Coulomb interactions were calculated with a 12 A cutoff, while long-range electrostatic
interactions were assessed using the particle mesh Ewald method with a Fourier grid spacing
of 0.16. The system was equilibrated for 100 picoseconds under NPT and NVT conditions,
followed by a 100 ns MD simulation with a 2 fs timestep. Commands were used to analyze
RMSD, RMSF, radius of gyration, and solvent-accessible surface area (SASA).

SARS-CoV-2 Mpro expression and purification. The plasmid containing the gene
for the SARS-CoV-2 Mpro protease (Mpro, Replicase polyprotein 1lab residues 3264-3569,
UniProtKB accession: PODTD1) was kindly provided by Professor Manidipa Banerjee's lab at
the Kusuma School of Biological Sciences, Indian Institute of Technology Delhi (II'T Delhi),
India. This plasmid was used as a template for gene amplification using PCR and cloned into
the pET28c vector. The pET28c plasmid with Mpro gene was confirmed through DNA Sanger
sequencing. The recombinant Mpro plasmid was used to express the Mpro protein using BL21
DES3 cells. For protein expression, the culture was grown at 37°C and 180 rpm until the optical
density at 600 nm reached 0.6-0.8. The cells were then shifted to 16°C, induced with 2.5 mM
IPTG, and incubated for 16-18 h at 180 rpm. The cells were garnered by centrifugation (6000
rpm at 4°C for 10 min) and resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM
NaCl). The cells were then homogenized using a French press (Constant Systems Ltd,
Daventry, England), and cellular debris was removed by centrifugation at 10,000 rpm for one
h at 4°C. The nickel-nitrilotriacetic acid (Ni-NTA) beads was pre-equilibrated using binding
buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl) and the clarified supernatant was loaded onto
this beads in a gravity flow column. The flowthrough was collected and beads was washed
with binding buffer. The recombinant Mpro protein was eluted using 20-160 mM imidazole in
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binding buffer. A single band was observed of ~33 kDa size in ~15% SDS-PAGE that
confirmed the purity of the Mpro protein [Supporting information, Figure S2(a)]. Mpro
fractions containing ~pure sample were pooled and dialyzed against buffer containing 20 mM
HEPES, pH 8.0, 20 mM NacCl. Protein was concentrated using Amicon filters with a 10 kDa
molecular weight cutoff for subsequent biophysical and biochemical assays, as well as for
protein crystallization. The mutants (E290A and C145A) were generated using the native Mpro
plasmid as a template by site-directed mutagenesis using an overlapping PCR strategy with
synthetic primers. The expression and purification of both the mutants was done using the same
protocol as that of the wild-type Mpro mentioned above [Supporting information, Figure S2(b
and c)].

Determination of binding affinity using SPR. The selected potential Mpro inhibitory
molecules were assessed for their binding affinity with purified SARS-CoV-2 Mpro protein
using Biacore T200 SPR instrument (GE Healthcare). SPR experiments to validate molecular
interactions between analyte, the inhibitory molecules and the ligand Mpro were performed at
25 °C. The running buffer comprised of 0.1% (v/v) dimethyl sulfoxide (DMSQO), 20 mM Tris-
HCI (pH 8.0), and 20 mM NaCl. The NTA (Nickel-charged Nitrilotriacetic Acid) chip was
employed to immobilize the histidine-tagged Mpro protein. The channel 1-2 of Biacore NTA
chip surface was activated using the running buffer, and then 20 puM purified Mpro was
immobilized at a surface density varying between 400 and 500 response units. For determining
the binding affinity, the solution of small molecules in the range of 10-1000 uM increasing
concentrations were applied and passed over the chip surface in experimental channel 2 and
reference channel 1 at a 30 puL/min flow rate for 60s Following that, the running buffer was
flown at a rate of 30 uL/min for 120 s for recording the dissociation rate of the molecules from
protein ligand. The equilibrium dissociation kinetic constants (Kp) for each molecule were
obtained by evaluating the SPR data using a single-cycle kinetic method of Biacore T200
evaluation software V3.0. Sensogram fitting was carried out with the 1:1 Langmuir binding
model via BIAcore T200 evaluation software.

Thermodynamics of Mpro dimerization and destabilization by inhibitors. ITC
experiments are conducted to quantify the heat associated with dissociating Mpro dimers into
monomers, both in the absence of inhibitors and in the presence of increasing concentrations
of small molecule inhibitors. ITC measurements were performed by Microcal-ITC200
instrument (Malvern, Northampton, MA) at 25°C. Purified Mpro protein was meticulously
dialyzed against buffer A (20 mM HEPES, pH 7.4, and 20 mM NaCl) and degassed prior to
preforming ITC experiments. The stock solutions of inhibitors in 1-5% DMSO were diluted to
the desired concentration in buffer A. To determine the equilibrium in monomer-dimer states
by doing dilution ITC experiments of Mpro, primarily, the sequential injections of concentrated
(100 uM) Mpro protein were stirred into the calorimeter cell (270 pl) initially containing buffer
alone, with an atypical injection sequence of 16x2ul at 220-sec intervals. To analyse Mpro
dimer destabilization in the presence of inhibitors, 100 uM Mpro was preincubated with
varying concentrations of inhibitors at 25°C for 30 min, followed by its titration against buffer
A kept in the calorimetric cell. The control titration of inhibitors in buffer A against buffer A
kept in the calorimetric cell showed negligible heat change response. The reference cell was
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filled with buffer, and the reference power was set to 10 pcal/s. Experiments were performed
at a stirring speed of 850 rpm at an initial delay of 100 sec. The obtained isotherms were fitted
into one-site binding model using MicroCal Origin 7.0 analysis software.

