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ABSTRACT: Severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) is considered a global public health concern since it
causes high morbidity and mortality. Recently, it has been reported that repurposed anti-COVID-19 drugs might interact with
multidrug resistance ABC transporter, particularly ABCBI. In the current study, a series of thiourea derivatives were screened as
potential inhibitors against SARS-CoV-2 by targeting the attachment of receptor binding domain (RBD) of spike protein with ACE2
and their interaction with human ABCBI1 has also been explored. The results indicated strong impairment of RBD—ACE2
attachment by BB IV-46 with a percentage inhibition of 95.73 + 1.79% relative to the positive control, while BB V-19 was proven
inactive with a percentage inhibition of 50.90 + 0.84%. The same compound (BB IV-46) interacted with ABCB1 and potentially
inhibited cell proliferation of P-gp overexpressing cell line with an ICy, value of 4.651 + 0.06 yM. BB V-19, which was inactive
against SARS-CoV-2, was inactive against ABCB1 with a higher IC, value of 35.72 + 0.09 uM. Furthermore, molecular dynamics
simulations followed by binding free-energy analysis explored the binding interaction of BB IV-46 and BB V-19 to RBD region of
spike protein of SARS-CoV-2. The results confirmed that compound BB IV-46 interacted strongly with RBD with a significant
binding energy (—127.0 kJ/mol), while BB V-19 interacted weakly (—29.30 kJ/mol). The key interacting residues of the RBD
involved in binding included Leu441, Lys444, and Tyr449. This study highlights the importance of BB IV-46 against SARS-CoV-2;
however, further pharmacokinetic and pharmacodynamics studies are needed to be done.

1. INTRODUCTION

Severe acute respiratory syndrome corona virus 2 [SARS-CoV-
2; provisionally labeled 2019 novel coronavirus or 2019-nCoV
(COVID-19)] is an RNA virus that infects humans. Early
coronaviruses that infected humans include SARS and Middle-
East respiratory syndrome.' ~® SARS-CoV-2 is closely linked to
bat-SL-CoVZC4S and bat-SL-CoVZXC21.”~” The outbreak of
SARS-CoV-2 in China at the end of 2019 triggered a
worldwide pandemic and is a major public health concern
for today’s world.> It has been designated as the most
contagious agent of the century.'” Additionally, in developing
countries like Pakistan, this caused real economic burden on
the government. According to data published by the World
Health Organization (WHO), more than 43,000 tests reported
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positive in 28 countries until February 11, 2020, with China
accounting for more than 99% of the total cases.'' Recently,
new variants including Omicron and Delta variants have
emerged in December 2020 and were attributed to the
emergence of new SARS-CoV-2 variants S01Y.V2 (B.1.351) in
South Africa and variants 501Y.V1 (B.1.1.7) in the UK."?
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Structurally, SARS-CoV-2 consists of four proteins, that is,
envelope (E), membrane (M), nucleocapsid (N), and spike
(S). The S protein is a transmembrane protein, consisting of
two subunits S1 and S2."* The S1 subunit (receptor binding
domain, RBD) binds to the host receptor, angiotensin-
converting enzyme 2 (ACE2), leading to the discharge of
the RNA into the cells. However, the S2 subunit mediates the
viral cell membrane fusion.'*™'® These characteristics of S
protein make it a vital therapeutic target."”'® The published
crystal structure of SARS-CoV-2 RBD—ACE2 complex
revealed that the interface is composed of a total of 17
residues of the RBD in contact with 20 residues of ACE2.
These residues of RBD include Lys417, Gly446, Tyr449,
Tyr453, Leu4SS, Phe456, Ala475, Phe486, Asn487, Tyr489,
GIn493, Gly496, GIn498, Tyr500, Asn501, Gly502, and
Tyr505."

