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Abstract
The global spread of the COVID-19 pandemic caused by the etiological agent, severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2), triggered researchers to identify and develop novel antiviral therapeutics. Herein, we report a new molecule 
2-hydroxy-1,2-diphenylethanone N(4)-methyl-N(4)-phenyl thiosemicarbazone (BMPTSC), as a potential inhibitor of SARS-
CoV-2. BMPTSC was synthesized, characterized by IR and NMR studies, and the structural parameters were analyzed com-
putationally by B3LYP/cc-pVDZ method. Molecular docking studies were performed to get insights into the energetics and 
compatibility of BMPTSC against various SARS-CoV-2 drug targets. The best docking poses of target protein-BMPTSC complex 
structures were further subjected to molecular dynamics (MD) simulations. Molecular mechanics Poisson–Boltzmann surface 
area (MM-PBSA) calculations on the binding of BMPTSC with the target proteins viz. spike glycoprotein and ACE-2 protein 
showed energy values of −179.87 and −145.61 kJ/mol, respectively. Moreover, BMPTSC obeys Lipinski’s rule, and further in 
silico assessment of oral bioavailability, bioactivity scores, ADME, drug-likeness, and medicinal chemistry friendliness suggests 
that this molecule is a promising candidate for the COVID-19 drug discovery process.

Keywords  SARS-CoV-2 · COVID-19 · Thiosemicarbazone · Molecular docking · Molecular dynamics · MM-PBSA · 
Pharmacokinetic properties

Introduction

Coronavirus disease 2019 (COVID-19), declared as a Pub-
lic Health Emergency of International Concern (PHEIC) by 
the World Health Organization, is caused by a new strain 

of the virus which belongs to the order Nidovirales of the 
Coronaviridae family, named SARS-CoV-2 [1, 2]. The con-
ventional therapeutic strategy to conquer viral infections is 
the inhibition of proteases which is essential for the proteo-
lytic processing of viral polyproteins. SARS-CoV-2 genome 
encodes non-structural proteins (such as 3-chymotrypsin-
like protease, papain-like protease, helicase, RNA-dependent 
RNA polymerase), structural proteins (such as spike glyco-
protein), and accessory proteins. The non-structural proteins 
are the key enzymes in the viral life cycle, whereas the spike 
glycoprotein is essential for virus-cell receptor interactions 
during viral entry [1].

No part of SARS-CoV-2 is more vulnerable than its 
main protease, Mpro, which is essential to form a viral rep-
lication complex as it processes the huge polyproteins into 
which the viral RNA is initially translated once it enters 
the human cell [3]. The pivotal role played by this enzyme 
in mediating viral replication and transcription marks it 
as an excellent drug target for antiviral pharmacotherapy 
[4]. The availability of the crystallographic structure of 
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SARS-CoV-2 Mpro facilitates the rational design of lead 
compounds [5–7]. The literature survey depicts multi-
ple projects focusing on the Mpro of the new coronavirus 
[4–13].

The auxiliary coronavirus protease, papain-like protease 
(PLpro), owing to the increased conservation of both posi-
tion and sequences of polyprotein cleavage sites, could be 
exploited to develop selective inhibitors [1–3]. Studies have 
reported virtual screening of FDA-approved drugs against 
PLpro of novel coronavirus [14]. RNA viruses for genomic 
replication encode RNA-dependent RNA polymerase 
(RdRp). This enzyme, having conserved motifs with few 
exceptions, is also a challenging target [1]. Nsp15, endori-
bonuclease, is another potential drug target that aids in 
the virus’s replication, possibly interfering with the host’s 
immune response, and hence is essential in their life cycle 
and virulence. The inhibition of Nsp15 protein can slow 
down viral replication [15]. Accordingly, identifying Nsp15 
inhibitors offers a better opportunity to design effective treat-
ments for COVID-19.

The two functional subunits of spike glycoprotein, S1 
and S2, are responsible for binding the virus to the host cell 
receptor [16]. The subunit S1 contains the receptor bind-
ing domain, which enables the virus to bind to the host cell 
receptor, whereas the subunit S2 is responsible for the bind-
ing to the host cell receptor through fusing the envelope of 
the virus with the host cell membrane. It was identified that 
angiotensin-converting enzyme 2 (ACE-2) is a crucial factor 
mediating the SARS-CoV-2 spike(S) protein’s interaction 
with susceptible host cells, as the virus uses ACE-2 to enter 
host cells, replicate and spread. SARS-CoV-2 also enters 
target cells through an endosomal pathway using ACE-2 as 
the cell entry receptor. Therefore, these proteins function as 
attractive targets to identify potential drug candidates and 
develop antiviral agents against COVID-19.

Many in vitro [17, 18] and in silico studies, including 
both protein structure and ligand-based docking, have 
been reported to identify promising coronavirus inhibitors 
[19–21]. Using the molecular dynamics simulations, Abi 
and coworkers recently investigated the inhibitory activi-
ties of dietary flavonoids against SARS-CoV-2 [22]. They 
identified three dietary flavonoids, amentoflavone, naringin, 
and naringenin, as inhibitors of Mpro of novel corona virus 
after a virtual screening of thousands of bioactive com-
pounds using molecular docking tools. Several studies have 
employed machine intelligence and deep learning strategies 
in designing COVID-19 drugs [23, 24].

