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The coronavirus disease (COVID-19) pandemic, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has had a profound impact on global health and
socio-economic conditions. To date, various vaccines have been administered worldwide in an
effort to curb the spread of the virus. Despite vaccination efforts, there have been complications.
Existing antiviral drugs have shown limited effectiveness, prompting the use of computational
methods to understand the dynamics of the virus and develop suitable treatments. The current study
focuses on using biocompatible para-sulfonato-calix[4]arenes to dock against two key proteins of
SARS-CoV-2, namely ribonucleic acid (RNA)-dependent RNA polymerase, and helicase. Docking
results indicate a strong binding affinity of these compounds to the target proteins, with higher
scores compared to commonly used medications. Molecular dynamics (MD) simulation validates
the docking results, showing stable protein-ligand complexes over time. The compounds are also
screened for absorption, distribution, metabolism, and excretion properties and toxicity, suggesting
their potential as lead candidates for inhibiting the virus’s key proteins. However, further in vivo
and in vitro studies are recommended to confirm these findings.

Keywords: coronavirus, helicase, para-sulfonato-calix[4]arenes, molecular docking, MD
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Introduction

A novel coronavirus emerged in Wuhan City, China,
in December 2019."? This new virus, responsible
for severe respiratory syndrome, quickly spread
globally. Consequently, the World Health Organization
(WHO) declared a Public Health Emergency of
International Concern on January 30, 2020.3* As
of WHO’s report in 2024,° the deadly severe acute

*e-mail: drkhalidchem @yahoo.com, mohammadzahoorus @yahoo.com
Editor handled this article: Paula Homem-de-Mello (Associate)

respiratory syndrome coronavirus 2 (SARS-CoV-2) has
infected 0.776 billion people worldwide and caused
7.1 million deaths. Moreover, it has had a significant
adverse impact on the global economy. SARS-CoV-2
belongs to the Coronaviridae family and B-coronavirus
genus. Other viruses within this genus, such as severe acute
respiratory syndrome coronavirus (SARS-CoV), Middle
East respiratory syndrome coronavirus (MERS-CoV),
human coronavirus OC43 (HCoV-OC43), and human
coronavirus HKU1 (HCoV-HKU1), can also infect
humans.®® The SARS-CoV-2 genome consists of a
positive-sense single stranded RNA with a size varies

This is an open-access article distributed under the terms of the Creative Commons Attribution License.
BY

A


https://orcid.org/0000-0002-2135-6976
https://orcid.org/0000-0002-2285-9479
https://orcid.org/0000-0003-3335-7957
https://orcid.org/0000-0003-1035-3822
https://orcid.org/0000-0002-5296-216X
https://orcid.org/0000-0001-5783-6608
https://orcid.org/0000-0002-5175-8917
https://orcid.org/0000-0002-2860-467X

Khan et al.

from 29.8 kb to 29.9 kb and contains 14 open reading
frames (ORFs). These ORFs are responsible for encoding
27 structural and non-structural proteins. At the 5°-end of
the genome, ORF-1a and ORF-1ab encode information
for two lengthy polypeptide segments, ppla, and pplab.
These two polyproteins further provide information for the
synthesis of 15 non-structural proteins (nsp1-10 and nsp12-
16). Notable non-structural proteins include nsp3 (a multi-
domain protein with the PL-pro domain), nsp5 (3CL
chymotrypsin-like), nsp9 (a helicase involved in viral
replication), nsp12 RNA-dependent RNA polymerase
(RdRp), and nsp13 (helicase). Conversely, at the 3* end
of the genome, details about the four structural and eight
auxiliary proteins are provided. The accessory proteins are
3a, 3b, p6, 7a, 7b, 8b, 9b, and orf14; the structural proteins
comprise spike surface glycoproteins (S), envelope (E),
matrix (M), and nucleocapsid (N) proteins.” On one
hand, the structural proteins of coronaviruses, such as
spike (S) proteins, display a high degree of variability,
making them unsuitable targets for drug design. On
the other hand, non-structural proteins such as helicase
(nsp13) and RNA-dependent RNA polymerase (nsp12)
are conserved proteins and are considered prime targets
for viral inhibition. The viral life cycle relies heavily on
RdRp, which is crucial for RNA genome replication and
transcription. Furthermore, RdRp is seen as an attractive
target in drug discovery and development because it lacks
a homolog in mammalian cells, and inhibiting it is not
expected to result in target-related side effects.® During
biological processes such as recombination, replication,
and repair, the helicase enzyme facilitates the unwinding
of double-stranded nucleic acids in the 5’ to 3’ direction.
Because of their highly conserved genomic sequences,
unique functions, and distinctive active sites, the RNA-
dependent RNA polymerase (nsp12) and helicase (nsp13)
of SARS-CoV-2 were selected as target proteins in this
study.'® Research is underway in two main areas to combat
the disease: designing, developing, and formulating
antiviral drugs, and developing vaccines. Numerous
vaccines have been developed and applied, yielding
diverse results.!" Similarly, several antiviral drugs, such as
favipiravir, chloroquine, oseltamivir, hydroxychloroquine,
and ribavirin, among others, have been utilized, with
some drugs currently undergoing clinical trials.!>!?
Phytocompounds from various medicinal plants have also
been investigated using in silico models.'*" The results
of these studies have not been satisfactory, suggesting the
need for further research to design, develop, and formulate
more selective and potent drugs for the effective treatment
of coronavirus disease (COVID-19). Consequently, in
this study, para-sulfonato-calix[n]arenes were chosen
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as promising drug candidates for inhibiting the RdRp
and helicase enzymes of SARS-CoV-2. This selection
was based on their notable features, including ease of
synthesis in significant quantities, high water solubility,
various complexation driving forces such as hydrophobic,
n-nt stacking, m-alkyl, m-sulfur, and hydrogen bond
interactions, framework rigidity, biocompatibility, and
robust binding ability of the upper rim sulfonate groups.
Furthermore, toxicity studies indicate that para-sulfonato-
calix[n]arenes can be safely utilized with a single injected
dose equivalent to 2-5 g in humans.'®'” In addition to
the aforementioned features, para-sulfonato-calix[n]
arenes have also demonstrated antiviral activity against
human coronavirus 229E,' providing a strong rationale
for investigating their antiviral activity against SARS-
CoV-2. Consequently, this study was conducted to target
the active sites of two crucial enzymes, namely RdRp, and
helicase of SARS-CoV-2, using biocompatible molecules
of para-sulfonato-calix[n]arenes through computational
approaches.