During COVID-19 pandemic, several repurposed drugs were
screened against SARS-COV-2 in clinics without prior in vitro
studies. Later studies showed that a few of these drugs showed
interactions with multidrug resistance ABC transporter and
thus lead to severe complication in COVID-19 patients by
affecting the absorption, distribution, metabolism, elimination,
and toxicity properties of drugs.”’ One of these repurposed
drugs was ivermectin, which was known for its role in viral
replication inhibition. Its absorption is mainly controlled by
ABCBI efflux transporter. However, at a higher dose, it also
inhibits ABCB1 and thus penetrates in higher concentration
and becomes neurotoxic.”! Moreover, altered expression
(high/absent) of ABCBI1 has also been reported in COVID-
19 patients who received repurposed drugs directly in clinical
trials due to overuse of drugs.”” Thus, any new drug candidates
must be tested for interactions with these key transporters.

Currently, there are vaccines available that may protect
people from catching infection; however, an antiviral drug is a
prerequisite to treat people once they have infection.
Therefore, there is an urgent need for drug development
against SARS-CoV-2 that is cheap and easily accessible to
everybody.” In this regard, thiourea derivatives can be
considered the best source for anti-SARS-CoV-2 drugs. The
thiourea moiety is an important synthon that has antibacterial,
antiviral, antiproliferative, and cytotoxic properties.24 Organo-
sulfur compounds such as thiourea and their derivatives are
used in a variety of disciplines, including chemical synthesis
and pharmaceutical industry. Due to this significance, a
number of urea and thiourea derivatives have received approval
as marketable drugs by FDA and EMA for the treatment of
various human diseases, and as a result, pharmaceutical
companies and academic researchers are currently working to
develop promising drug candidates.”® Adedeji et al, 2013
screened a library of low-molecular-weight compounds as
potential inhibitors for SARS-CoV and identified three
compounds that inhibited SARS-CoV by different mecha-
nisms. One of these was thiourea scaffold (SSAAO9E1) that
prevented entry of the virus into the cell by inhibiting viral
membrane fusion to the host cell membrane.”® Van Tat ef al,
2021 worked on selected anti-HIV-1 phenethyl-thiazole-
thiourea compounds by building QSAR models to develop a
lead compound that inhibits SARS-CoV-2 infection. Based on
QSAR models, new derivatives were designed, followed by
docking simulations into the RBD of SARS-COV-2 and HIV-1
receptor. The new derivatives were found potent against HIV-1
as well as SARS-CoV-2 as compared to the lead compound.””
This gives an indication that a wide range of molecules with

excellent pharmacological properties and few adverse effects
can be generated by strategically planning changes to thiourea
derivative structures. In the current study, a series of new
thiourea derivatives were screened as potential inhibitors of
SARS-CoV-2 by targeting RBD—ACE2 attachment and their
interaction with multidrug resistance ABCBI1 transporter has
also been explored. Furthermore, molecular dynamics (MD)
simulations were performed, followed by binding free-energy
analysis, to map the interacting residues of spike protein
(receptor binding domain, RBD) that are involved in binding
of thiourea derivatives and to compare the binding energetics
of the most active and inactive ligands.

2. MATERIALS AND METHODS

2.1. Synthetic Compounds. Thiourea derivatives were a
kind gift from Prof. Dr. Khalid Mohammed Khan (H. E. J.
Research Institute of Chemistry, International Center for
Chemical and Biological Sciences, University of Karachi),
which were synthesized by his group and characterized as
urease inhibitors (Bano et al, 2018).

2.2. Inhibition of SARS-CoV-2. Inhibition assay was
conducted using a SARS-CoV-2 inhibitor screening kit
(AdipoGen, Life Sciences cat no. AG-48B-0001-KIO01). This
assay is based on a colorimetric ELISA kit, which measures the
binding of the RBD of the spike S protein from SARS-CoV-2
to its human receptor ACE2. The assay is designed to highlight
and characterize the impact of various inhibitory molecules on
the inhibition of SARS-CoV-2 binding to any ACE2-expressing
cells. The stepwise procedure for the assay is as follows: first of
all, the 96-well ELISA microplate was coated by adding 100
uL/well of diluted spike (1 pg/mL). The plate was then
covered with plastic film and left overnight at 4 °C. After
incubation, wells were aspirated and any residual liquid was
removed by inverting and blotting the plate against a clean
absorbent paper. Next, 200 pL of blocking buffer was added
and kept for 2 h at room temperature. Aspiration was repeated
and 300 pL of 1X wash buffer was added to each well. Washing
was done thrice. 100 uL of IMS-diluted thiourea derivatives
was added to each well while 100 L of IMS-diluted inhibitory
control ACE2 (human), monoclonal antibody (mAb)
(AC384) was added to one well as a positive control and
incubated at 37 °C for 1 h. The wash procedure was repeated
again. In the subsequent steps, 100 uL of the diluted HRP-
labeled streptavidin (HRP) (1/200) was added and incubated
for 1 h at room temperature, followed by aspiration and
washing. For substrate development, 100 uL of ready-to-use
TMB was added to each well and kept for 5 min at room
temperature. Finally, SO uL of the stop solution (2 M H,SO,)
was added to stop the reaction. The measurements were taken
at 450 nm on an ELISA plate reader (HT Company UK; HER
480).

