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Hybrid molecules in the recent years have gained significant importance in drug research as promising
therapeutic agents. We report a novel combination of two such bioactive scaffolds (benzoxazole and 4-
thiazolidinone B-T hybrids) as inhibitors of SARS-CoV-2. The study uses an in silico approach to identify
the potential of B—T hybrids as possible inhibitors of the SARS-CoV-2 proteases. Molecular docking was
employed to identify the interactions of B-T hybrids with the two proteases - 3CLp (the 3-
chymotrypsin-like protease) and PLp (the papain-like protease). Docking results of the screened 81
hybrids indicated that BT10 and BT14 interacted with the catalytic dyad residue of 3CLp (Cys145) with
the best binding energy. MD simulations revealed that BT10 formed stable interactions via 4 hydrogen
bonds with the catalytic site residues of 3CLp. In the case of PLp, BT27 and MBT9 interacted with the
catalytic triad residue of PLp (His272) with high binding energy. MD simulations demonstrated that the
reference drug Tipranavir relocated to the thumb region of the protease whereas BT27 remained in the
active site of PLp stabilized by 2 hydrogen bonds, while MBT9 relocated to the BL2 loop of the palm
region. The MM-PBSA and interaction entropy (IE) analysis indicated that BT14 exhibited the best AG (of
—6.83 kcal mol™) with 3CLp, while BT27 exhibited the best AG (of —7.76 kcal mol™?) with PLp. A four-
step synthetic procedure was employed to synthesize the B-T hybrids starting from ammonium
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Introduction

An unprecedented disease outbreak in recent times which has
created havoc worldwide since December 2019, is still
embroiled in controversy regarding its genesis." The affected
people exhibited severe symptoms of pneumonia, and
a plethora of scientific investigations revealed that the cause
was a virus. This new virus of zoonotic origin belonging to the
Coronaviridae family infected millions of people globally as
a pandemic and was found to share 79.5% viral genome
sequence similarity with SARS-CoV*?* and hence was labelled as
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2).* As of November 1st 2021, there were 246 million cases of
infection and 4.99 million fatalities across the globe (https://
covid19.who.int/) due to SARS-CoV-2. Previous to this, viruses
belonging to the family of Coronaviridae have been observed to
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Respiratory Syndrome Coronavirus (SARS-CoV) and the Middle
East Respiratory Syndrome Coronavirus (MERS-CoV), have
exacerbated as an epidemic, causing substantial morbidity and
mortality in 2002 and 2012 respectively.

The viruses belonging to this family are single-stranded RNA
(ssRNA) viruses with the largest RNA genome (in the range of 27
to 32 kb) and at least six open reading frames (ORFs). The
genome of CoVs which is highly susceptible to mutation has
caused the emergence of new CoV strains.® Natural selection
also espouses the strains that have relatively higher infectivity
rates thus causing severe outbreaks. During this pandemic,
several strains of SARS-CoV-2 with an increased transmission
rate have been identified viz. B.1.1.7, B.1.1.28, B.1.351, and
B.1.617, which have 30 to 80% higher infectivity rates than the
original Wuhan strain.”® With the mutations causing the newly
discovered strains to offset the immunity provided by the
vaccines as well as from previous infections, there is a concerted
effort to forage molecules capable of inhibiting proteases which
play a pivotal role in the entry and replication of the virus.**

Based on the viral entry into the host cell, synthesis, and
replication, several drug targets are known for inhibiting SARS-
CoV-2." Among these enzymes, two targets - 3CLp (the 3-

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra07504g&domain=pdf&date_stamp=2021-12-08
http://orcid.org/0000-0003-3320-2621
http://orcid.org/0000-0001-5830-112X
http://orcid.org/0000-0001-7327-684X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07504g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011062

Open Access Article. Published on 10 December 2021. Downloaded on 4/3/2026 9:06:21 AM.

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

(cc)

View Article Online

Paper RSC Advances
e )
o n{
Ho” ' =
/7 /L HO
—NH B H,;N (o}
HO Calcimycin Boxazomycin B
(an antibiotic drug) (an antibacterial drug)
, =o
Cl -~
N
N fo) o Chlorzoxazone (o] @
S NH ) ] HN O NN
I ): (a muscle relaxant drug)
P o o=xX |
S S
Pioglitazone Rosiglitazone
(an antidiabetic drug) _@ (an antidiabetic drug)
/L HO
HO o
Caboxamycin
(an antibiotic drug)
\_ J

Fig. 1 Drugs containing benzoxazole and thiazolidinone as central moieties.

chymotrypsin-like protease) and PLp (the papain-like protease)
have received a lot of attention, as they are involved in the post-
translational modification of the polyprotein.’** They achieve
this by cleaving the polyprotein precursor into individual
functional non-structural proteins (NSP's).** Polyproteins are
single giant proteins that are transcribed by a single gene and
are typically non-functional.** These proteases are essential for
virus reproduction, and hence are focussed as prime targets for
antiviral drug development.

