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1. Introduction

Ligand-based virtual screening to discover
potential inhibitors of SARS-CoV-2 main protease

Gurmeet Kaur and Bhupesh Goyal (= *
The main protease (MP™, also known as 3CLP™), a pivotal enzyme of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has been considered a prime target for drug development due to its
crucial role in viral replication and transcription. Importantly, a high degree of conservation in more than
13 million SARS-CoV-2 sequences affords MP™ as a promising target for antiviral therapy to impede the
genetic evolution of SARS-CoV-2. In this work, ~16 million compounds from various small molecule
databases were screened using ligand-based virtual screening (LBVS) with boceprevir as the reference
compound to identify new small molecule inhibitors of MP™. Boceprevir [hepatitis C virus (HCV) drug]
has been repurposed as a drug candidate against MP™ activity (ICso = 4.13 + 0.61 uM). The lead
compounds exhibiting higher binding affinities (—9.9 to —8.0 kcal mol ™) than boceprevir (—7.5 kcal mol™Y)
were identified from a library of 850 compounds using molecular docking. Furthermore, molecular
mechanics Poisson—Boltzmann surface area (MM-PBSA) analysis depicted ChEMBL144205 (C3),
ZINC000091755358 (C5), and ZINC000092066113 (C9) with binding affinities of —65.2 + 6.5, —66.1 +
7.1, and —67.3 + 5.8 kcal mol™%, respectively, as high-affinity binders to MP™. The identified compounds
displayed a favourable drug-likeness profile without violating Lipinski's rule of five. Molecular dynamics
(MD) simulations revealed the higher structural stability and reduced residue-level fluctuations in MP™
upon binding of C3, C5, and C9 as compared to apo—MP™ and MP™—boceprevir. Notably, conforma-
tional clustering and FEL analyses depicted hydrogen bond interactions of C3 with Thr26, oxyanion hole
residues (Asnl142 and Gly143), the catalytic residue (Cysl145), and Glul66 of MP™, suggesting its strong
binding affinity and potential inhibitory effect. The integrated computational methodology employed in
this work identified promising lead compounds against MP™ activity, which warrants further experimental
validation to develop them as antiviral agents against SARS-CoV-2.

single-stranded RNA virus.'® Likewise, bat coronaviruses, SARS-
CoV, and MERS-CoV, SARS-CoV-2 have a similar genetic code
comprising accessory, structural, and non-structural proteins.'*

The fatal coronavirus disease (or long COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has adversely infected ~778 million people worldwide and
resulted in nearly 7.1 million mortalities as of July 13, 2025."
COVID-19 patients exhibit symptoms of a cold, cough, chest
uneasiness, fever, etc.> Several repurposed drugs such as
baricitinib,* favipiravir,® hydroxychloroquine,” molnupiravir,®
paxlovid,” and remdesivir® have been used to treat the symp-
toms of SARS-CoV-2. However, these antiviral medications have
low efficiency and cause unwanted side effects on patients.’
Thus, researchers are focusing on new therapeutic candidates
against various druggable SARS-CoV-2 proteins.

SARS-CoV-2, belonging to the genus Betacoronavirus
and family Coronaviridae, is an enveloped positive-sense and
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Notably, SARS-CoV-2 main protease [MP'°, also known as 3CLP™
(3-chymotrypsin-like protease)] is the most prominent drug
target among several other promising targets of SARS-CoV-2
due to its highly conserved structure with no human homologs
and crucial role in virulence."*™® Ambrosio et al. noted a high
degree of conservation in more than 13 million sequences of
SARS-CoV-2 and reported that MP™ is a promising target for
antiviral therapy to impede the genetic evolution in SARS-CoV-
2.'® MP™ is also known as cysteine protease and plays a key role
in processing the proteolytic cleavage of viral polyprotein 1ab at
11 different sites."”

MP™ is a homodimer and consists of two protomers
arranged nearly perpendicular to each other."® Each protomer
is comprised of three domains of 306 residues and contains a
catalytic dyad (His41 and Cys145) situated in a cleft between
domain I (10-99) and domain II (100-182). In the proteolytic
cleavage of polyprotein 1ab, His41 acts as a base and accepts a
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proton from the sulphur of Cys145, generating a thiolate
intermediate that behaves as a nucleophile when it reacts with
polyprotein.*® The catalytic domain is connected to domain III
(198-303) with a longer loop (183-197). MP™ consists of con-
served binding subpockets, S1 (Phe140, Leul41, Ser144,
Cys145, His163, His164, Met165, Glu166, His172), S2 known
as the catalytic center (Thr25, Thr26, Leu27, His41, Gly143,
Cys145), S3 (His41, Met49, Tyr54, His164, Met165, Asp187,
Arg188, GIn189), S4 (Met165, Glu166, Leul67, Pro168, Asp187,
Arg188, Thr190, GIn192), and S5 (Thr24, Thr25, Thr26, His41,
Cys44, Thra5, Ser46, Met49).”>>" MP™ functions as an asym-
metric dimer following a flip-flop mechanism with only one
monomer active at a time.”” It likely undergoes a half-site
catalytic cycle, alternating between acylated and deacylated
states in its two subunits.>*** The dimerization of MP™ is of
paramount importance as it significantly influences both enzy-
matic activity and viral replication."®**>® Consequently, inhi-
bition of MP™ can potentially stop viral replication.

Several small-molecule inhibitors against MP™ activity have
been developed.>’ ! Ma et al. reported boceprevir [hepatitis C
virus (HCV) drug] as a potent inhibitor of MP™® by employing the
drug repurposing approach.?” The in vitro studies displayed
significant inhibition of MP™ activity (IC5o = 4.13 £ 0.61 uM).
The inhibitory mechanism and non-covalent interactions of
boceprevir with MP™ scrutinized using molecular docking and
molecular dynamics (MD) simulations revealed that boceprevir
interacted with the catalytic dyad and binding site residues
of MP™ through hydrogen bonds and hydrophobic contacts.*"
MD simulations highlighted the structural stability of MP™
and depicted the inhibition of MP™ activity in the presence of
boceprevir.>! Numerous other studies employed MD simu-
lations®® to illuminate the inhibitory mechanism of boceprevir
against MP™ and evaluated small-molecule inhibitors based on
boceprevir using in vitro studies.**

Recently, Singh et al. identified six remarkably effective M
inhibitors (bexarotene, diacerein, KT185, ledipasvir, simepre-
vir, and WIN-62577) from the virtual screening of a library of
8000 compounds.®® The screened molecules efficiently inhib-
ited the MP™ activity with ICs, values ranging from 0.64 to
11.98 uM and ECs, values from 1.51 to 18.92 pM. Notably, the
binding of minocycline (one of the compounds screened
against the dimeric interface of MP™) to the allosteric site in
close vicinity of the dimeric interface of MP™ interferes with
both allosteric and active sites of MP™, disrupting its dimeric
stability and impairing its catalytic activity. Khamto et al
elucidated the inhibitory potential of 22 flavonoids against
MP™, including cytotoxicity toward Vero cells.*® The in vitro
enzyme assay highlights that tectochrysin (IC5, = 24 puM),
compound 9 (ICs, = 19.87 uM), panduratin A (IC5, = 13.28 puM),
and genistein (ICso = 17.98 uM) showed strong anti-proteolytic
activity towards MP™ in comparison to the control baicalein
(IC50 = 86.57 pM). Among these flavonoids, genistein extracted
from Millettia brandisiana had low cytotoxicity on Vero cells
with cytotoxic concentration 50% (CCso) > 50 pM. The molecular
mechanics Poisson-Boltzmann (generalized-Born) surface area
[MMPB(GB)SA] analysis depicted the favourable binding of
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flavonoids to MP™ with binding free energy from —35.54 to
—22.41 keal mol . Jin et al. performed a structure-based virtual
screening of 18263 traditional Chinese medicines (TCM)
against MP™.*” The in vitro experiments confirmed the three
TCM compounds (CAS No. 18085-97-7, 521-61-9, and 490-31-3)
as MP™ inhibitors with IC5, and ECs, values of (4.64 + 0.11
and 12.25 + 1.68 pM), (7.56 + 0.78 and 15.58 £ 0.77 uM), and
(11.16 + 0.26 and 29.32 + 1.25 pM), respectively. The MD
simulations depicted the stability of the three complexes
during the last 100 ns and non-covalent interactions with
key residues His41, Asn142, Gly143, Met165, Glul66, and
GIn189 of MP™,