Since no effective drugs are available for COVID-19 
until the due date, a global emergency occurs to design and  
develop specific antiviral therapeutics. In this context, it  
would be worthwhile to identify SARS-CoV-2 inhibitors. It  
is well established that thiosemicarbazones, the first trust- 

worthy antiviral agents synthesized, constitute an exciting 
class of compounds that stand as a milestone in the promis-
ing era of pharmacological applications [25, 26]. In addition, 
these compounds were found to be effective in humans and 
placed in clinical medicine [27, 28]. Besides the antiviral 
properties, these compounds have proved their biological 
activity as antioxidant [29, 30], antiparasitic [31–34], anti-
convulsant [35], and antitumor [36–38] agents. During the 
past decades, thiosemicarbazones were clinically developed 
for various diseases, including tuberculosis, viral infections, 
malaria, and cancer [39]. 2-Acetylpyridine thiosemicarba-
zone derivatives inhibited the replication of herpes simplex 
virus types [40]. Vitamin-A-derived (retinoid) thiosemicar-
bazone was an excellent antiviral agent as proved by Kesel 
[41]. Antiviral activity of thiosemicarbazones derived from 
α-amino acids against Dengue virus was studied [42]. This 
class of compounds was also the focus of the first system-
atic studies on the relationship between chemical structure 
and antiviral activity [43]. The biological activity of such 
compounds depends on parent aldehyde or ketone [44, 45]. 
The presence of bulky groups at the N(4) position of the 
thiosemicarbazone moiety and an additional binding site 
significantly impacted biological activity [46]. Among the 
thiosemicarbazones, those with electron withdrawing sub-
stituents at N(4)-position have been studied extensively due 
to their promising biological activity [47, 48].

The present study includes the synthesis and structural anal-
ysis of a novel thiosemicarbazone, α-hydroxy ketone (benzoin) 
derivative of N(4)-methyl-N(4)- phenylthiosemicarbazide, 
abbreviated as BMPTSC, and computational evaluation for 
its SARS-CoV-2 inhibitory activity and important pharma-
cokinetic properties. The core computational study of pro-
tein–ligand (BMPTSC) binding interactions is performed using 
molecular dynamics (MD) simulations followed by molecular 
mechanics Poisson–Boltzmann surface area (MM-PBSA) 
calculations. We have performed druglikeness of BMPTSC 
and molecular docking of the ligand with various targets of 
SARS-CoV-2 before molecular dynamics simulations. The 
protein-BMPTSC-docked complexes with a docking score less 
than − 8.0 kcal/mol have been selected for molecular dynamics 
simulation studies. The results highlighted the potentiality of 
BMPTSC to inhibit ACE-2 and spike glycoprotein targets of 
SARS-CoV-2 effectively.

Materials and methods

Experimental details

In the present study, we synthesized α-hydroxy ketone (ben-
zoin) derivative of N(4)-methyl-N(4)- phenylthiosemicarbazide, 
named BMPTSC.
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Preparation of N(4)‑methyl‑N(4)phenylthiosemicarbazide 
(MPTSC)

MPTSC was prepared by modifying the procedure reported 
by Scovill et al. [49]. N-Methylaniline (10.7 cm3, 0.1 mol) 
was dissolved in ammonia solution (20 cm3), cooled in an 
ice bath, CS2 (7.6 cm3, 0.1 mol) was then added slowly 
to it, followed by ethanol (20 cm3), and the solution was 
stirred in an ice bath for 2 h and allowed to stand for 
another 1 h. Sodium chloroacetate (10 cm3 of 0.1 mol) 
was added, followed by a 50% hydrazine hydrate (10 cm3), 
stirred well for 1 h, and kept aside overnight. Concentrated 
HCl (20 cm3) was added. The compound precipitated out 
gradually and was filtered and washed with cold ethanol.

Synthesis of BMPTSC

Thiosemicarbazides readily condense with carbonyl com-
pounds to form thiosemicarbazones in an alcohol medium. 
Benzoin (2.1 g, 0.01 mol) (Sigma Aldrich) and MPTSC 
(1.8 g, 0.01 mol) in 50 cm3 ethanol were refluxed well for 
2 h in the presence of 2 cm3 of p-toluene sulfonic acid as 
a catalyst on a water bath. The mixture was concentrated 
to reduce the volume to half and kept for half an hour. The 
yellow precipitate formed was filtered and washed with 
cold ethanol (m.p. 116 °C).

The follow-up of the reaction rates was performed by 
thin-layer chromatography (TLC) on glass sheets pre-
coated with silica gel, and the spots were visualized by 
exposure to iodine vapors. The percentages of carbon, 
hydrogen, and nitrogen in the compound were deter-
mined using a Hitachi CHN rapid analyzer and that of 
sulfur by Kjeldahl’s method. The IR spectra of the com-
pound using KBr disks were recorded on a Shimadzu 
FTIR-8101A spectrophotometer with a scanning range 
of 400–4000 cm−1. 1H NMR spectrum of the compound 
was recorded in DMSO-d6 by using 300 MHz Bruker 
Advanced DPX spectrometer. The data were recorded 
as chemical shifts expressed in δ (ppm) relative to tetra-
methylsilane (TMS) as the internal standard. 13C NMR 
spectrum of the compound was recorded in DMSO using 
a Bruker NMR spectrometer.

Computational details

The geometry optimization of BMPTSC was performed at 
the B3LYP/cc-pVDZ [50, 51] level of theory with Gauss-
ian 09 software package [52]. The compound was further 
subjected to in silico studies, including molecular docking, 
molecular dynamics simulations, screening of oral bioavail-
ability, and bioactivity scores against various drug targets 
using Molinspiration online software [53], and ADME 

(absorption, distribution, metabolism, excretion) and medic-
inal chemistry friendliness properties using Swiss ADME 
webserver [54].

Molecular docking

The molecular docking calculations were carried out using 
Autodock Tools and Vina scoring functions [55]. Six targets 
of SARS-CoV-2 were used for molecular docking studies, 
namely, spike glycoprotein (PDB ID: 6VXX), main protease, 
Mpro (PDB ID: 6YB7), endoribonuclease, Nsp15 (PDB ID: 
6VWW), RNA-dependent RNA polymerase, RdRp (PDB 
ID: 6M71), papain-like protease, PLpro (PDB ID: 6W9C), 
and angiotensin-converting enzyme-2, ACE-2 (PDB ID: 
1R42). We also performed the docking studies of the target 
proteins mentioned above with five standard drugs: antima-
larial drugs such as chloroquine and hydroxychloroquine, 
and antiviral drugs like ribavirin, cidofovir and favipiravir.