The initial and perhaps one of the most significant steps in
the drug development process is the design and discovery of
new drug candidates. The idea of hybrid molecules was
conceived to overcome the several challenges encountered in
the current drug development process that include low phar-
macokinetic profiles, multidrug resistance, drug-drug interac-
tions, and less stability of single target-directed drugs."**® To
combine the effects of each molecule into one single chemical
entity, two or more different pharmacologically active mole-
cules are fused into hybrid molecules with a suitable linker. The
resultant molecules may have beneficial synergistic effects in
addition to the desired pharmacokinetic and pharmacody-
namic profiles. Recent studies have corroborated that the
hybrid molecules are pharmacologically more efficacious than
their predecessors.’® For example, melatonin, a well-known
antioxidant, when combined with an anti-Alzheimer drug
“Tacrine” to create new hybrid molecules that target multiple
enzymes, was found to be multi-enzyme inhibitor and emerged
as a promising candidate for cognitive enhancement."”

Benzoxazole derivatives have generated a lot of interest in
recent years, as precursors of novel bioactive molecules. The
biological activities exhibited by benzoxazoles are antiviral,
antimicrobial, anti-inflammatory, anti-cancer, antihistamine,

© 2021 The Author(s). Published by the Royal Society of Chemistry

melatonin receptor antagonism, 5-HT3 antagonist effect, inhi-
bition of Rho-kinase, and anti-amyloid properties.'® Further,
benzoxazoles were explored as the inhibitors of the NTPase/
helicase of Hepatitis C Virus (HCV)," the reverse transcriptase
of HIV,? and the NS3 helicase of Dengue Virus (DENV),*! They
are available as the central active moiety in a variety of marketed
drug molecules, few examples of which are shown in Fig. 1.
Table 1 lists a few of the potent benzoxazole derivatives that
target a wide range of enzymes associated with various
disorders.

4-Thiazolidinone is one of the important bioactive five-
membered rings and a major scaffold that is considered to be
associated with many biological activities like antifungal, anti-
bacterial,”** anti-inflammatory,>*** antiviral (anti-HIV),>*>
anticancer,? anticonvulsant,* antidiabetic,**? antitubercular
activity,* etc. The presence of nitrogen atom and methylene
groups in the thiazolidinone ring could be exploited for the
development of new derivatives. The placement of arylidene
groups at various positions on the thiazolidinone ring has been
shown to improve the biological activity of the thiazolidinone
template.”® The antiviral activity of substituted-thiazolidin-4-
ones against HIV-1 RT was significant, and emerged as potent
non-nucleoside HIV reverse transcriptase inhibitors (NNRTIs).**
They also emerged as strong hepatitis C virus RNA polymerase
inhibitors exhibiting over 95% inhibition against HCV NS5B in
vitro.*> Table 2 lists some promising 4-thiazolidinone deriva-
tives that target a variety of enzymes associated with various
diseases.

These two scaffolds showed antiviral efficacy (both in vitro
and in vivo) against a variety of viruses. These hybrids also share
a similarity with some of the active compounds screened in vitro
against SARS-CoV-2 (ESI, SD-11). This encouraged us to screen

RSC Adv, 2021, 11, 39328-39342 | 39329
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Table 1 A few of the potent benzoxazole derivatives with the respective diseases and target enzymes

Sl Compound

Targeting enzyme

Disease/therapeutic use
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OH

Topoisomerasell*°

Rho kinase (ROCK)*'

Cancer

Hypertension, cancer, inflammation,
and multiple sclerosis

COOH E
A0
3 Tl A Transthyretin (TTR)*? Amyloidosis
F
0 i)
4 A O y' N NS3 helicase dengue virus>* Dengue
S >—s NH,
N~ N lo}
5 — N N— 5-HT3 receptor*’ 5-HT-induced diarrhoea
\—
Yo 0
6 SN N JL R igﬁfolxq;icf;tloﬁ{‘z Melatonin receptor agonist

the benzoxazole-thiazolidinone hybrids (Fig. 2) as SARS-CoV-2
protease inhibitors. In order to achieve this, a combination of
docking, dynamics, and free energy studies were employed in
this study. “Tipranavir”, a well-known antiviral protease inhib-
itor and a known inhibitor of 3CLp of SARS-CoV-2, was used as
the reference drug.'>*¢%°

Computational methods

Preparation of receptors and ligands

X-ray crystal structure of 3CLp of SARS-CoV-2 (PDB ID 6LU7) was
obtained from the protein data bank database. In case of PLp,
the homology model of the protein (SMTL ID: 6w9c.1) was ob-
tained from SWISS model database (ESI, SD-27). During the
preparation of proteins, water molecules and other heteroatoms
were excluded and the hydrogen atoms were added, Kollman
charges were assigned, and Gasteiger charges were computed.
The 2D structures of 81 B-T hybrids were sketched using
Chemdraw software (Fig. 3 and Table 3). The 3D structures of
the molecules were generated in their lower energy conforma-
tions using Gaussian 09 software (semi-empirical method).

39330 | RSC Adv, 2021, 11, 39328-39342

Later, the 3D structures of minimized ligands were loaded into
Autodock Tools4 software*® and Gasteiger charges were
computed for all the ligands.