Methodology
Proteins and selected compounds preparation

Crystal structures of the RdRp (PDB ID: 7C2K) and
helicase (PDB ID: 6ZSL) with resolutions of 2.93 and
1.94 A, respectively, were retrieved from the Protein Data
Bank website.!” The selected proteins were prepared using
Discovery Studio,” involving several processes such as the
removal of heteroatoms, addition of hydrogen atoms, and
selection of active sites. Subsequently, the target structures
were converted to pdbqt format using PyRx?! which
automatically removes solvent molecules, followed by
energy minimization and calculation of Gasteiger charges.?
Similarly, para-sulfonato-calix[4]arenes (L1-L4), their
open-chain analog (LL6), and calix[4]arene (I.S) were drawn
using ChemDraw, software®* and saved in mol format.
These structures were then converted to PDB format
using Open Babel.> Before molecular docking analysis,
they underwent an energy minimization process using
the MMFF94 forcefield technique and were subsequently
converted into PDBQT format using the Open Babel tool in
PyRx.? The chemical structures of para-sulfonato-calix[4]
arenes (L1-L6) are depicted in Figure 1.

Molecular docking analysis
The selected ligands (L.1-L.6) were docked against the

prepared structures of target proteins using AutoDock Vina®
integrated into PyRx software. AutoDock Vina was chosen
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Figure 1. Structures of para-sulfonato-calix[4]arenes (L.1-L.4), calix[4]
arene (L5) and open chain analogue (LL6) of para-sulfonato-calix[4]arenes.
L1: 25,26,27,28-tetrahydroxycalix[4]arene-5,11,17,23-tetrasulfonic
acid, L2: 25,26,27,28-tetrahydroxycalix[4]arene-5,11,17-trisulfonic
acid, L3: 25,26,27,28-tetrahydroxycalix[4]arene-5,17-disulfonic acid,
L4: 25,26,27,28-tetrahydroxycalix[4]arene-5-sulfonic acid, L5: calix[4]
arene-25,26,27,28-tetrol and L6: 4-hydroxybenzenesulfonic acid.

for docking due to its enhanced speed and accuracy.
The bonds of the selected ligands were allowed to be
rotatable during the docking process. The Lamarckian
Genetic Algorithm (LGA) approach was utilized for all
calculations, enabling protein-fixed and ligand-flexible
docking.? During the docking process, the number of
binding modes and the exhaustiveness value for both
macromolecules were set to 8. For RdRp, the grid box
size was set to 74.81 A x 84.54 A x 85.72 A with the grid
center at coordinates (120.05, 123.86, 120.15 A) for x, y,
and z axes, respectively. For helicase, the grid box size was
fixed at 51.37 A x 66.97 A x 59.61 A with the grid center
at coordinates (26.28, 12.60, 58.96 10\) for x, y, and z axes,
respectively. Using Discovery Studio Visualizer,” non-
covalent interactions of protein-ligand complexes such as
hydrogen bonds and bond lengths were examined.?’

Molecular dynamics simulation assay

Molecular dynamics (MD) simulations of the protein-
ligand complexes were conducted using the Linux 5.4
package® and GROMACS 2021.1 version.” The ligand
topologies were generated using the CGenFF service,*
while the CHARMM36 force field was employed for the
proteins.’' Simple point charge (SPC) water model was
employed to solvate all the complexes within a rectangular
box. The simulation system was neutralized by adding
the necessary quantity of Na* and CI" ions, achieving
an electrically neutral state. The salt concentration in
each system was set at 0.15 mol L' (corresponding to
physiological conditions of 0.15 M NaCl). Subsequently,
all solvated systems underwent energy minimization for
5,000 steps using the steepest descent method. Following
this, MD simulation was conducted, including NVT
(constant number of particles, volume, and temperature)
and NPT (constant number of particles, pressure, and
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temperature) series. Both series were carried out for a total
of 300 ps at a temperature of 300 K and a pressure of 1
atm. The V-rescale thermostat and the Parrinello-Rahman
barostat were selected for temperature and pressure control,
respectively. Subsequently, a production run was executed
for 100 ns at 300 K temperature and 1 atm pressure. The
stability of protein-ligand complexes was assessed through
comparative analyses of root mean square fluctuation
(RMSF), root mean square deviation (RMSD), radius
of gyration (Rg), principal component analysis (PCA),
solvent-accessible surface area (SASA), and hydrogen
bonds. Plots of the data were generated using the
XMGRACE software.*?

MM/PBSA binding free energy calculation

To gain a comprehensive understanding of the
molecular interactions between the target proteins
and selected compounds, the MM/PBSA (Molecular
Mechanics/Poisson Boltzmann Surface Area) binding free
energies were calculated using the g_mmpbsa package
within GROMACS?27. These calculations were performed
using the last 20 ns of the MD production run, sampled
at intervals of 100 ps. The production run was conducted
at a temperature of 300 K and a pressure of 1 atm for all
intervals. The free solvation energy (comprising polar
and nonpolar solvation energies) and potential energy
(including electrostatic and van der Waals interactions) of
each protein-compound complex were analyzed to assess
the overall AG binding.*** The binding energies were
calculated using the following equation:

AG, =G, - (G, +G) (1)

where, AG,: total binding energy of the protein-L1 complex,
G,: binding energy of free protein, G: free energy of
complex, and G;: binding energy of unbound compound LL1.