The crystal data of all the target protein structures were 
retrieved from Protein Data Bank (https://​www.​rcsb.​org/). 
The initial preparation of these PDB structures was carried 
out by removing water and co-crystallized ligands, followed 
by the addition of missing hydrogens and charges. The Car-
tesian coordinates of the binding sites of the selected tar-
gets, viz., 1R42, 6VXX, 6YB7, 6VWW, 6M71, and 6W9C, 
are located as follows: (i) x = 54.703, y = 59.927, z = 29.08 
(ii); x = 210.298, y = 211.528, z = 214.946 (iii); x = 8.219, 
y = 0.586, z =  −4.765 (iv); x =  −62.418, y = 23.009, 
z =  −19.046 (v); x = 139.275, y = 134.835, z = 156.784, and 
(vi) x =  −35.427, y = 30.38, z = 7.021, respectively. The 
minimum energy geometry of BMPTSC obtained from 
the B3LYP/cc-pVDZ level of theory was adopted for the 
docking calculations. The grid box used was of 40 × 40 × 40 
size. The grid point spacing and exhaustiveness used in these 
calculations are 1 and 8 Å, respectively. The results were 
compared with those of five standard medications including 
two antimalarial drugs such as chloroquine and hydroxychlo-
roquine and three antiviral drugs such as cidofovir, favipira-
vir, and ribavirin; the structures of those were downloaded 
from PubChem [56]. Binding affinity scores (kcal/mol) of 
BMPTSC and other drugs with the binding sites of various 
SARS-CoV-2 targets were calculated. In addition, the results 
were validated by docking simulations using AutoDock 4.2 
[57]. Furthermore, we analyzed the docking results using 
Discovery Studio Visualizer [58].

Molecular dynamics simulations and MM‑PBSA calculations

All MD simulations were performed with the Gromacs 5.1.5 
software package [59]. The OPLS force field and SPC/E, 
respectively, were used to simulate the protein–ligand system 
and water molecules [60–62]. The structures (best docking 
poses) of BMPTSC complexed with the target proteins spike 

https://www.rcsb.org/
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glycoprotein, ACE-2 protein, endoribonuclease, and Mpro 
are only preceded to MD simulation studies on account of 
its docking ranks with binding energy less than −8.0 kcal/
mol. The evolution of the solvated protein–ligand system 
with respect to time was calculated using the default Verlet 
integrator [63] within the Gromacs code. Two fs time step 
was fixed to execute the equilibration and production MD 
run. The long-range electrostatic forces in the simulating 
system were constrained using the particle-mesh Ewald 
(PME) summation method [64]. The parameter associated 
with rigid bonds in the protein–ligand residues was main-
tained using linear constraint solver (LINCS) algorithm [65]. 
The temperature and pressure of the system were maintained 
at 300 K and 1 bar, respectively. The MD simulation of the 
protein–ligand complex in water involves energy minimiza-
tion and 1-ns NVT-NPT equilibration followed by a 150-ns 
production run with periodic boundary conditions. The coor-
dinates of MD trajectory were written at every 10 ps to get 
enough conformations for sampling and analysis. The MD 
trajectory sampling was used to assess the protein–ligand 
nonbonding interactions. Proper equilibration of the simulat-
ing system was monitored using the tools of potential energy  
analysis, temperature/pressure calculations, RMSD, and 
RMSF.

The MM-PBSA method was extensively used to estimate 
binding free energies of ligand in the target proteins by using 
molecular mechanics calculations and continuum solvation 
models [66, 67]. We performed the MM-PBSA calculations of 
selected snapshots obtained from sampling single MD trajec-
tory within the formalism of g_mmpbsa methodology [68]. 
The binding free energy of a ligand inside a protein–ligand 
complex is calculated using the following expression:

The individual free energy components of the expression 
(1) are further explained as follows:

The molecular mechanics potential (EMM) is calculated as 
the sum of bonding and nonbonding (van der Waals + elec-
trostatic) terms. The entropy term (TS) in the above expres-
sion is neglected in the current methodology as we are focus-
ing on the relative binding energy.

The free energy of solvation (Gsolv) is a combination of 
Poisson-Boltzmann equation (GPB) term of polar interactions 
and (GSA), a nonpolar free energy term of solvent-accessible  
surface area (SASA). The solvent dielectric constant and 
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solvent probe radius in the g_mmpbsa calculation was fixed  
as 80 and 1.4 Å, respectively. We have carried out g_mmpbsa 
calculations by utilizing snapshots of equilibrated 120–150- 
ns trajectory at 100-ps intervals. The reported binding energy  
and its energy subcomponents were from the MM-PBSA cal- 
culations, followed by binding energy per residue decomposi- 
tion analysis [69, 70].

Screening of oral bioavailability, bioactivity scores, ADME, 
druglikeness, and medicinal chemistry friendliness 
properties

The physicochemical properties of BMPTSC, required to 
determine the oral bioavailability, an important pharmacoki-
netic property, were computed using Molinspiration online 
software (http://​www.​molin​spira​tion.​com/). This is validated 
by applying the Lipinski’s rule of five [71], according to 
which good oral bioavailability is ensured if a drug candi-
date satisfies: (a) a molecular mass less than 500 Daltons, 
(b) an octanol–water partition coefficient, logP, not greater 
than 5, (c) the number of hydrogen bond donors (-OH and 
-NH groups), less than 5, and (d) no more than 10 hydrogen 
bond acceptors (N and O atoms). It describes a compound to 
be orally active as long as not more than one rule is violated. 
There are exceptions to Lipinsk’s rule of five, such as polar 
surface area should be less than or equal to 140 Å2, and the 
number of rotatable bonds should be less than or equal to 10.