2.3. Cytotoxicity Assay. Cytotoxicity assay was accom-
plished to test the response of thiourea derivatives against
CCRF-CEM vcrygy cell line, which was an ABCB1 over-
expressing cell line. In a 96-well plate, these cells were carefully
seeded at a density of 5000—10,000 cells/well; afterward,
varying concentrations of thiourea derivatives were added to
the wells and kept under overnight incubating conditions of 37
°C and 5% of CO,. The following day, MTT reagent [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was
prepared in a concentration of 0.5 mg/mL and 20 uL of it
was then added to each well and again incubated for 4 h. After
incubation, MTT crystals were dissolved by adding 100 uL of
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Figure 1. Percentage inhibition of spike protein (RBD) attachment to ACE2 receptor by thiourea derivatives in relation to the positive control.

DMSO and kept at room temperature for 20 min. Data from
the cytotoxicity assay were generated by taking measurements
at 450 nm/520 nm on ELISA (Biotic ELx800), and data
analysis was performed using GraphPad Prism Version 7.

2.4, Computational Methods. 2.4.1. MD Simulation. All
MD simulations were conducted using GROMACS*® Version
5.1.1 with a GROMOS united-atom force field (GROMOS96
53a26)* for a time scale of 200 ns each at 300 K on a DELL
Precision T5600 Workstation comprising 16 physical process-
or cores within two second-generation Intel. Xeon ES-2650
processors accelerated by NVIDIA Quadro K2000 graphic
processor unit. For the MD simulations, the initial structure of
the SARS-CoV-2 spike RBD S1 unit was obtained from the
RCSB protein database (pdb id # 7CHS).>” The topology files
of the thiourea derivatives were obtained from PRODRG. The
electrostatic potential (ESP) charges were calculated using
high-level quantum mechanical calculations for higher
accuracy. Gaussian 09 rev. D.01°" software was used to
compute the single-point energies of the downloaded
compounds. For the calculations, a hybrid density functional
(PBE0)*” with 25% Hartree Fock exchange® was used with
the triple ¢ basis set Def2-TZVP** and with empirical
dispersion correction (D3) by Grimme.”™*” The solvent
effects were included through the polarizable continuum
model with the solvent model density parameter set by
Truhlar.”*"~*' Water was used as a solvent in all the single-
point energy calculations.*”

Two systems were modeled; the first one contained RBD of
spike protein and the active thiourea derivative (BB IV-46),
while the second one consisted of RBD of spike protein and
the inactive derivative (BB V-19), both positioned randomly in
a cubic box and solvated using the SPCE water model. The
simulations were performed in a replicate of three following
the same protocol for both the systems. Each system was
neutralized using counterions and then energy-minimized
using the steepest descent for 50,000 steps. Next, the systems
were equilibrated for 500 ps under periodic boundary
conditions using NVT ensemble, followed by NPT. During
equilibration, the temperature was kept constant at 300 K
using a V-rescale thermostat,”’ and the pressure was kept
constant at 1 bar using a Parrinello—Rahman barostat with the
time constant 7 = 2.0 ps and a compressibility of 4.5 X 107>
bar™! in all three dimensions.”* Long-range electrostatic

interactions were calculated using particle-mesh Ewald
algorithm.” A 1.4 nm cutoff was used for both the van der
Waals interaction and the real space Ewald interaction. LINCS
algorithm was used to constrain all the bonds during
simulation.*® A 200 ns of MD was run for each system with
a time step of 2 fs, and the frames were saved every 10,000 ps
for subsequent analysis. The trajectories thus obtained were
visualized using visual MD package®” and analyzed using tools
available in GROMACS. The binding energy (BE) of both BB
IV-46 and BB V-19 with the RBD of spike protein was
calculated using the MM-PBSA method implemented in
Gromacs.**

