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Sulfonohydrazide as a potential
inhibitor of SARS-CoV-2 infection
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The COVID-19 pandemic caused immense mortality and morbidity reporting 704,753,890 cases
worldwide. The repercussions of this pandemic are still being felt in the form of newly evolving variants
and infections. The pandemic has pointed towards the need for the development of new and effective
agents against SARS-CoV-2 infection. Sulfonohydrazides are a class of compounds with a wide

range of therapeutic potential. The present study aims to identify the anti-SARS-CoV-2 potential of
Sulfonohydrazide compounds. Twenty-five Sulfonohydrazides derivatives were evaluated for anti-viral
potential via plaque reduction assay (PRA) and cytopathic effect (CPE) analysis in-vitro. Treatment
point assay was employed for the strategic evaluation of antiviral compound at the particular stages
of the SARS-CoV-2 life cycle. Gene expression analysis was also carried out, which was supported by
immunofluorescence assays targeting the N and S proteins of SARS-CoV-2, alongside fold-change
analysis, to identify a robust and multifaceted approach for the understanding of viral dynamics.
Moreover, ligand-inhibitor interactions were assessed by in- silico studies. Compound 24 (4(E)-4-
methyl-N"-(2,3,4-trihydroxybenzylidene)benzenesulfonohydrazide) was identified as the most potent
molecule that inhibited SARS-CoV-2 infection (92.85 + 3.57%) via PRA. The time point assay revealed
that the effect of the compound might be at the entry point, which might be due to the down-
regulation of the Spike (S) and Angiotensin-converting enzyme 2 (ACE-2) genes by the compound.

The gene expression analysis of ORF1a/b by qRT-PCR indicated reduction in viral load after compound
treatment, as indicated by a higher cycle threshold (Ct) value. Moreover, the compound 24 also
downregulated the expression of S, RdRp, and ACE-2. Furthermore, the interaction of compound 24
with S, RdRp, and ACE-2 was predicted via molecular docking, which validated the interaction and
possible anti-SARS-CoV-2 effect. Additionally, immunofluorescence staining analysis of spike and
nucleocapsid proteins also showed downregulation in SARS-CoV-2 infected cells. Overall, the acquired
data suggested that Sulfonohydrazide derivative 24 inhibits SARS-CoV-2 entry and replication.

Keywords Severe acute respiratory syndrome coronavirus 2, Sulfonohydrazides, Antivirals, Multi-target
therapeutics, Spike, RNA dependent RNA polymerase, Angiotensin-converting enzyme 2

Abbreviations

RDV Remdisivir

S Spike

N Nucleocapsid

RdRp RNA-dependent RNA polymerase
ACE-2 Angiotensin-converting enzyme 2
hpi Hours post-infection

dpi Days post-infection

qRT-PCR  Quantitative real-time—polymerase chain reaction
PRA Plaque reduction assay

CPE Cytopathic effect
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a Coronavirus (CoVs) and belongs to the
family Coronaviridae, which primarily cause infections of the respiratory and gastrointestinal tracts'. In the
late 2019, SARS-CoV-2 emerged as a highly transmissible and pathogenic virus causing a deadly pandemic of
COVID-19 by early 2020 worldwide?. Like other RNA viruses, SARS-CoV-2 is prone to genetic alterations and
rapidly adapt to new human host®. These viral genome mutations have resulted in the emergence of new variants
with increased replicative fitness, altered pathogenicity, or differences in their ability to evade adaptive immune
responses and resist antiviral drugs®.

Clinical manifestations of COVID-19 can be asymptomatic or symptomatic and, in severe cases, fatal®. The
immunopathology of each patient varies according to their common health status®®. Currently, many different
anti-viral therapeutic options are available against COVID-19 such as paxlovid (Nirmatrelvir+ Ritonavir)°,
repurposed antiviral drugs (e.g., molnupiravir and remdesivir)', and monoclonal antibodies (e.g.,
adintrevimab)!!. However, new SARS-CoV-2 variants have been emerging frequently, and there is no curative
regimen yet available to tackle the infection and symptoms effectively. Therefore, identifying new and effective
inhibitors of SARS-CoV-2, covering a wide range of variants, is crucial.