Molecular docking

AutoDock tools' molecular docking software®® was used for
docking simulations of B-T hybrids with two SARS-CoV-2
protein targets. The grid box was created around the active
site amino acid residues [(Cys145 & His41, in the case of 3CLp),
(Cys111, His272 & Asp286, in the case of PLp)] with the size of 50
A x 50 A x 50 A. The Lamarckian genetic algorithm (LGA) was
utilized to set up the docking with a maximum of 25 00 000
energy evaluations. The number of genetic algorithms was set to
250 runs and the population size was set to 300 for all the
ligands. The program was executed retaining other parameters
as default. Out of 250 poses observed in docking studies, the
pose with best interactions with the active site residues and
least binding energy was chosen as the best pose. The
complexes of the protein with the best ligands were then sub-
jected to MD simulations. The interactions of ligands and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A few of the potent 4-thiazolidinone derivatives with the respective diseases and target enzyme

Sl Compound Targeting enzyme Disease/therapeutic use
H ,O0 - - . .
N Inhibition of oxidation of tricarboxylic
1 0 S acid cycle substrates such as, a-ketogluterate, Epilepsy
N-N citrate, pyruvate and B-hydroxybutyrate®®
HN H )’,l
o o)
e
N 570
Ar o]
2 Tyrosine phosphatase B** Tuberculosis
3 Metalloproteinase (MMP-13)* Osteoarthritis
S Y S
4 - E. coli glycosyltransferase MurG and the C. albicans Human African
HoOC ; N protein mannosyltransferase1 (PMT1)*’ trypanosomiasis (HAT)
R
NoO
5 f HIV Reverse transcriptase (RT)*’

proteins were analysed using the visualization tools such as
Pymol (The PyMOL Molecular Graphics System, 2020), Schro-
dinger Maestro (Academic Version, Maestro, Schrodinger,
2021), and Ligplot+.*

Molecular dynamics simulations

To study the stability aspects of complexes, MD simulations
were performed using all-atom force field (AMBERO03)* in
GROMACS2018 software.** The protein was extracted from the
complex and processed through H++ server® assuming a suit-
able pH (7.5 for 3CLp* and 8.0 for PLp**). The ACPYPE server
was employed to generate ligand topologies.>® The complex
topologies were created by appending the ligand topologies
with their respective protein's topology. The complexes and
proteins were then solvated using the TIP3P water model in
a cubic box with a distance of 1.5 nm from the box boundaries

© 2021 The Author(s). Published by the Royal Society of Chemistry

and neutralized with 0.15 M NaCl. To hold all of the atoms
within the simulation box, periodic boundary conditions were
used. The systems were subjected to 50 000 steps of energy
minimization using the steepest descent algorithm. The equil-
ibration was performed in two steps employing NVT and NPT
ensembles for 500 ps. Particle mesh Ewald was used to measure
long-range interactions while a distance of 1.2 nm cut-off was
used for short-range electrostatics and van der Waals. The
LINCS (Linear Constraints Solver) algorithm was used to
restrain all bonds. The production run was carried out for 50 ns
using the NPT ensemble (at 1.0 bar and 300 K) and the trajec-
tories were saved every 2 ps. Inbuilt modules of GROMACS were
used to analyse root mean square deviation (RMSD), root mean
square fluctuations (RMSF), hydrogen bonds interactions,
solvent accessible surface area (SASA) analysis, principal
component analysis (PCA), and radius of gyration (R,).

RSC Adv, 2021, 11, 39328-39342 | 39331
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Fig. 3 Structures of B-T hybrids.

Binding energy calculations

Relative binding energies of the complexes were computed
using MM-PBSA analysis on the 300 frames from the last 30 ns
of the trajectory using g mmpbsa module.>® The binding free
energies of complexes were calculated using the equations
below.

AGping = AGeompiex — (AGprotein — AGiigana) (1)
AGping = AEvmm + AEporar + AEsasa — TAS (2)
AEvmm = AEgec T AE dw (3)

AEsasa = Ysasa (4)

where AGping is the net binding free energy, AEyn is the
molecular mechanics potential energy, AE,q, is the van der
Waals energy, AEg. is the electrostatic energy, and —TAS
accounts for the entropic energy. AE 1oy and AEgasa cannotes
the polar contributions and the non-polar solvation energy
respectively. The interaction entropy method was adopted from
ref. 57-59 to calculate the contribution of entropy towards the
binding energy of the complexes.

39332 | RSC Adv, 2021, 11, 39328-39342

Results and discussion

Molecular docking, in combination with molecular dynamics, is
a well-established and effective method for drug design
process.® It is a frequently used methodology for determining
the stability of the molecular interactions between proteins and
ligands. In the current study, the molecular interactions
between B-T hybrids and selected SARS-CoV-2 proteases were
analysed using molecular docking and the stability aspects of
the complexes obtained from docking studies were studied
through MD simulations.