3. RESULTS

3.1. Inhibition of SARS-CoV-2 Using Thiourea
Derivatives. In the initial series of experiments, thiourea
derivatives (n = 09) were screened for their inhibitory potential
against the RBD of the S1 subunit of the SARS-CoV-2 spike
protein using a SARS-CoV-2 inhibitor screening kit (as
mentioned in method Section 2.1). mAb was used as a
positive control. Percentage inhibition was plotted in the form
of a bar graph as shown in Figure 1 and Table 1. The results
revealed the highest percentage inhibition of 95.73 + 1.79% for
compound BB IV-46 (active), followed by compounds BB IV-
52, BB IV-34, BB IV-60, BB V-21, and BB IV-45 with
percentage inhibitions of 90.21 + 3.69, 77.73 + 1.08, 67.38 +
4.92, 67.07 + 5.39, and 65.52 + 7.55%, respectively, relative to
the positive control, while BB IV-8, BB IV-80, and BB V-19
show comparatively weaker activity with percentage inhibitions
of 58.50 = 0.70, 55.22 + 7.02, and 50.90 + 0.84%, respectively.
However, compound BB V-19 was found to be the most
inactive, having a percentage inhibition of 50.90 + 0.84%.

3.2. Results of Cytotoxicity Assay. In another series of
experiments, thiourea derivatives were screened for their
cytotoxic properties using MTT in ABCBI1 overexpressing
CCREF-CEM vcryg cell line. The results revealed compounds
BB IV-46, BB IV-52, BB IV-34, BB V-8, and BB IV-60 with
potent cytotoxic activity by showing ICs, values of 4.651 +
0.06, 23 + 0.51, 13.45 + 0.01, 6.17 + 0.02, and 4.45 + 0.08
UM, respectively, against P-gp (ABCB1) overexpressing cell
lines. These three compounds were also found to be active
against SARS-CoV-2, as shown in Section 3.1, while BB V-19,
which was found to be inactive against SARS-CoV-2, also

https://doi.org/10.1021/acsomega.2c04671
ACS Omega 2022, 7, 47671-47679


https://pubs.acs.org/doi/10.1021/acsomega.2c04671?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04671?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04671?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04671?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. List of Percentage Inhibitions of Thiourea
Derivatives

S. Code Structure IUPAC NAME Percent
No inhibition &
Standard
deviation
1 | BBIV-80 55.22%+7.02
1-(3-Methoxyphenyl)-3-
(3-nitrophenyl)
2 |BBIV-34 1,(5-Chloro-2-methyl- 77.73%+1.08
phenyl)-3-(3,4-di-
chlorophenyl)
3 |BBIV-45 1,(2-4-Di-fluorophenyl)- | 65.52%+7.55
3-(4-iodo-phenyl)
4 | BB1V-46 1, (4-Iodo-phenyl)-3-(3- 95.73%+1.79
(tri-fluoromethyl)-phenyl)
5 | BBIV-60 1-(2,4-Dichlorophenyl)-3- | 67.38%+4.92
(3,4-dimethyl phenyl)
6 |BBIV-52 - v, | 1-(2,4-Difluorophenyl)-3- | 90.21.%+3.69
= ' (2-iodophenyl)
7 BB V-8 B 1, (4-Ethyl-phenyl)-3- 58.50%=0.70
«;11:%—« (3(tri-fluoro-methyl)
= phenyl)
8 BB V-19 1, (3,4-Di-methylphenyl)- 50.90+0.84
3-(2-(tri-fluoro-methyl)
,phenyl)
9 BB V-21 1, (3-(Methyl- 67.04%+5.39
] thio)phenyl)-3-(2-(tri-
i, fluoro-methyl), phenyl)

became inactive against ABCB1 by showing an IC;, value of
35.72 + 0.10 uM. Overall, BB IV-46 indicates 9 folds higher
activity as compared to BB V-19 (inactive). The results are
shown in Table 2.