Ambrosio et al. employed virtual screening and in vitro
studies to discover potent inhibitors of MP™ activity as repur-
posed drugs from 8000 FDA-approved and investigational
drugs.'® The in silico and in vitro studies highlighted eight
promising inhibitors against MP™, and betrixaban (an oral
anticoagulant, ICs, = 0.9 + 0.0053 pM), potentially blocked
the proteolytic activity of MP™ without any cytotoxic effect.
Samanta et al. virtually screened remdesivir analogues as MP™
inhibitors from the PubChem database and deciphered their
inhibitory mechanism against MP™ activity using molecular
docking and MD simulations.?® The binding free energy analy-
sis using MMPB(GB)SA methods depicted three compounds
with PubChem IDs [134133102, 76314404, and 58059494] as
potent inhibitors of MP™ activity. Li et al illuminated the
binding interactions of lopinavir, saquinavir, ritonavir, and
PF-07321332 (nirmatrelvir) with MP™ using conventional and
replica exchange MD (REMD) simulations.*> Among all inhibi-
tors, PF-07321332 displayed the highest binding affinity
(—26 kJ mol ") with MP™, Importantly, PF-07321332 specifically
binds to the catalytic site residues through multiple hydrogen
bonds with His163 and Glu166 in comparison to other inhibi-
tors, as they bind to multiple sites in the MP™ structure.
Notably, PF-07321332, co-formulated with ritonavir (known as
Paxlovid),*® is in clinical use as an MP* inhibitor and displayed
~89% efficacy against severe COVID-19.""

Although several potent inhibitors of MP™ activity have been
discovered,””"*> however, their failure in clinical trials empha-
sizes the urgent need to find new potent therapeutic candidates
against MP™ activity. In comparison to the significant time,
costs, and efforts required for de novo development, the drug
repurposing of existing inhibitors is a strategic choice for the
rapid development of antiviral agents, leveraging their available
pharmacological applications, efficacy, and safety profile. Drug
repurposing (also referred to as therapeutic switching) has
promise for accelerating the discovery of effective treatments
by re-evaluating clinically approved molecules for their activity
against viral targets such as MP™. The global response to the
COVID-19 pandemic has been marked by rapid and multi-
faceted efforts, including the repurposing of diverse classes of
therapeutic agents and the accelerated development of various
types of emergency-use vaccines.**** The drug repurposing
technique has been widely used to identify potent inhibitors
against Alzheimer’s disease, Parkinson’s disease, and type 2
diabetes.* Thus, a ligand-based virtual screening (LBVS) method

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp01814e

Open Access Article. Published on 19 August 2025. Downloaded on 4/29/2026 10:05:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

using boceprevir as a reference compound was employed in this
work to identify the lead compounds from various small-molecule
databases against MP™ activity, which can be repurposed as
antiviral agents. Notably, multiple databases have been utilized
in this work to expand the range of identification of potential
non-covalent inhibitors of MP™ activity, in contrast to previous
studies,"®*>?” which restricted their virtual screening efforts to a
single or double database. Importantly, a top-hit compound C3
identified as a potent inhibitor of MP™ in this work, previously
displayed inhibition against cell proliferation, triggers cell cycle
arrest, and induces apoptosis of human breast cancer cells.*®
Importantly, previous studies highlighted that C3 at <20 nM
effectively suppresses the malignant phenotype in established
neuroblastoma (NB) cell lines as well as primary NB cells,*” which
highlights its potential as a repurposed drug candidate against
MP activity.

2. Computational details

2.1. Library screening using SwissSimilarity

A library of small molecules was virtually screened by Swiss-
Similarity.*® SwissSimilarty is a web server used to screen small
molecule databases like ChemBridge,* ChEMBL,*® ChEBI,>"
DrugBank,>* Ligand Expo,>® GLASS-GPCR,** HMDB,> ZINC,>®
etc. To get both 2D and 3D shape similarity, a single approach
named combined (a combination of electroshape and FP2) in
the SwissSimilarity tool has been applied to screen the small
molecules from various databases.

2.2. Drug-likeness assessment

The evaluation of drug-likeness was performed using the
SwissADME®” web server employing Lipinski’s rule of five by
taking into account several parameters. These parameters
include molecular weight (MW) below 500 Daltons (Da), a
partition coefficient (ilogP) below five, less than ten hydrogen
bond acceptors (HBA < 10), less than five hydrogen bond
donors (HBD < 5), and a topological surface area (TPSA)

below 140 A2,

2.3. Structure preparation of MP™ and screened compounds

The X-ray crystal structure of MP" homodimer (PDB ID: 6Y84)
was chosen as the starting structure in this work and was
retrieved from the Protein Data Bank (PDB).”® The MP™ struc-
ture was reported at room temperature with a resolution of
1.39 A. The cleaned MP™ structure without any heteroatoms
and water molecules was used for docking. The structures of
screened compounds were saved in SMILES format from the
SwissSimilarity tool (Table S1), which was changed to SDF
format using Open Babel.>® Furthermore, the structures were
converted into PDBQT format by performing energy minimiza-
tion with the MMFF94 force field®® using Open Babel.”® The
generated PDBQT files of screened compounds were submitted
to molecular docking using AutoDock Vina.®!

This journal is © the Owner Societies 2025
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2.4. Molecular docking

To elucidate the binding affinity of 850 compounds with MP™,
molecular docking was performed employing the AutoDock
Vina version 1.1 package.®® For this purpose, the size of the
docking grid was set at 48 A x 44 A x 46 A with the grid center
defined at 11.615, —5.694, and 22.049 in x, y, and z dimensions,
respectively. The Lamarckian genetic algorithm (LGA)®> was
employed in molecular docking that performs a global search
with the genetic algorithm and a local search using the Solis &
Wets algorithm.®>®* The exhaustiveness for the global search
was kept at 100 with a default root-mean-square deviation
(RMSD) of 1.0 A. The cut-off for binding affinity was kept
<-7.5 keal mol™" to screen the top hits as the reference
compound, boceprevir, displayed a binding affinity of —7.5
kcal mol ™" with MP™. The top-ranked binding poses from Vina
[i.e., the pose with the lowest (most negative) binding affinity]
were chosen for subsequent analysis, including MD simula-
tions. The docking analysis was performed using AutoDock
tools (ADT),*> PyMOL,®® and LigPlot+.°” Based on highly nega-
tive binding affinity and a large number of binding interactions
with the key residues of the binding site of MP™, the top
nine compounds were retained in comparison to boceprevir
(=7.5 keal mol™"). The docked poses of MP™ complexes with a
binding affinity <—7.5 keal mol™ " and interactions with key
residues of the binding site of MP™ were chosen for further
studies (Table S2). To validate the AutoDock Vina results,
redocking of the screened compounds against MP™® was per-
formed using Glide.®®

2.5. Binding free energy evaluation to screen top hit
compounds with MP™ using molecular mechanics
Poisson-Boltzmann surface area (MM-PBSA)