Hydrazides are organic compounds with diverse pharmacological and biological properties, such as
antimicrobial, antiviral, antiparasitic, antifungal, anti-inflammatory, analgesic, and anticancer activities.
Different functional groups in each compound give it unique characteristics'2. A study has indicated that a
series of synthetic a-aminophosphonate-hydrazone derivatives have antiviral activity with 65.1% curative, 74.3%
protective, and 94.3% inactivation activities'*. In a study, two compounds derived from benzylidene hydrazides
were found to be active against Vesicular stomatitis virus (VSV) in HeLa cell cultures'. A study has reported anti-
hepatitis C activity of diflunisal hydrazide-hydrazones. These have also been observed to show hepatocellular
carcinoma inhibition'®. A tecovirimat analogue, p-Trifluoromethylbenzohydrazide (spirovirimat) has shown
potent antiviral activity against Monkeypox virus by abolishing extracellular virus production. In silico
evaluation suggested that the derivative targets the same protein as the tecovirimat'®. In a research evaluating a
series of novel aryl benzoyl hydrazide analogs, some of the derivatives demonstrated potent inhibitory activity
against the avian H5N1 flu strain. One of these analogs, even exhibited nanomolar antiviral effects against both
the H5N1 and Flu B virus. Primary mechanistic studies proposed that these derivatives act by mainly interacting
with the PB1 subunit of RNA-dependent RNA polymerase (RdRp)!'”. In a study, a synthesized hydrazide-
containing oseltamivir analog demonstrated strong inhibition of neuraminidases from H5N1, HIN1, H5N1-
H274Y, and HIN1-H274Y mutants'8. In a molecular docking study, the binding affinity of a newly synthesized
hydrazide derivative (E)-N’-(1-(4-bromophenyl)ethylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide
for the SARS-CoV-2 main protease enzyme was observed and intermolecular binding interactions were
studied. The compound showed a stable binding mode at the enzyme active pocket with a binding energy value
of -8.1 kcal/mol. Moreover, the enzyme-compound complex showed stable dynamics with highly favorable
binding energies. Overall, the compound might be a good lead for further structural optimization against the
main protease enzyme'®. Another in silico study has explored a complex compound containing hydrazone-
derived ligand-protein, which has shown potential to be antiviral drug in cervical cancer caused by HPV-18
(human papillomavirus)?. Therefore, these compounds could possibly have anti-SARS-CoV-2 potential can be
investigated to be developed into antivirals agents. This present study is aimed at investigating the anti-SARS-
CoV-2 activity of a Sulfonohydrazide derivative in vitro. The non-cytotoxic compounds were evaluated for
their effects on viral and host gene, and protein expressions by qRT-PCR and immunofluorescence microscopy,
respectively, to evaluate their antiviral potential. Out of 25 derivatives assessed, 11 non-cytotoxic compounds
indicated moderate to high anti-SARS-CoV-2 activity (50-100% viral plaque reduction). The compound 24 was
further assessed for its potential viral targets by time-point assay.

Results
Cytotoxicity and anti-SARS-CoV-2 activity of sulfonohydrazide derivatives
After screening of various classes of organic compounds, 25 Sulfonohydrazide derivatives were identified as
potential inhibitors of SARS-CoV-2. Subsequently, their cytotoxicity profile and the antiviral potential were
assessed (Supplementary Table-1). Remdesivir (RDV) was used as a positive control. The inhibitory effects of the
compounds on the growth of Vero cells (ATCC-CCL-81) were assessed using an MTT assay. The most potent
anti-SARS-CoV-2 effect was observed at the concentration of 83 uM. The cytotoxicity of 25 derivatives indicated
that only 11 derivatives had <20% cytotoxicity. Compound 24 indicated the highest viability/proliferation
(>90%), of Vero cells therefore, it was selected for subsequent assessments. The CPE reduction assay indicated
consistent antiviral potential of compound 24. IC., of RDV and compound 24 were found to be 31.54 and 8.320
respectively while the CC,, values of RDV and compound 24 were 307.2 and 202.3, respectively (Fig. 1A,B).
The selectivity index (SI) of individual compound, is the ratio of 50% cytotoxicity concentration (CC,;) of
normal kidney cells over IC,, was also evaluated. SI represents the safety of testes compound relative to its anti-
SARS-CoV-2 activity. The obtained results indicated that the compound 24 showed high selectivity index as
compared to standard drug RDV (Table 1).
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Fig. 1. The cytotoxicity profile and anti-SARS-CoV-2 potential of compound 24 and Remdesivir (RDV). (A)
Represents the IC, of compound 24 and RDV with the R* 0.998 and 0.996, respectively; while (B) represents
the CC,, of compound 24 and RDV with the R? 0.895 and 0.906, respectively. The data is represented as
mean + SD.