Assessment of Mpro inhibition using in vitro FRET-based proteolytic assay. To
determine in vitro protease activity of purified SARS-CoV-2 Mpro and to measure the
inhibitory potential of identified compounds, a fluorescence resonance energy transfer (FRET)-
based protease assay was used. A fluorogenic peptide substrate AVLQ|SGFR-Glu (Biolinkk,
India) comprising 4-(4-dimethylaminophenyl-azo) benzoic acid (DABCYL) and 5-[(2-
aminoethyl) amino] naphthalene-1-sulfonic acid (EDANS) at its N- and -C terminus
respectively, where DABCYL acts as quencher and EDANS acts as fluorophore was used to
determine the enzymatic activity of Mpro. The close proximity of the quencher and fluorophore
does not allow the substrate to exhibit a higher fluorescence signal; however, the active Mpro
is expected to cleave the substrate peptide and exhibit augmented fluorescence signals with
excitation at 360 nm and emission at 460 nm. The assay was executed in 96-well, flat-bottomed,
black plates (Corning) comprising of assay buffer containing 20 mM HEPES (pH 7), 0.5 mM
EDTA, 1 mM dithiothreitol, 5% glycerol) with 100 pl final volume in each well. For enzyme
inhibition reactions, Mpro (1 uM) was incubated with different concentrations of compounds
ranging from 0.1 uM - 100 uM at 22 °C for 1 h and then dispensed into a 96-well plate. The
reactions were set up in triplicates. 10 uM substrate was added to each well to initiate the
reaction, and the fluorescence signals were measured with excitation at 360/40 nm and
emission wavelengths of 460/40 nm using a multimode microplate spectrophotometer (Biotek
Synergy H1 Hybrid). FRET based protease assay for both the mutants was also performed to
investigate the change in enzymatic activity comared with native Mpro. The initial velocities
of triplicate data were averaged and determined using the linear part of the reaction curves,
whereas the 50% inhibition (ICso) concentrations of inhibitors were calculated using a dose-
response curve through nonlinear regression with a variable slope using GraphPad Prism 9.0.

Virus propagation and cells. The wild-type SARSCoV-
2/Human/IND/CAD1339/2020 strain (GenBank accession no: MZ203529) was passaged in
Vero cells, and the supernatant was collected and clarified by centrifugation before being
aliquoted for storage at —80 °C. The virus titer in terms of TCIDso was measured in Vero cells
following end-point dilution method. Vero cell lines used in this study were procured from
NCCS (Pune, India). The cell line was maintained in high glucose Dulbecco's-modified
essential media (DMEM; HiMedia, India) augmented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, USA), 100 units of penicillin/mL, and 100 ug streptomycin/mL (Himedia).
All virus culture procedures were conducted in a Biosafety Level 3 (BSL3) facility at the Indian
Veterinary Research Institute (IVRI) in Izatnagar, Bareilly, adhering to standard institute bio-
safety guidelines.

Cytotoxicity assay of Mpro inhibitors. The cytotoxic potential of the identified
compounds on the Vero cell line was evaluated using the MTT assay (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide), as previously described. Briefly, Vero cells (1 x 10*
cells/ well) were seeded in 96 wells plate one day prior to MTT assay. The next day, the cells
were treated with 2-fold serial dilutions of the compounds, ranging from 100 puM to 1.5 pM,
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for a duration of 48 hours. After the incubation period, MTT was added for the formation of
formazan crystals, which were dissolved in DMSO and plate reading was taken at 570 nm. The
percentage cell viability of compound-treated cells was calculated by comparing the readings
with only solvent (DMSO) treated cells.

Antiviral efficacy of Mpro inhibitors. Antiviral activity of compounds was evaluated
by detecting the reduction in Viral load in the presence of compounds as compared to control-
infected Vero cells, using quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) as previously described.® Briefly, Vero cells were cultured in 24-wells plate in DMEM
media supplemented with 10% FBS and 100 units of penicillin and 100 pg streptomycin/mL
at 37 °C and 5% CO. Depending on their solubility, drug stocks were made in either dimethyl
sulfoxide (DMSO) or water. Three hours of pre-treatment of two-fold decreasing concentration
of compounds in DMEM (2% FBS) was given to cells before infection. After pre-treatment,
the cells were washed with PBS and then infected with SARS-CoV-2 at a Multiplicity of
infection (MOI) of 0.01 in DMEM for 1.5 h for virus attachment. After incubation, the viral
inoculum was removed, and the cells were washed with PBS before being replenished with
fresh medium containing various dilutions of the compounds. At 48 hours post-infection (hpi),
the plates were frozen at -80°C. The plate was thawed the next day, and viral RNA was
extracted from the cell lysate of cells using HiPurA™ Viral RNA Purification Kit (Himedia),
according to the manufacturer's instructions. One-step qRT-PCR assay was performed as
mentioned previously.® qRT-PCR was performed in duplicates. Percentage inhibition was
calculated based on AACt. A graph of percentage inhibition versus concentration was plotted
to determine the ECso values using linear regression.