Prediction of ADME and toxicity

The Absorption, Distribution, Metabolism,
and Excretion (ADME) and toxicity properties of
compounds (L.1-L.6) were studied. Pharmacokinetics and
pharmacodynamics properties such as lipophilicity (Log P,,),
number of rotatable bonds, water solubility (Log S),
blood-brain barrier (BBB) permeation, and Lipinski’s
rules.” were predicted using the SwissADME service.*
Toxicity profiles, including hepatotoxicity, carcinogenicity,
immunotoxicity, mutagenicity, cytotoxicity, ecotoxicity,
clinical toxicity, median lethal dose 50 (LDs,), and toxicity
class, were predicted using ProTox 3.0.7
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Results
Docking analysis of selected compounds against RdRp

Selected compounds (LL.1-L.6) were docked against the
active sites of RdRp. Results reveal that compound L1
developed seven physical interactions with the active
site of the RdRp enzyme of SARS-CoV-2, resulting in
the highest binding affinity and more negative binding
energy of —8.9 kcal mol' among all screened compounds
(Table 1). One sulfonate group of L1 contributed
significantly to the complex formation with RdRp by
forming three conventional hydrogen bonds with three
residues: Trp619, Trp802, and Ala764, respectively. Each

Investigating the Inhibitory Mechanism of para-Sulfonato-calix[4]arenes against Polymerase and Helicase of SARS-CoV-2

of the residues, Asp620, and Tyr621 formed a single
conventional hydrogen bond with the phenolic group
of L1. Residue Asp762 generated a pi-anion interaction
with the benzene ring of L1. Amino acid Arg557 was
involved in a carbon-hydrogen interaction with the
oxygen atom of another sulfonate group of L1. Results
suggest that two sulfonate groups at the upper rim, two
phenolic groups at the lower rim, and one benzene ring
of L1 are effectively involved in complex formation with
the RdRp enzyme of SARS-CoV-2 (Figures 2 and S1,
Supplementary Information (SI) section). Similarly, L2
generated eleven non-covalent interactions with the RdRp
macromolecule; these physical forces resulted in a binding
energy of —8.7 kcal mol! (Table 1). Residue Arg838 was

Table 1. Binding affinity, number of interactions, nature of interactions, distance of interactions, and interacting residues of selected compounds (L1-L6)

against RdRp
Compound Bn(l]fg;;g ;r(l)e]_rlg)y ! Number of interactions ~ Nature of interactions Interaction distance /A Interacting residues
Pi-anion 4.32 Asp762
H-bond 3.33 Trp619
H-bond 2.98 Trp802
L1 -89 7 H-bond 3.15 Asp620
H-bond 3.08 Tyr621
H-bond 3.43 Ala764
Carbon-H 3.99 Arg557
Pi-sulfur 4.53 His441
H-bond 2.49 Thr558
H-bond 3.72 Asp454
Pi-alkyl 452 Arg555
Pi-sigma 3.98 Lys623
L2 -8.7 11 H-bond 2.70 Lys547
Carbon-H 4.79 Lys547
H-bond 2.69 Ala552
H-bond 3.78 Agr838
H-bond 4.52 Agr838
Carbon-H 5.24 Ser551
H-bond 2.51 Asp620
Pi-alkyl 4.85 Lys623
L3 -8.5 5 H-bond 2.87 Asp736
H-bond 3.07 Ser816
Carbon-H 4.16 Arg557
H-bond 2.60 Thr396
Pi-alkyl 291 Pro325
Pi-alkyl 5.51 Pro325
L4 81 6 Pi-alkyl 4.65 Pro697
Pi-sigma 3.67 Phe398
Carbon-H 4.04 Cys397
H-bond 2.30 Thr396
Pi-alkyl 543 Pro325
L5 —6.2 5 Pi-alkyl 3.79 Pro325
Pi-alkyl 5.30 Pro697
Pi-sigma 4.02 Phe398
Pi-anion 3.65 Asp625
H-bond 3.01 Thr682
L6 -5.3 5 H-bond 2.99 Ser684
H-bond 3.40 Arg626
H-bond 2.75 Tyr658
4of 14 J. Braz. Chem. Soc. 2025, 36, 1, e-20240108
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associated with two conventional hydrogen bonds with
one sulfonate group of L2; it mainly contributes to the
formation of the protein-L2 complex. Each of the amino
acids Lys547, Thr558, Ala552, and Asp454 formed a
single hydrogen bond with three different sulfonate
groups at the upper rim of L2. The residues Ser551 and
Lys547 generated a single carbon-hydrogen interaction
with two sulfonate groups of L2. In addition, some weak
interactions such as pi-alkyl, pi-sulfur, and pi-sigma also
occurred between residues Arg555, His441, and Lys623
of RdRp, and one sulfonate group and two benzene
rings of L2, respectively (Figures 2 and S1). Compound
L3 developed five physical interactions with the target
protein, generating a binding energy of —8.5 kcal mol"
(Table 1). Each of the residues Asp736 and Ser816 formed
a single conventional hydrogen bond with one sulfonate
group; the residue Asp620 also formed a hydrogen
bond with the phenolic group of L3. Residue Lys623
was involved in a pi-alkyl interaction with the benzene
ring of L3, while residue Arg557 was associated with
the sulfonate group of L3 through a carbon-hydrogen
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interaction (Figures 2 and S1). Similarly, L4 resulted in six
non-covalent interactions with the receptor protein; these
forces led to a binding energy of —8.1 kcal mol™' (Table 1).

Residue Thr396 formed one hydrogen bond with a
phenolic group of L4. Amino acid Pro325 was involved
in two pi-alkyl interactions with two benzene rings of L4;
residue Pro697 contributed to a pi-alkyl interaction
with another benzene ring of L.4. Furthermore, Phe398
and Cys397 formed pi-sigma and carbon-hydrogen
interactions with the benzene ring and phenolic group of
L4, respectively (Figures 2 and S1).