S# | Compound/ IUPAC | CC,, (uM) | IC,, (uM) | SI(CC,/IC,)
1 | Compound 24 202.3 8.320 24.31

2 | Remdesivir 307.2 31.54 9.7

Table 1. The cytotoxic activity, antiviral activity, and selectivity indices of Compound 24.SI (Selectivity
Index) = (CC,, Vero cell line/IC,; SARS-CoV-2 infected cell line). * Experiments were done in triplicate and
repeated at least three times. The CC50 and IC50 values were calculated using nonlinear regression analysis of
GraphPad Prism software (version 8) by plotting log inhibitor versus normalized response (variable slope).

Compound 24 inhibits cytopathic effects of SARS-CoV-2

The reduction of cytopathic effect of the compound and drugs was observed under a light microscope at 72 h
post-infection (hpi), which indicated that compound 24 reduced >90% of SARS-CoV-2 infection (Fig. 2). The
potential of compound 24 to reduce the viral-induced CPE was further validated through a plaque reduction
assay (PRA), which indicated that at the concentration of 83 uM compound 24 reduced plaque formation by
92.85+3.57%. In contrast, plaque reduction by RDV was observed as 85.71 +5.45% (Fig. 2).

Effect of compound 24 at different time-points

To elucidate the possible viral entry or life cycle points (multi-target therapeutics) at which compound 24 acts
to inhibit SARS-CoV-2, a time-point assay was carried out. The results indicated that compound 24 possesses
strongest inhibitory effect at the “entry” time-point (2.17-fold inhibition), suggesting that it might inhibits SARS-
CoV-2 entry into the cells. The assay also indicated towards prophylactic potential of the compound indicated
by inhibition at this time point (0.8-fold inhibition). Additionally, the assay revealed that the compound also
inhibits the post-entry stage, indicating its therapeutic potential (0.822-fold inhibition) (Fig. 3). A p-value <0.001
with a R%-score of 0.936 indicated the significance of the results and goodness-of-fit.

Potential gene targets of the compound 24

To further confirm the anti-SARS-CoV-2 activity of compound 24, the effects of the compound 24 on expression
of viral genes open reading frames 1a and 1b (ORF1a/b), nucleocapsid (N), spike (S), and RNA-dependent RNA
polymerase (RdRp), and host cellular gene angiotensin-converting enzyme 2 (ACE-2) were assessed. The results
indicated a significant decrease in the expression of N gene (fold-change =0.29) by compound 24, as compared
to the RDV (p-value <0.05) (Fig. 4). The compound treatment also significantly reduced the expression of the S
gene (fold-change=1.1), as compared to the RDV (p-value<0.01). Furthermore, compound 24 caused highly
significant (p-value <0.001) down-regulation of the gene expressions of ORFla/b, ACE-2, and RdRp with fold-
changes of 2.05, 0.58, and 1.4, respectively (Fig. 4A-E) as compared to the drug control RDV.

Sulfonohydrazide derivative down-regulates the expression of SARS-CoV-2 spike and
nucleocapsid proteins

In order to validate the gene expression studies, immunofluorescence assay of N and S proteins of SARS-CoV-2
in the infected Vero cells treated with the compound was carried out via fluorescence microscopic analysis
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Fig. 2. Compound 24 efficiently reduced SARS-CoV-2-induced plaque formation. (A) A marked decrease

in the PFU/mL was observed after treatment with compound 24 as compared to the Remdesivir at the
concentration of 83 uM. (B) Representative images of Vero cells 5 dpi with SARS-CoV-2. Infected cells treated
with compound 24 and RDV showed a lesser number of plaques than non-treated infected cells. The data is
represented as mean + SD.