From molecular docking screening, the top nine compounds
were chosen for binding free energy evaluation using the MM-
PBSA method. The MM-PBSA was employed to screen the top
hits out of nine compounds obtained from molecular docking.
The top nine docked MP™ complexes and MP"-boceprevir were
subjected to energy minimization employing the steepest descent
algorithm. NVT and NPT equilibration were performed sequen-
tially during the equilibration phase, each for 1 ns. Then, all ten
complex systems were run for 10 ns MD simulations. After MD
simulations, the resulting trajectories of complex systems under-
went binding free energy (AGpinaing) calculations between MP™
and screened compounds using the g mmpbsa tool.*” Among the
various sets of atomic radii in the g mmpbsa tool, the bondi set
was employed for the MM-PBSA calculations. The bondi set of
atomic radii has been widely used in previous studies.”’ The
contribution of conformational entropy was ignored during the
binding free energy calculations, following the literature.”" The
top three MP™ complexes were chosen, with highly negative
binding free energies as compared to the MP™-boceprevir
complex (—51.8 + 6.5 kecal mol™"). Furthermore, the MD simula-
tions of apo-MP™ and MP*-boceprevir were performed along with
the top three shortlisted complexes to assess their inhibitory
potential against MP™ activity.

Phys. Chem. Chem. Phys., 2025, 27,19877-19897 | 19879
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Table 1 MD simulation details of apo—MP™ and MP™ complexes
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Simulation Total number of water Total number of Na* ions
System time? (ns) Box dimensions (nm) molecules in the simulation box added in the simulation box
apo-MP©¢ 100 x 3 11.69 x 11.69 X 11.69 50269 8
MP™°-C3 100 x 2 11.69 x 11.69 x 11.69 50261 8
MP°-C5 100 x 2 11.69 x 11.69 x 11.69 50265 8
MP™-C9 100 X 2 11.69 x 11.69 x 11.69 50267 8
MP™-boceprevir 100 x 2 11.69 x 11.69 x 11.69 50255 8

¢ SARS-CoV-2 MP™ (PDB ID: 6Y84). ©
concentration.

2.6. MD simulations and analysis protocol

MD simulations were performed using the GROMACS pack-
age’® to scrutinize the conformational stability and binding
interactions of MP™ with the top three compounds screened
from MM-PBSA. A total of five MD simulation systems were
prepared, namely: apo-MP™, MP™-boceprevir, MP™°-C3, MP™-
C5, and MP™-C9 (Table 1 and Fig. 1). All the MD simulations
were performed using the OPLS-AA/L force field,”> and para-
meters of this force field for the reference and screened
compounds were generated using the LigParGen Server.”*
All systems were solvated by TIP3P water””
of dimensions 11.69 nm x 11.69 nm X 11.69 nm, with a
minimum 1.0 nm distance of the receptor from the box edge.
The number of water molecules added to each system is listed
in Table 1. The protonation states of MP™ residues were
predicted using PROPKA’® at a physiological pH of 7.4
and assigned during the system preparation in GROMACS
(Table S3), where His41 was set as neutral with only protonated
delta position (HID type) according to Nutho et al.””
neutrality in each system was maintained with the addition of a
stipulated number of Na" and CI~ counterions along with the
0.15 M NaCl (Table 1). The energy minimization of each system
was completed by the steepest descent algorithm and then
equilibrated under NVT and NPT conditions (temperature at

within a cubic box

The overall

f

H

Y

>

Boceprevir

B N X
bR

)

ZINCO000091755358 (CS5)

The simulations were performed with an all-atom OPLS force field and TIP3P water model with 0.15 M NaCl

310 K and pressure at 1 bar).”® Both NVT and NPT equilibration
steps were performed sequentially during the equilibration
phase, each for 1 ns, resulting in a total of 2 ns of equilibration
before the production MD run. First, the system was equili-
brated under NVT to stabilize the temperature, followed by NPT
equilibration to stabilize the pressure and density of the
system. The equilibrated systems were subjected to MD simula-
tions (100 ns each), preserving a target pressure of 1 bar using
a Parrinello-Rahman barostat’® and a temperature of 310 K
using a Nosé-Hoover thermostat.?* The LINCS algorithm®' was
used to constrain all the bonds involving hydrogen atoms, and
the SETTLE algorithm® to constrain the bond lengths in
the solvent (water) molecules with a 2 fs integration step. The
long-range electrostatic interactions were evaluated using the
particle mesh Ewald (PME) method, and a 1.2 nm cut-off was
used to estimate the short-range van der Waals interactions.®?
To ensure the reproducibility of MD simulations, repeat simu-
lations of apo-MP™, MP™-boceprevir, MP"°-C3, MP™-C5, and
MP™-C9 have been performed using different initial velocities.
However, data from one representative trajectory were analyzed
to illuminate the binding interactions of boceprevir and top hit
compounds with MP™,

The MD trajectories were analyzed using various GROMACS
utilities.”” The structural variations in apo-MP™ and MP™
complexes were analyzed using the RMSD, radius-of-gyration

O CH

qw e HNTW%

ChEMBL144205 (C3)

HN% VU\ O§:>

ZINC000092066113 (C9)

Fig. 1 Chemical structures of boceprevir and top hit compounds as MP® inhibitors identified using LBVS, molecular docking, and MM-PBSA from various

small molecule databases.
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(Rg), and root-mean-square fluctuation (RMSF) by employing
GROMACS tools, ie, gmx rms, gmx gyrate, and gmx rmsf,
respectively. The GROMACS tools ‘“gmx hbond” and ‘“‘gmx
sasa” were employed to evaluate the number of hydrogen
bonds and solvent accessible surface area (SASA), respectively.
The conformational clustering was performed using the “gmx
cluster” utility of GROMACS employing the Daura et al®*
algorithm at 0.11 nm RMSD cut-off. The center of mass
(COM) distances between MP™ residues and compounds were
evaluated using “gmx distance” utility.

The principal component analysis (PCA) was performed for
MP™ in the absence and presence of small molecules to
examine the conformational motions of the protein.®® The
eigenvectors with corresponding eigenvalues of Co atomic
positions were extracted using ‘‘gmx covar”’, and ‘‘gmx anaeig”
was used to analyze the projections of the first two eigenvectors.
The conformational dynamics of MP™ and MP™ complexes were
scrutinized using the first two eigenvectors (PC1 and PC2) with
the highest eigenvalues.®® The free energy landscape (FEL)*
was generated using the Boltzmann relationship with “gmx
sham™:

Gpc1,pe2) = —kgT1n Pipci, pe2) (1)

where G refers to the Gibbs free energy, and T, kg, and P
represent the absolute temperature, Boltzmann constant, and
probability distribution along PC1 and PC2, respectively. The
Origin 9.1 package was used to plot the data obtained from all
analyses.®®

Ligand-based virtual screening
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3. Results and discussion

3.1. LBVS of small molecule databases to identify top-hit
compounds against MP™ activity

Boceprevir was chosen as a reference compound for LBVS
of small molecule databases to identify top-hit compounds
against MP™ activity, as it exhibits potent inhibitory activity
against MP™.*> A total of 1535 small molecules with a score
greater than 0.70 or a similarity index >70% with boceprevir
have been shortlisted from the virtual screening of 15 small-
molecule databases comprising ~16 million compounds
(Fig. 2). A total of 1137 compounds were selected for further
screening studies after removing duplicates.