Compound LS formed five physical interactions with
the active sites of the RdARp enzyme, resulting in a binding
energy of —6.2 kcal mol ™' (Table 1). Residue Thr396 formed
a single hydrogen bond with the polar phenolic group of LS;
amino acid Pro325 participated in two pi-alkyl interactions
with two benzene rings of L5. Residues Pro697 and Phe398
were involved in pi-alkyl and pi-sigma interactions with
two benzene rings of LS, respectively (Figures 2 and S1).
Open chain analog L6 of para-sulfonato-calix[4]arenes
generated five physical interactions with the RdRp enzyme,
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Figure 2. 3D interactions of (a) L1-RdRp complex, (b) L2-RdRp complex, (c) L3-RdRp complex, (d) L4- RdRp complex, (e¢) L5-RdRp complex and

(f) L6-RdRp complex.
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resulting in the binding energy of —5.3 kcal mol! (Table 1).
Each of the residues Ser684, Arg626, Tyr658, and Thr682
developed a single hydrogen bond with three oxygen atoms
and one polar hydrogen atom of the sulfonate group of L6,
respectively (Figures 2 and S1). Further residue Asp625
of RdRp and the benzene ring of L6 were involved in the
pi-anion interaction.*®

Docking analysis of selected compounds against helicase

Docking results indicate that L1 formed seven physical
interactions with the active sites of helicase, resulting in
a binding energy of —10.1 kcal mol! (Table 2). Each of
the residues Arg180, Arg163, and Gly215 formed a single
hydrogen bond with two sulfonate groups of 1. Amino acid
Ala314 formed two pi-alkyl interactions with two benzene
rings of L1. Residues Glu343 and Ser537 participated in pi-
sulfur and carbon-hydrogen interactions with the benzene
ring and phenolic group of L1, respectively (Figures 3
and S2, SI section). Similarly, eight non-covalent forces
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were developed between L2 and active sites of helicase
generating the highest binding energy of —9.6 kcal mol”
(Table 2). Each of the residues Arg180, Ala314, GIn539,
and Glu343 was involved in a single hydrogen bond
interaction with two sulfonate groups and one phenolic
group of L2, respectively. One pi-sigma and three pi-alkyl
interactions were developed by residue Ala314 with three
benzene rings and one phenolic group of L2 (Figures 3 and
S2). Compound L3 formed eight physical interactions with
the active sites of the helicase enzyme of SARS-CoV-2;
these non-covalent forces resulted in the binding energy of
—9.4 kcal mol'! (Table 2). Residue Ser525 established two
hydrogen bond interactions with two phenolic groups at the
lower rim of L3, similarly, each of the residues Glu203,
GIn533, and Glu302 was involved in a single conventional
hydrogen bond interaction with either sulfonate or phenolic
group of L3. Further, the residues Argl63, Val212,
and Thr532 established pi-alkyl, pi-sigma, and carbon-
hydrogen interactions, respectively, with two benzene rings
of L3 (Figures 3 and S2). Compound L4 was involved in

A|a32/ /\
Pi-alkyl \S\,_\/\ H-bond /] " pi-sulfer

Ala137 Leut40
Tyr122
H-bond

! Pl-alkyl

, Pi-sulfer
/ %
/ 4
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Figure 3. 3D interactions of (a) L1-helicase complex, (b) L2-helicase complex, (c) L3-helicase complex, (d) L4-helicase complex, (e) L5-helicase complex

and (f) L6-helicase complex.
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eight non-covalent forces with the active sites of helicase
resulting in a binding energy of —8.9 kcal mol' (Table 2).
Interestingly, residue Ala314 formed three pi-sigma
interactions with three different benzene rings of L4; the
residue was also involved in a pi-alkyl interaction with
another benzene ring of 4. Amino acid His313 formed one
conventional hydrogen bond interaction and one pi-sulfur
interaction with the same sulfonate group of L4.%* The
residues Ala315 and Ala318 formed pi-alkyl interactions
separately with two benzene rings of L4 (Figures 3 and S2).

Similarly, compound L5 established six physical
interactions with the active sites of RdRp; these forces

Khan et al.

resulted in a binding energy of —5.89 kcal mol! (Table 2).
Each of the residues Cys344 and Val342 formed a single
conventional hydrogen bond interaction with two separate
phenolic groups of LS. Each of the residues Cys344 and
Ile336 formed a single pi-alkyl interaction with the same
benzene ring of LS. Amino acids Arg341 and Asp346
generated pi-anion and pi-cation interactions, respectively
with two separate benzene rings of LS (Figures 3 and
S2). In case of helicase, the open chain analog L.6 formed
five non-covalent interactions to its active pocket; these
interactions resulted in a binding energy of —5.12 kcal mol!
(Table 2). The residue Alal37 formed hydrogen bonding

Table 2. Binding affinity, number of interactions, nature of interactions, distance of interactions, and interacting residues of selected compounds (L1-L6)

