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ABSTRACT

Aims: Chikungunya virus (CHIKV) is the agent of chikungunya fever (CHIKF), a reemerging disease prevalent
in tropical regions. With no licensed treatments available, identifying effective antiviral compounds is
critical. This study evaluates the antiviral potential of 20 synthetic sulfonamide derivatives against CHIKV.
Methodology: We tested 13 heteroaromatic derivatives containing thiazole, benzimidazole, and ben-
zothiazole (BTA) moieties, along with seven sulfonamides bearing ester and carboxylic acid groups.
CHIKV-nanoluc replication was assessed in vitro, and molecular docking and infrared spectroscopy
studies were conducted to explore interactions with viral proteins.
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Results: BTA derivatives 6, 9, 11, and 13 demonstrated potent CHIKV inhibition, with ECsy values
between 14.9 and 63.1 uM and selective indexes of 13.8, 5.8, 4.4, and 11, respectively. All compounds
acted in the virus post-entry stage, with compound 9 reducing viral replication by 98%. Compound 9
exhibited multi-stage activity, inhibiting CHIKV through virucidal (55%), pre-treatment (69%), and entry
(98%) mechanisms. Molecular docking suggested strong binding affinities to CHIKV non-structural
proteins and envelope glycoproteins. Infrared spectroscopy corroborated compound 9's interaction
with the glycoprotein complex and lipids.

Conclusions: These findings highlight BTA derivatives as promising CHIKV inhibitors. Compound 9's
ability to interfere at multiple stages of infection suggests its potential for therapeutic development
against CHIKF.
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Article highlights

* Benzothiazole (BTA) derivatives impair CHIKV replication.

e BTA moiety might be responsible for the inhibitory effect on post-
entry stage of CHIKV replication.

e Compound 9 inhibits multiple stages of CHIKV replicative cycle.

e Molecular docking analysis suggests strong H-H, arene-H, and arene—
arene bonds of envelope glycoproteins with BTA compounds.

e ATR-FTIR indicates interactions between BTA derivatives and CHIKV
envelope lipids.

1. Introduction

Chikungunya virus (CHIKV) is an enveloped arbovirus, belong-
ing to the Alphavirus genus and Togaviridae family, trans-
mitted by the female bite of Aedes aegypti or Aedes
albopictus in urban cycles [1]. CHIKV exhibits a single-
stranded positive-sense RNA with a 11.8 kb genome consisting
of two open reading frames (ORF), one that encodes four non-
structural proteins (nsP1, nsP2, nsP3, and nsP4), and
the second that encodes five structural proteins (C - capsid;
6K/TF - transframe; E1/E2/E3 - envelope glycoprotein) [2].
Responsible for triggering chikungunya fever (CHIKF), CHIKV
has been a global health problem, mainly in the Americas,
Africa, and some regions of Asia due to the tropical climate
favorable to the development of mosquito reservoirs [3]. The
illness may lead to chronic complications, such as severe arthri-
tis, limiting the quality of life of infected individuals [4].
Currently, there is no licensed drug to treat CHIKF, restrict-
ing medical management to medications that alleviate the
symptoms. In this context, novel compounds can be synthe-
sized based on organic scaffolds to enhance and target their
pharmacological properties, leading to the development of
effective and safe drugs for a wide range of treatments [5,6].
Sulfonamide exemplifies a structure present in biologically
active compounds, including antibiotics, antihypertensive
agents, and antithyroid medications [7]. Furthermore, this
group encompasses some commercialized drugs involved in
enzyme inhibition like Amprenavir, which is a protease inhibi-
tor of human immunodeficiency virus (HIV), and Sulthiame,
employed as an anticonvulsant that acts as carbonic anhy-
drase enzyme inhibitor [8]. In medicinal chemistry, sulfona-
mide moiety can be applied as a bio isostere for the
carboxylic acid group, as it is capable of forming the same
hydrogen bonds and its oxygen atoms are positioned at simi-
lar distances [9]. This exchange can avoid some disadvantages
of the carboxylic group, such as toxicity, metabolic instability,
and limited passive diffusion in biological membranes [10].
Alternatively, benzothiazole (BTA) possesses a chemical
structure composed of oxygen, nitrogen, and sulfur, where
its nucleus is formed by a fusion of thiazole and benzene
rings [11]. It is rarely found in some natural products like the
compound produced by Aspergillus clavatus, cranberries
aroma, and fermentation culture extracts of Micrococcus sp.,
a marine bacterium [12]. Due to versatile manipulation in
various ring positions, their derivatives have gained attention
as optimized drug candidates [13]. A plethora of BTA deriva-
tives have demonstrated broad-spectrum biological activity,

such as antitumor [14], anti-diabetic [15], analgesic [16], anti-
parasitic [17], and antibacterial [18]. In addition, antiviral activ-
ities against herpes simplex virus (HSV) [19], influenza A virus
[20], and dengue virus (DENV) [21] have also been described.