3.2. Evaluation of drug-likeness properties and molecular
docking of top-hit compounds with MP*®

The drug-likeness assessment of 1137 compounds obtained
after removing duplicates was done using the online available
SwissADME web server.>” According to Lipinski’s rule of five,
compounds exhibiting two or more of the five parameters
(hydrogen bond acceptors, hydrogen bond donors, logP,
molecular weight, and TPSA) that lie outside the cutoff values
have poor membrane permeability or oral bioavailability.
A total of 850 compounds out of 1137 displayed no Lipinski
violations. Molecular docking using AutoDock Vina®' was
performed to evaluate the binding affinity and key inter-
actions of 850 compounds with MP™. The binding energy of
screened compounds with MP™ evaluated using AutoDock

L/
2
g
GLASS- E.
!<
g

3! : GPCR
N =
> A
Boceprevir ZINC &
g '
) OZ>N  HN” ™
N J g oa
Y ChEMBL144205
[~16 million compounds screened ]
>70% similarity index l
p 8 ZINC000091755358) | \ZINC000092066113
1535 compounds ' ]
Duplicate removal ‘l’
§ ) Molecular dynamics
\1137 compounds) simulations
SwissADME
850 compounds |—> FUAIESEOTOTY {nolecular —>| 3 hits from MM-PBSA
L ) docking

Fig. 2 Flowchart of the integrated computational methodology involving LBVS, SwissADME, molecular docking, MM-PBSA, and MD simulations
employed in this work to identify potential MP™ inhibitors from various small-molecule databases.
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Fig. 3 Distribution of 850 compounds as potential binders to MP™ over a range of docking energies (panel (a)). The docked pose of MP®—boceprevir
displaying the hydrogen bonds of boceprevir with the binding pocket residues of MP™ (panel (b)). The 2D interaction map of MP"°—boceprevir docked
complex displaying hydrophobic contacts of boceprevir with MP™ residues (panel (c)). The docked poses display the binding of the top nine compounds

and boceprevir in the S1, S2, S3, S4, and S5 subpockets of MP™ (panel (d)).

Vina ranges from —9.9 to —5.1 kcal mol ™' (Fig. 3(a)). Boce-
previr binds to MP* with a binding affinity of —7.5 kcal mol ™,
and it displays hydrogen bonds with Thr26 (3.0 A), Asn142
(2.7 A), Gly143 (2.4 A), and Cys145 (2.9 A) of MP™ (Fig. 3(b)).
Furthermore, Thr25, Leu27, His41 (catalytic dyad residue),
Cys44, Thra5, Met49, Phel40, Leul4l, Ser144, His163,
Met165, Glu166, and GIn189 of MP™ displayed hydrophobic
contacts with boceprevir (Fig. 3(c)). The binding energy
of boceprevir with MP* is consistent with the binding energy
for the MP°-N3 complex (—7.5 kcal mol ") reported by
Khamto et al.®

The top nine compounds were shortlisted from the library of
850 compounds based on their higher negative binding affinity
and a large number of binding interactions with MP™ as
compared to boceprevir (Fig. 1 and Fig. S1). The shortlisted
compounds displayed the binding affinity with MP™ in the
range of —9.9 to —8.0 kcal mol ™' (Table S2). The docking
analysis depicted the binding of all shortlisted compounds
with the catalytic dyad (His41 and Cys145), including the other
active site residues of MP™. The docked poses of the top nine
hits displayed hydrogen bond interactions (Fig. S2) and

19882 | Phys. Chem. Chem. Phys., 2025, 27,19877-19897

hydrophobic contacts (Fig. S3), preferably with the binding site
of MP™. Additionally, the top nine shortlisted compounds
interacted inside the S1, S2, S3, S4, and S5 subpockets of the
active site of MP™ (Fig. 3(d)).>** The molecular docking results
were validated by performing the redocking of screened hits
with MP™ using Glide.®® The key binding interactions of top
hits with MP™ residues using Glide®® were found to be approxi-
mately similar, as depicted in docked poses generated by
AutoDock Vina (Table S2).

All nine top-hit compounds screened from molecular dock-
ing have an MW less than 500 Da and TPSA < 140 A’ in
comparison to boceprevir (MW: 521.69 Da; TPSA: 153.86 A%
(Table S4). All nine compounds and boceprevir possess HBA
and HBD in the acceptable range as defined by Lipinski’s rule
(HBA < 10 and HBD < 5) and high lipophilicity as the
partition coefficient lies below five. The low partition coefficient
or high lipophilicity indicates the better membrane perme-
ability of the selected compounds as compared to boceprevir.
The results depicted no Lipinski violations in the top-hit
compounds from the molecular docking, which were further
screened using binding free energy analysis.
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Table 2 Binding free energy of top-hit compounds with MP™ evaluated using MM-PBSA

Binding free energy (kcal mol )

van der Waals  Electrostatic =~ Molecular Polar solvation =~ Non-polar solvation  Solvation Binding energy

Compounds (AEvdW) (AEC]CC) mechanics (AEMMa) (AGPS) (Aans) (AGsolvb) (AGbindingc)

C1 —33.3 £ 2.2 —8.3 £ 2.1 —41.6 + 4.3 31.2 £ 3.5 —42.1 = 5.2 —10.9 + 1.7 —52.5 + 6.0
C2 —30.0 + 3.4 —-7.3+25 —37.3 £ 5.9 28.4 + 5.4 —39.9 + 6.5 —11.5 + 1.1 —48.8 + 7.0
C3 —42.6 + 3.1 —14.7 + 2.3 —57.3 +54 44.4 + 4.4 —52.3 = 5.5 —-79+1.1 —65.2 + 6.5
C4 —41.5 + 3.3 —10.2 + 3.7 —51.7 £ 7.0 36.7 £ 5.2 —45.9 + 5.0 —9.2 £ 0.2 —60.9 + 7.2
C5 —45.3 + 3.5 —11.5 + 3.0 —56.8 + 6.5 394 + 4.6 —48.7 + 5.2 —9.3 £ 0.6 —66.1 + 7.1
C6 —39.9 + 3.4 —11.1 £ 2.7 —51.0 = 6.1 39.6 &+ 8.8 —46.9 + 7.8 —-7.3 £ 1.0 —58.3 + 7.1
C7 —33.5 + 3.3 —5.7 £ 2.7 —39.2 + 6.0 29.8 + 3.9 —38.9 + 4.9 —-9.1+1.0 —48.3 + 7.0
Cs8 —41.4 + 3.1 —9.0 £ 2.0 —50.4 + 5.1 35.9 &+ 3.0 —45.9 + 5.3 —10.0 + 2.3 —60.4 + 7.4
C9 —46.9 + 2.9 —13.2 £ 2.5 —60.1 = 5.4 43.3 + 4.3 —50.5 + 4.7 —7.2 1+ 04 —67.3 = 5.8
Boceprevir —32.1 + 2.8 —4.1 + 2.2 —36.2 + 5.0 26.7 + 4.6 —42.3 + 6.1 —15.6 + 1.5 —51.8 + 6.5

“ AEMM = AEVC[W + AEelec~ b AGSO]V = AGps + Aans- ¢ A(;l:xincling = AEMM + AGs()lw

3.3. Estimation of binding free energy of top-hit compounds
with MP*

To obtain detailed insights into the key interactions between
MP™ and the top nine compounds, the binding free energies
of MP™ complexes were assessed using MM-PBSA (Table 2).
The conformational entropy was excluded from the MM-PBSA
calculations following the literature.”" The van der Waals (AEyqw)
interaction energy significantly contributed to the binding
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free energy of top hits with MP™ (Table 2), which is consistent
with Khamto et al® and Sanachai et al,° highlighting that
van der Waals interactions played an important role in the
stability of MP™-ligand complexes. The electrostatic (AEg) and
non-polar solvation energy (AGyps) components favoured the
binding to top hits with MP™, however, polar solvation energy
(AGps) was noted to be unfavourable. The compounds C1, C3,
C4, C5, C6, C8, and C9 displayed highly negative binding free
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Fig. 4 Per-residue decomposition of the binding free energies of MP™ with boceprevir, C3, C5, and C9 are shown in panels (a)—(d), respectively.
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(b) MPpro—C3

Fig. 5 Superimposed conformations of the snapshots at 10 ns intervals depicting the identical binding positions of boceprevir, C3, C5, and C9 to

monomer A of MP™ are shown in panels (a—d), respectively.

energy in comparison to boceprevir (Table 2). Notably, C3, C5, and
C9 exhibited significantly higher binding free energies of —65.2 &+
6.5, —66.1 £ 7.1, and —67.3 £ 5.8 kecal mol ', respectively, with
MP™ as compared to MP*-boceprevir (—51.8 + 6.5 kcal mol ')
(Table 2).