(Fig. 5A,B). The results revealed that compound 24 reduced protein expression of S and N proteins as depicted
by decreased fluorescent intensity (FI) of 1.34 and 0.88%, respectively as compared to the higher FI of 3.42 and
2.02% for S and N proteins, respectively in untreated virus-infected Vero control cells (Fig. 5C,D).

Protein-ligand docking indicated strong binding scores of the compound 24 with viral
proteins

To assess how strongly compound 24 interacted with the Nucleocapsid-C terminal (NCT), Nucleocapsid-N
terminal (NNT), S, ACE-2, and RdRp proteins, in silico molecular docking analysis was performed. Compound
24 interacted with ACE-2, S, NNT, NCT, and RdRp with the bond score of -5.242, -4.796, -5.778, -5.084, and
—5.375, respectively. Reported docking scores in general demonstrated that below — 6.0 kcal/mol are considered
to indicate moderate binding, while scores below —8.0 kcal/mol generally suggest strong binding and thus
presented results indicate the moderate binding. Moreover, the hydrogen bond energies were —2.09, -0.58, -3.77,
-2.94, and - 0.49 (Fig. 6).

Discussion

In 2020, SARS-CoV-2 emergence brought a global pandemic with an unprecedented healthcare crisis®!,
accounting for 775,335,916 confirmed cases and 7,045,569 deaths globally. In Pakistan, approximately 1,580,631
confirmed cases and 30,656 deaths were reported??. The loss in terms of morbidity, mortality, and economy
worldwide that the pandemic has brought about has indicated the need of new and efficient antivirals. The
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Fig. 3. Effect of compound 24 at different viral time points in compound-treated SARS-CoV-2 infected Vero
cells. Log fold-change was calculated compared to virus-treated cells before (prophylactic), during (entry),
and after (therapeutic) compound treatments at 83 pM concentration, and the mean fold-change was plotted.
The asterisk indicates the significance between different groups. One-way ANOVA, followed by Bonferroni’s
Multiple Comparison Test was performed as a statistical analysis (“p <0.05, **p <0.01, “"p < 0.001).
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Fig. 4. Change in gene expression of (A) Nucleocapsid protein; (B) Spike protein; (C) ACE-2 receptor; (D)
RNA-dependent RNA polymerase; (E) GAPDH; and (F) ORFla/b, after compound 24 and drug treatments.

persistence of SARS-CoV-2 in the population long after the pandemic and emergence of new variants, points
towards the necessity of developing better anti-SARS-CoV-2 agents. There is a need for potent anti-SARS-CoV-2
molecules that could inhibit the emerging variants. This study investigates the anti-SARS-CoV-2 potential of
a series of Sulfonohydrazide derivatives on Vero cells. Out of the evaluated 14 Sulfonohydrazide derivatives,
compound 24 was observed to have the standard drug-comparable cytotoxicity and the highest antiviral
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Fig. 5. The effect of compound 24 on the expression of SARS-CoV-2 S- and N-proteins. Representative
immunofluorescence microscopic images of (A) Spike, and (B) Nucleocapsid proteins. Histograms of
fluorescence intensity of (C) Spike, and (D) Nucleocapsid protein expressions using Image] software.

RDV =Remdesivir, Blue fluorescence indicates the nucleus, and green fluorescence illustrates S or N protein.

effects. In vitro SARS-CoV-2 infection in Vero cells was confirmed by assessing cytopathic effects (CPE). Virus
binding with cellular receptors consequently leads to viral tropism and pathogenicity by viral genomic RNA
replication“’“, which causes structural, metabolic, or functional alterations in the infected cell, this phenomenon
is known as cytopathic effects (CPE)?**-%. In our study, CPE analysis revealed that the monolayer of Vero cells
was completely disrupted in non-treated virus-infected control cells; however, it was intact in the compound
24 and RDV treated cells. Furthermore, the number of morphologically healthy cells was higher in compound-
treated infected cells as compared to that in the standard drug control. Consistent with the CPE assay, plaque
reduction assay (PRA) also indicated that the infection was alleviated in compound-treated cells with a 92.85%
infectivity reduction, as compared to RDV-treated infected cells (85.71%). The study demonstrated that the
number of plaques in the compound-treated infected cells (5x 10> PFU/mL) was reduced as compared to the
RDV-treated infected cells (1x 10> PFU/mL), indicating the potent effects of compound 24 in reducing viral
load, replication, and infection as compared to the standard drug.