Crystallization, data collection and structure determination. Mpro was
concentrated to approximately 20 mg/mL and prepared for crystallization. Crystals of Mpro
were grown using the vapor-diffusion method in 96-well sitting drop plates (Hampton
Research) at 293 K. Diffraction-quality crystals were obtained in a solution of 24% PEG 4000,
100 mM HEPES (pH 7.5), and 3% DMSO. For data collection, the crystals were cryoprotected
with a reservoir solution containing 20% ethylene glycol and then flash-frozen in a nitrogen
stream at 100 K. Mpro complexes with minocycline were prepared by soaking the crystals in
cryoprotectant solutions with 2 mM minocycline for 5 minutes at 25°C before freezing and
data collection. X-ray diffraction data for the Mpro-minocycline complex were collected at the
home source in the Molecular Crystallographic Unit (MCU) at the Institute Instrumentation
Centre (11C), and Data quality was assessed using AIMLESS, as implemented in autoPROC.%®

The dataset for the Mpro-minocycline complex was collected at a resolution of 2.7 A.
The initial phase of Mpro was determined by molecular replacement using MolRep*° within
the CCP4i suite,** with the coordinates of the apo-Mpro structure (PDB ID: 7ALH)*? serving
as the template. lterative refinement was carried out with Refmac5* in the CCP4i suite, and
model rebuilding was conducted using COOT,* followed by the incorporation of ligands and
solvent. The stereochemical quality of the refined models was the incorporation
MOLPROBITY* within Phenix.*® Figures were generated using PyMol.®? Data collection and
refinement statistics are detailed in Table 3.

RESULTS
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Mpro inhibitors identification and characterization. Using a structure-based
approach to identify Mpro inhibitors, the available crystal structure of Mpro (PDB ID: 6LU7)%
was employed for virtual screening. This screening was performed across three different small
molecule compound libraries: FDA-approved drugs, natural compounds, and LOPAC!?,
using the PyRx 0.8 software.2® Ligand molecules that bound to the active site of Mpro and the
dimer interface with higher affinity than the substrate octapeptides were selected. Each ligand
showed nine different poses while screening through PyRx 0.8. The top twenty-five compounds
were selected through virtual screening based on their binding affinities. Further, these
compounds were selected based on Lipinski's rule of five and the binding energy in the range
from -10.23 to -6.4 kcal/mol. Among these, the ten most favourable top-hit compounds
(etoposide, BMS-195614, KT185, idarubicin, GSK121015A, WIN-62577, eptifibatide acetate,
KT203, SB 202190, and linopiridine) were selected against the active site and other top six
compounds (simeprevir, minocycline hydrochloride, ledipasvir, diacerein, bexarotene, and
diacerein) were targeting the dimeric interface region of Mpro. These screened molecules were
employed for docking with Mpro (PDB ID: 6LU7) to discover their inhibitory potential.

Molecular docking of the top sixteen selected compounds as well as eleven
octapeptides, was carried out using AutoDock 4.2.6. The detailed interaction mechanisms of
the P4-P4' residues of the substrate peptides are presented in [Table S(3-10)]. The predicted
binding energies (B.E.) from molecular docking analysis of octapeptides ranged between -4.68
kcal/mol to -8.99 kcal/mol. These binding energies were selected as reference to select the
potential compounds. The B.E. of the selected compounds was in the range of -10.23 to -6.4
kcal/mol., as given in Supporting information, Table S2, which is similar or higher than the
substrate octapeptides. The interaction analysis between protein and ligand molecules were
performed using PyMOL 32 (Figure 1) and LIGPLOT**" (Supporting information, Figure S3).
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Figure 1. Molecular docking interactions and orientations of top-hit selected small molecules against
substrate-binding pocket (a-j) and the dimeric interface (allosteric site) pocket (k-p) of Mpro. (a) Etoposide, (b)
KT185, (c¢) Idarubicin, (d) WIN-62577, (e) Eptifibatide, (f) KT203, (g) SB202190, (h) BMS195614, (i)
Linopiridine, (j) GSK1210151A, (k) Minocycline hydrochloride, (I) Simeprevir, (m) Ledipasvir, (n) Diacerein,
(o) Bexarotene, and (p) Prulifloxacin were analysed using Pymol. In these diagrams, gray ribbons represent Mpro
residues with 80% transparency, while ligands against substrate-binding pocket and dimeric interface pocket are
displayed in yellow and magenta colors respectively. Green stick models highlight residues involved in hydrogen
bonds (indicated by yellow dotted lines), and gray stick models represent residues involved in hydrophobic
interactions.

The docking analysis of compounds with Mpro identified several key residues in the
active site that are essential for interactions with potential inhibitory molecules, including
His41, Phel40, Leul41, Asn142, Gly143, Cys145, His163, His164, Met165, Glu166, Leul67,
Prol168, Asp187, Argl188, and GIn189. Among these, His41 and Cys145 form a catalytic dyad,
which is critical for the enzymatic activity of Mpro. Furthermore, the residues His4, Ser10,
Glyl1, Glul4, Asn28, Ser139, Phe140, Ser147, Thr190, Glu290, and Arg298 are located at the
dimer interface and play a crucial role in the formation of the homodimer. These specific
residues were chosen for molecular docking studies with inhibitory compounds targeting the
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dimeric interface. The interaction analysis suggests that these sixteen selected molecules could
potentially inhibit the main protease of SARS-CoV-2 by binding to the catalytic site or by
destabilizing the formation of the homodimer, thereby potentially block and inhibit SARS-
CoV2 viral propagation.