Table 2. Different IC, Values of Thiourea Derivatives
against ABCB1 Overexpressing Cell Line CCRF-CEM
VCI'1000

s. no. code ICy, + SE
1 BB IV-80 7.511 + 0.01
2 BB IV-34 13.45 + 0.01
3 BB IV-45 11.93 + 0.08
4 BB IV-46 4.651 + 0.06
S BB IV-60 4.450 + 0.08
6 BB IV-52 23 + 0.51
7 BB V-8 6.17 + 0.02
8 BB V-19 35.72 + 0.09
9 BB V-21 23.13 + 0.02

4. COMPUTATIONAL METHODS

4.1. Results for MD Simulations. MD simulation is a
powerful computational tool that explores the changes in the
macroscopic properties of the systems as a result of inter- and
intramolecular forces. In this study, two systems were chosen
for modeling, including the active thiourea derivative (BB IV-
46) and the inactive derivative (BB V-19) with RBD of spike
protein for 200 ns. To investigate the conformational behavior
of the system, tools such as root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), H-bond,
secondary structure analysis, and MM-PBSA were used. The
results show that the active compound, that is, BB IV-46,

makes strong interactions with the RBD of the spike protein,
which implies that it could potentially inhibit the binding of
SARS-CoV-2 spike protein to ACE2 receptors.

4.1.1. Structural Dynamics of RBD. 4.1.1.1. Root-Mean-
Square Deviation. RMSD analysis is performed to follow the
deviation of atoms of the system from their initial coordinates
during the simulation. The results of this analysis give insights
into the structural stability of the protein components and
other domains involved in the systems such as ligands. We
calculated RMSD of the protein to investigate the structural
change in RBD of the spike protein in comparison to the
original crystal structure as a response to BB IV-46 and BB V-
19 ligand binding. There was a typical increase in RMSD
observed at the beginning of simulation for both structures
because of the initial kinetic force which plateaued after 100 ns
in the case of BB IV-46 ligand binding to the RBD. However,
in the presence of BB-V-19, there were still be some
fluctuations at around 150 ns in which an increase in the
RMSD was observed (Figure 2A). To inspect this divergence,
we extracted the average structure coordinates from RBD—BB-
V-19 complex; interestingly, we found that the negatively
charged Asp428 comes in close contact with the counterpart
BB-V-19 containing fluoride and iodide moieties at the
terminal aromatic rings. As soon as the two negatively charged
moieties come in closer contact, Asp428 moves away, and this
is depicted in comparatively large fluctuations in the distance
between Asp428 of RBD and negative groups on BB-V-19
ligand (see distance analysis in Figure 2B). This is also
supported by a slight increase in the radius of gyration R, value
at the same time (Figure 2C). After some small initial
fluctuations, RMSD values attain equilibrium and stay stable
afterward. RMSD is frequently employed to evaluate the
similarity of three-dimensional structures of two proteins. A
similarity metric of this type is dependent on the protein’s
dimension. For two exactly same structures, the RMSD is 0,
and its value increases as the two structures become more
dissimilar. In this study, an interesting observation was made,
that is, a high average RMSD of RBD—BB IV-46 complex (see
Figure 2D) as compared to RBD—BB V-19 complex, attributed
to a small change in the secondary structure of RBD on
binding with BB-IV-46. This change includes the conversion of
residues 5—10 from a-helix in BB-IV-46 to turns and coils in
BB-V-19, conversion of residues 23—26 in BB-IV-46 from 3—
10 helix to turns and coils in BB-V-19, and conversion of
residues 106—108 in BB-IV-46 from 3—10 helix to turns and
coils in BB-V-19 as a result of ligand binding; these changes in
secondary structures are shown figuratively in Figure SI1. The
small average RMSD of BB IV-46 and RBD—BB V-19 complex
in both cases reflects a stable secondary structure of the RBD
of the spike protein as reported in the literature earlier as well.
We observed that no matter the small molecule was active or
inactive, the protein showed minimal change in the
conformation, meaning that even upon binding with the
ligands, no substantial change in the secondary structure of
RBD was observed, which means that the structure in itself is
very stable. Studies show that RBD of spike protein is an
independently foldable protein domain, resilient to conforma-
tional changes even upon mutations, and therefore an
attractive target for vaccination (Figure 3).49