The per-residue decomposition of binding free energy ana-
lysis depicted that a large number of residues of the binding
pocket of MP™ were involved in the binding of C3, C5, and C9
with MP™ as compared to other compounds and boceprevir
(Fig. 4). In MP™-boceprevir, His41, Asn142, Gly143, Cys145,
Met165, Glu166, and Pro168 of MP™ are preferably involved in
the interactions with boceprevir (Fig. 4(a)). The MP™ residues
Thr26, Thr27, His41 (catalytic dyad residue), Ser46, Asn142,
Gly143, Ser144, Cysl45 (catalytic dyad residue), Met165,
Glu166, and GIn189 formed interactions with C3 (Fig. 4(b)).
In the MP*°-C5 complex, C5 has interactions with Thr26, His41,
Ser46, Asn142, Cys145, Met165, Glu166, and Pro168 of MP™
(Fig. 4(c)). The MP™ residues Thr26, His41, Ser46, Lys141,
Asn142, Cys145, Met165, Glu166, and His172 had interactions
with C9 (Fig. 4(d)). The residue-wise decomposition binding
free energy analysis is consistent with that of Shao et al.,”* who
determined notable contributions of Leu141, Gly143, Cys145,
Met165, Glu166, Pro168, and Glu189 of MP™ in the MP™*-11a
and MP™-PF-07311332 complexes. The per-residue decomposi-
tion binding free energy analysis depicted interactions of C1,
C2, C4, C6, and C8 with the active site residues of MP™ (Fig. S4).
Overall, a large number of residues of the MP™ binding site

19884 | Phys. Chem. Chem. Phys., 2025, 27,19877-19897

displayed interactions with the top three shortlisted com-
pounds (C3, C5, and C9).

3.4. Impact of top-hit compounds on the structural stability
of MP"™®

The molecular docking analysis depicted that boceprevir and
top hit compounds interacted with monomer A of the MP™
dimer [Fig. 3(b), (c) and Fig. S2, S3]. Furthermore, MD simula-
tions were performed on the full dimeric form of MP™ in the
presence of boceprevir and the top hit compounds to evaluate
the binding stability of MP™ complexes. Notably, boceprevir
and the top hit compounds remained bound to monomer A of
MP™ during the simulation (Fig. 5). Thus, all the structural and
dynamic analyses, including backbone RMSD, RMSF, R,, and
hydrogen bond assessments, were specifically focused on
monomer A, where the ligands were bound, to interpret the
ligand-induced conformational changes more precisely.

The RMSD for backbone atoms of MP™ in the absence and
presence of ligands has been evaluated (Fig. 6(a)). The apo-MP™
displayed a higher deviation with an average of 0.197 &+ 0.007 nm
during simulation, which coincides well with Handa et al.,””
where the average RMSD of 0.193 + 0.038 nm was noted for the
backbone atoms of apo-MP™ during the 100 ns simulation.
However, the incorporation of ligands leads to significantly
reduced RMSDs for MP™ complexes. MP"°-C3, MP"°-C5, and
MP™-C9 exhibit average RMSDs of 0.149 + 0.003, 0.164 =+ 0.008,
and 0.158 £ 0.002 nm, respectively, which are comparatively

This journal is © the Owner Societies 2025
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Fig. 6 RMSD (panel (a)) and Rq (panel (b)) of MP™ in the absence and presence of boceprevir, C3, C5, and C9. The domain regions of monomer A of MP™
are displayed in panel (c), where the loops L1 (green), L2 (orange), L3 (purple), L4 (magenta), and B-sheet regions B1 (red) and B2 (hot pink) are shown.
Residue-wise RMSF for apo—MP™ and MP™ complexes are displayed in panel (d).

lower than the average RMSD of MP'°-boceprevir (0.174 +
0.009 nm), indicating the higher structural stability of MP™ in
the presence of C3, C5, and C9. Furthermore, the simulations
have been extended to 200 ns to assess the stability of MP™
complexes. The RMSD plot indicates that all the ligand-bound
MP™ complexes (MP™-C3, MP°-C5, and MP'®-C9) reached
equilibrium and maintained stable RMSD values during simu-
lation (Fig. S5a), with notably reduced fluctuations compared to
apo-MP™. Similarly, the R, profiles remained stable, indicating
the compactness of the MP™ in the simulated systems over
200 ns (Fig. S5b). The ligand-bound complexes exhibited a
slightly more compact and stable conformation as compared
to apo-MP™. To ensure the reproducibility of MD simulations,
triplicate simulations of apo-MP™ and duplicates of MP™-
boceprevir, MP°-C3, MP™-C5, and MP"-C9 were performed
using different initial velocities [Fig. S6(a)-(e)]. Remarkably, all
simulations exhibited nearly identical RMSD profiles with
similar RMSD values (Fig. S6f), which demonstrates the robust
reproducibility of all MD simulations.

Furthermore, the R, was analyzed to predict the compact-
ness of MP™ with and without ligands. Initially, a relatively

This journal is © the Owner Societies 2025

high R, was noted in apo-MP™ up to 40 ns and then attained a
stable profile for the last 60 ns. The MP™ complexes showed a
stable R, profile during the whole simulation as compared to
apo-MP" (Fig. 6(b)). The average R, for apo-MP™, MP™-
boceprevir, MP™-C3, MP™-C5, and MP"-C9 was found to be
2.241 £ 0.002, 2.214 £ 0.003, 2.203 £ 0.002, 2.213 £ 0.001, and
2.220 £ 0.000 nm, respectively. The R, noted for apo-MP™
aligns well with Sen et al.,”® where the average R, for apo-MP™
was 2.251 nm during a 100 ns MD simulation. Samanta et al.*®
reported the average R, for complexes of remdesivir analogues
(58059494, 134133102, and 76314404 screened from the
PubChem database) with MP™ varied from 2.200 to 2.300 nm,
which corroborates well with the R, of MP*® complexes. Also,
the R, results are consistent with the average R, of apo-MP™
(2.213 nm), and MP"™ in the presence of Hc1, He2, He3, Hed,
Cgl, and Cg2 (2.233, 2.245, 2.228, 2.240, 2.256, 2.204 nm,
respectively) reported by Han et al®® It is noted that the
average R, of all complexes is marginally lower than that of
apo-MP™, however, only MP"-C3 and MP"-C5 exhibit a lower
Ry compared to MP*°-boceprevir. The R, results indicated that
MP™ with C3, C5, and C9 exhibits higher compactness as
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compared to apo-MP™, which depicted the stability of MP™
complexes.