The association between sulfonamides and heterocycle
compounds like BTAs has been recently described as molecu-
lar hybrids, which is the union of two or more pharmaco-
phores in a scaffold [22]. Considering the number of
biological activities displayed by both, this may lead to syner-
gistic pharmacological activities and an increased ability to
bind to more than one target [23].

Given the previously reported inhibitory effects of these
sulfonamide derivatives against ZIKV [24], we sought to
investigate their potential antiviral activity against CHIKV
in vitro. Since ZIKV and CHIKV are both arboviruses and
share aspects of their replication mechanisms, we hypothe-
sized that these compounds could exhibit a broader anti-
viral spectrum. By evaluating their effects on CHIKV, we aim
to identify promising candidates that could serve as anti-
viral agents against multiple arboviruses, particularly those
of public health concern. Our findings may highlight the
potential of BTA derivatives (heteroaromatic insertions) as
a valuable scaffold for antiviral drug development.

2. Materials and methods
2.1. Compounds

All the sulfonamides were synthesized as previously
reported [17,24]. The 20 compounds evaluated in this
work were divided into two classes. Figure 1(b) shows the
chemical structure of the 13 representative heteroaromatic
sulfonamide compounds, except for compound 13, which is
not a sulfonamide, but rather a simplified derivative of BTA
with an N-acetyl amino fragment. These 13 compounds are
divided into three subclasses, where 1-2 are thiazole deri-
vatives, 3 is a benzimidazole derivative, while compounds
4-13 are BTA derivatives. Figure 1(c) shows the chemical
structure of the seven representative carboxylic acid-
derived sulfonamide compounds.

Compounds were dissolved in dimethyl sulfoxide (DMSO,
Labsynth, Brazil) and stored at —20°C in 50 mm stock solutions.
Dilutions of compounds in cell culture medium were performed
immediately prior to the assays to a final concentration of DMSO
of 0.1%.

2.2. Cell culture

BHK-21 cells (fibroblasts derived from Syrian golden ham-
ster kidney; ATCC® CCL-10™, used between passages 15
and 25) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich) supplemented with 100 U/
mL of penicillin (Hyclone Laboratories), 100 mg/mL of strep-
tomycin (Hyclone Laboratories), 1% dilution of non-essential
amino acids (Hyclone Laboratories), and 5% of fetal bovine
serum (FBS, Hyclone Laboratories) in a 5% CO, incubator
at 37°C.
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Figure 1. Chemical structures of the compounds. (a) General chemical structure of the compounds investigated in this work [24]. (b) Representative heteroaromatic
sulfonamide compounds [24]. (c) Representative carboxylic acid-derived sulfonamide compounds [24].

2.3. Virus sample

The CHIKV-expressing nanoluciferase reporter (CHIKV-nanoluc)
used for the antiviral assays is based on the CHIKV isolate
LR20060PY1 (East/Central/South African genotype) [25]. This con-
struct was produced, rescued, and titrated as previously
described [26].

2.4. Cell viability and determination of the cytotoxic
concentration of 50% (CCs,)

Cell viability was measured by MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-Aldrich] assay.
For screening assays, BHK-21 cells were plated into 96 well
plates at a density of 2x 10* cells per well and incubated
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overnight at 37°C. Medium containing each compound at 50
and 10uM was added, and cells were incubated for 24 h.
DMSO 0.1% was used as an untreated control. After this,
the medium was replaced with the MTT solution at 1 mg/
mL, cells were incubated for 30 min, after which the MTT
solution was removed and replaced with 100 uL of DMSO
(Labsynth, Brazil) to solubilize the formazan crystals. The
absorbance was measured at 560 nm on the Glomax micro-
plate reader (Promega, USA). Cell viability was calculated
according to the equation (T/C)x100%, where T and
C represent the mean optical density of the treated and
untreated control groups, respectively.