4.1.1.2. Radius of Gyration (Ry). R, analysis shows variation
in overall compactness of the RBD as a result of ligand
attachment. The average values for RBD in the presence of BB
IV-46 and BB V-19 lie between 1.73 and 1.76 nm, respectively.
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Figure 2. (A) RMSD (RBD—BB-IV-46/BB-V-19) complexes; (B) RMSD (RBD alone in the presence of BB-IV-46/BB-V-19); (C) distance
between key residues of RBD of spike protein and BB-V-19. The plot shows that out of four key residues that are involved in binding with BB-V-19,
Asp428 shows maximum fluctuations; (D) RMSF of RBD in the presence of BB-IV-46/BB-V-19 showing flexibility of the key regions; (E) number
of hydrogen bonds between RBD—BB-IV-46 and RBD—BB-V-19; (F) R, of RBD in the presence of BB-IV-46 and BB-V-19.
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Figure 3. Plot of MM-PBSA binding free-energy contribution per residue of the complexes formed by (A) RBD—BB-IV-46 and (B) RBD—BB-V-

19.

These values point to only a subtle change in conformation of
protein as a result of ligand binding. R, of all complex systems
were fairly consistent throughout the simulation, which
suggests that the secondary structure elements have compact
packing (see Figure 2C).

4.1.1.3. Root-Mean-Square Fluctuation. The residual
fluctuation and flexibility of the backbone atoms of RBD
from their average position on ligand binding were calculated
using RMSF tool. The values of RMSF were plotted against the
residues of the protein in order to reflect the flexibility of
RBD’s residues as shown in Figure 2E. The figure shows that in
both the systems, most residues have an RMSF value lower
than 0.4 nm. As expected, terminal residues showed larger
RMSE values, indicating greater flexibility. The RMSF of loops
in the BB V-19 ligand-binding site was significantly higher than
in the BB-IV-46 RBD structure. A small increase in the average
RMSF value was observed for RBD bound to BB-IV-46 (0.24
nm) when compared to the RBD bound to BB-V-19 (0.21
nm). We reason that this increase in RMSF on binding with
the active ligand might be indirectly caused by changing the

47675

conformational dynamics of the active site residues. The
shaded areas in Figure 2E show the important regions
(residues 439—449) with higher flexibility in RBD. An
interesting observation is that these residues 439—449 form a
cavity-like structure that serves as hot spots for binding with
BB-1V-46 (see Figures 4 and S). Once BB-IV-46 binds to this
cavity, it does not unbind. The role and BE contribution of
these residues is elaborated in the MM-PBSA Binding Free
Energy section.

4.1.1.4. Hydrogen Bond Analysis. The H-bond analysis
shows the total number of hydrogen bonds between the RBD
and both ligands, that is, BB IV-46 and BB V-19, throughout
the simulation. Although a total of 18 hydrogen bonds formed
between RBD and BB IV-46 and six hydrogen bonds formed
between RBD and BB V-19, most of them are transient. On an
average, only two hydrogen bonds persist for the RBD—BB IV-
46 complex, while there was only one hydrogen bond for
RBD—BB V-19. From the plot, we can see that the hydrogen
bonds are very short-lived; they form and break throughout the
simulation, and we can assume that they do not provide
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A B

Figure 4. Binding of RBD with (A) BB-IV-46 and (B) BB-V-19. The
figure suggests that BB-IV-46 fits well in RBD’s binding pocket and
interacts with residues in close vicinity to a greater extent as compared
to BB-V-19. The blue color indicates the interacting residues from
RBD of spike protein, while the red color indicates the ligands. Both
are represented as surfaces to give a better idea of the interaction.