The residue-wise RMSF for Ca atoms of MP™ and MP™
complexes was assessed to investigate the flexibility of MP™
(Fig. 6(d)). The RMSF plot displayed the lower fluctuations in
MP™ complexes as compared to apo-MP™ in loops, L1 (Arg40-
Phe66), L2 (Gly138-Ser147), L3 (Gly183-Asp197), and L4
(Arg279-Leu286), and B-sheet regions P1 (Val20-Leu30) and
B2 (Cys160-Thr175) of MP™. The loops L1, L2, L3, and L4,
and B-sheet regions f1 and B2 are color coded in Fig. 6(c). The
reduced flexibility in MP™ complexes is consistent with results
of Li et al., indicating the notably reduced flexibility of the L1,
L2, L3, L4, B1, and B2 regions of MP™ on the binding of YTV,
YSP, and YU4 as compared to apo-MP™.?> The average RMSFs
for apo-MP™ and in the presence of boceprevir, C3, C5, and C9
were noted to be 0.106 £+ 0.005, 0.092 + 0.003, 0.075 £ 0.001,
0.081 £ 0.003, and 0.087 £ 0.002 nm, respectively (Fig. 6(d)).
MP™-C3, MP-C5, and MP™-C9 have reduced flexibility
in 93.75%, 87.82%, and 82.23% residues of MP™ as compared
MP™-boceprevir (74.34%), which indicates the enhanced

(@)

View Article Online
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conformational stability of MP™ on the incorporation of C3,
C5, and Co.

3.5. SASA and hydrogen bond analyses of apo-MP™ and MP™
complexes

The SASA analysis offers valuable insights into the stability of
protein-ligand complexes, as a consistent SASA value shows
that the ligand and protein remain bound to each other during
simulation. The average SASA for MP™-boceprevir, MP™-C3,
MP™-C5, and MP™-C9 was noted to be 184.868 + 0.638,
180.144 + 0.188, 182.661 + 0.665, and 184.213 + 0.194 nmz,
respectively (Fig. 7(a)), which is lower than the average SASA for
apo-MP™ (186.335 4 0.162 nm?). The SASA plot displayed the
marginally reduced SASA for MP"°-C3 following MP™-C5 and

MP™-C9 complexes as compared to MP™-boceprevir. The stable
SASA for MP™ complexes suggests that ligands remained
inside the subpockets of the MP™ active site during the entire
simulation.

The intramolecular hydrogen bonds have paramount impor-
tance and play a crucial role in maintaining the structural
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Fig. 7 SASA and the number of intramolecular hydrogen bonds of apo—MP™ and MP™® complexes are shown in panels (a) and (b), respectively. The
per-residue hydrogen bond probability of MP™ with boceprevir, C3, C5, and C9 is displayed in panel (c).
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integrity and stability of a protein’s native structure.’® The
number of intramolecular hydrogen bonds in MP™-boceprevir,
MP™-C3, MP™-C5, and MP'°-C9 were noted to be 206.945 =+
0.690, 202.714 + 0.675, 205.944 + 1.401, and 204.555 + 0.823,
respectively, which are lower than that of apo-MP™ (213.714 +
1.559) (Fig. 7(b)). The binding of C3, C5, and C9 with MP™
resulted in slightly reduced intramolecular hydrogen bonds as
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compared to MP™-boceprevir and apo-MP™. Furthermore,
residue-wise hydrogen bond probability analysis indicated a
significant contribution of Thr26, Asn142, and Gly143 of MP™
in the hydrogen bond interactions with the compounds, fol-
lowed by Ser46, Met49, Cys145, Glu166, and GIn189 (Fig. 7(c)).
The average number of intermolecular hydrogen bonds was
noted to be 3.582 + 0.352, 4.807 £ 0.225, 2.602 + 0.222, and
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Intermolecular hydrogen bonds of boceprevir, C3, C5, and C9 with MP™ are shown in panels (a), (c), (e), and (g), respectively. The representative

members of the most-populated conformational clusters of MP™® complexes highlight the binding of boceprevir, C3, C5, and C9 with binding site

residues of MP™ in panels (b), (d), (f), and (h), respectively.
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2.701 + 0.141 for MP™-boceprevir, MP™-C3, MP™-C5, and
MP™-C9, respectively (Fig. 8), which depicts strong binding of
boceprevir, C3, C5, and C9 with MP™.

Additionally, the hydrogen bonds between MP™ residues
and top hits including boceprevir are noted in the representa-
tive conformers of most-populated conformational clusters
(Fig. 8). Boceprevir displayed hydrogen bond interactions with
oxyanion hole residues (Asn142, Gly143) and catalytic dyad
residue, Cys145, with a distance of 3.0, 2.2, and 2.8 A, respectively
[Fig. 8(a) and (b)]. C3 interacted with Thr26 (2.5 A), Asn142 (2.4 A),
Gly143 (1.9 A), Cys145 (2.3 A), and Glu166 (2.3 A) of MP™ through
hydrogen bonds [Fig. 8(c) and (d)] and blocked the active site of
MP™. This is consistent with the hydrogen bond occupancy
analysis reported by Li et al,”® where Gly143 (<20%) and
Glu166 of MP™ with 60% occupancy were involved in hydrogen
bond interactions with PF-07321332. C5 formed hydrogen bonds
with Thr26 (2.5 A) and Asn142 (2.7 A, 2.8 A), whereas C9 displayed
hydrogen bonds with Thr26 (2.1 A, 3.0 A) and Ser46 (2.3 A)
[Fig. 8(e)-(h)]. The hydrogen bond analysis highlighted that all
compounds interacted with the active site residues of MP™,
however, C3 displayed a large number of hydrogen bond interac-
tions in the active site as compared to boceprevir, C5, and C9.

The top hit compounds displayed hydrophobic contacts
with the active site residues of MP™ as noted in the representa-
tive conformers of the most-populated conformational clusters
(Fig. S7). Boceprevir displayed hydrophobic contacts with
Thr25, Thr26, Leu27, His41, Ser46, Met49, Ser144, His164,
Met165, GIn189, Thr190, and Ala191 of MP™ (Fig. S7a), whereas
C3 showed hydrophobic contacts with Thr25, Leu27, His41,
Cys44, Ser46, Met49, His164, Met165, and GIn189 (Fig. S7b); C5
with Thr25, Leu27, His41, Vald2, Cys44, Thr45, Met49, Cys145,
and Glu166 (Fig. S7c); and C9 with Thr25, His41, Thr45, Met49,
Phe140-Asn142, Ser144, Cys145, Glu166, and GIn189 of MP™
(Fig. S7d).

Furthermore, the COM distances between the catalytic
residues (His41 and Cys145) of MP™ and top hit compounds
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were evaluated during simulation to assess the binding inter-
actions as well as the dynamic stability of the identified hits
within the active site of MP'® (Fig. S8). Notably, the top hit
compounds consistently maintained a distance of ~7.0 A
from His41 and Cys145 during simulation, indicating favour-
able contacts of top hit compounds with MP™. This is con-
sistent with the 2D interaction maps of representative
members of the most-populated conformational clusters of
MP™ complexes, depicting hydrophobic contacts of top hit
compounds with His41, along with notable contacts of C5 and
C9 with Cys145 (Fig. S7). Furthermore, the average distances
of boceprevir and C3 with Cys145 were noted to be 2.28 +
0.06 and 2.37 + 0.02 A, respectively, during simulation
(Fig. S8), consistent with representative members of the
most-populated conformational clusters of MP™ complexes,
depicting hydrogen bond interactions of boceprevir and C3
with Cys145 of MP™ (Fig. 8). The COM distances remained
consistent during simulation, indicating that boceprevir and
top hit compounds maintain a close proximity to His41 and
Cys145, suggesting their stable interactions at the active site
of MP™.