For determination of the cytotoxic concentration of 50%
(CCs0), BHK-21 cells were plated to 48 well plates at
a density of 5x 10* cells per well and incubated overnight
at 37°C. Medium containing two-fold serial dilutions at con-
centrations ranging from 1.6 to 200 uM for 6, 9, 11 and from
3.1 to 400 uM for 13 was added to cells and incubated for
16 h. Subsequently, the medium was replaced by MTT solu-
tion at 1 mg/mL and proceeded as described above. CCsq
was calculated using nonlinear regression in GraphPad
Prism 8.0.

2.5. Antiviral activity and determination of the effective
concentration of 50% (ECs,)

To assess the antiviral activity of the compounds, BHK-21 cells
were seeded at a density of 5 x 10 cells per well into 48 well
plates 24 h before the assays. Cells were infected with CHIKV-
nanoluc at a multiplicity of infection (MOI) of 0.1 for antiviral
trials in the presence of the compounds at the highest non-
cytotoxic concentration analyzed through the cell viability
assay. DMSO 0.1% was used as an untreated control.
Samples were harvested using Passive Lysis Buffer (Promega,
USA) at 16 h post-infection (h.p.i.), and virus replication levels
were quantified by measuring nanoluciferase activity using
the Renilla Luciferase Assay System (Promega, USA) at
Glomax microplate reader (Promega, USA). Data were calcu-
lated according to the equation (T/C) x 100%, where T and
C represent the mean of luminescence signals of the treated
and untreated control groups, respectively.

Similar to CCsg, EC5o assays were conducted through the
treatment of cell with two-fold serial dilutions of the com-
pounds, at concentrations ranging from 1.5 to 200 uM for 6,
9, 11 and from 3.1 to 400 uM for 13 in the presence of CHIKV-
nanoluc at a MOI of 1. Concentrations were defined based on
the cytotoxicity assays. ECso was calculated using nonlinear
regression in GraphPad Prism 8.0. The values of CCso and ECsg
were used to calculate the selectivity index (Sl = CCso/ECs).

All the infection assays were performed at a BSL-2 labora-
tory under the authorization number CBQ: 163/02 and process
SEl:  01.245.006267/2022-14 from the CTNBio - National
Technical Commission for Biosecurity from Brazil.

2.6. Time-of-drug-addition assays

For all the time-of-drug-addition assays, BHK-21 cells at 5 x 10*
cells per well were seeded in 48 well plates 24 h before

infection and treatment. Compounds 6, 9, and 11 were eval-
uated at 10 uM, whereas 13 was at 50 uM, determined at
viability screening as the highest non-cytotoxic concentra-
tions. All infections were performed at MOI of 1, except for
the virucidal protocol (MOI = 5). The efficiency of virus replica-
tion was assessed by measurement of nanoluciferase activity
at 16h.p.i using the Renilla-luciferase assay system
(Promega, USA).

In the pretreatment assay, cells were treated for 1 h with
compounds prior to the infection, extensively washed with
phosphate-buffered saline (PBS) [1x], and added of CHIKV-
nanoluc for 1h. Then, cells were washed with PBS [1X] to
remove unbound virus and added to DMEM 2%. In the entry
inhibition assay, cells were infected using media containing
the compound and virus for 1h, washed with PBS [1x] and
incubated with fresh medium. The virucidal activity was
assessed using the same setting, except that the inoculum
containing compound and virus were incubated for 1 h before
it was added to the cells. Finally, in the post-entry assay, cells
were infected with CHIKV-nanoluc for 1 h, washed extensively
with PBS [1x], and then incubated in a compound-containing
medium for 16 h. DMSO 0.1% was used as untreated control
for all protocols. Data were calculated according to the equa-
tion (T/C)x 100%, where T and C represent the mean of
luminescence signals of the treated and untreated control
groups, respectively.