Molecular polar surface area, calculated as a sum of frag-
ment contributions, is a good indicator of drug absorption, 
which includes intestinal absorption, blood–brain barrier 
penetration, bioavailability, and Caco-2 permeability, which 
is related to the hydrogen bonding potential of a molecule 
describing the drug permeability [72–74]. The number of 
rotatable bonds, given by the number of single non-ring 
bonds bounded to non-terminal heavy (non-hydrogen) 
atoms, is a measure of molecular flexibility [75]. Molecular 
volume is an essential parameter in determining the trans-
port characteristics of a molecule, such as intestinal absorp-
tion and blood–brain barrier penetration.

The bioactivity of BMPTSC was investigated for impor-
tant drug classes, such as GPCR ligand, ion channel modula-
tor, kinase inhibitor, nuclear receptor ligand, protease inhibi-
tor, and enzyme inhibitor, with the help of Molinspiration 
Bioactivity Score V 2018.03. A positive bioactivity score 
indicates considerable bioactivity, whereas a score rang-
ing from − 0.5 to 0.0 indicates moderate activity, and less 
than −0.5 depicts inactive nature.

ADME properties, including lipophilicity, water solubil-
ity, pharmacokinetics, druglikeness, and medicinal chemis-
try friendliness, were computed using SwissADME, a free 
web tool providing free access to a pool of fast and robust 
predictive models for various properties to be satisfied by 
a drug-like molecule [54]. The server offers five predictive 

http://www.molinspiration.com/
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models, viz. (iLOGP), XLOGP, WLOGP, MLOGP, and SIL-
ICOS-IT, to calculate a molecule’s lipophilicity in terms of 
partition coefficient between n-octanol and water. The web 
tool offers three topological methods to evaluate solubility: 
Esol model, Ali mode, and SILICOS-IT. It also permits the 
computation of various parameters essential for explain-
ing gastrointestinal absorption, blood brain barrier (BBB) 
permeation, inhibitive nature against various enzymes, bio-
availability score, druglikeness, lead likeness, and synthetic 
accessibility.

Results and discussion

Experimental details

The scheme of synthetic routes adopted to obtain the desired 
target compound is outlined in Fig. 1; the corresponding 
physical and analytical data are presented in Table 1.

BMPTSC is a yellowish powder with m.p. 116 °C, and 
yield is about 80%. The elemental analysis of the compound 
shows good agreement between the observed and calculated 

values of the percentage of carbon, hydrogen, nitrogen, and 
sulfur in BMPTSC, as given in Table 1. The IR spectrum of 
the compound revealed absorption bands at ν (cm−1): 3415 
assigned for O–H, 3379 for N–H, 1590 for C = N, 1205 for 
C-O, and 810 for C = S groups. Prominent 1H NMR assign-
ments of the molecules are as follows: 1H-NMR (300 MHz, 
DMSO-d6): δ 5.9 (–NH), δ 4.1 (–CH), δ 2.2 (combination 
of -OH and -NCH3 protons), and δ 1.3 (–SH). The multi-
plet observed between 7.2 and 8.0 ppm in the spectrum of 
BMPTSC has been assigned to C6H5 protons. The spectrum 
of the compound showed a broad signal at 2.2 ppm. It is 
attributed to the combination of –OH and -NCH3 protons 
merged into one signal. The signal at 4.1 ppm in the spectrum 
is due to the –CH proton of –CHOH of benzoin. A sharp 
singlet at 5.9 ppm in the spectrum of the ligand is assignable 
to –NH proton. The signal at 1.3 ppm is due to –SH proton. 
The 13C-NMR chemical shifts for carbon atoms of C = S, 
C = N, CH-OH, and N-CH3 groups are 196.9, 167.3,117.2, 
and 45.17 ppm, respectively. The carbon in the phenyl ring 
shows a chemical shift between 127 and 135 ppm. IR, 1H-
NMR, and 13C-NMR spectra of BMPTSC are given in the 
supporting information (Figs. S1, S2, and S3).

Fig. 1   The synthetic routes 
adopted to obtain the desired 
target compound
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Optimized geometry of BMPTSC

Presented in Fig.  2 is the optimized geometry of the 
BMPTSC molecule calculated at the B3LYP/cc-pVDZ 
level of theory. The important structural parameters of the 
compound are listed in the supporting information. The 
optimized geometry of BMPTSC is used for further com-
putational analysis, such as the initial geometry of molecu-
lar docking analysis, calculation of oral bioavailability and 

bioactivity scores against various drug targets, ADME 
(absorption, distribution, metabolism, excretion), and medic-
inal chemistry friendliness properties.

Molecular docking studies

The molecular docking results were analyzed based on bind-
ing affinity and protein–ligand interactions at the binding 
site. It can be seen that BMPTSC showed the highest affinity 

Table 1   Physical and analytical data of BMPTSC

Compound Color Yield (%) Melting point/decomposition temp. (°C) Elemental analysis (%)

C H N S

BMPTSC Yellow 80 116 Observed
Calculated

69.88
70.42

5.12
5.61

10.88
11.21

8.11
8.56

Fig. 2   Optimized geometry of BMPTSC
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with targets such as ACE-2 and spike glycoprotein with a 
binding score of −8.4 and −8.3 kcal/mol, respectively. It 
also exhibits a strong binding affinity with Mpro and Nsp15 
with a score of −8.1 kcal/mol. The title compound is found 
to have undergone considerable binding with RdRp and 
PLpro targets, as revealed by the binding affinities −7.2 
and −7.0 kcal/mol, respectively. The docking results exem-
plify the crucial role of BMPTSC for its potential inhibitory 
activity against ACE-2, spike glycoprotein, main protease, 
and endoribonuclease targets of SARS-CoV-2. Table 2 pre-
sents the binding affinity scores of BMPTSC and other drugs 
with different SARS-CoV-2 targets.

BMPTSC is exhibiting a better binding affinity score with 
all the targets than standard drugs, which clearly depicts the 
enhanced potential of BMPTSC to inhibit these coronavirus 
targets, as compared with chloroquine, hydroxychloroquine, 
ribavirin, cidofovir, and favipiravir. The study highlights the 
versatility of BMPTSC as a promising candidate for coro-
navirus drug discovery. The docking simulations further 
validated the results.