To assess the possible molecular targets of the compound 24 conducive to its antiviral potential, viral load
after compound treatment was assessed at three-time points: (1) before the SARS-CoV-2 infection, to determine
if a compound can be used as a prophylactic agent treatment, (2) during the infection, that is at the viral entry
point, and (3) after the infection, to identify if the compound target viral replication cycle and could be used as
a therapeutic agent against the infection. The efficacies of compound 24 and RDV were evaluated by quantifying
viral copy numbers via QRT-PCR. The time-point assay revealed that compound 24 inhibited viral infection at
all the three points; however, it demonstrated marked inhibition of viral entry, suggesting that it might suppress
SARS-CoV-2 infection via ACE-2 receptor on the cell. Moreover, the data suggested that RDV had therapeutic
potential, consistent with the previously reported studies, suggesting that RDV operates at the post-viral entry
stage by targeting the replication cycle?”?3, validating our data.

To evaluate the gene targets through which compound 24 might act as a potential anti-SARS-CoV-2 gene
expression analysis of viral genes including Orfla/b, N, S, RARP, and host receptor ACE-2 was performed by qRT-
PCR. Orfla/b encodes ~70% of the SARS-CoV-2 genome?**. It was observed that the compound significantly
down-regulated the Orfla/b gene with the fold change (FC) of 2.05 in comparison with the positive control
(FC=0.4) (p-value <0.001), suggesting anti-SARS-CoV-2 activity of the compound.

The gene expression analysis revealed that compound 24 highly significantly down-regulated S-gene
(p-value<0.01) and very highly significantly downregulated the ACE-2 gene (p-value<0.001) expressions,
validating that the compound controls the infection by targeting the SARS-CoV-2 entrance via S or ACE-2
proteins as observed in the time point assay. ACE-2 is a cellular membrane protein that has been shown to be
implicated as a SARS-CoV-2 receptor in COVID-19 transmission and entry, thus is considered a competent
target for viral inhibition. Several studies have revealed that reduced ACE-2 expression can alleviate SARS-
CoV-2 infection®!*?, whereas its upregulation enhances SARS-CoV-2 susceptibility*’. Our data indicated that
compound 24 could be used as a primary or secondary prophylaxis in COVID-19. Compound 24 also slightly
reduced N-gene expression (p-value <0.5). Moreover, RARp expression analysis showed very highly significant
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Fig. 6. Representative 3D images of ligand-protein profile. (A) ACE, (B) Nucleocapsid N-terminal (C)
Nucleocapsid C-terminal, (D) RdRp, and (E) Spike proteins.

inhibition by compound 24 as compared to the RDV-treated infected cells (p-value<0.001), indicating that
compound 24 might also target viral replication, which is consistent with the observations of the time point
assay. These data suggest that compound 24 might inhibit in-vitro SARS-CoV-2 infection by targeting Orfla/b,
S, ACE-2, and RdRp genes.

The effect of compound 24 at the protein level was determined via immunofluorescence microscopy at 72
hpi. Since the above data suggested that compound 24 inhibits viral entrance and replication, S and N proteins
were selected as the protein analysis targets. Immunofluorescence microscopy presented a clear picture of the
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SARS-CoV-2 infection of the Vero cells with or without treatment. The expression of both the S and N proteins
in SARS-CoV-2-infected cells treated with compound 24 were observed to be reduced as compared to the
untreated infected cells, indicating reduced protein expression. However, expression of both S and N proteins
were higher for compound 24 treated infected group, as compared to the RDV-treated infected cells. Altogether,
these observations indicate that compound 24 down-regulates S protein both at the genetic and protein levels,
however, it is more potent at gene level when compared to the RDV-treated infected cells.