2.7. Molecular docking

Structures of nsPs 1, 2, 3 and the envelope glycoprotein com-
plex (ETE2E3) of CHIKV were obtained from Protein Data Bank
(PDB) from the entries 7X01, 3TRK, 6WOT, and 3N42, respec-
tively. The nsP4 structure was obtained by in silico modeling
using AlphaFold2 (ColabFold v1.5.5, UK) [27]. Potential binding
sites were predicted by the SiteFinder MOE tool (Chemical
Computing Group, Canada) for all proteins. The compounds
6,9, 11, and 13 were docked to all nsPs using the MOE (2024)
program. All proteins were submitted to MOE QuickPrep
(Chemical Computing Group, Canada) to correct structural
problems. Molecular docking was performed using the
Triangle Matcher placement method (30 poses) and London
dG as the scoring function. Refining was conducted using an
induced fit with GBVI/WSA dG as a scoring function. The best
GBVI/WSA dG ranked was selected by each complex for the 3D
and 2D analysis. 3D images were generated by MOE and
ChimeraX (RBVI, USA) [28] programs and 2D images were
generated by MOE.

2.8. Infrared spectral data analysis

The infrared spectra of the samples (CHIKV, the compound 9,
and the combination of CHIKV +9) were recorded using
Attenuated Total Reflectance-Fourier Transform Infrared
(ATR-FTIR) spectroscopy with the Agilent Cary 630 FTIR
(Agilent Technologies, USA). For this analysis, the lipidic
region (3050-2800cm™') and the fingerprint region
(1800-800cm™ ') were examined. The samples were pre-
pared separately with the compound 9 and/or CHIKV
[29,30]. A volume of 3 uL from each sample was placed on



the diamond cell, forming a thin layer on the ATR crystal.
The spectra were recorded at a resolution of 2cm™ ' with 64
scans. The second derivative spectra were derived from the
original data and plotted using Origin Pro 9.8.0.200 software
(OriginLab, USA). The second derivative was applied to cor-
rect baseline drifts and to improve the resolution of over-
lapping spectral peaks [31]. The second derivative spectra
enable more precise identification of subtle and adjacent
absorption vibrational modes which are not resolved in the
original spectrum, thereby improving the specificity of
absorption vibrational modes for certain molecules [31].
Adjustments were made using the Savitzky—-Golay algorithm
with a polynomial order of 2 and a 20-point window [30,32].
The tentative assignments were derived from infrared spec-
tra in biological tissues [33].

2.9. Statistical analysis

Individual experiments were performed in triplicates, and all
assays were performed a minimum of three times to confirm
the reproducibility of the results. GraphPad Prism 8.0 software
was used to assess normal distribution and statistical differ-
ences of means. p <0.05 values (indicated by asterisks) were
considered statistically significant. For the establishment of
CCso and ECsq values, the data were transformed into log(X),
where X is the concentration, and submitted into a non-linear
regression log(inhibitor) vs. response with four parameters in
variable slope.

3. Results
3.1. Design and synthesis of compounds

To identify compounds with superior anti-CHIKV activity, two
classes of sulfonamide derivatives (heteroaromatic sulfona-
mides and carboxylic acid-derived sulfonamides) were
designed, synthesized, and evaluated. The design strategy
emphasized chemical diversification to explore a broad struc-
tural space. The heteroaromatic sulfonamide class was devel-
oped with variations in the heteroaromatic fragment,
including thiazole, benzimidazole, and benzothiazole deriva-
tives, alongside modifications to the benzenesulfonyl ring
substituents, incorporating groups with diverse electronic
and steric effects. Similarly, the carboxylic acid-derived sulfo-
namide class was designed with various substitutions on the
benzenesulfonamide ring, encompassing both free carboxyl
and ester derivatives. Design and synthesis were conducted
according to Supplementary material and as previously
described [24]. This array of structural modifications aimed to
modulate compound interactions with CHIKV, leading to var-
ied inhibition profiles.

3.2. Antiviral activity of sulfonamide compounds against
CHIKV

To assess the antiviral effect of the sulfonamide derivatives,
the cytotoxicity of these compounds was first investigated. To
this, BHK-21 cells, a well-established model for CHIKV that
supports efficient replication and quantification, were treated
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with each compound at concentrations of 50 and 10 uM.
Analyzing the effect on cell viability, we found that treatment
with the heteroaromatic sulfonamide compounds 2, 8, and 13
at 50 uM presented no significant cytotoxicity (p=0,6865, p
>0,9999 and p =0,9988, respectively) (Figure 2(a)). At 10 uM,
all the compounds were viable to the cells, except for 4 (81%;
p=0.0282), 5 (56%; p<0.0001), and 10 (69%; p <0.0001)
(Figure 2(a)).