Docking and interaction analysis

A docking study was carried out to estimate the binding of B-T
hybrids with the two proteases and gain insight into the inter-
actions these hybrids make with proteases of SARS-CoV-2. In the
case of 3CLp the active site residues Cys145 and His41, as well
as neighbouring residues in the substrate-binding region such
as Thr24, Thr25, Thr26, Thr45, Met49, Ser144, and Gly143,
exhibited strong interactions by mediating hydrogen bonds
with the B-T hybrids. These results indicated that the benzox-
azole part of the hybrids consistently confront the catalytic dyad
where it interacts especially with Cys145 in the active site, via
hydrogen bonds with the thiol or the amide groups. In addition
to this, it was observed that the aryl-thiazolidinone moiety of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecule interacts with a group of threonine residues on the
opposite side that belongs to S1’ and S2 subunits of the binding
pocket as shown in Fig. 4A.

The binding mode of B-T hybrids on 3CLp demonstrated
that the amide group present in the thiazolidinone unit of the
molecule mediates two hydrogen bonds with Thr26 of the S2
subunit. The hybrids frequently interacted with Ser144 and
Gly143 with a hydrogen bond involving oxygen and nitrogen
atoms of the benzoxazole unit. Table 4 lists the top 15 B-T
hybrids with binding energies less than —8.30 kcal mol " with
their binding energy interactions with 3CLp. The docking
results of 3CLp revealed that the compounds BT10 and BT14
were appropriately positioned within the binding pocket, which

© 2021 The Author(s). Published by the Royal Society of Chemistry

was surrounded by polar amino acid residues (Thr24, Thr25,
Thr26, Thr45, Serd6, Asn142, Ser144), and hydrophobic resi-
dues (Leu27, Cys44, Met49, Phe140, Leul41, Met165) with
binding energies —8.87 and —8.49 kcal mol ' respectively. The
binding energy of Tipranavir is —8.13 kcal mol™'. The key
interactions of Tipranavir, BT10 and BT14 at the binding site of
3CLp are shown in Fig. 4.

The binding mode of B-T hybrids on PLp demonstrated
various kinds of interactions that include hydrogen bonding,
pi-pi stacking, pi-cation stacking, and hydrophobic interac-
tions in the active site of PLp. The pi-pi stacking interactions
were observed between benzoxazole moiety of a B-T hybrid and
indole side chain of Trp106 while the pi-cation interactions

RSC Adv, 2021, 11, 39328-39342 | 39333
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Fig. 4

Illustration of different binding mechanisms of B—T hybrids within the active site of the 3CLp. (A) Surface binding view of Tipranavir and the

top two hits on 3CLp (salmon-Tipranavir, orange-BT10, blue-BT14). The molecular interactions of Tipranavir (B), BT10 (C) and BT14 (D) are
shown in 3D representations. The yellow dotted lines indicate the hydrogen bonding interactions of the ligands with active site residues.

Table 4 List of top 14 B—T hybrids with lowest binding energy for 3CLp from docking studies

Binding energy
S. no. Ligand (keal mol ™) H-bond
1 Tipranavir —8.13 2 (Thr26, Glu189)
2 BT10 —8.87 7 (Cys145, Ser144, Thr26, Thr26, Thr25, Thr24, Thr45)
3 MBT23 -8.85 4 (Serl44, Gly143, Thr26, Thr26)
4 CBT23 —8.72 4 (Serl44, Gly143, Thr26, Thr26)
5 BT6 —8.55 5 (Gly143, Serl44, Thr26, Thr26, Thr24)
6 MBT15 —8.53 4 (Metl65, Arg188, Gly143, Gly143)
7 BT14 —8.49 4 (Serl44, Cys145, Thr24, Thr45)
8 CBT22 —8.49 5 (Serl44, Gly143,Gly143, Thr26, Thr26)
9 CBT4 —8.33 2 (Cys145, Ser144)
10 BT3 —8.32 3 (Serl44, Thr26, Thr26)
11 BT9 -8.32 3 (Cys145, Thr24, Thr45)
12 CBT19 —8.32 5 (Serl44, Gly143, Gly143, Thr26, Thr26)
13 CBT26 -8.31 2 (His41, Gly143)
14 MBT26 -8.31 2 (His41, Gly143)
15 BT26 —8.30 1 (Serl44)

were observed between aromatic moieties of the hybrids and
histidine unit of His272. Surprisingly, the sulphur atom of
thiazolidinone was found to act as an acceptor for a hydrogen
bond interaction with the indole-ring nitrogen from Trp106 in
MBT17 (ESI, Fig. 41). The docking results of the hybrids PLp
revealed that BT27 and MBT9 interacted and formed hydrogen
bonds with the residue His272 of the catalytic triad, while

39334 | RSC Adv, 2021, 1, 39328-39342

Tipranavir, the reference drug formed H-bonds with Asp286
apart from other interactions with the binding pocket residues.
MBT?9 exhibited two additional hydrogen bonds with Trp106's
indole-ring nitrogen, which is thought to play a critical role in
the stability of tetrahedral intermediates (oxyanions) formed
during the catalytic activity.®* Table 5 lists the top 10 B-T
hybrids with binding energies less than —7.50 kcal mol ™~ with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 List of top 9 BT hybrids with lowest binding energy for PLp
from docking studies

Binding energy
S.no.  Ligand (keal mol ™) H-bond
1 Tipranavir ~ —7.37 1 (Asp 286)
2 BT27 —9.03 2 (His272, Lys274)
3 CBT24 -7.97 2 (Trp106, Gly271)
4 MBT9 ~7.96 3 (His272, Trp106, Trp106)
5 CBT9 —-7.92 2 (His272)
6 MBT24 ~7.92 1 (Trp106)
7 BT24 —7.91 2 (Trp106, Cys270)
8 BT9 —7.66 0
9 MBT26 —7.58 2 (Cys270, His272)
10 CBT26 ~7.52 2 (Cys270, His272)

their hydrogen bonding interactions with PLp. The main
interactions of Tipranavir, BT27, and MBT9 at the binding site
of PLp are shown in Fig. 5.