The best pose of docked state and 2D diagrams depict-
ing the characteristic binding interactions of BMPTSC at 
the active site of various targets is shown in Figs. 3 and 4, 
respectively. 2D diagrams illustrating the typical binding 
interactions of ribavirin, chloroquine, hydroxychloroquine, 
cidofovir, and favipiravir, at the active site of the selected 
targets are given in the supporting information (Figs. S4, 
S5, S6, S7, and S8).

Target protein-BMPTSC interactions have been ana-
lyzed in each case since binding affinity and drug efficacy 
rely on such interactions, which involve weak intermo-
lecular interactions such as hydrogen bonding and hydro-
phobic interactions as the key players in stabilizing a 
small molecule energetically in the binding pocket of a 
protein structure [76–78]. Analysis of docking interactions 
reveals that BMPTSC has formed hydrogen bonds with all 
the selected targets. Only one hydrogen bond is formed 
between BMPTSC and 6VXX (Gln 1010), while it formed 
two hydrogen bonds each with ACE-2 (Ser 44, Asp 350), 
6YB7 (Asp 197, Lys 137), 6VWW (Lys 90, Asp 273), 
6M71 (Met 129, Tyr 149), and 6W9C (Thr 9, Gln 19).

Besides hydrogen bonding, favorable interactions such 
as hydrophobic, π-π stacking, and salt bridge have also 

been involved between BMPTSC and the targets of inter-
est. BMPTSC shows π-π interactions with Phe 40, Trp 
349, and Phe 390 residues of the 1R42 target, along with 
one favorable interaction with Asp 350 residue. The stud-
ied compound interacted with 6VXX using two carbon-
hydrogen bonds with Gln 954 and Glu 1017 residues and 
one π-σ interaction with Gln 954 residue. For BMPTSC-
6YB7 binding, two C-H bonds are formed with the resi-
dues, Asp 197 and Thr 198, one π-σ interaction with Leu 
286, and two pi-alkyl interactions with Lue 286 and Lys 
137 residues, along with π-anion and salt bridge with the 
residue Glu 290. Also, there exists one favorable attractive 
interaction with Asp 289.

6VWW- BMPTSC interactions involve the following: 
C-H bond (Arg 199), π-π stacked (Tyr 279), π-alkyl (Leu 
201 and 252, Lys 90 and 277), π-anion, and favorable 
attractive interaction (Asp 268). The binding of BMPTSC 
in the bioactive core of 6M71 has been explained by the 
existence of π-σ (Leu 122 and 128), π-π stacked (Tyr 149), 
and π-alkyl (Ala 125, Leu 128, and Val 130), along with 
two hydrogen bonds, as mentioned earlier. The interac-
tions involving π-anion (Asp 61), π-alkyl (Leu 64 and Val 
57) and π-π stacked (His 17), account for the binding of 
BMPTSC in the binding pocket of the target, 6W9C.

To sum up, the compound under study has bound into the 
active sites of various targets used, with various protein–ligand 
interactions; out of which, hydrogen bonding and hydrophobic 
interactions predominate.

Out of the six targets employed for the docking study, 
four exhibited binding affinity scores above −8.0 kcal/mol, 
which are 1R42, 6VXX, 6YB7, and 6VWW, with bind-
ing affinity scores of −8.4, −8.3, −8.1, and −8.1 kcal/mol, 
respectively. These four best protein-BMPTSC pairs were 
used for MD simulation.

MD trajectory analysis and non‑bonding 
interactions

The results obtained from the post-MD analysis of four 
protein–ligand systems are discussed in this section. 
The RMSD plot of complex (protein + ligand) and pro-
tein structure during the course of the simulation with 
respect to their initial structures are presented in Fig. 5a, 

Table 2   Binding affinity scores 
of BMPTSC and other drugs 
with different SARS-CoV-2 
targets. All values are in kcal/
mol

Compound 1R42 6VXX 6YB7 6VWW 6M71 6W9C

BMPTSC −8.4 −8.3 −8.1 −8.1 −7.2 −7.0
Ribavirin −7.2 −8.2 −7.8 −7.9 −5.7 −7.2
Chloroquine −7.6 −7.6 −7.4 −7.6 −5.7 −6.1
Hydroxychloroquine −7.8 −7.6 −7.4 −7.5 −5.9 −6.4
Cidofovir −6.8 −7.8 −7.3 −7.1 −5.0 −6.0
Favipiravir −5.8 −6.3 −7.6 −6.6 −4.9 −6.5



	 Structural Chemistry

1 3

b respectively. It can be seen that the RMSD of all protein 
structures (Fig. 5b) lies within 0.3 nm with slight fluctua-
tions for spike-glycoprotein (6VXX) and ACE-2 (1R42). In 
the same 150-ns MD trajectory, the RMSD of all complex 
structures (Fig. 5a) was found to be stabilized within the 
range of 0.4 nm with minimum fluctuations (particularly 
at 100–150-ns interval). This is an indication of stable pro-
tein–ligand complex formation in all solvated systems.

Next, we evaluated the contribution of all protein–ligand 
residues to the conformational changes of all complexes in 
the MD trajectory as root mean square fluctuations (RMSF) 
and is presented in Fig. 6. Almost all the amino acid resi-
dues of both chains (A and B) of spike glycoprotein show an 
average fluctuation of 0.54–0.56 nm (Fig. 6a). Except some 
terminal residues, the residues of all other targets (Fig. 6b–d) 
are highly conserved during the production run with a min-
imum fluctuation of ≤ 0.2. The ligand (BMPTSC) residue 
exhibits comparatively more fluctuations than protein resi-
dues in all protein–ligand complexes except (0.23) nm in 
the case of Nsp15 complex (LIG348, Fig. 6b). The RMSF 

value of ligand (BMPTSC) residue in spike glycoprotein 
(LIG1024, Fig. 6a), ACE-2 (LIG348, Fig. 6c), and Mpro 
(LIG307, Fig. 6d) complexes was found to be 0.77, 0.74, 
and 0.75 nm respectively. When we calculated the RMSF of 
protein alone, a similar quantity of fluctuations was observed 
in the protein residues of all systems. Less percentage of 
fluctuating protein-residues in the MD simulations was again 
an indication of stable protein–ligand systems. Furthermore, 
the stability and compactness of protein structure in the sim-
ulating protein–ligand system are verified using a radius of 
gyration (provided in the Supporting Information).