3.6. Conformational snapshots depict the binding of top-hit
compounds in the active site of MP™

To gain further insights into the stability of the MP™ complexes,
a visual inspection of all MD simulation trajectories was
performed. Subsequently, several conformational snapshots
from each MP™ complex were extracted at various time intervals
during simulation (0, 25, 50, 75, and 100 ns) (Fig. S9). The
conformational snapshots of MP*™-boceprevir, MP*°-C3, MP*-
C5, and MP®-C9 complexes demonstrate that the ligands
remained tightly and consistently bound to the active site of
MP™ during simulation [Fig. S9(a)-(d)]. In addition, conforma-
tions of boceprevir, C3, C5, and C9 at every 10 ns time interval
were superimposed (Fig. 5), depicting the almost identical
binding position of ligands during simulation.
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Fig. 9 Residue-wise displacements of Ca atoms of MP™ in the absence and presence of boceprevir, C3, C5, and C9, along eigenvectors 1 and 2 are

shown in panels (a) and (b), respectively.
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3.7. PCA and FEL analyses depict reduced conformational
motions and higher conformational stability of MP* in the
presence of top-hit compounds

PCA was conducted to distinguish the collective motions of
MP™ with and without boceprevir, C3, C5, and C9 during MD
simulations. It is noteworthy that the initial two eigenvectors
represented higher collective motions in MP™ (42.892%) in
the absence and incorporation of boceprevir (41.582%), C3
(43.057%), C5 (37.298%), and C9 (36.217%) (Fig. S10a). Thus,
the first two eigenvectors (PC1 and PC2) accounting for sig-
nificant amounts of overall motions were chosen to examine
the conformational dynamics of apo-MP™, MP™-boceprevir,
MP™-C3, MP*°-C5, and MP™-C9 (Fig. S10a). The projection of
MD trajectories on the first two principal components (PC1 and
PC2) highlighted the lower conformational phase space in MP™
complexes as compared to apo-MP™ [Fig. S10(b)-(f)].
Also, MP™°-C3, MP™-C5, and MP™®-C9 displayed lower confor-
mational phase space as compared to MP™-boceprevir [Fig.
S10(c)—(f)], depicting the significantly reduced conformational
motions in MP™ upon the incorporation of top hits.
Furthermore, the trace value of the covariance matrix was
calculated to analyze the conformational flexibility across all
systems. The MP™ complexes exhibited lower trace values of
3.659 nm® (MP™-boceprevir), 3.108 nm* (MP*-C3), 2.404 nm>
(MP™-C5), and 2.806 nm? (MP™-C9) as compared to apo-MP™
(4.418 nm?). A lower trace value indicates the reduced

(a) apo—MPpre

-24 -1.6 -0.8 0.0 0.8 1.6
PC2 (nm)

View Article Online
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conformational flexibility of MP™ on incorporating C3, C5,
and C9 as compared to apo-MP™ and MP™-boceprevir.

The displacements in Co atoms of MP™ residues with and
without boceprevir and three top hits along eigenvectors 1 and
2 were investigated to scrutinize the conformational flexibility
of MP™ (Fig. 9). The displacements of MP™ residues in the
presence of boceprevir and top three hits along eigenvector 1
exhibited lower fluctuations in loops, L1 (Arg40-Phe66), L2
(Gly138-Ser147), L3 (Gly183-Asp197), and L4 (Arg279-Leu286)
and B-sheet regions B1 (Val20-Leu30) and B2 (Cys160-Thr175)
of MP™ (Fig. 9(a)). Notably, lower fluctuations in L1, L2, L3, and
L4 loops and B1 and B2 regions were also noted along eigen-
vector 2 in MP™ complexes as compared to apo-MP™ (Fig. 9(b)).
The displacement analysis indicated that MP™-C3, MP™-C5,
and MP™-C9 have reduced flexibility in 85.52%, 79.28%, and
81.25%, residues of MP'™, respectively, along eigenvector 1,
whereas 75.99%, 63.82%, and 71.38% residues of MP™, respec-
tively, displayed lower fluctuations along eigenvector 2 as
compared to MP™-boceprevir (lower fluctuations in 78.95%
residues along eigenvector 1, and 67.11% along eigenvector 2)
and apo-MP™. The PCA depicts enhanced conformational
stability of MP™ on the incorporation of C3, C5, and C9.

To examine the influence of boceprevir and the top hits on
the structural robustness of MP™, the first two principal com-
ponents, PC1 and PC2, were used to generate the FELs (Fig. 10
and 11). The FELs highlighted that the energy varies between

(b) Mrro—Boceprevir

-1.4 -0.7 0.0 0.7 14 2.1
PC2 (nm)

Fig. 10 FEL of MP™ in the absence and presence of boceprevir with corresponding free energy conformations shown in panels (a) and (b), respectively.
The inset views (54, S5) portray the hydrogen bond interactions of boceprevir with MP™,
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The inset views of extracted conformations represent the hydrogen bond interactions of top hits with M

0 and 3.2 kcal mol " for apo-MP™ (Fig. 10(a)) and 0 and
3.0 kcal mol™' for MP"™-boceprevir (Fig. 10(b)), which is
reduced on the binding of C3, C5, and C9 to MP™ [Fig. 11(a)-(c)].
The FEL plots indicated the three minimum energy basins with
higher sampling of conformations in apo-M", whereas two
minimum energy basins with higher sampling in MP"*-boceprevir,
MP™-C9, and only one minimum energy basin with highly stable
conformations in MP°-C3 and MP™-C5. The FEL analysis high-
lighted that the binding of C3 and C5 significantly modified the
conformational space of MP™ and stabilized its structure.
Additionally, the minimum-energy conformations from each
free energy basin were extracted for MP™, MP™-boceprevir,
MP™-C3, MP™°-C5, and MP™-C9 (Fig. 10 and 11). In apo-MP™,
three energy basins consisting of three distinct conformations
(S1, S2, S3) illustrate that the conformational landscape
of apo-MP™ is predominantly partitioned into three distinct
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Fig. 11 FEL plots of MP™ on the incorporation of C3, C5, and C9 with corresponding free energy conformations are shown in panels (a)-(c), respectively.

pro

subspaces, reflecting its structural heterogeneity (Fig. 10(a)).
The two free energy conformations falling into energy basins S4
and S5 were extracted for MP*°-boceprevir (Fig. 10(b)), illustrat-
ing the hydrogen bond interactions of boceprevir with oxyanion
hole residues, Asn142 (2.5 A), Gly143 (3.0 A), and catalytic dyad
residue, Cys145 (2.2, 2.4 A) of MP™. However, only a single free
energy basin with a higher sampling of conformations in MP™-
C3 (S1') and MP™-C5 (S2') was observed [Fig. 11(a) and (b)],
where C3 displayed hydrogen bonds with Asn142 (2.0 A), Gly143
(2.6 A), Cys145 (2.6 A), and Glu166 (2.1 A) and C5 formed
hydrogen bonds with Thr26 (1.9, 3.0 A) and Asn142 (1.7 A) of
MP™. Three free energy conformations (S3’, S4', S5') corres-
ponding to three distinct energy basins were retrieved from the
FEL of MP™-C9 (Fig. 11(c)). C9 participated in hydrogen bonds
with Thr26 (1.8 A) in S3’, Thr26 (1.8, 2.8 A) and Asn142 (2.9 A)
in S4’, Thr26 (1.7, 2.6 A) and Ser46 (2.4 A) of MP™ in S5’
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conformations. Overall, FEL analysis suggested that boceprevir,
C3, C5, and C9 bind to the oxyanion hole and catalytic dyad
residues of MP™, which aligns well with the conformational
clustering analysis. In addition to non-covalent interactions
such as van der Waals interactions, hydrophobic contacts, and
hydrogen bonding, the presence of electrophilic moieties
(e.g., amides and carbonyls) in compounds C3, C5, and C9
suggests the potential of these compounds to bind covalently
with the catalytic cysteine (Cys145) of MP™. This mechanism is
analogous to that of boceprevir, a covalent reversible inhibitor
that forms a covalent bond with Cys145 through its electro-
philic ketoamide warhead.?*?3¢3*