It was noticed that CBT and MBT series at times, had similar
kinds of interactions with the proteases. For example, the pairs
(CBT23, MBT23), (CBT26, MBT26) against 3CLp and the pairs
(CBT13, MBT13), (CBT26, MBT26) against PLp had similar
interactions with comparable binding energies, indicating that
the groups at the 5th position on the benzoxazole ring (chloro
and methyl groups) act similarly regardless of their chemical
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behaviour. These results indicate that B-T hybrids could be
potential inhibitors of SARS-CoV-2 proteases and in order to
further ascertain if these complexes are stable, the top B-T
hybrids which complexed with 3CLp and PLp were subjected to
MD.

Molecular dynamics simulations

The promising leads from B-T hybrids - BT10 and BT14, in
complex with 3CLp, BT27 and MBT9, in complex with PLp, were
chosen for the 50 ns MD simulations. In addition, Tipranavir in
complex with both the proteases and apo proteins (proteins
without any ligands in its binding pocket) were also subjected to
simulations.

Stability of 3CLp complexes

In general, RMSD determines the magnitude of a molecule's
divergences from the initial reference structure (protein or
ligand-protein complex). Large RMSD values are attributed to
the changes in the conformation of the complex/protein during
the simulation. From the protein backbone RMSD of the
complexes (Fig. 6A), it can be observed that the 3CLp trajecto-
ries attained stability within the first 6 ns. However, the
complexes exhibited relatively stable RMSD within the range of
1.5 + 0.2 to 1.7 & 0.3 A which was better than the average RMSD
exhibited by the apo-protein (2.2 + 0.4 A), suggesting that the

Fig. 5

Illustration of different binding mechanisms of B—T hybrids within the active site of the PLp. (A) Surface binding view of Tipranavir and the

top two hits on PLp (green-Tipranavir, yellow-BT27, cyan-MBT9). The molecular interactions of Tipranavir (B), BT27 (C) and MBT9 (D) are shown
in 3D representations. The yellow dotted lines indicate the hydrogen bonding interactions of the ligands with active site residues.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions made by the ligands with the active site of 3CLp
could improve the stability of the protease. The 3CLp-BT14
complex exhibited a slight deviation in the RMSD of the back-
bone from 25 to 30 ns and exhibited an average value of 1.6 A.As
shown in Fig. 6B, Tipranavir and BT10 have a ligand backbone
RMSD of 1 A in comparison to the protein backbone. The
backbone of BT14 showed a deviation of around 4 A with respect
to the protein backbone. Trajectory visualization of the 3CLp-
BT14 indicated that the ligand BT14 rotated from the S2 subunit
to the S3 subunit keeping the S1 subunit (catalytic dyad) as the
point of rotation.

The root-mean-square fluctuation (RMSF) profile was calcu-
lated for each protein-ligand complex relative to the apo-state
to gain additional insight into the stability of the complex.
RMSF provides information on the protein residues’ flexibility.
Fig. 6C depicts the overall residual fluctuations of the 3CLp apo-
structure and complexes. All the 3CLp complexes exhibited
a roughly similar pattern with the apo structure. In all the
complexes, the loop region fluctuated slightly, while active site
residue regions remained relatively steady. The 3CLp-BT14
complex displayed a marginally higher fluctuation rate, partic-
ularly for residues 100-120 and 125-137, signifying the greater
conformational flexibility than the other complexes.

The radius of gyration (R,) is a measure of system density
that signifies the folding or unfolding of the protein/complex
during the course of the simulation. The complexes and apo

39336 | RSC Adv, 2021, 11, 39328-39342

protein exhibited similar R,, and the average R,'s were in the
range of 22.3 & 0.1 A and 22.5 + 0.1 A (Fig. 6D).

Hydrogen bonds play an important role in ensuring the
stability of a complex. The hydrogen-bonding interactions
between binding site residues and B-T hybrids were analysed
throughout the course of 50 ns MD simulation by using the
g_hbond module of GROMACS. The average number of H
bonds identified for Tipranavir (ESI, Fig. 1Af) is 1.8 with
a maximum of 4H bonds, for BT10 (ESI, Fig. 1B¥) it is 3.6 with
a maximum of 7H bonds, and for BT14 (ESI, Fig. 1Ct) it is 0.4
with a maximum of 4H bonds throughout the simulation. These
results indicate that BT10 is capable of making strong interac-
tions with key residues of the catalytic pocket which help
stabilize the 3CLp-BT10 complex.