Figure S. Binding of RBD with BB-IV-46. The figure suggests that
BB-IV-46 fits well in RBD’s binding pocket. On the right side is the
zoom image of the binding pocket. Red stick model represents the
active ligand, that is, BB-IV-46.

significant stability of the ligand—protein interaction (Figure
2F). They only serve to bring the ligand closer to the RBD, and
once the ligand binds to RBD, the van der Waals and other
electrostatic interactions come into play as confirmed by MM-
PBSA analysis.

4.1.1.5. MM-PBSA Binding Free Energy. The average free
BE is a critical parameter that suggests how effectively a ligand
is bound to the protein. We used single trajectory approach in
MM-PBSA study that does not consider any binding-induced
structural changes. MM-PBSA method was used to compare
the free energy of two different ligand-bound conformations of
the same molecules, that is, the BE of the RBD with the BB-IV-
46 and BB-V-19 ligands. The van der Waals forces and
electrostatics were the main contributors toward the binding of
RBD to the BB IV-46 and BB V-19 ligands as shown in Table
3, and the van der Waals energy contribution to the overall
binding free energy was greater than that of electrostatics. The
BEs of RBD with BB IV-46 and BB V-19 were —127.089 +

12.00 and —29.30 + 6.04 kJ/mol, respectively, indicating that
BB 1IV-46 interacts strongly with RBD. The energy
contribution for the RBD—BB IV-46 complex was from the
residues Asn334, Arg346, Val401, Arg403, Arg408, Lys417,
Leu441, Lys444, Gly446, Tyr449, Tyr4S1, ArgdS4, ArgdS7,
Arg466, Phe497, Pro507, and Arg509, out of which Leu441,
Lys444, and Tyr449 were the major contributors which are
located in the already known binding site.”” Out of these,
residues Asn439 to Tyr449 form a hydrophobic cavity that
develops van der Waals interactions with BB IV-46. Residues
Asn439, Gly446, Asn448, and Tyr449 are also reported in the
literature because of their crucial role in binding with ACE2.>°
This implies that the active compound, that is, BB IV-46,
exploits the same region for binding as ACE2. Thus, it can be a
potential inhibitor of RBD—ACE2 binding interactions.
However, in the case of the RBD—BB V-19 complex, the
highest contribution was obtained from Val382, Leu390,
Phe392, and Asp428. Figure 3A shows the per residue
contribution of various residues from RBD involved in binding
with BB IV-46 resulting in maximum binding affinity with the
lowest free energy, that is, —127.0 kJ/mol.

5. DISCUSSION

Although several studies and direct clinical trials on repurposed
drugs are available against SARS-CoV-2, findings related to
their interactions with multi-drug resistance ABCB1 trans-
porter are limited.’"**> There are currently no ways for
accurately calculating the drug-transport interaction using an in
silico approach; thus, only extensive in vitro research may aid in
therapeutic applications in SARS-CoV-2 therapy. Therefore,
there is an urgent need of in vitro screening of potential
inhibitors against SARS-CoV-2 in association with ABCBI1
transporter to develop a drug that might be safe to use in
clinical trials and become cheap and easily accessible to
everyone.>

The current project was conducted with an aim to develop a
drug that may inhibit the invasion of SARS-CoV-2 by
inhibiting the interaction of spike protein (RBD) with ACE2
and to explore the interaction of these drugs with MDR-
ABCBI transporter. The data indicated the potency of BB-IV-
46 among all other studied thiourea derivatives against SARS-
CoV-2 (95.73 + 1.79%) as well as ABCBI1 (4.651 + 0.06 uM),
while BB V-19 showed the least activity (50.90 + 0.84% for
SARS CoV-2; 35.72 + 0.09 uM for ABCB1). The difference in
activity was due to the strong binding of BB-IV-46 (—127.089
+ 12.00 kJ/mol) with RBD of spike protein that could
probably inhibit RBD—ACE2 attachment as evident by MD
simulations. The key interacting residues were found in already
reported RBD—ACE2 interface. However, BB V-19 showed
weak interactions (—29.30 + 6.04 kJ/mol).