against helicase

Compound Bu(ll(:g;;g ;r(l)ii%y ! Number of interactions ~ Nature of interactions Interaction distance /A Interacting residue
Pi-sulfur 2.33 Glu343
H-bond 247 Gly215
H-bond 2.29 Argl63
L1 -10.1 7 H-bond 3.43 Argl80
Pi-alkyl 4.50 Ala314
Pi-alkyl 451 Ala314
Carbon-H 3.68 Ser537
Pi-sigma 4.09 Ala314
Pi-alkyl 3.92 Ala314
Pi-alkyl 421 Ala314
Pi-alkyl 3.49 Ala314
L2 6 8 H-bond 1.50 Ala314
H-bond 2.40 Argl80
H-bond 242 GIn539
H-bond 3.04 Glu343
Pi-sigma 351 Val212
Pi-alkyl 3.79 Argl63
H-bond 2.67 Glu203
H-bond 3.01 Arg214
L3 4 8 Carbon-H 4.92 Thr532
H-bond 2.35 Ser525
H-bond 2.99 Ser525
H-bond 1.97 GIn533
H-bond 2.15 His313
Pi-alkyl 3.57 Ala314
Pi-sigma 5.02 Ala314
Pi-sigma 3.73 Ala314
L4 -89 8 Pi-sigma 3.47 Ala314
Pi-alkyl 3.05 Ala315
Pi-alkyl 4.60 Ala318
Pi-sulfur 5.38 His313
H-bond 2.56 Val342
Pi-alkyl 4.54 Cys344
Pi-alkyl 4.77 1le336
LS =89 6 Pi-anion 3.79 Arg341
Pi-cation 3.49 Asp346
H-bond 3.34 Cys344
Pi-sulfur 5.96 Tyr122
Pi-sigma 3.21 Thr382
L6 =5.12 5 Pi-alkyl 4.92 Leul40
Pi-alkyl 491 Alal37
H-bond 2.53 Alal37

J. Braz. Chem. Soc. 2025, 36, 1, e-20240108
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and pi-alkyl interactions with the benzene ring and phenolic
group of L6 respectively. Residues Tyr122, Thr382,
and Leul40 established pi-sulfur, pi-sigma, and pi-alkyl
interactions respectively with the same benzene ring of
L6 (Figures 3 and S2).

To investigate further the efficacy of compounds (L.1-L6),
a few commercially available antiviral drugs such as
oseltamivir, favipiravir, chloroquine, hydroxychloroquine,
ribavirin, and remdesivir were docked against the RdRp and
helicase proteins using the same docking protocol. Docking
results are given in Table 3. The 2D and 3D interactions of
six antiviral drugs against RdRp and helicase enzymes of
SARS-CoV-2 are provided in the SI section (Figures S3,
S4, and S5).

Molecular dynamic simulation study

Among all ligands, L.1 formed stable complexes with
RdRp (7C2K) and helicase (6ZSL) of SARS-CoV-2
therefore, their apoproteins and protein-ligand complexes
were subjected to 100 ns simulation to analyze various
parameters, such as RMSD, RMSF, Rg, number of
hydrogen bonds, SASA, PCA, and Mm/BPSA for the
confirmation and validation of stability of respective
protein-ligand complexes.

Root mean square deviation

Backbone RMSD was calculated for apoproteins (7C2K

Investigating the Inhibitory Mechanism of para-Sulfonato-calix[4]arenes against Polymerase and Helicase of SARS-CoV-2

Table 3. The binding affinities of selected compounds (L1-L6) and six
currently used drugs for SARS-CoV-2 as obtained from a molecular
docking study

Binding energy / (kcal mol™)

Compound
RdRp Helicase

L1 -8.9 -10.1
L2 8.7 -9.6
L3 -8.5 94
L4 8.1 -8.9
L5 —6.2 -5.8
L6 53 5.1
Chloroquine -7.3 —6.1
Favipiravir -6.3 -5.5
Hydroxychloroquine —6.4 -5.8
Oseltamivir —6.3 5.2
Ribavirin -5.8 -5.4
Remdesivir -89 -8.5

RdRp: nsp12 RNA-dependent RNA polymerase.

and 6ZSL) and protein-ligand complexes (7C2K-L1 and
6ZSL-L1) to predict the structural and conformational
stability of the viral proteins and their complexes.
Figures 4a and 4b show the backbone RMSD data of
apoproteins and protein-compounds complexes. The average
RMSD values of 7C2K, 7C2K-L1, 6ZSL, and 6ZSL-L.1 were
documented as 0.35+0.019, 0.49 +0.019, 0.45 +0.039 and
0.39 + 0.030 nm, respectively (Figures 4a and 4b). After the
10 ns, the 7C2K-L1 complex system gained equilibrium and
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Figure 4. Root mean square deviation plot of (a) 7C2K and 7C2K-L1 (b) 6ZSL and 6ZSL-L1; root mean square fluctuations plot of (¢) 7C2K and
7C2K-L1 (d) 6ZSL and 6ZSL-L1; the radius of gyration plot of (e) 7C2K and 7C2K-L1 (f) 6ZSL and 6ZSL-L1; solvent accessible surface area (SASA)
plot of (g) 7C2K and 7C2K-L1 (h) 6ZSL and 6ZSL-L1; the number of H-bonds plot of (i) 7C2K-L1 (j) 6ZSL-L1; the plot of contribution energy
(kcal mol!) vs. residue number for (k) 7C2K-L5 (1) 6ZSL-L1; principal component analysis (PCA) of (m) 7C2K and 7C2K-L1 (N) 6ZSL and 6ZSL-L1.
Contribution energy is taken in kcal mol!. Green, yellow, black, and red colors represent 7C2K, 7C2K-L1, 6ZSL, and 6ZSL-L1 systems, respectively.
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displayed less fluctuation for the rest of the simulation time
inferring that L1 was not dissociated from 7C2K and stably
bound in its complementary location within the active pocket
of 7C2K. Similarly, the 6ZSL-L1 complex system remained
in equilibrium from the beginning up to 58 ns; however, a
sudden increase in the RMSD value was recorded at 60 ns,
which could be attributed to the flexibility of the capping
loop (Figures 4a and 4b). After 60 ns, the 6ZSL-L.1 complex
system reached equilibrium and maintained stability until

the end of the simulation.*

Root mean square fluctuation

The fluctuation of each residue was calculated in
terms of RMSF to gain a better insight into the regions of
proteins that fluctuate upon binding during the simulation.
In other words, the RMSF value predicts the conformational
changes occurring at the residue level within a protein
macromolecule induced by ligand binding. The RMSF
plots of the Ca atoms of the 7C2K, 7C2K-L1, 6ZSL,
and 6ZSI1-L1 are given in Figures 4c and 4d. The average
RMSEF values of 0.20 + 0.090, 0.20 + 0.085, 0.2 + 0.088,
and 0.20 + 0.075 nm were recorded for 7C2K, 7C2K-L1,
6ZSL, and 6ZSL-L1, respectively. Additionally, it was
observed that both complexes (7C2K-L1 and 6ZSL-L1)
and compound L1 exhibited similar fluctuations during
the simulation, suggesting the stability of both complex
systems (Figures 4c and 4d)."!