Stability of PLp complexes

Results of RMSD analysis of the PLp complexes and protein
revealed that all the trajectories achieved stability within 3 ns
(Fig. 7A). Thereafter, relatively negligible deviations were
observed in the trajectories of the complexes indicating that the
complexes had not undergone any significant conformational
changes. The RMSDs of the heavy atoms of ligands - Tipranavir
and MBT9 with the backbone of PLp (Fig. 7B) - suggested that
they were unstable in the binding pocket while BT27 was rela-
tively stable with an average RMSD of 3 A. The RMSF of the
residues in the complexes followed a similar trend. As illus-
trated in Fig. 7C, the residues associated with the PLp-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Tipranavir and the PLp-MBT9 complexes fluctuated slightly
more than the residues of apo structure and BT27 complex.
Trajectory analysis of complexes revealed that both Tipranavir
and MBT9, drifted away from the catalytic triad, while BT27
retained the initial interactions in the active site.

PLp has two primary domains - the catalytic or active site C-
terminal domain and the ubiquitin-like (UBL) N-terminal
domain. In terms of enzymatic functions and protein inhibi-
tion, the catalytic domain plays a crucial role. As shown in
Fig. 9A, the catalytic domain can be further divided into thumb,
palm, and fingers subdomains.®” The active site which consists
of three major residues (the catalytic triad), is situated between
palm and thumb domains. Tipranavir began moving away from
the catalytic site at 19 ns, stabilized at the thumb region of the
target at 40 ns, and remained at the thumb region till the end of
the simulation by interacting with the residues Asp40, Gly81,
Arg82, Met84, Ser85, and Thr158. MBT9 shifted from the cata-
lytic site to the blocking loop 2 (BL2) of the palm region at 25 ns
and remained there till the end of the 50 ns simulation by
making interactions with the key residues of the BL2 in the
palm subdomain, just outside the active site of PLp. Fig. 9B
illustrates the interactions of MBT9 with BL2 loop of PLp.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The radius of gyration scores of PLp-apo and all complexes
were calculated to be between 23.6 + 0.1 A and 23.7 & 0.1 A
(Fig. 7D), indicating that the ligand movement had no effect on
the compactness of the target protein. The average number of H
bonds identified for Tipranavir (ESI, Fig. 2Af) is 0.7 with
a maximum of 4H bonds. In the case of BT27 (ESI, Fig. 2Bt) it is
1.7 with a maximum of 5H bonds, while BT14 (ESI, Fig. 2Ct)
had 1.3 average hydrogen bonds with a maximum of 3H bonds
during the simulation.

Binding free energy calculations

The relative binding free energy was estimated using MM-PBSA
to deduce the forces responsible for the affinity of a ligand with
its receptor. 300 equidistant frames were extracted from the
trajectory of MD production run between 20 and 50 ns for the
MM-PBSA analysis, while all the frames between 20 to 50 ns
trajectory were used for computing the entropy contribution (by
interaction entropy method) towards the binding energy. The
resulting AGginq of 3CLp-Tipranavir, 3CLp-BT10, and 3CLp-
BT14 complexes was found to be —8.65 kcal mol
—4.87 keal mol™, and —6.83 kcal mol ™, respectively (Fig. 8C)

RSC Adv, 2021, N, 39328-39342 | 39337


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07504g

Open Access Article. Published on 10 December 2021. Downloaded on 4/3/2026 9:06:21 AM.

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

(cc)

RSC Advances

A

60 B VDW B EE B PSE B SASA W [E
45.4

50

kcal/mol with SEM

TIP3

S = S + 4 © = 4 © T 4 o = o
E £ E £ F E £ F E B F E £ F
[11] [11] m o m m [11] 1] [11] [11]
TIP- -8.65
BT14- -6.83
BT10- -4.87
-10 -8 - -4 -2 0

Binding Energy AG (kcal/mol)

View Article Online

Paper

60 I VDW Bl EE B PSE BN SASA W [E
47.3

kcal/mol with SEM

-45.5
X~ ® o K~ © o K~ © o K~ © 4 K~ o o
N = N = N = ~N = N =
= E = = E = = E = = E = = ';E =
o = o = o = o= o =

TIP-

MBT9+

BT27

T
-10 -8 -6 -4 -2 0
Binding Energy AG (kcal/mol)

Fig. 8 Contribution of energy terms towards binding energy in case of 3CLp (A) and PLp (B). Bar graph showing relative binding free energies of
Tipranavir and selected B—T hybrids with 3CLp (C) and PLp (D) estimated using g_mmpbsa and internal entropy method.

whereas AGging of PLp-Tipranavir, PLp-BT27, and PLp-MBT9
was found to be —4.74 kecal mol™, —7.76 kcal mol™*, and -
4.68 kcal mol ', respectively (Fig. 8D). Further, binding free
energy was decomposed into the individual energy terms to
understand the impact of each energy component on the
binding process (Fig. 8A and B). The van der Waals energy
component (AE,q,,) was the primary contributor to the binding
free energy in each complex. Despite its substantial electrostatic
component (AE.j.), the 3CLp-BT10 complex had a higher value
of binding free energy due to the large unfavorable polar
component of solvation (AEyols), Whereas the 3CLp-BT14
complex had a relatively lower binding free energy due to the
lower polar component of solvation (AEpqr.r). The binding free
energy of BT27 to PLp was compared to that of other ligands
and it was observed that BT27 has a better affinity to PLp than
others. The PLp-Tipranavir complex suffered from low contri-
butions from van der Waals (AE,qy) and electrostatic (AEeje.)
energy terms.