Molecular dynamics simulation studies. The stability of ligand-bound Mpro was
evaluated by analyzing the RMSD of Ca atoms through MD simulation. Molecular dynamics
simulations of Mpro with the top sixteen compounds were performed using GROMACS 5.1.4.
Of these sixteen compounds, ten were screened against the active site pocket of Mpro, while
the remaining six were screened against the dimeric interface pocket. Except for KT185, the
complexes with the top ten screened compounds against active site showed minor variations
around 10 ns during the simulation and stabilized afterwards [Supporting information, Figure
S4(a)]. KT185 displayed greater fluctuation until 55 ns, after which it remained stable
throughout the 100 ns simulation period. RMSF analysis was performed to determine the
normal deviation of protein moieties over the simulation time. In this study, the RMSF for each
residue of Mpro complexed with the selected compounds was analyzed [Supporting
information, Figure S4(b)]. Loop regions exhibited higher deviations compared to helices and
sheets. Analysis of Mpro protein fluctuations based on RMSF indicated that regions between
amino acid residues 45-55 and 179-200 and the C-terminal region showed higher fluctuations
[Supporting information, Figure S4(b)]. After forming the protein-ligand complex, fluctuations
in these regions significantly decreased, indicating that Mpro became more stable in the ligand-
bound state.

The radius of gyration (Rg) was measured to assess changes in the compactness of the
ligand-protein complex. The Rg value for the protein and protein-ligand complexes was
calculated for the 100 ns trajectory [Supporting information, Figure S4(c)]. Rg results showed
that the Mpro complexes with different inhibitor molecules had similar Rg values, except for
KT185, which showed a slight difference at 30-40 ns but stabilized afterwards. These results
demonstrated that all the given complexes are stably formed and that the protein secondary
structures are highly packed throughout the simulation. Additionally, the solvent-accessible
surface area (SASA) was evaluated to understand the nature of hydrophobic and hydrophilic
residues of Mpro and all Mpro-ligand structures. The SASA analysis revealed that the amino
acid residues of Mpro have similar SASA values compared to Mpro-ligand complexes. This
confirmed that the secondary and tertiary structures of Mpro and Mpro-ligand complexes of
substrate binding site maintained stability during the simulation [Supporting information,
Figure S4(d)]. Keeping all the parameters same, including the force field, MD simulation
analysis was also conducted for the compounds targeting the dimeric interface. However, the
RMSD values of the dimeric interface compounds exhibit greater deviations, reaching up to 3
A from the native Mpro [Supporting information, Figure S4(e)]. Ledipasvir and bexarotene
displayed the highest deviations of 3 A after 20 ns, while simeprevir and diacerein showed
deviations after 50 ns. Likewise, the RMSF vthe alues for each residue in the Mpro-ligand
complexes indicated increased oscillations, leading to the destabilization of Mpro's
conformation. Among them, the Mpro-minocycline hydrochloride complex displayed the
highest fluctuations across residues throughout the protein. Other compounds also contributed

https://doi.org/10.26434/chemrxiv-2023-qf6rb-v3 ORCID: https://orcid.org/0000-0002-1730-003X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-qf6rb-v3
https://orcid.org/0000-0002-1730-003X
https://creativecommons.org/licenses/by-nc-nd/4.0/

to the destabilization of Mpro’s conformation upon interaction [Supporting information, Figure
S4(f)]. The radius of gyration (Rg) analysis indicated variations in compactness, with
minocycline hydrochloride and simeprevir showing differences from the native Mpro
[Supporting information, Figure S4(g)]. Surface Accessible Surface Area (SASA) analysis
revealed that the amino acid residues of Mpro exhibited higher fluctuations in SASA values
compared to Mpro-ligand complexes [Supporting information, Figure S4(h)]. This simulation
analysis clearly demonstrates that the compounds against dimeric interface residues
significantly destabilize the conformation of Mpro, rendering it inactive.

Surface Plasmon Resonance for binding affinities of selected compounds. The
binding affinity results for eight identified compounds with Mpro revealed Kp values ranging
from low to moderate micromolar levels, as shown in Table 1, except for SB-202190, which
exhibited a Kp value in the high micromolar range. To evaluate the reliability of the
experimental data, the uniqueness value (U-Value) parameter is typically applied to the kinetic
rate constants, with values below 15 considered statistically optimal. Considering all the
binding parameters, including the association constant (Ka), dissociation constant (Kd),
binding affinity values (Kp), and the U-value, idarubicin, GSK-1210151A, WIN-62577,
BMS19561, eptifibatide acetate, etoposide, simeprevir, minocycline hydrochloride, ledipasvir,
and diacerein emerged as the most potent compounds. Ten out of twelve compounds
demonstrated strong binding affinities, with Kp values of 1.7, 53.40, 56.01, 57.50, 96.89, 101,
171.8, 200.6, 207 and 268 uM, respectively. In contrast, KT185 and SB-202190 exhibited
weaker binding affinities, with Kp values of 350.1 and 1000 puM, respectively (Figure 2 and
Table 1). However, since the U-value for bexarotene and prulifloxacin exceeded 15, the data
did not fit properly, and binding parameters could not be determined.

Table 1. Binding parameters between the SARS-CoV-2 Mpro protein and selected
compounds, including association constant (Ka), dissociation constant (Kd), binding
affinity values (Kp) and uniqueness value (U-value) from the SPR experiment.