Radius of gyration

The distribution of all atoms of a protein molecule
around its axis, known as the center of gravity, is measured
by the radius of gyration. Compactness and conformational
variations of the apoproteins (7C2K and 6ZSL) and
protein-compound complexes (7C2K-L1 and 6ZSL-L1)
were predicted using a 100 ns molecular dynamics
trajectory (Figures 4e and 4f). The average Rg values for
72CK, 7C2K-L1, 6ZSL, and 6ZSL-L1 were calculated
as 3.250 = 0.002, 3.257 = 0.005, 2.850 + 0.050 and
2.800 = 0.050 nm, respectively (Figures 4e and 4f). It was
also observed that the Rg values of the two protein-ligand
complexes decreased during the simulation, indicating that
the protein structure gained stability and compactness upon
binding to ligand molecules.*?

Solvent accessible surface area
SASA was utilized to assess the interaction and exposure

of the protein-ligand complex to the solvent throughout the
simulation. Consequently, the SASA of the complexes
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was calculated to gauge the extent of conformational
changes occurring during the interaction. SASA values
are affected by the hydrophobic residues that become
exposed to the solvent environment upon binding with the
inhibitor molecules. The analyzed average SASA values
of 428.976 + 2.501, 430.146 + 1.556, 290.577 + 2.453,
and 293.011 + 1.109 nm? were recorded for the 7C2K,
7C2K-L1, 6ZSL, and 6ZSI-L1, respectively (Figures 4g
and 4h). Interestingly, the surface area of both the proteins
and their complexes decreased, with relatively lower SASA
values than the starting period.** Approximately 40 and
30 nm? of surface area were altered during the simulation
for 7C2K-L1 and 6ZSL-L1, respectively.

Principal component analysis

During the 100 ns simulation time, PCA was employed
to identify important motions in the apoproteins and protein-
compound complexes. It is widely acknowledged that the
first few eigenvectors best describe the overall motions of
proteins. According to the overall PCA result, the 7C2K-L1
complex is deemed more stable than the 6ZSL-L1
complex, as it does not exhibit higher correlated motions.
A 2D projection plot from the first two eigenvectors was
generated to offer superior visual representations of the
data (Figures 4m and 4n). The motions of the protein in
phase space are well described by the 2D projection plot.*

Hydrogen bonds analysis

The strength and stability of the ligand’s binding
to the protein are evaluated by counting the number of
hydrogen bonds formed between the protein and ligand. A
reasonable number of hydrogen bonds were observed for
both the 7C2K-L1 (yellow) and 6ZSL-L1 (black) complex
systems (Figures 4i and 4j). The maximum number of 8
and 10 hydrogen bonds were documented for 7C2K-L1
and 6ZSL-L1, respectively. Additionally, fluctuations
were noted in several hydrogen bonds throughout the
simulation for both the 7C2K-L1 and 6ZSL-L1 complex
systems, suggesting that the binding site of the compounds
underwent conformational modifications.*

MM/PBSA binding free energy analysis

Using the MM/PBSA approach, the binding free energy
of the protein-compound complex was computed during
the final 20 ns of the MD production run, with calculations
performed at intervals of 100 ps from the MD trajectories.
The production run was conducted for all intervals at a
temperature of 300 K and a pressure of 1 atm.
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MmPbSaStat.py script was used to calculate the average
free binding energy as well as its standard deviation/error
from the g_mmpbsa output files. The inhibitor L1 showed
binding free energy of —592 and —1040 kJ mol™' with the
7C2K and 6ZSL proteins, respectively, indicating that
both complex systems remained stable throughout the
simulation time. Additionally, the contribution of each
protein residue to the interaction with the inhibitor L1
was determined in terms of binding free energy. This was
achieved by decomposing the total binding free energy
of the system into per-residue contribution energy. The
contribution of each residue’s energy provides valuable
insight into the “crucial” residues that facilitate the binding
of the L1 molecule to the protein.***” It was found that
Arg35, Lys43, Lys52, Lys75, Arg76, Argl18, Lys716,
Lys720, Arg723, and Arg735 residues of the 7C2K protein
contributed higher than —70 KJ mol"! binding energy and
thereby are hotspot residues in binding with the inhibitor L.1
(Figure 4k). While 6ZSL protein residues Argl7, Arg23,
Arg24, Aspl15,Aspl21, Lys133,Lys141, Lys148, Arg163,
Lys173, Argl75, Argl80, Argl88, Lys194, Lys204,
Arg214, Lys290, Lys322, Arg334, Arg339, Arg341,
Arg392, Arg394, Arg411, Lys416, Arg429, Argd45, Arg562
and Arg569 contributed greater than —50 KJ mol™' binding
energy and thereby are hotspot residues in binding with the
inhibitor L1 (Figure 41).

Pharmacological and toxicological analyses

Determining the pharmacokinetics, drug-likeness,
toxicity, physicochemical, and pharmacological properties

Investigating the Inhibitory Mechanism of para-Sulfonato-calix[4]arenes against Polymerase and Helicase of SARS-CoV-2

of a compound are preliminary steps in the drug discovery
process. These parameters can predict the druggability
of a compound. In this context, various properties such
as lipophilicity, water solubility, adherence to Lipinski’s
rules, number of rotatable bonds, blood-brain barrier
permeation, and toxicological properties of selected
compounds (LL1-L6) were predicted using an in silico
model. Details are given in Table 4.