The top hit compound C3 discovered as a potent inhibitor of
MP™ activity in this work has been previously reported as an
inhibitor (namely HC-toxin) of histone deacetylases (HDACs) in
plant, yeast, and mammalian cells.”” HC-toxin was derived
from Cochliobolus (Helminthosporium) carbonum by Pringle
and coworkers in 1971;°® however, its possible structure was
elucidated by Gross et al. in 1982.%° Gross et al. reported that
HC-toxin consists of cyclo(°Pro-"Ala-"Ala-"Aeo), where Aeo: 2-
amino-9,10-epoxy-8-oxodecanoic acid.”® Loidl and coworkers
demonstrated that HC-toxin displayed >50% and >95%
inhibitory activity against the maize HDAC at 2 and 20 pM,
respectively.”’ In 2004, Sheen and coworkers reported that HC-
toxin inhibited cell proliferation, triggers cell cycle arrest and
apoptosis of human breast cancer cells (MCF-7 and MDA-MB-
468).*°* The same group demonstrated potent antiproliferative
efficacy, apoptosis, and cell cycle arrest activity of HC-toxin in
T47D human breast cancer cells.*®® Later, Debuzer et al. dis-
covered that HC-toxin at <20 nM effectively suppresses the
malignant phenotype in established neuroblastoma (NB) cell
lines as well as primary NB cells, triggers cell cycle arrest and
apoptosis, promotes neuronal differentiation, and notably
reduces colony formation and invasive cell growth.*’

Interestingly, C3 interacted with oxyanion hole residues
(Asn142, Gly143) and catalytic dyad residue, Cys145, of
SARS-CoV-2 MP™| exhibiting a binding free energy of —65.2 +
6.5 kcal mol™'. Importantly, C3 reduced the residual fluctua-
tions in MP™ leading to higher structural stability. Hydrogen
bond analysis depicted that C3 displayed interactions with
Thr26, oxyanion hole residues (Asn142 and Gly143), the cataly-
tic residue (Cys145), and Glu166 of MP™. Notably, C3 displayed
hydrophobic contacts with active site residues (Thr25, Leu27,
His41, Cys44, Ser46, Met49, His164, Met165, and GIn189)
of MP™. Overall, C3 demonstrated a strong potential as a
therapeutic candidate against MP™ activity and has the ability
to be repurposed as an antiviral agent against SARS-CoV MP™°.

4. Conclusions

In this work, the LBVS approach using boceprevir as a reference
compound and MD simulations has been employed to discover
new MP™ inhibitors from various small molecule databases.
Notably, molecular docking followed by binding free energy
evaluation using MM-PBSA identified ChEMBL144205 (C3),

This journal is © the Owner Societies 2025
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ZINC000091755358 (C5), and ZINC000092066113 (C9) as high-
affinity binders of MP™. Remarkably, the drug-likeness profile
of top hit compounds displayed no Lipinski violations. Impor-
tantly, MD simulations depicted the high structural stability
and lower conformational fluctuations in MP™ on the incor-
poration of C3, C5, and C9. The residue-specific binding free
energy analysis depicted the binding interactions of top hit
compounds (C3, C5, and C9) with the oxyanion hole residues
(Asn142, Gly143), one of the catalytic dyad residues (ie.,
Cys145), and Glu166 of MP™ that potentially inhibits the
catalytic activity of MP™, leading to an inactive state of MP™.
PCA displayed the lower flexibility in MP™ residues on the
binding of C3, C5, and C9, and SASA depicted the stable
binding of top hit compounds in the active site of MP™ during
simulation. Notably, C3 depicted a large number of hydrogen
bond interactions in the active site of MP™ as compared to
boceprevir, C5, and C9, which, in turn, highlights its potential
as a repurposed drug candidate against MP™ activity. C3 pre-
viously displayed inhibition against cell proliferation, triggers
cell cycle arrest, and induces apoptosis of human breast cancer
cells. Notably, previous studies highlighted that C3 at <20 nM
effectively suppresses the malignant phenotype in established
neuroblastoma (NB) cell lines as well as primary NB cells. Thus,
the experimental validation and further optimization of the
newly identified top hit compounds (C3, C5, and C9) in this
work will yield more potent analogs of boceprevir as antiviral
agents against SARS-CoV-2. In conclusion, the in silico data
presented in this work will provide key mechanistic insights to
drive medicinal chemistry projects for the discovery of more
promising boceprevir analogs as MP™ inhibitors.
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Data availability

The data related to this work are available within the article and
the SI. Supplementary information: Chemical structures of the
top hit compounds identified using LBVS, molecular docking
and MM-PBSA from various small molecule databases, docked
poses of the top hit compounds displaying hydrogen bonds
with MP™, 2D interaction maps of docked poses depicting
hydrophobic contacts of the top hit compounds with MP™,
per-residue decomposition binding free energy plots of MP*® on
the incorporation of C1, C2, C4, C6, C7, and C8, RMSD and R,
of MP™ in the absence and presence of boceprevir, C3, C5, and
C9 during 200 ns MD simulations, RMSD of repeat simulations
of apo-MP™ and top three MP™ complexes, 2D interaction maps
of representative members of most-populated conformational
clusters of MP™ complexes depicting hydrophobic contacts,
variations in the COM distances of the active site residues
(His41 and Cys145) of MP™ with boceprevir, C3, C5, and C9
during simulation, snapshots of MP™ complexes at various time
intervals during simulation, and PCA plots depicting the
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conformational motions of MP™ in the absence and presence of
boceprevir, C3, C5, and C9 are displayed in Fig. S1-S10. SMILES
format of the top hit compounds and boceprevir, molecular
docking analysis of top hit compounds with MP™ using Auto-
Dock Vina and Glide, protonation states of MP™ residues at pH
7.4 predicted using PROPKA, and drug-likeness parameters of
top hit compounds and boceprevir are listed in Tables S1-S4.
The SI consists of PDBQT parameters of boceprevir and top hit
compounds. See DOI: https://doi.org/10.1039/d5cp01814e

The library of small molecules was virtually screened by
SwissSimilarity (http://www.swisssimilarity.ch/). 2D chemical
structures of small molecules were generated using ChemDraw
Professional 16.0 (https://perkinelmer-chemdraw-professional.
software.informer.com/16.0/). The pdbqt coordinates of small
molecules were obtained using Open Babel (https://openbabel.
org). The MP™ structure was retrieved from the RCSB Protein
Data Bank (PDB ID: 6Y84). Molecular docking was performed
using AutoDock Vina 1.1 (https://vina.scripps.edu), available in
the public domain, and Glide, available at (https://www.schro
dinger.com/platform/products/glide/). The MD simulations
were performed using the open-source package GROMACS
2022.4 (https://www.gromacs.org). Parameters for OPLS-AA/L
force field for reference and screened compounds were gener-
ated using LigParGen Server (https://zarbi.chem.yale.edu/ligpar
gen/). The binding free energy of top hit compounds, screened
from various small molecule databases using ligand-based
virtual screening and molecular docking, with MP™ was eval-
uated using g mmpbsa script (https://rashmikumari.github.io/
g_mmpbsa/). Drug likeness parameters of the top hit com-
pounds were evaluated using SwissADME, freely available at
http://www.swissadme.ch/. Origin 9.1 was used for data plot-
ting. Binding interactions between MP™ and the top hit com-
pounds were visualized using Ligplot+ (https://www.ebi.ac.uk/
thornton-srv/software/LigPlus/) and PyMOL (https://www.
pymol.org/), available for academic use. Microsoft PowerPoint
was used to generate the figures (https://www.microsoft.com/
en-in/microsoft-365/powerpoint). The input data, protein—
ligand complexes, parameter and topology files, MD output
files, and binding free energy files are available for
download at https://github.com/Gurmeet-kaur06/SARS-CoV-2-
Mpro-Screening.git.
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