39338 | RSC Adv, 2021, 11, 39328-39342

To gain more insights into the individual energy contribu-
tions of the active site residues which are responsible for the
stability of the ligand, per residue energy decomposition study
was conducted. For the 3CLp-Tipranavir complex, the major
contributor for the favourable energy contributions was His41
(—8.4 keal mol ™) and Thr25 (—8.4 kcal mol™*). For the 3CLp-
BT10 complex, the major contributions originated from Cys145
(—4.3 keal mol ') and Thr25 (—4.6 kcal mol ™). This shows that
both Tipranavir and BT10 actively interacted with the catalytic
dyad. As BT14 relocated from its original position, in the case of
3CLp-BT14 complex, relocated the favourable energy contri-
butions are therefore derived from a different set of residues
located in the S2 and S3 subunits of the binding pocket. The
main contributors for the binding energy of the 3CLp-BT14
complex are GIn189 (—4.8 kcal mol '), and Met165
(—5.1 keal mol ') whereas Arg188 contributed to the binding
energy unfavourably by 3.0 kcal mol .

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The PLp-Tipranavir complex has a much weaker binding
free energy (—4.68 kcal mol "), in comparison to the PLp-BT27
complex (—7.76 kcal mol ). For the PLp-BT27 complex, Asn109
(—6.6 kecal mol ') and Leu289 (—5.2 kcal mol ') are the main
contributors to the binding energy. The crucial BL2 active site
residues - Pro248, Tyr264 and Thr265, made significant
contributions to the free energy of the PLp-MBT9 complex with
each contributing —5.8 kcal mol™*, —5.0 kcal mol ', and
—5.7 keal mol ™7, respectively. Overall, it was observed that the
catalytic triad residues made repulsive interactions with
Tipranavir. The active site of PLp is in a solvent-exposed region
located on the protease’s surface, causing the ligands with weak
interactions to exit the catalytic pocket. This could explain the
migration of Tipranavir and MBT9 from the active site. It is
worth noting that, in spite of these conditions, BT27 was stable
in the active site as it formed strong interactions with the
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binding site residues (other than the catalytic triad), preventing
it from drifting away from the vicinity of the catalytic triad.

Synthesis

The top two hits in case of 3CLp were synthesized in a simple
four step process. The synthetic approach for preparing B-T
hybrids is illustrated in Scheme 1. The synthesis began with the
preparation of isoperthiocyanic acid. Kalson method was used
to prepare isoperthiocyanic acid from ammonium thiocya-
nate.”® The synthesis of 2-thioureidobenzoxazole was carried
out in a single step from isoperthiocyanic acid and 2-amino-
phenol in good yield as previously reported.®* Reaction of 2-
thioureidobenzoxazole with chloroacetic acid as cyclizing
reagent, in presence of anhydrous sodium acetate in boiling
ethanol, afforded 4-thiazolidinone linked with benzoxazole
moiety with an imine linkage. It was clearly seen from the
docking studies that the arylated hybrids exhibited strong

Fingers
domain
4

LEU-162

Fig. 9

(A) Depiction of secondary structure of PLp with “thumb-palm-fingers” architecture. The active site and other domains of PLp are

highlighted with different colours (violet-fingers domain, salmon-palm domain, cyan-thumb domain and sand-UBL domain). (B) The molecular

interactions of MBT9 with BL2 loop of PLp.
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interactions than BT1 with both the proteases of SARS-CoV-2.
Hence, in the final step, the hybrids were arylated with corre-
sponding aldehydes using the methylene carbon of thiazolidi-
none moiety.

Experimental section
General methods

All reagents and solvents were purchased from Sigma-Aldrich
and SD Fine Chemicals. The solvents were distilled prior to
use. The conversions were monitored by thin layer chromatog-
raphy (TLC) using Merck TLC silica gel 60 F,5,. Compounds on
TLC plate were visualized by ultraviolet light at 254 nm and
365 nm. UV-Vis absorption spectra were obtained from Hitachi
UHS5300 spectrophotometer. IR spectra were recorded on a Per-
kinElmer FT-IR C114728 spectrophotometer with ATR acces-
sory. "H NMR and "*C NMR spectra were recorded at 400.23 and
100.64 MHz on a Bruker 400 MHz spectrometer, respectively.
Using tetramethyl silane (TMS) as the internal standard, and
dimethyl sulfoxide (DMSO-ds) as the solvent. HRMS were
recorded on Agilent Technologies 6550 iFunnel LC-MS Q-TOF
with ESI (electrospray ionization).