For the carboxylic acid-derived sulfonamide group, only
14 (81%; p=0.0210) and 20 (80%; p = 0.0262) were viable to
the cells at 50 uM (> 80%), while the others were viable at
10 uM (Figure 2(b)). With an exception, compounds 15 (50 uM
— 74% - p=0.0002; 10 yM — 80% - p=0.0099) and 17 (50 uM
—79% - p=0.0132; TOuM — 74% - p=0.0011) demonstrated
to be cytotoxic at both concentrations (Figure 2(b)).

Then, BHK-21 cells were infected with CHIKV-nanoluc at MOI
of 0.1 and treated with the compounds at the highest non-
cytotoxic concentration to evaluate their antiviral activity. For
compounds that showed cytotoxicity at 50 and 10 pM, such as 4,
5,10, 15, and 17, antiviral assay was performed at 2 uM. Viability
assay was performed in parallel for all compounds.

All the compounds from heteroaromatic sulfonamide
group showed significant inhibition of CHIKV replication (p
<0,0001), where BTA derivatives 6 (90%), 9 (95%), 11 (98%),
and 13 (94.5%) presented the strongest antiviral effects, high-
lighting their potential as promising scaffolds for the develop-
ment of CHIKV antiviral drugs (Figure 2(c)). On the other hand,
none of the carboxylic acid-derived sulfonamide compounds
were capable of inhibiting CHIKV infection above 80%.
Compounds 16, 17, and 19 presented inhibition rates
between 12% and 72% (p <0.01) (Figure 2(d)).

3.3. BTA derivatives of sulfonamide groups possess
robust response against CHIKV in vitro

From screening tests, the compounds with inhibition over 80%
(6, 9, 11, and 13) were selected for further evaluation. The
effective concentration of 50% (ECs), cytotoxic concentration
of 50% (CCsp), and selective index (SI=CCs0/ECs50) were deter-
mined. Compounds 6 and 9 demonstrated, respectively, ECs, of
14.9 uM and 17 pM, CCso of 205.2 uM and 97.9 uM, and a SI of
13.8 and 5.8 (Figure 3(a,b)). While 11 and 13 showed, in this
order, EC5, of 63.1uM and 41.6 uM, CCso of 276 uyM and
459.3 uM, and Sl of 4.4 and 11.0, respectively (Figure 3(c,d)).

3.4. BTA derivatives reveal strong post-entry activity,
with a multiple effect of compound 9

As shown in Figure 4, time-of-drug-addition assays were
carried out for 6, 9, 11, and 13 to further investigate the
effects of these compounds on different stages of CHIKV
replicative cycle. For this, BHK-21 cells were infected with
CHIKV-nanoluc at a MOI of 5 for the virucidal test and a
MOI of 1 for the pretreatment, entry, and post-entry
stages, and the compounds were added to the cells as
described in methods. Interestingly, the results demon-
strated that 9 inhibited all stages of replicative cycle inves-
tigated, showing 55% of inhibition at virucidal test, 69% at
pretreatment, 79% at entry stage, and 98% at post-entry
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stage (Figure 4(a-d)). Compounds 11 and 13 were capable
to significantly inhibit entry (p<0.05) (Figure 4(c)) and
post-entry stages (p <0.0001) (Figure 4(d)), presenting
stronger effect after viral entry to the host cells.
Alternatively, compound 6 reduced 54% of viral post-
entry to the host cells (p <0.0001) (Figure 4(d)).

3.5. Insights on the molecular interactions between BTA
derivatives and CHIKV proteins

According to the time-of-drug-addition assays, the four tested
compounds demonstrated post-entry activity. Therefore,
molecular docking calculations were performed with all
CHIKV non-structural proteins. 2D diagrams and 3D images
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Table 1. Molecular docking scores between BTA derivatives and nonstructural and structural proteins of CHIKV.
GBVI/WSA dG (kcal/mol)

Glycoproteins

Compounds nsP1 nsP2 nsP3 nsP4 (E1-E2-E3)
6 —-7.60 -7.35 —-7.55 b>-7.97 *
9 -7.70 —7.63 b>-8.28 —7.38 b >-8.01
11 b > -8.06 —-7.90 -7.80 -8.00 *

13 =535 b>-542 =533 -5.28 *
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were generated to illustrate the optimal interactions exhibited
by 6, 9, 11, and 13 with the CHIKV proteins (Figure 5).