S.No. Compound Name Association Dissociation Binding Uniqueness

Constant Constant [kd Affinity Kp Value (U-value)
(1/s)] (HM)

[ka (1/Ms)]

1 Idarubicin 1.226* 10° 0.2092 1.7 12

2 GSK-1210151A 1830 0.1025 56.0 7

3 WIN-62577 7752 0.7511 96.8 9

4 BMS19561 5007 0.8599 171.0 5

5 Eptifibatide Acetate 345.4 0.0693 200.0 9

6 Etoposide 413.0 0.1107 268.0 7

7 KT185 1400.0 0.4901 350.0 9
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8 SB-202190 630.9 0.6316 1000.0 7

9 Simeprevir 3775 0.784 207.0 15
10 Minocycline 1040 0.0598 57.50 5
hydrochloride
11 Ledipasvir 3773 0.3813 101 15
12 Diacerein 998.0 0.05338 53.4 3
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Figure 2. The SPR sensograms for the selected compounds, illustrating direct binding of in silico
identified molecules to purified SARS-CoV-2 Mpro protein. The binding kinetics affinities (Kp)
between the inhibitors and Mpro were analyzed using a Biacore T200, assuming steady-state and 1:1
single interaction models. Various concentrations of the compounds were injected into the system, with
each concentration represented by different colors in the subgraphs.

Thermodynamics reveal that presence of inhibitors decreases the stability of Mpro
dimer. Inan ITC dilution experiment,*® heat changes was observed upon concentrated solution
injected into the calorimeter cell containing initially buffer, followed by injections of more
dilute solutions. The heat change results from dimers in the higher-concentration solution
dissociating into monomers upon entering the lower-concentration environment. The binding
constant obtained from dimer-monomer equilibrium analysis of Mpro was analysed (Kp= 1.4
+0.9 uM) [Figure 3(a) and Table 2]. The comparison of ITC binding constant helped to analyse
the effect of compounds on dimer-monomer equilibrium of Mpro (Table 2). The ITC binding
constant suggests that the selected compounds are able to disturb the dimer-monomer equilibria
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of Mpro by a factor of 3 to 40 folds [Figure 3 (b-f) and Table 2]. Data were processed using
the Origin software provided with the instrument at 25 °C. The data were analysed using
commercially available Origin7.0 associated with Microcal-ITC200 analysis Software.

Table 2. The thermodynamic parameters analysis obtained from I'TC dilution experiment
for selected compounds for Mpro protein.

S.No.

Protein/Co
mpounds

MproWT

Mpro"T with
Bexarotene

Mpro™T with
Minocycline

Mpro"T with
Simeprevir

Mpro™T with
Ledipasvir

Mpro"T with
Bexarotene

Mpro™T with
Diacerein

n

Ko (LM)

1.4+0.9

58.8+0.7

28.5+2.8

27£1.0

13.5+2.4

5.2+0.4

4.0+£0.1

KA(M'I)

(7.0)105+(6.6)10°*

(1.7)10%(1.3)10*

(3.5)10%(1.0)10°

(3.74)10*+994

(7.4)10%+(1.8)10*

(1.9)105+(7.9)10*

(2.5)105+(4.9)10*

AH(cal/mol)

(6.7)10° +(8.6)10°

(2.5)105+479

(4.7)10°£777

(4.2)105+609

(-1.5)10%+ 16

(2.2)105+(6.9)10

(3.7)10% +(1.8)10*

AS(cal/mol
/degree)

252

-552

(-5.5)10°

(-2.2)10°

(-8.8)10°

95.4

150
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Figure 3. Binding isotherms for the monomer-dimer equilibrium of Mpro [Figure 3(a)] were
determined using ITC, reflecting the changes in monomer-dimer equilibrium of Mpro in the presence
of the selected compounds [Figure 3(b-f)].

FRET-based enzymatic assay for inhibition of Mpro. An in vitro FRET-based protease
assay was developed to determine selected compounds' half-maximal inhibitory concentrations (ICso)
following the experimental biophysical validation of their binding energies with Mpro. For this
experiment, recombinant Mpro protein was expressed in BL21 (DE3) competent cells and purified
using affinity chromatography [Supporting information, Figure S2(a)]. The enzymatic activity of
Mpro was assessed using the fluorogenic peptide substrate Dabcyl-AVLQ|SGFR-Glu-Edans
(Biolinkk, India). The FRET assay revealed 1Csq values for etoposide, KT 185, idarubicin, WIN-62577,
eptifibatide acetate, BMS195614, GSK183870A, diacerein, simeprevir, ledipasvir, bexarotene, and
minocycline hydrochloride as 0.3010+0.2626 uM, 0.08591+0.0420 uM, 0.2504 £ 0.1486 uM,
7.31+£0.927uM, 0.1154+0.09 uM, 0.2823+£0.012uM, 0.496+0.5026 uM, 2.85+1.5uM,
3.8+0.5uM,5.65+0.8 uM, 7.82 +0.65 uM, and 11.98 =2.15 uM, respectively (Figure 4). Compounds
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KT203, SB202190, and linopiridine did not show any significant effect in inhibiting the protease
activity of Mpro. A serine protease inhibitory compound was used as a negative control, and no
inhibitory activity was observed. Combining the SPR-based binding kinetics assay results, monomer-
dimer equilibria analysis using ITC, and the FRET-based protease assay, the top twelve selected
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compounds were used for a cell culture-based antiviral assay.

Figure 4. The dose-response curves illustrating the inhibitory concentration (I1Cso) of specific
compounds against SARS-CoV-2 Mpro in the FRET assay were examined for enzymatic
inhibition. The inhibition of SARS-CoV-2 Mpro enzyme activity by the identified compounds (a)
Etoposide, (b) KT185, (c) Idarubicin, (d) WIN62577, (e) Eptifibatide Acetate, (f) BMS195614, (Q)
GSK183870A (h) Diacerein, (i) Simeprevir, (j) Ledipasvir, (k) Bexarotene, and (I) Minocycline
hydrochloride was assessed using an in-vitro fluorescence resonance energy transfer (FRET) assay. The
data presented as the mean + standard deviation (SD) from triplicate experiments. Dose-response curves
from fig (a-g) are shown with blue color whereas (h-1) are shown with black color.