During the study, the Sulfonohydrazide derived compound 24, was further analyzed in silico molecular
docking to elucidate the possible interaction sites of S, nucleocapsid-C terminal domain (N-CTD), N-terminal
domain (N-NTD), RdRp, and ACE-2 proteins with the potential inhibitor®>-¥’. In silico results revealed that
NCT and NNT binding scores (BS) of the compound were —5.084 and —5.778, respectively (PDB ID: 7UON
and 7CEQ, respectively). It was also demonstrated that OH at the C21 and C22 positions of the compound 24
interacted with N-CTD via hydrogen (H) bond at LYS45, ASP43, and GLU36 with H-bond energy (HE) = -2.94.
Furthermore, the O at C9 and C10 of compound 24 formed an H-bond with ARG106, and OH at C21 interacted
with ASP101 of N-NTD (HE = -3.77). When the compound was docked with RdRp protein (PDB ID: 7CDZ), it
revealed that C20 and C9 of compound 24 formed H-bond with PHE321 and PHE396 of RdRp, respectively (BS
=-5.375, HE=-0.49). Docking with ACE-2 protein (PDB ID: 7bW4) indicated that GLU375 of ACE-2 interacted
with OH at C22 of compound 24, and a Pi-cation bond was also observed between ARG273 of ACE-2 protein
and 24 (BS= -5.242, HE= -2.09). Moreover, in silico data also indicated that the NH group at C11 and OH at C21
of compound 24 interacted with GLU1092 and ARG1091 of S-protein via H-bond, respectively (BS = -4.796,
HB = -2.09).

The findings of this study demonstrates the effects of Sulfonohydrazide derived compound 24 on SARS-
CoV-2 entry, replication, and transcription as depicted by the downregulation of the Orfla/b, N, S, RdRp, and
ACE-2 genes. This was validated by protein expression analysis showing reduced expression of N and S proteins in
SARS-CoV-2 infected cells after compound treatment. The compound also inhibited the viral infection depicted
by reduced CPE and plaque formation. Time-point assay suggested that the probably target of compound 24 is
the viral entry validated by the down-regulation of ACE-2 and S genes.

The current findings provide promising candidates for future drug development to fight against SARS-CoV-2,
potentially targeting the COVID-19 pandemic and future viral threats. By identifying potent inhibitors, the
research offers a foundation for subsequent investigations. However, there are some gaps particularly in terms
of efficacy against emerging variant, and identification of potential effects in vivo studies. This work significantly
contributes to the global health effort against COVID-19 and other viral pandemics. Future research should
build on these results to bring this compound from the laboratory bench to the bedside, making them a potential
tool in the global fight against infectious diseases.

Methodology

Compounds

The fully characterized and pure library of sylfonohdrazide derivatives were obtained from the Molecular Bank
of PCMD, ICCBS, University of Karachi.

Cell lines

Vero cell line (ATCC CCL-81) was obtained from Bio-Bank, PCMD, ICCBS, University of Karachi and was grown
as described previously®. Briefly, cells were cultured in Dulbecco’s minimal essential medium, supplemented
with 10% fetal bovine serum (FBS), 100 unit/mL penicillin, 100 pg/mL streptomycin, 1 mM sodium pyruvate
and 4 mM L-glutamine and termed as complete media ((DMEM). To propagate SARS-CoV-2 virus, infection
media (iDMEM) was prepared with Dulbeccos minimal essential medium, supplemented with 100 unit/mL
penicillin, 100 pg/mL streptomycin, 1 mM sodium pyruvate and 4 mM L-glutamine.

Viral isolation and propagation

The SARS-CoV-2 wild-type strain was obtained from nasal swabs of COVID-19 patients and propagated in
Vero cells as described by Case™. The virus was propagated by infecting Vero cells with 100 uL of viral transport
medium (VTM) from the nasal swab in a tissue culture flask (25 cm?) in infection media (iDMEM). After 5 days
post-infection (dpi), supernatants were harvested and centrifuged at 2,000 rpm for 5 min to remove cell debris*.
Viral load was determined by PCR, and upon confirmation, the samples were stored in sterile falcons at -80 °C
for further experimentation. All experiments involving virus were performed in an approved BSL-III facility of
the National Institute of Virology, Dr. Panjwani Center for Molecular Medicine and Drug Research (PCMD),
International Center for Chemical and Biological Sciences (ICCBS), University of Karachi, Pakistan.

Cell viability assay

The cytotoxic effect of the compounds and RDV on Vero cells was identified by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay*!. Briefly, 2.5 x 10* cells/well were propagated in 96-well plates and
incubated with the drugs and test compounds at 100, 75, 50, and 25 pM concentrations at 37 °C for 24 h. After
incubation, MTT dye was added and was further incubated for 3-4 hours. Remdesivir was used as the positive
control, untreated viral infected Vero cells were used as a negative control, and moreover DMSO control was also
included in the study as a solvent control. All the experiments were performed in triplicates. After completion of
the experiment, the absorbance was recorded by Multiskan Ascent Plate reader at 530 nm.