Compound 6 exhibited the most favorable docking GBVI/
WSA dG score (indicative of the lowest binding energy in kcal/
mol) for nsP4 (—7.97) among the other docked proteins, result-
ing in the formation of four hydrogen bonds with Arg521,
Arg556, Glu553, and Ser4 (Table 1; Figure 5(a)). Concerning
9, the best score was obtained by the nsP3 (-8.28), with
interactions involving three hydrogen bonds (Val113, Gly112,
and Thr111) and two arene-arene bonds with Trp148 (Table 1;
Figure 5(b)). The interactions between 11 and nsP1 were
characterized by three hydrogen bonds with residues Cys82,
Met84, and Arg92 (Figure 5(c)). Compound 13 showed its
highest docking score with the nsP2 protein (-5.42) and two
hydrogen bonds with Trp1084 (Table 1; Figure 5(d)).

Furthermore, as 9 also demonstrated virucidal and entry
activity, docking analysis was performed between this com-
pound and the envelope glycoprotein complex, to better
understand the molecular interactions involved. Regarding
the envelope complex, compound 9 demonstrated a score of
—8.01, where one hydrogen bond (with Tyr233 from E2) and
one arene-H bond (with lle167 from E1) were identified
(Table 1; Figure 5(b)).

3.6. Infrared spectroscopy suggests interactions of
compound 9 with CHIKV particles

The infrared spectra of the compound 9, CHIKV-nanoluc, and
compound 9 plus CHIKV-nanoluc are represented in Figure 5.
The vibrational modes in CHIKV-nanoluc can be related to
lipids, proteins, carbohydrates, and nucleic acids. The spectra
of compound 9 also expressed several vibrational modes in
the fingerprint region between 1800 and 600cm™.
The second derivative spectrum of the CHIKV-nanoluc asso-
ciated with compound 9 at 3040 cm™ revealed an additional
vibrational mode that was absent in the spectra of compound
9 or CHIKV-nanoluc alone, suggesting interactions between
the compound 9 and virus related to C-H stretching vibrations
in lipids. Furthermore, vibrational modes at 1269 cm™' and
1018 cm™', which were present in the spectrum of compound
9 alone, were absent in both the CHIKV-nanoluc spectrum and
the CHIKV-nanoluc-compound 9 complex. This disappearance
suggests additional interactions involving CH, wagging vibra-
tions of phospholipids and in CO vibrations of polysacchar-
ides, respectively.

4. Discussion

In this work, we evaluated the anti-CHIKV activity of 20 sulfo-
namide derivative compounds. These compounds have pre-
viously demonstrated potent and selective anti-ZIKV activity,
highlighting their potential to inhibit other viruses [24]. All
compounds were evaluated through cell viability and antiviral
activity employing BHK-21 cells and CHIKV expressing the
nanoluciferase reporter.

From investigated compounds, 17 exhibited statistically
significant inhibition of CHIKV replication, although com-
pounds 6, 9, 11, and 13 presented the highest replication
inhibition rates (more than 80% at 10 uM for 6, 9, and 11,

and 50 uM for 13), demonstrating a dose-response activity
against CHIKV with ECso of 14.9, 17.0, 63.1, and 41.6 uyM and
Sls of 13.8, 5.8, 4.4, and 11.0, respectively.

Carboxylic acid-derived sulfonamide compounds (14-20)
exhibited the weakest inhibition of CHIKV replication
(Figure 2(d)), suggesting that heteroaromatic moiety is cru-
cial for antiviral efficacy. Furthermore, all four of the most
potent compounds (6, 9, 11, and 13) are BTA derivatives,
highlighting the significance of this scaffold in antiviral
activity.

Compounds 6 and 9 were identified as the most potent
compounds, exhibiting ECso values of 14.9 and 17.0 uM,
respectively. The key structural difference between these two
compounds lies in the position, type, and number of substi-
tuents on the benzenesulfonyl ring. Specifically, compound 6
features a methyl group at the 4-position, while compound 9
possesses a methoxy group at the 2-position and a chlorine
atom at the 5-position. Compounds bearing non-electron-
donating substituents (4, 5, and 10) demonstrated limited
efficacy in inhibiting CHIKV replication at non-cytotoxic con-
centrations, suggesting the importance of electron-donating
groups for anti-CHIKV activity. However, compound 8, an
analog of 9 where chlorine is replaced with a methoxy
group, exhibited lower efficacy than 9, despite possessing
two electron-donating substituents on the benzenesulfonyl
ring. These findings, along with the reduced activity against
CHIKV observed for compounds with more significant struc-
tural modifications, underscore the potential for subtle chemi-
cal variations to modulate interactions with CHIKV.
Nevertheless, a comprehensive SAR study involving
a broader range of chemical diversity is warranted to further
elucidate these relationships.