Antiviral efficacy of Mpro inhibitors. After 48 hours of infection and compound
treatment, the plate was freeze-thawed, and gRT-PCR quantified the viral RNA present in the
cell lysate to evaluate the antiviral effect of potential compounds by considering virus control
as 100% replication of the virus. Out of twelve compounds which were evaluated for anti-
SARS-CoV-2 activity, six compounds, WIN-62577, KT185, bexarotene, ledipasvir, diacerein,
and simepervir have significantly reduced the replication of SARS-CoV-2 in Vero cells with
ECso values ranges from 1.80 — 18.92 uM [Figure 5(a-f)]. Eptifibatide Acetate, BMS-195614,
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SB202190, and prulifloxacin have not shown significant anti-SARS-CoV-2 activity. Etoposide
and idarubicin were highly toxic at low concentrations and were unable to reduce SARS-CoV-
2 replication at non-cytotoxic concentrations (Supporting information, Figure S5).
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Figure 5. The antiviral efficacy of prospective drug compounds against SARS-CoV-2. Percentage
inhibition and viability graphs for the compounds are presented. Duplicate wells of cells were treated
with the compounds for 3 hours before being infected with SARS-CoV-2 at a multiplicity of infection
(MOI) of 0.01. The percentage inhibition of virus replication in the presence of the compounds was
determined using qRT-PCR, comparing the AACt values to those of the virus control (untreated cells).
The values shown are means, with error bars representing the standard deviation between duplicate
wells, calculated using GraphPad Prism. Graphs. Results are displayed as mean values with standard
error of the mean (s.e.m.), based on three biological replicates (n = 3).
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Crystal structure of Mpro-Minocycline complex. The Mpro-minocycline complex
was determined at a resolution of 2.7 A in the P 21 21 21 space group (Table 3). The Mpro-
minocycline complex crystal structure consists of two molecules in an asymmetric unit [Figure
6(a)]. The monomeric unit of Mpro comprises three domains (I, Il, and Il1) [Figure 6(b)],
domain Il and | interact within a two-fold asymmetric unit to form a homodimer. The
crystallographic data shows that the minocycline molecule was modelled and refined with full
occupancy in the allosteric site of Mpro in chain A, where it fits well into the observed electron
density [Figure 6(c)]. A superimposition of the Mpro-minocycline complex with apo-Mpro
shows an RMSD of 0.80 A, based on the alignment of 245 Ca atoms. Although the low
resolution of the structure limits precise analysis of the ligand position and the conformational
flexibility of Mpro in response to ligand interactions, the crystal structure of the Mpro-
minocycline complex provides valuable insights into the molecular interactions that contribute
to its instability, especially its interaction with Mpro. Minocycline establishes hydrogen bonds
with Lys236, Tyr237, and GIn238 in protomer A, whereas minocycline engages in hydrophobic
interactions with Tyr239, Leu272, GIn273, Asn274, and Gly275 in promoter A of the
homodimer [Figure 6(d)].

Table 3. Data collection and refinement statistics from X-ray crystallography

Crystal Mpro-Minocycline
(PDB 1d-9J19)
Data collection

Space group P212:2;
Unit cell dimensions
a, b, c(A) 67.990.7 101.3
Resolution range 23.16 - 2.7 (2.796 - 2.7)
Unique reflections 17689 (1720)
Multiplicity 10.5 (11.0)
Completeness (%0) 99.07 (99.94)
Mean I/sigma(l) 13.2 (3.1)
Wilson B-factor 32.3
R-merge 0.18 (0.69)
R-meas 0.19 (0.72)
R-pim 0.060 (0.21)
CC1/2 0.99 (0.90)
Refinement
R-workt / R-freet 0.24 (0.28)/ 0.31 (0.29)
Number of non-hydrogen 4568
atoms
macromolecules 4535
ligands 33
Protein residues 584
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RMS(bonds) 0.008

RMS(angles) 1.4
Ramachandran favoured 93.3

(%)
Ramachandran allowed 6.0

(%)
Ramachandran outliers (%0) 0.5
Clashscore 4.7
Average B-factor 38.7
macromolecules 38.5
Ligands 67.6

*Statistics for the highest-resolution shell are shown in parentheses.

Rmerge =100 xZn Zi [lithkl) — <I(hKDY |/ Zhi Zili(hkl), where I(hkl)> is the mean value of I(hkI).

T Rwork =100 XZnw ||Fo| — |Fe| | / Zh |Fol, where F, and F¢ are the observed and calculated structure factors,
respectively.

! Riree is calculated for the test set comprising 5 % reflections that are not used in refinement.
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(b)

Domain II Domain ITI

Domain I

Figure 6. The crystal structure of Mpro-Minocycline complex. (a) Cartoon representation of the
dimeric Mpro—inhibitor complex. (b) Cartoon representation of one protomer from Mpro—inhibitor
complex. Surface representation of the Mpro homodimer, with protomer A in firebrick and protomer B
in blue; Minocycline is depicted as yellow spheres. (c) Electron density map of minocycline, with Fo-
Fc contoured at 36 in green (positive) and 2Fo-F¢, contoured at 0.7c in grey. (d) An enlarged view of
the allosteric site binding pocket, with key residues forming the pocket, is shown as sticks. Ligand is

represented in blue colour sticks, residues involved in H-bond and hydrophobic interactions, are shown
through teal color.