We further analyzed the MD trajectories with the PyCon-
tact tool to understand the presence of hydrogen bonding 
and hydrophobic interactions in the protein-BMPTSC 
complexes [79, 80]. The cutoff distances for hydrogen 
bonding and hydrophobic contact are fixed to be 3.0 and 
4.5 Å, respectively. Figure 7 displays the details of hydro-
phobic and hydrogen-bonding interactions present in the 
protein-BMPTSC complexes. As indicated in Fig. 7a, b, 
the BMPTSC ligand shows consistent hydrogen bonding 

Fig. 3   Docked poses of BMPTSC with various targets with PDB ID: a 1R42, b 6VXX, c 6YB7, d 6VWW, e 6M71, f 6W9C
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Fig. 4   2D diagrams showing interactions of BMPTSC with various targets with PDB ID: a 1R42, b 6VXX, c 6YB7, d 6VWW, e 6M71, f 6W9C

Fig. 5   RMSD plots of a all protein complex structures and b all protein structures
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interactions as well as hydrophobic interactions with active 
site amino acid residues of spike glycoprotein. The amino 
acid residues TYR1007, LEU962, ARG1017, and GLN954 
of chain A of spike glycoprotein have strong hydrophobic 

contacts with BMPTSC with more than 50% occupancy dur- 
ing the 150-ns MD trajectory. Meanwhile, GLN1010 resi-
due of chain A and ARG765 of chain B of spike protein 
has strong hydrogen bonding interactions with occupancy 

Fig. 6   RMSF plot of protein–ligand residues in a spike glycoprotein (6VXX), b Nsp15 (6VWW), c ACE-2 (1R42), and d MPro (6YB7) com-
plexes

Fig. 7   Protein-BMPTSC nonbonding interaction profile. a and b corresponding to the hydrophobic and hydrogen bond interactions present in 
the spike complex of glycoprotein–BMPTSC, respectively, whereas c for hydrophobic interaction in ACE-2–BMPTSC pairs
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above 50%. On the other hand, BMPTSC has only significant 
hydrophobic interactions with residues of ACE-2 protein, 
as illustrated in Fig. 7c. The active site amino acid residues 
LEU73, TRP69, LEU391, SER77, and ALA99 of ACE-2 
target exhibit strong hydrophobic contacts with BMPTSC 
ligand on account of its occupancy above 50%. We also 
noted that no such consistent hydrogen bond and hydropho-
bic interactions are present in the Nsp 15 and Mpro protein-
BMPTSC complexes. The knowledge of active site residues 
with nonbonding interactions is helpful for the analysis of 
binding free energy obtained from MM-PBSA calculations.

MM‑PBSA binding energies

The binding free energies of four protein complexes are cal-
culated by MM-PBSA analysis. The MM-PBSA analysis has  
emerged as an effective tool to partition the total free energy 
of protein–ligand binding into its various fragments, namely,  
electrostatic, polar solvation energy, and nonpolar solva-
tion energy. This type of analysis is generally called energy 
decomposition analysis and the results are tabulated in 
Table 3, along with the binding free energy values. We also 
performed the ligand residue free energy decomposition 
analysis of the protein–ligand complex using the MM-PBSA 
method. MM-PBSA results are obtained by utilizing the 300 
snapshots from the equilibrated MD trajectory (120–150-ns 
interval). We confirmed the MM-PBSA results presented in 
Table 3 by repeating the calculations on 5 sets of MD rep-
licates of 10 ns duration, and the results are provided in the 
supporting information. The potential binding of BMPTSC 
ligand to the active site of spike glycoprotein, ACE-2 pro-
tein, Nsp15, and Mpro in terms of MM-PBSA binding free 
energies are −179.84, −145.6, −93.9, and −55.6 kJ/mol, 
respectively. The binding free energy values obtained indi-
cate that BMPTSC is a potential inhibitor of spike glycopro-
tein, followed by ACE-2 protein.

The pictorial representation of protein residue contribu-
tion towards the MM-PBSA binding energy is presented  

in Fig. 8. The term hot spot residue (or red spot residue)  
generally indicates those amino acid residues stabilizing the 
protein–ligand complex with significant negative energy val-
ues (< −5.0 kJ/mol) towards the MM-PBSA binding free 
energy. In contrast, bad-contact residues, also called blue 
spot residues, contribute positive energy values to the MM- 
PBSA binding energy. Figure 9 displays the red spot and  
blue spot residues in protein-BMPTSC complexes.  
The ligand residue contribution to the MM-PBSA binding  
energy for spike glycoprotein, ACE-2 protein, NSP protein, 
and Mpro targets is −100.03, −62.03, −53.9, and −33.4 kJ/
mol, respectively.

Based on the potential binding of BMPTSC on spike gly-
coprotein and ACE-2 protein, we extended our analysis to 
the hot spot residues of those proteins that contribute to the 
MM-PBSA binding energies through nonbonding interac-
tions such as hydrophobic and hydrogen bonding interac-
tions. van der Waal interactions (or hydrophobic interac-
tions) are generally superior to hydrogen-bonded interactions 
in protein–ligand complexes. A similar trend is reflected in 
our calculations as van der Waal energy contributed with a 
significant negative value to the total binding energy.