Cell viability (%)was measured as follows:
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Cell viability (%) = (OD of treated well — OD of untreated well) < 100

OD of untreated well

The standard antiviral drug, RDV, demonstrated the highest SARS-CoV-2 reduction at a concentration of 83 uM.
Based on the optimization of the drug at this concentration, compounds that showed minimal or no toxicity were
further evaluated at this selected concentration. For the purpose of this study, 83 uM is considered the reference
concentration or endpoint measurement. Furthermore, for the evaluation of safety of tested compounds, the
ratio of the 50% cytotoxic concentration (CCso) in normal kidney cells to the 50% inhibitory concentration
(ICso) in term of selectivity index (SI) was also evaluated.

Confirmation of viral propagation in vero cells via q-PCR

For the confirmation and further quantification of viral copy number, whole cellular RNA was isolated using the
QIAamp Viral RNA Mini Kit (Qiagen, Germany). qPCR was performed by using Bosphore” Novel Coronavirus
(2019-nCoV) Detection Kit v7 (Turkey) by following the manufacturer’s protocol*2.

Viral cytopathic effect (CPE) assay
The cytopathic effects (CPE) of virus was evaluated by following the Reed-Muench method*’. Briefly, 2.5x 10*
cells/well were propagated in a 96-well plate. After 24 h, cells were infected with the virus for 1 hata MOI of 0.01.
After 1 h, viral inoculate was removed, and cDMEM was added to each well with compound (83uM) or RDV.
CPE was observed at 3 dpi, and scoring was performed based on cell viability under a light microscope. Images
were captured to record cellular morphology and inhibitory effects of the compound.

Scoring:

1=0-25% cell survival,

2=25-50% viable cells,

3=50-75% cells alive,

4=75-100% of cells survived infection.

Virus titration and infectivity assay

The virus titration and infectivity assay was performed as described previously®’. The Vero cells (1 x 10%/well)
were propagated in 24-well plate for 24 h, then infected with SARS-CoV-2 at a MOI of 0.01. After 1 h, cells
were treated with the compound and RDV at 100, 75, 50, and 25 uM concentrations for 1 h. After incubation,
Carboxymethyle cellulose (CMC) was overlaid, and the plate was incubated for 5 days. After 5 days, CMC was
aspirated, and cells were fixed with 4% paraformaldehyde (PFA) and stained with 1% crystal violet. The viral
plaques were counted and PFU/mL was calculated.

Time-point assays

For the prophylactic analysis, a previously described assay was performed**. Briefly, the Vero cells (ATCC-
CCL-81) were pre-treated with the drugs or compound and cultured in an infection medium (iDEME) for 1 h,
and the virus was introduced for 2 h to allow infection. Subsequently, the cells were washed twice with 1x PBS
and incubated for 48 h in drugs dissolved in a fresh infection medium. For the effect of compound or drugs on
viral entry, the Vero cells were treated with the drugs during the infection period (2 h), followed by the removal
of the drug-virus mixture and cell washing. Subsequently, the cells were incubated in an infection medium
without any treatment for 48 h. For the assessment of therapeutic effect, the Vero cells were first infected with
the virus for 2 h, washed with 1x PBS, and then treated with drugs in a fresh infection medium for 48 h. For the
quantification of viral copy number, RNA was extracted via the QIAamp Viral RNA Mini Kit (Qiagen, Germany)
followed by q-PCR and log 10-fold change was calculated.