Discussion

The inhibitory potency of inhibitors (L1-L6) was
investigated against both the RdRp and helicase enzymes
of SARS-CoV-2 using docking techniques. The results
indicate that all inhibitors (L.1-L.6) demonstrate inhibitory
efficacy against both RdRp and helicase enzymes by
forming strong interactions with their respective active
sites. This leads to the formation of stable protein-ligand
complexes. The inhibitors (LL1-L.6) exhibit the following
order of inhibitory potency for both RdRp and helicase
enzymes based on binding affinity: L1 >12>L3>14 >
L5 > L6. The inhibitors (LL1-L4) are ranked according to
the number of sulfonate groups at the upper rim of para-
sulfonato-calix[4]arenes as follows: L1 > L2 > L3 > L4.
It is evident from docking data that the inhibitory potency
of inhibitors (L1-L6) considerably increases as the number
of sulfonate groups increases. Compound L1, with four
sulfonate groups at the upper rim, exhibits the highest
binding affinity, as indicated in Tables 1 and 2, resulting in
stable L1-protein complexes. Compound L1 is firmly
bound in its complementary location within the active

Table 4. In silico ADME and toxicity prediction of selected compounds (L1-L6)

Property L1 L2 L3 L4 L5 L6
Hepatotoxicity inactive inactive inactive inactive inactive inactive
Carcinogenicity inactive inactive inactive inactive inactive inactive
Immunotoxicity inactive inactive inactive inactive inactive inactive
Mutagenicity inactive inactive inactive inactive inactive inactive
Cytotoxicity inactive inactive inactive inactive inactive inactive
Ecotoxicity inactive inactive inactive inactive inactive inactive
Clinical toxicity inactive inactive inactive inactive inactive inactive
Predicted LD;, / (mg kg™) 3530 3530 3530 3530 4880 1800
Predicted toxicity class 5 5 5 5 5 4
LogP,, 1.61 2.15 2.01 3.64 5.30 0.07
Log S -5.36 (MS) —5.75 (MS) —6.15 (PS) —6.55 (PS) —6.97 (PS) -0.10 (PS)
No. of rotatable bonds 04 03 02 01 00 01
Lipinski’srules 03 03 02 01 00 00
BBB permeation no no no no no no
GI absorption low low low low high high