Structural insights into Mpro dimerization destabilization. The Mpro of SARS-
CoV-2 forms a homodimer where Domain | & Il of two monomers interact and arrange
themselves in a perpendicular manner. The low pH and higher salt concentration reduce the
activity of Mpro by destabilizing the salt bridge formation between Arg4 and Glu290, which
is crucial for dimerization process.***° Studies by Giinther et al. (2021) and Douangamath et
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al. (2020) identified that five and three of their compounds, respectively, bind to hydrophobic
pockets within the C-terminal dimerization domain.>**2 Chen et al. (2008) demonstrated that
key residue Arg4, Serl0, Tyr237, Leu272, Asn277, and Glu290 are involved in the dimer
interface.>® The structural insight in the present study showed that minocycline is interacting
on the surface at one of the druggable site as shown in Figure 7(a and b). In this study, the
superimposition of the apo-Mpro structure (PDB ID: 7ALH) with the Mpro-minocycline
complex results in the RMSD deviation of 0.80 A [Figure 7(c)]. The aligned structure
demonstrated that the residues Lys236-Tyr239, forming an a-helix, which is critical for the
stabilization of the Mpro homodimer, exhibit a slight displacement towards the ligand in the
Mpro-minocycline complex structure [Figure 7(d)]. The carboxyl group (COOH) of Lys236
forms H-bond with hydroxyl group (OH) minocycline, the OH group of Tyr237 forms a long-
distance hydrogen bond with the OH group of minocycline, while the backbone of Tyr237
makes hydrogen bond with the NH group of minocycline. At the same time, the side chain of
Asn238 forms a hydrogen bond with the COOH oxygen of minocycline. These residues are
essential for the stabilization of the Mpro dimer and form a druggable site on the surface of
Mpro. Additionally, interactions within the Mpro-minocycline complex seem to destabilize the
C-terminal loop region (Asp295-GIn306) of Mpro, which is essential for homodimer
formation. This destabilization likely explains the absence of electron density observed in this
specific loop region [Figure 7(e)]. These changes cause substantial shifts in the side chains of
active site residues, particularly Phel40, Serl44, Glul66, and Aspl87, that may lead to
impaired the protease activity of Mpro [Figure 7(f)]. Therefore, this study demonstrates that
minocycline binding to Mpro induces significant alterations not only at the allosteric site but
also in the active site region, significantly impairing protease activity of Mpro by disrupting its
dimerization stability.
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Domain III

(Residues 10-99) (Residues 100-182) (Residues 190-303)

® ASN=238
ASN-238

Domain II

GLU-166
GLU-166

#PHE-140
PHE-140

HIS-163
HIS-163

"W THR-190
THR-190

HIS-164
HIS-164

°YS-145
CYS-145

Domain I

ARG-188
HIS-41 -189 ARG-188

HIS-41

Figure 7. Schematic representation of structural superimposition of Mpro-minocycline with
native-Mpro. (a) Surface representation of crystal structures of Mpro-minocycline dimer complex. (b)
90° rotation of Figure 7 (a) to show the interaction of ligand with propmoter B (c) superimposed
structure of Mpro-minocycline complex with apo-Mpro structure. (d) The zoomed image represents the
root-mean-square deviation (r.m.s.d. 0.80 A) of the aligned Co atoms. Residues 236-239 demonstrated
the helical shift towards the ligand, which may cause structural destability in Mpro dimer formation.
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(e) The zoomed superimposed structure showed the absence of electron density of C-terminal region in
Mpro-minocycline crystal structure. This region is predominantly involved in dimer formation and
stabilization of Mpro structure. (f) representation of conformational shift in active site residues due to
interaction of ligand at allosteric site.

DISCUSSION

Addressing the extreme worldwide impact of the SARS-CoV-2 and evolving variants on health
with their augmented transmissibility and immune evasion emphasizes the demand for
effective broad-spectrum antivirals against not only the demand of effective broad-spectrum
antivirals not only against SARS-CoV-2 and its variants but also against other strains of
coronaviridae family. Mpro of SARS-CoV-2 is predominantly involved in virus replication.
The conserved sequence of Mpro among the coronaviridae family makes it a prime target for
developing effective and affordable protease inhibitors as antivirals. These target-specific
inhibitor findings are leading-edge solutions and of utmost need to combat SARS-CoV-2 and
its emerging highly pathogenic variants. The pharmacology-based drug repurposing process
adds importance as it provides significant potential and expands new compounds against
COVID-19, offering profuse opportunities for prevailing FDA-approved/ natural compounds
against the highly conserved substrate binding site and dimeric interface site (allosteric site) of
the Mpro. The presently reported inhibitors against Mpro protein displayed very low potency
and deprived pharmacokinetic properties. Likewise, the commercially available oral antiviral
Nirmatrelvir/ritonavir combination indeed has high potency against Mpro. Still, it is also
responsible for causing adverse side effects, which include blurred vision, dizziness, Diarrhea,
headache, nervousness, high blood pressure, pounding in the ears, chest tightness, slow or fast
heartbeat, and Myalgia. Therefore, developing more potent Mpro inhibitors with minimal side
effects is imperative.