Immunocytochemistry

The Vero cells were plated in a 96-well plate at a cell density of 2.5x10* cells/well for immunofluorescence
microscopy and incubated at 37 °C in 5% CO, for 5 days. At the end of 5 days, media was removed and the
wells were washed with 1x PBS thrice. Following cell fixation with 4% PFA for 4 h, the cells were incubated with
an optimized concentration of the spike (S) (MA5-35946, Invitrogen) and the nucleocapsid (N) (MAB10474,
Invitrogen) monoclonal antibodies for 90 min, followed by 60 min of incubation with rabbit anti-mouse IgG
FITC-linked secondary antibody. The cell nuclei were stained with DAPI for 15 min and the plate was observed
under a fluorescence microscope (Nikon Eclipse). Representative images were captured at the magnification of
20x%,

Gene expression analysis

The gene expression analysis was performed as previously described*®. Total RNA was extracted using the
QIAamp Viral RNA Mini Kit (Qiagen, Germany) as per the manufacturer’s instructions. The expression of S, N,
RARp, and ACE-2 genes was evaluated by real-time PCR. GAPDH was used as endogenous control. For RdRp
and ACE-2 gene analysis, each 10 pL reaction mixture comprised RT SYBR green PCR master mix, ddH20,
primer pairs, and cDNA template. For the gene expression analysis of RdRp and ACE-2, genes primers were
obtained from Macrogen, Inc. The PCR conditions were: 95 °C for 3 min, 40 cycles of 95 °C for 10 s and (A) for
30 s, followed by 72 °C for 1 min and lastly, 72 °C for 5 min. Where A corresponds to an annealing temperature
of 58 °C and 59.3 °C for RdRp and ACE-2, respectively. Melting curve analysis (65 °C for 5 s, and then 0.5 °C for
5 s until 95 °C) was performed after this reaction. For S and N gene expression analysis, the TagPath COVID-19
Combo Kit (Applied Biosystems, Thermofisher Scientific) was utilized as per the kit’s guide. Relative RNA
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abundance was quantified by using the comparative CT (AACT) method and log, , fold-change was calculated.
Briefly, the ACt was calculated for each sample and control, followed by difference in ACt of the sample and the
control, which is known as AACT. In order to determine level of change in the expression of the target gene in
the test sample differs from that in the control sample, fold-change was calculated by the following formula:

Fold Change =2(-AACT).

Alog,, of the fold-change was calculated, which is interpreted as; positive log,  value indicates upregulation
(fold change > 1), and a negative log,  value indicates downregulation (fold change < 1). If the fold change is 1
(no change), log,,(1)=0.

The primer sequences used were:

RdRp:

Forward: 5-GTGARATGGTCATGTGTGGCGG-3.

Reverse: 5-CARATGTTAAASACACTATTAGCATA-3’.

ACE-2:

Forward: 5-TCCAITGGTCTTCTGTCACCCG-3.

Reverse: 5-AGACCATCCACCTCCACTTCTC-3.

Protein-ligand docking

The 3D crystallographic structure of S-protein, nucleocapsid-C terminal (NCT), nucleocapsid-N-terminal
(NNT), RdRp, and ACE-2 were downloaded from the Protein Data Bank (PDB) database (PDB IDs: 7UON, 7CEQ,
7CDZ, and 7bW4). The Maestro software was employed to perform the protein-compound docking analysis*’.
The crystal structures were processed using the Protein Preparation Wizard. The compound’s (ligands) structure
was obtained from the molecular bank of the International Institute of Chemical and Biological Sciences and
drawn using Chem3Draw Ultra 13.0. The compound was prepared using the LigPrep tool*!. The site map tool
was used to generate the top 5 ligand binding sites; the highest affinity site was selected for the grid generation
via the Receptor Grid Generation tool. The Ligand Docking tool was employed for docking. The interactions
between the ligand and receptor, such as hydrogen bonds and hydrophobic and electrostatic interaction, were
determined using the Maestro graphical interface.

Statistical analysis

The data entry, analysis, and processing were performed using GraphPad Prism (Version 8.02). All results are
expressed as the mean +standard deviation (SD). The data was analyzed using One-way ANOVA, followed by
Bonferroni’s Multiple Comparison Test. The p-values less than 0.05 were designated as statistically significant
for all results.

Conclusion

Our study provides evidence that studied Sulfonohydrazide derivative possess anti-SARS-CoV-2 properties.
The study on compound 24 demonstrates that this molecule can efficiently alleviate the infection by targeting
the cellular entrance of the SARS-CoV-2 viruses, and affecting overall replication or transcription by targeting
ORFla/b, S, RdRp, and ACE-2. The findings also suggest that compound 24 can serve as a potent drug molecule
to treat COVID-19, and which can be developed as an anti-viral agent.

Data availability
All data generated or analyzed during this study are included in this published article.
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