For the spike protein-BMPTSC complex, TYR(A)1007 
is the crucial amino acid residue that significantly contrib-
utes (−10.57 kJ/mol) to the binding free energy through 
hydrophobic interaction. The other red spot residues with 
energy contributions are ALA(A)958 (−10.3  kJ/mol), 
GLN(A)1010 (−9.4 kJ/mol), GLN(A)1011 (−6.2 kJ/mol), 
GLN(A)957 (−5.0 kJ/mol), ASN(A)955 (−4.4 kJ/mol), 
LEU(A) 962 (−4.1 kJ/mol), and GLN(A)762 (−2.5 kJ/
mol) respectively. As indicated in the protein-BMPTSC 
nonbonding interaction profile (Fig.  6), the residues 
ALA(A)958, GLN(A)957, ASN(A)955, and LEU(A) 
962 interact with BMPTSC through hydrophobic interac-
tions. Hydrogen bonding or electrostatic interactions con-
tribute next to van der Waal energy in the above results. 
GLN(A)1010, GLN(A)1011, and GLN(A)762 interact 
with BMPTSC through strong hydrogen bonds. The 

Table 3   MM-PBSA binding energy values of BMPTSC with the protein targets spike glycoprotein, ACE-2, endoribonuclease, and Mpro and its 
component energies. All reported energy values have a standard deviation within the range of 10 kJ/mol

Target van der Waal energy 
(kJ/mol)

Electrostatic energy 
(kJ/mol)

Polar solvation 
energy (kJ/mol)

SASA energy (nonpolar 
solvation) (kJ/mol)

Binding 
energy (kJ/
mol)

Spike Glycoprotein −237.723 −81.839 161.180 −21.492 −179.874
 +/− 9.1

ACE-2 −145.433 −22.454 39.542 −17.267 −145.611
+/− 9.6

Endoribonuclease −155.075 −28.557 107.708 −18.004 −93.928
+/− 8.4

Mpro −88.505 −17.028 60.860 −10.950 −55.623
+/− 8.3
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Fig. 8   MM-PBSA binding energy decomposition of residues of a spike glycoprotein in BMPTSC-spike glycoprotein complex, b ACE-2 in 
BMPTSC-ACE2 complex, c Nsp 15 in BMPTSC-Nsp 15 complex, and d MPro in BMPTSC-Mpro complex

Fig. 9   Hot spot residues, bad contact residues, and ligand residue are indicated by red-, blue-, and yellow-colored stick representations respec-
tively obtained from the MM-PBSA binding energy–residue decomposition analysis of a spike glycoprotein and (b) ACE-2 protein complex
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negative energy values associated with the solvent accessi-
ble surface area also contribute to the total binding energy. 
However, the effective protein–ligand binding is hindered 
by the unfavorable interactions of some amino acid resi-
dues in the target with the ligand. The unfavorable inter-
actions of blue spot residues ARG(B)765 (4.8 kJ/mol), 
GLU(B)773 (2.9 kJ/mol), and ASP(A)950 (2.8 kJ/mol) 
with ligand contributed positive value to the MM-PBSA 
binding energy by increasing polar solvation energies and 
may act against the effective protein–ligand binding.

We performed MM-PBSA energy decomposition analy-
sis for BMPTSC-ACE-2 complex also. The crucial hot spot 
residues that contributed significantly in the protein–ligand 
binding of the complex are GLU398 (−13.0  kJ/mol), 
ASP206 (−12.47 kJ/mol), LEU73 (−10.32 kJ/mol), LEU391 
(−5.83  kJ/mol), ALA99 (−4.98  kJ/mol), and LEU100 
(−4.30 kJ/mol) respectively. Among these residues, all LEU 
and ALA residues interact with the ligand through hydropho-
bic interactions. However, the highly contributing glutamic 
acid and aspartic acid residues can interact through hydrogen 
bonding and other nonbonding interactions.

It may be noted that though docking scores of four  
protein–ligand complexes are comparable, a marked  
difference occurred in the MM-PBSA binding energy 
calculations. This discrepancy is mainly due to the dif-
ference in the nature of protein–ligand binding in the 
conformations obtained from long equilibrated MD tra-
jectories compared to the initially used docking poses in 
simulations. As per the MM-PBSA results, we can final-
ize the inhibitory activity of BMPTSC against the four 
target proteins in the order: spike glycoprotein > ACE-2 
Protein > Nsp 15 > Mpro.

In silico prediction of some drug designing 
parameters of BMPTSC

In this section, we describe various virtual screening strate-
gies such as oral bioavailability, bioactivity scores, ADME, 
druglikeness, and medicinal chemistry friendliness proper-
ties of BMPTSC to understand the compactibility of this 
molecule as a versatile drug.

Modeling of oral bioavailability

Drug oral bioavailability, an important pharmacokinetic 
property, describes the fraction of an oral dose of the drug 
that reaches the systemic circulation and its site of action 
to provide its pharmacological and therapeutic effects. The 
computed physicochemical properties of BMPTSC leading 
to its oral bioavailability are given in Table 4.

As per Lipinski’s rule of five, BMPTSC is found to be 
an orally bioavailable molecule as its logP value is 4.55 

(less than 5), Molecular weight is 375.50 g/mol (less than 
500), the number of hydrogen bond donor is 2 (less than 5), 
and the number of hydrogen bond acceptor is 4 (less than 
10). It also satisfies extensions to Lipinski’s rule of five, 
with the polar surface area given by 47.86 Å2 (less than or 
equal to 140 Å2) and the number of rotatable bonds equal 
to 7 (less than or equal to 10). This shows that BMPTSC 
obeyed Lipinski’s rule of five, thereby ensuring good oral 
bioavailability.

Bioactivity score analysis

Table 5 displays the bioactivity scores of BMPTSC against 
different drug targets. The computed bioactivity scores of 
the studied molecule investigated for some important drug 
classes such as GPCR ligand, ion channel modulator, a 
kinase inhibitor, nuclear receptor ligand, protease inhibitor, 
and enzyme inhibitor show that BMPTSC exhibits moderate 
biological activity against all these targets, as revealed by the 
respective score which lies between −0.5 and 0.0.