Considering the previous studies and research, our prime objective was to ascertain
numerous Mpro inhibitors against pan coronavirus. Implementing a target-specific strategy to
gear up the drug discovery process includes the multiple sequence alignment (MSA) and
structural comparison of Mpro from different strains of coronaviruses (Supporting information,
Figure S6). In the current study, MSA and structural comparison showed highly conserved
residues for the substrate binding pocket, including the catalytic dyad (Cys-His) and dimeric
interface sites in Mpro. This observation allowed us to screen several drug libraries against
target-specific pockets of Mpro. Sixteen final compounds were selected after computer-aided
drug discovery approaches (Supporting information, Table S2) and subsequently employed to
determine their biophysical binding affinities and kinetic studies using SPR, ITC and in vitro
FRET-based protease assays. SPR experiments identified specific binding constants (Kp
values) for the selected compounds, ranging from 1.7 to 1000 uM (Figure 2 and Table 1). The
ITC binding isotherms for the top six screened compounds targeting the dimeric interface
showed significant disruption of the monomer-dimer equilibrium of Mpro (Figure 3).
Enzymatic inhibition assays with twelve inhibitors further confirmed their potent antiviral
activity, with 1Cso values in the low micromolar range (0.30-11.98 puM) (Figure 4). Subsequent
mutational analysis of Mpro (C145A and E290A) revealed a significant reduction in both
binding affinities and activity of the mutants [Supporting information, Figure S4(d)]. Previous
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reports suggest that these compounds (KT185, WIN-62577, Ledipasvir, Simprevir,
Bexarotene, Diacerein, and Minocycline hydrochloride) are well distinguished in their roles
for treating several diseases (Supporting information, Table S11). KT185 is marketed as an
oral o/p-Hydrolase domain containing 6 (ABHDG6) inhibitor, decreases macrophage activation
and exerts an anti-inflammatory effect on the lungs. Some in vivo experiments-based reports
also suggest the selectivity of KT 185 against liver and brain serine hydrolases. Similarly, WIN-
62577 works as an allosteric enhancer of M3 muscarinic acetylcholine (Ach) receptors and is
very well recognized for its anti-inflammatory properties. It also reduces bronchial smooth
muscle constriction infected with Respiratory syncytial virus (RSV). Ledipasvir and
Simeprevir are direct-acting antivirals (DAASs) used in combination therapy to treat chronic
Hepatitis C, an infectious liver disease caused by the Hepatitis C Virus (HCV). Bexarotene, a
member of the retinoid class, is used to treat cutaneous T-cell lymphoma (CTCL). Minocycline
is an antibacterial agent used to treat various bacterial infections, including pneumonia,
infections of the skin, eyes, lymphatic system, respiratory tract infections, intestines, genital
and urinary systems, as well as certain infections transmitted by ticks, lice, mites, and infected
animals as shown in (Table S11). These compounds exhibited robust biochemical inhibition of
Mpro, underscoring their potential as promising candidates. Importantly, six best compounds,
KT185, WIN-62577, Ledipasvir, Simprevir, Bexarotene, and Diacerein exhibited effective
inhibition (ECso ranges from 1.8-18.92 uM) in a comprehensive in vitro cell culture-based
antiviral assays, exhibiting dose-dependent inhibition of viral copy numbers well below their
cytotoxic threshold concentrations (Figure 5).

Previous research has demonstrated that minocycline was used alongside Favipiravir to
treat COVID-19 patients in Japan during March and April of 2020.>* Consequently,
Minocycline has been recognized for its anti-inflammatory and antiviral properties, in addition
to its broad-spectrum antibacterial effects.>*>® In the present study, the crystal structure of
Mpro-minocycline complex revealed binding at a druggable site near the dimeric interface of
Mpro [Figure 6(a, b, and d)]. The complex displayed a conformational deviation with an RMSD
value of 0.80 A compared to its apo structure (Figure 7). Mpro contains six experimentally
confirmed allosteric sites, including the dimeric interface site.?5! A druggability score (D-
score) of >1.0 enabled these sites to be classified as druggable, and based on their D-scores,
these sites were further ranked accordingly.®® The crystal structure of the Mpro-minocycline
complex revealed that minocycline binds to the surface of one protomer at domain 3 via long-
distance hydrogen bonds which overlapped with a druggable site (highest ranking site) on Mpro
located near the dimerization region but distant from the active site. The key residues (Lys236,
tyr237, Asn238, and Tyr239) involved in the interaction with minocycline play a crucial role
in stabilizing the dimeric structure of Mpro.53 The alignment of the Mpro-minocycline complex
with the apo structure of Mpro provided valuable insights into the conformational changes
induced by minocycline binding. There is a significant shift in the helical region of domain Il
[Figure 7(d)], which stabilizes Mpro dimerization and facilitates the formation of an allosteric
site. This site allows compounds to bind and induce conformational changes in the key residues
(Phel140, Serl144, Glul66, and Aspl87) of substrate-binding region [Figure 7(f)], making it
more difficult for the substrate to interact with Mpro, thereby possibly impairing Mpro's
activity. In summary, the present study highlights the KT185, WIN-62577, ledipasvir,
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simprevir, bexarotene, diacerein, and minocycline hydrochloride as potential antiviral
compounds against the highly conserved substrate-binding pocket of target Mpro of SARS-
CoV-2. The identified compounds display promising avenues for COVID-19 treatment and
incapacitate the problems of virus mutagenesis. Given the high conservation of Mpro across
coronaviruses, these inhibitors may prove to be the new age of inhibitors against SARS-CoV-
2 and its potential variants as we anticipate and prepare for the next pandemic.
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