A number of groups have worked on inhibition of SARS-
CoV-2 by targeting spike protein. Kim et al, 2021 reported
geranin to effectively block the binding of spike protein with
ACE2, and their MD simulations of docked complexes showed

Table 3. Summary of BE Electrostatic Energy, van der Waals Energy, Polar Solvation Energy, and SASA Energy of BB-IV-46

and BB-V-19 in Complex with RBD

s. RBD-ligand binding energy van der Waals energy
no. complex (kJ/mol) (kJ/mol)

1 BB-1V-46 —127.089 —1587.274

2 BB-V-19 —29.365 —59.666

electrostatic energy polar solvation energy SASA energy
(kJ /mol) (kJ/mol) (kJ/mol)
—83.838 128.902 —14.879
—65.636 105.339 —9.402
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the interaction of geranin with amino acid residues Arg403,
Tyrd49, Tyr4S3, GIn493, Ser494, GIn498, GlyS02, Tyr49s,
Gly496, Thr500, AsnS01, and TyrS0S of the spike protein.54
Our data also demonstrated higher inhibitory potential of BB
IV-46 [1,(4-iodo-phenyl)-3-(3-(tri-fluoromethyl)-phenyl thio-
urea)] against RBD—ACE2 attachment. Additionally, our
study also highlights the interaction of BB IV-46 with
ABCB1 by showing a very low ICy, value (4.651 + 0.06
uM) when administered to ABCB1 overexpressing cell line
(CCRF CEM vcrygy) as compared to BB V-19 (inactive
derivative). This suggests that COVID-19 complications can
be controlled by affecting the drug penetration. Thus, the
result is found to be consistent with several earlier studies
which proposed that the COVID-19 patients at a higher risk
due to altered expression of ABCBI and the interaction of
repurposed drugs with this efflux transporter” reported
SSAAQ9E2 that blocked the interaction of spike protein of
SARS-CoV-2 with ACE2 receptor. Again, our results are in line
by showing impaired attachment of RBD—ACE2 by BB IV-46
in inhibition assays preventing the entry of the virus into the
cell.

The difference in activity (seen in inhibition experiments)
was supported by our MD simulation data which indicated the
strong binding of BB IV-46 (—127.0 kJ/mol) into the reported
RBD—ACE2 interface, therefore suggesting that spike protein
might not get a chance to attach with ACE2; hence, the viral
entry was prevented. The interacting residues were found to be
Asn334, Arg346, Val401, Arg403, Arg408, Lys417, Leu44l,
Lysd44, Gly446, Tyr449, Tyr4S1, ArgdS4, ArgdS7, Argd66,
Phe497, Pro507, and ArgS09, out of which Leu441, Lys444,
and Tyr449 were the major contributors. In comparison, the
inactive compound BB V-19 showed weak interactions in RBD
(—29.30 + 6.04 kJ/mol). In terms of electronic effects, BB IV-
46 is the halogen-based compound, containing halogen
moieties on both ends, and thus is active toward the
aforementioned amino acids via halogen bonding (a non-
covalent interaction between a positive region on a halogen
atom and a negative site), which further depends on the
halogen’s electron-deficient o-hole. If the electron deficiency is
significant enough, a region of positive ESP can form, which
can interact (attractively) noncovalently with negative sites
(such as a lone pair of a Lewis base) on other molecules.
Furthermore, the positive character of the o-hole increases in
going from lighter to heavier atoms within a group and the
remainder of the molecule becomes more electron-with-
drawing.”” This also supports the difference in activity of BB
IV-46 and BB V-19.

The following conclusions can be drawn from this study:
first, the thiourea derivative, BB 1V-46 [1,(4-iodo-phenyl)-3-
(3-(tri-fluoromethyl)-phenyl thiourea)], is identified as a
potential new inhibitor of SARS-CoV-2 that can prevent
entry of the virus into the cell by blocking the interaction spike
protein (RBD) to ACE2. Second, BB IV-46 also inhibited
ABCB1 (potentially known for disease progression and
complications) and thus can be considered as a better
alternative toward the treatment of SARS-CoV-2. Last, BB
IV-46 showed strong binding in RBD of spike protein, while
the inactive compound showed weak interactions with RBD as
shown by MD simulations, which provided strong evidence for
the activity of BB IV-46. We believe that this study will be very
helpful in the future for drug development against SARS-CoV-
2. However, further experiments are needed to be done to
check the effect of the same derivatives on viral replication.
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