Synthesis of BT1

To a magnetically stirred mixture of 2-thioureidobenzoxazole
(1.158 g, 0.006 mol) and chloroacetic acid (0.728 g, 0.007 mol) in
15 ml of ethanol, anhydrous NaOAc (0.631 g, 0.007 mol) was
added, and heated at reflux for 24 hours. After the reaction, the
precipitate (1.291 g, 90%) was collected and recrystallized from
ethyl acetate as slender off-white needles; mp 255-257 °C;
Amax(THF): 325 nm; vpay (ATR): 3149, 3090, 2950, 2817, 1703,
1570, 1534, 1453, 1352, 1223, 1171, 980 cm ™ *; "H NMR (400 MHz,
DMSO-de): 6 12.54 (br, s, 1H), 7.62 (m, 2H), 7.3 (m, 2H), 4.11 (s,
2H); *C NMR (100 MHz, DMSO-d¢): § 173.79, 170.41, 162.04,
147.43, 140.70, 123.70, 123.30, 117.75, 109.53, 34.84; HRMS
calculated for C;,HoN;0,S 233.0258 found 234.0334 [M + H'].

Synthesis of BT10 and BT14

A mixture of BT1 (0.466 g, 0.002 mol), corresponding aldehyde
(0.003 mol) and the base catalyst, anhydrous NaOAc (0.328 g,
0.004 mol) in glacial acetic acid (15 ml) was refluxed overnight.
After the completion of the reaction, the precipitate was
collected through filtration, dried and recrystallized from THF.

BT10. Yield: 47%; yellow solid; mp 282-284 °C; Ama(THF):
371 NM; v (ATR): 3233, 3136, 3063, 2817, 1698, 1581, 1552,
1538, 1490, 1453, 1168, 977, 749 cm™*; 'H NMR (400 MHz,
DMSO-de): 6 13.16 (br, s, 1H), 9.99 (s, 1H), 7.73 (s, 1H), 7.74 (m,
1H), 7.65 (m, 1H), 7.40 (t, J = 8.07, 7.95 Hz, 1H), 7.35 (m, 2H),
7.15 (d, J = 7.95 Hz, 1H), 7.10 (s, 1H), 6.94 (dd, J = 1.83, 1.71,
8.19, 8.07 Hz, 1H); ">*C NMR (100 MHz, DMSO-d¢): 6 167.69,
163.72, 162.40, 158.40, 148.75, 141.72, 134.76, 133.89, 130.97,
125.00, 124.75, 124.02, 122.12, 119.10, 118.44, 116.51, 110.80;
HRMS calculated for C,,H;,N;0;S 337.0521 found 338.0593 [M
+H'.

BT14. Yield: 43%; yellow solid; mp 276-278 °C; Amax (THF):
388 NM; Ymax (ATR): 3119, 3048, 2811, 1690, 1578, 1557, 1539,

39340 | RSC Adv, 2021, 1, 39328-39342
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1511, 1452, 1163, 983, 749 cm ™~ *; *H NMR (400 MHz, DMSO-d,):
6 13.04 (br, s, 1H), 10.41 (s, 1H), 7.74 (s, 1H), 7.73 (m, 1H), 7.64
(m, 1H), 7.59 (d, J = 8.68 Hz, 2H), 7.34 (m, 2H), 6.99 (d, ] =
8.68 Hz, 2H); *C NMR (100 MHz, DMSO-d,): 6 167.80, 163.77,
162.53, 160.66, 148.68, 141.80, 134.30, 133.25 (ZC), 124.94,
124.61, 124.48, 119.57, 119.08, 116.95 (2C), 110.73; HRMS
calculated for C;;H;;N305S 337.0521 found 338.0591 [M + H'].

Conclusion

COVID-19 is the largest global pandemic currently and it has
emerged as the deadliest infection of the century. It's critical to
find novel compounds that can inhibit viral replication, in turn
reducing the pace of infection. The current study used molec-
ular docking and molecular dynamics to identify the potential
of B-T hybrids as inhibitors of the SARS-CoV-2 proteases.
Following the completion of molecular docking and molecular
dynamics simulations, the findings were analysed and the leads
were identified. BT10 exhibited good interactions with the 3CLp
by mediating the highest number of hydrogen bonds (7), and
maintained the interactions throughout the MD simulation
with binding free energy of —4.87 kcal mol™'. BT14, with the
best binding energy (—6.83 kcal mol ™), interacted strongly with
the loop region residues. In the case of PLp complexes —
although the residues of the catalytic triad of PLp made repul-
sive interactions, BT27 could tightly bind to the binding site and
sustained the interactions throughout the simulation with
a good binding energy (—7.76 kcal mol ™). It was observed that
the lead inhibitors of PLp bind to the BL2 loop rather than the
catalytic site, preventing the substrate entry to the catalytic
site.®® MBT9 showed a tendency to bind to the blocking loop2
(BL2) with a binding free energy - 4.68 kcal mol . Hence, MBT9
could act as an allosteric inhibitor of PLp. Finally, a four-step
synthetic procedure was employed to synthesize the B-T
hybrids starting from ammonium thiocyanate. The promising
compounds in the case of 3CLp were synthesized and charac-
terized using IR, NMR and mass spectroscopic techniques. To
further evaluate the therapeutic potential of the proposed
ligands, the in vivo and in vitro studies could be carried out. The
potential of the B-T hybrids as covalent binders to 3CLp can
also be explored, as the conjugate amide group present in the
thiazolidinone scaffold of the molecule can serve as a Michael
acceptor (ESI, Fig. 61).
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