ADME, medicinal chemistry friendliness, and druglikeness 
properties

ADME (absorption, distribution, metabolism, elimination) 
properties, druglikeness, and medicinal chemistry friendli-
ness of BMPTSC calculated with SwissADME are summa-
rized in Table 6.

Table 4   Physiochemical 
properties of BMPTSC

Properties Values

miLogP 4.55
TPSA 47.86 Å2

nAtoms 27
MW 375.50 g/mol
n ON 4
nOHNH 2
nViolations 0
nROTB 7
Volume 344.57 Å3

Table 5   Bioactivity scores of BMPTSC against different drug targets

Targets Bioactivity score

GPCR ligand −0.26
Ion channel modulator −0.29
Kinase inhibitor −0.44
Nuclear receptor ligand −0.19
Protease inhibitor −0.24
Enzyme inhibitor −0.12
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In terms of partition coefficient between n-octanol and 
water (logP), lipophilicity of BMPTSC has been calculated 
by five different predictive models, viz., iLOGP, XLOGP3, 
WLOGP, MLOGP, and SILICOS-IT, available with Swis-
sADME web tool. All the values are less than 5, and giving 
consensus logP, the arithmetic means of the five predicted 
values are equal to 3.92, satisfying the lipohilic nature of the 
compound under study. The water solubility of the molecule 
evaluated by the three topological methods, namely, the 
Esol model, Ali model, and SILICOS-IT, is −5.10, −6.01, 
and −6.87, respectively. ESOL model predicts moderate 
solubility, as the reference range of logS for moderate solu-
bility is −4 to −6.

Several pharmacokinetic parameters of BMPTSC have 
been predicted; out of which, the most attractive one is the 

high gastrointestinal absorption, permitting for oral admin-
istration. Notably, the molecule is not a permeability gly-
coprotein (Pgp) substrate, the active efflux transporter. It 
shows inhibition towards CYP2C19, CYP2C9, and CYP2D6 
enzymes whereas acts as non-inhibitor for CYP1A2 and 
CYP3A4 enzymes. A high negative value of skin perme-
ability assures less skin permeation of the studied molecule. 
Also, the molecule is not at all blood brain barrier (BBB) 
permeable.

The druglikeness indicating qualitative assessment of the 
molecule to be an oral drug with respect to bioavailability 
has been analyzed by five different rule-based filters such 
as Lipinski, Ghose, Veber, Egan, and Muegge, available in 
SwissADME tool. Bioavailability score of 0.55 further con-
firms the high potential of BMPTSC as a druglike molecule.

Medicinal chemistry friendliness parameter indicates 
moderately easy accessibility to synthesis this molecule of 
interest. However, it does not predict the molecule’s lead-
likeness as there are two violations given by MW > 350 and 
XLOGP > 3.5.

All the screening strategies adopted in this study high-
lights BMPTSC as a versatile drug candidate to combat 
the coronavirus threat. It should be further validated by 
in vitro and in vivo studies, leading to the design of this 
novel thiosemocarbazone as an effective drug for COVID-
19 treatment.

Conclusions

This article presents the synthesis, structural charac-
terization, and computational studies towards exploring 
2-hydroxy-1,2-diphenylethanone N(4)-methyl-N(4) phe-
nylthiosemicarbazone (BMPTSC) as a potential therapeutic 
against SARS-CoV-2, the causative organism for COVID-
19. BMPTSC is a novel thiosemicarbazone that inhibits 
SARS-CoV-2 primarily via ACE-2 and spike glycoprotein 
inhibition. We identified the potential inhibitory activity of 
BMPTSC ligand against the spike glycoprotein and ACE-2 
protein on account of the results obtained from molecular 
docking, MD trajectory analysis based on protein–ligand 
interactions and MM-PBSA binding energies. The MM-
PBSA study also recognizes some of the key amino acid 
residues TYR(A)1007, ALA(A)958, GLN(A)1010, 
GLN(A)1011, GLN(A)957, ASN(A)955, LEU(A) 962, and 
GLN(A)762 of spike glycoprotein(6VXX) and GLU398, 
ASP206, LEU73, LEU391, ALA99, and LEU100 of ACE-2 
protein (1R42) that may act as binding site residues for 
potential inhibitors. Virtual screening for oral bioavailability, 
bioactivity, ADME, druglikeness, pharmacokinetic proper-
ties, etc. provides supporting information regarding the phar-
maceutical perspective of BMPTSC, which in turn facili-
tates the rational designing of a novel inhibitor targeting 

Table 6   ADME properties, druglikeness, and medicinal chemistry 
friendliness of BMPTSC

Property Value

Lipophilicity
  logP (iLOGP) 3.01
  logP (XLOGP3) 4.61
  logP (WLOGP) 3.81
  logP (MLOGP) 3.68
  logP (SILICOS-IT) 4.50
  Consensus logP 3.92

Water solubility
  logS (ESOL) −5.10
  logS (Ali) −6.01
  logS (SILICOS-IT) −6.87

Pharmaokinetics
  GI absorption High
  BBB permeant No
  Pgp substrate No
  CYP1A2 inhibitor No
  CYP3A4 inhibitor No
  CYP2C19 inhibitor Yes
  CYP2C9 inhibitor Yes
  CYP2D6 inhibitor Yes
  logKp −5.32 cm/s

Druglikeness
  Lipinski Yes, 0 violation
  Ghose Yes
  Veber Yes
  Egan Yes
  Muegge Yes
  Bioavailability score 0.55

Medicinal chemistry
  Leadlikeness No, 2 violations: 

MW > 350,XLOGP > 3.5
  Synthetic accessibility 3.80
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COVID-19. In vitro and in vivo analyses are needed to vali-
date the computational insights further and improve phar-
macokinetics to fine-tune BMPTSC as a promising lead for 
COVID-19 drug discovery.
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