MS: moderately soluble; PS: poorly soluble; Log S: water solubility; Log P,

LDs,: median lethal dose 50.
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pocket of both proteins, forming hydrogen bonds between
the sulfonate groups of L1 and catalytic residues of both
RdRp and helicase enzymes (Figures 2 and 3). Complex
formation is governed by pi-anion, pi-alkyl, pi-sulfur, and
carbon-hydrogen interactions. As the number of sulfonate
groups in compounds L2, L3, and L4 gradually decreases
(Tables 1 and 2), their inhibitory potency correspondingly
declines. To further elaborate on the role of the sulfonate
group, compound L5, lacking the sulfonate group, was
docked against the target proteins. It exhibited very low
binding affinity compared to the inhibitors (L1-L4),
(Tables 1 and 2). This confirms the crucial role of the
sulfonate group in complex formation. From the
aforementioned facts, it is established that the number of
sulfonate groups at the upper rim of para-sulfonato-calix[4]
arenes plays a vital role in the formation of a stable protein-
inhibitor complex. To further understand the role of the
intrinsic cyclic core of para-sulfonato-calix[4]arenes in the
formation of protein-ligand complexes, the open chain
analogue L6 of para-sulfonato-calix[4]arenes was docked
against both RdRp and helicase enzymes of SARS-CoV-2.
In both cases, L6 exhibits weak interactions and low
binding affinity compared to inhibitors (L1-L5), as
indicated in Tables 1 and 2. This confirms that the intrinsic
cyclic core of para-sulfonato-calix[4]arenes enhances the
binding ability of inhibitors (L1-L5) by securely locking
them into their complementary locations within the active
pocket of both RdRp and helicase enzymes. Consequently,
it is concluded that both the number of sulfonate groups
and the intrinsic cyclic core of para-sulfonato-calix[4]
arenes amplify the inhibitory potency of inhibitors by
facilitating strong physical interactions between the
sulfonate groups of inhibitors and the catalytic residues of
both RdRp and helicase enzymes of SARS-CoV-2. To
assess the effectiveness of compounds (L1-L6), a docking
analysis was conducted on a selection of currently used
antiviral drugs, including oseltamivir, favipiravir,
chloroquine, hydroxychloroquine, ribavirin, and remdesivir,
against the RARp and helicase proteins. The same docking
protocol used for the other ligands (LL1-L.6) was followed
for this analysis. The results indicate that inhibitors (L1-L.6)
generally exhibit higher binding affinity against both
proteins compared to the binding affinity of commonly
used drugs (Table 3). However, it is noteworthy that
remdesivir displays binding energy equal to L1 and greater
than L2-L6 against RdRp. This suggests that L1 and
remdesivir have comparable affinity toward RdRp.
Additionally, it has been observed that compounds (L.1-L.6)
demonstrate a higher binding affinity for helicase compared
to RdRp. This phenomenon could be attributed to the
conformational flexibility of inhibitors within the active
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pocket of the helicase protein. Among all compounds, L1
exhibits the highest binding affinity for both proteins,
RdRp, and helicase. Therefore, its protein-ligand complexes
(7C2K-L1 and 6ZSL-L1), along with the apoproteins
(7C2K and 6ZSL), were subjected to a 100 ns molecular
dynamics simulation to validate the formation of stable
protein-ligand complexes. RMSD is used to assess the
structural and conformational stability of both the
apoproteins and the protein-ligand complexes. The
deviations shown by RMSD values for both complex
systems (7C2K-L1 and 6ZSL-L1) were recorded as 0.49
and 0.39 nm, respectively (Figures 4a and 4b). These results
are consistent with the deviations in RMSD values for the
RdRp-ATP, RdRp-galidesivir, and RdRp-remdesivir
complex systems, which were documented as 0.43, 0.37,
and 0.46 nm, respectively.* RMSD values suggest that both
complexes are stable during the simulation time, indicating
that L1 is stably bound in its complementary conformation
located in the active pocket of both proteins. RMSF is
employed to predict the conformational changes that occur
at the residue level in a protein induced by ligand binding.
The results indicate that the majority of the protein residues
are stabilized within an acceptable range of RMSF values
of 0.6 nm, suggesting that residues of both proteins, upon
binding with L1, exhibit fewer fluctuations and greater
stability. The radius of gyration is indeed a crucial tool for
predicting the structural activity or compactness of proteins,
as well as understanding the binding pattern of ligands and
proteins. A lower Rg value indeed signifies higher
compactness and greater stability, while a higher Rg value
indicates the opposite. The fact that Rg values remain lower
for both complexes throughout the simulation suggests that
protein structures gain both stability and compactness upon
binding to L1. Relative SASA is employed to anticipate
the conformational changes occurring in both proteins upon
binding.” It is evident from Figures 4g and 4h that the
surface area changed during the simulation for both the
7C2K-L1 and 6ZSL-L1 complexes, indicating
conformational changes in both the RdRp and helicase
proteins upon binding of LL1. The SASA results confirm
the binding of L1 to the active pocket of both proteins.
PCA is then applied to identify the crucial motions in both
the apoprotein and protein-ligand complexes. The PCA
results indicate that the 7C2K-L1 complex is more stable
than the 6ZSL-L1 complex, as it does not exhibit higher
correlated motions. Further, the PCA results align with the
findings from Rg, suggesting that the binding of L1 to the
active site of both proteins mitigates major dynamic
behaviors of the target proteins. To assess the strength and
stability of the ligand’s binding to the protein, the number
of hydrogen bonds generated between the protein and L1
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is counted. The results of the hydrogen bond analysis
suggest that L1 forms stable complexes with the pathogenic
proteins 7C2K and 6ZSL, and also indicate that both
complexes remain stable throughout the simulation period.
Generating a PBSA energy model is an appropriate and
essential technique in molecular mechanics (MM) for
calculating the binding energy of selected protein-ligand
complexes. The binding energy offers valuable insights
into the stability of the protein-ligand complex by indicating
the consistency of non-bonded interactions throughout the
simulation. The results indicate that compound L1 exhibits
strong binding energy with both target proteins, confirming
the robust binding of L1 to the catalytic residues of both
proteins. The calculations of binding free energy per residue
further confirm that the catalytic residues of both proteins
are strongly and firmly involved in complex formation with
the inhibitor 1. The MD simulation results conclude that
L1 forms stable complexes with both the proteins RdRp
and helicase. Additionally, the druggability investigation
of selected compounds (L.1-L6) predicts that all compounds
display drug-likeness properties. The lipophilicity
(Log P,,,) for compounds L.1 and L.2 were noted as 1.61
and 2.15, respectively (Table 4), which are superior to the
commercially available antiviral drugs favipiravir (=0.27)
and remdesivir (1.53). This suggests that both inhibitors L.1
and L2 possess the ability to penetrate both human cells
and viral membranes. Furthermore, the result of
gastrointestinal (GI) absorption for L1 is also consistent
with the result of the antiviral drug favipiravir.*® Each of
the compounds L1 and L2 also exhibits three violations
when applying Lipinski’s rules. It is worth noting that many
medicines that are widely used as effective pharmaceuticals
are reported to have three violations.”' The toxicity results
provided in Table 4 indicate that interestingly, all selected
compounds were found to be inactive against carcinogenicity,
immunotoxicity, mutagenicity, cytotoxicity, ecotoxicity,
and clinical toxicity. The median lethal dose weight (LD)
was predicted to vary from 3530 to 4880 mg kg! for all
compounds, categorizing them as class 5 toxic, except for
L6, for which LDs, was noted as 1800 mg kg™, grading it
as class 4 toxic.* The toxicity findings suggest that all these
compounds are non-carcinogenic and non-toxic in nature.
Due to their favorable membrane permeability, aqueous
solubility, molecular flexibility, non-toxicity, and absence
of blood-brain barrier penetration, molecules L1 and L2
are anticipated to be utilized as lead candidates. Considering
the docking score, druggability, non-toxicity, and MD
simulation results, L.1, along with other inhibitors, may be
utilized to target COVID-19 infection by inhibiting viral
replication and repair processes.
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Conclusions

Molecular docking and molecular dynamic simulations
were employed as useful tools to evaluate the inhibitory
potency of para-sulfonato-calix[4]arenes against
SARS-CoV-2, which is affecting people worldwide.
The docking results indicate that para-sulfonato-calix[4]
arenes efficiently bind to the active sites of RdRp and
helicase, suggesting that these compounds can efficiently
suppress viral replication. Among all screened inhibitors,
L1 demonstrates strong performance for RdRp and
helicase with more negative binding energies of —8.9
and —10.1 kcal mol, respectively. MD simulation results
confirm the stability of the 7C2K-L1 and 6ZSL-L1
complexes. para-Sulfonato-calix[4]arenes molecules are
also found to be more efficacious than commonly used
antiviral drugs. Furthermore, it appears that para-sulfonato-
calix[4]arenes have a higher binding potential against
helicase than RdRp. Docking results also display that the
intrinsic core cyclic structure of para-sulfonato-calix[4]
arenes, the number of sulfonate groups at the upper rim
of para-sulfonato-calix[4]arenes, and the conformational
flexibility of the inhibitor in the active pocket are the main
factors that significantly influence inhibitor binding to
proteins. Toxicity and druggability data also suggest that
compounds L1 and L2 may be utilized as lead candidates
for the inhibition of RdRp and helicase. This investigation
suggests that para-sulfonato-calix[4]arenes may be utilized
as potential inhibitors against SARS-CoV-2. For further
confirmation and validation, in vitro and in vivo studies
are recommended.
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Supplementary information is available free of charge
at http://jbcs.sbq.org.br as a PDF file.
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