In addition, it was shown through time-of-drug-addition
assay that 6, 9, 11, and 13 possess strong activity on post-
entry stage. Furthermore, 9 demonstrated activity on all stages
of the CHIKV replicative cycle investigated here.

The production of synthetic compounds from the skeleton
of organic molecules has demonstrated relevant advantages,
such as ease of large-scale production, the possibility of
patenting and the improvement of bioactivity, and increasing
specificity for certain targets. Through the structure-activity
relationship (SAR) commonly applied in medicinal chemistry,
BTA derivatives have shown to possess strong antiviral proper-
ties, acting as allosteric inhibitors of NS2A/NS3 proteases of
DENV [21] and ZIKV [34], NS3 and NS5B of HCV [35,36], and the
reverse transcriptase of HIV [37]. Similarly, our group demon-
strated the action of 9 against ZIKV in vitro, those with BTA
insertions [24]. Consequently, a direct comparison of antiviral
effects against ZIKV and CHIKV is limited to 9 and 11, for
which ECs, values were determined against both viruses.
Compound 9 exhibited comparable activity against both
viruses, with ECsq values of 17 uM against CHIKV and 10.7 uM
against ZIKV. In contrast, 11 demonstrated a significant differ-
ence in potency, showing an ECsy of 63.1 uM against CHIKV
and 5.1 yM against ZIKV, indicating approximately 12-fold
greater potency against ZIKV. Furthermore, 1 and 5 displayed
ECso values of 5uM against ZIKV but were not selected for
ECso determination against CHIKV due to inhibition below
80% at non-cytotoxic concentrations. Given the limited data



available for a comprehensive direct comparison, it is challen-
ging to draw definitive conclusions regarding the structural
features conferring viral selectivity. However, the observed
differences among 1, 5, 9, and 11 suggest that subtle struc-
tural variations can significantly modulate antiviral activity
against both ZIKV and CHIKV. Notably, ZIKV appears to exhibit
greater sensitivity to this BTA class of compounds.

The strongest effects observed for all derivatives were in
the post-entry stage of CHIKV replicative cycle, suggesting
that the interference of CHIKV replication could be related to
the replicative complex of CHIKV nsPs. In this context, the
molecular docking calculations performed here corroborate
this hypothesis. Each of these nsPs plays many roles in virus
replication, assembled into a viral replicative complex, funda-
mental for CHIKV genome replication and transcription [38].
The nsP1 possesses capping attributes, functioning as both
a methyltransferase and guanylyltransferase; nsP2 operates as
RNA triphosphatase, nucleoside triphosphatase (NTPase), and
RNA helicase; nsP3 is a multifunctional protein involved in
several processes of recruiting host cell factors to improve
viral replication, participates in the formation of replicative
sites and modulates host immune response; and, ultimately,
nsP4 is a key enzyme to the replicative process, known as
RNA-dependent-RNA polymerase, responsible mainly for cata-
lyzing genome elongation [39-41].

In contrast, 9 was capable of interfering with all the stages
of CHIKV replication cycle investigated. The results obtained
here corroborate our previous published findings with ZIKV.
However, in the experiments conducted with the BHK-ZIKV
replicon, 9 did not show a significant inhibition, indicating
that its mode of action might not be exclusively related to
the nsPs [24]. The molecular interactions between the com-
pound 9 and CHIKV-nanoluc detected at 3040 cm™ suggest
interactions related to the stretching of C-H in the lipid mem-
brane of the virus. These lipidic interactions could explain the
virucidal effect of this compound, given that CHIKV is an
enveloped virus surrounded by a bilipid layer derived from
the host cell, as well as may justify the inhibition observed at
the entry stage [42]. Additionally, CHIKV replicates into lipidic
membranes’ structures that could also be affected by this
compound, disrupting the replication complex [43].

Our FTIR analysis provided further insights into the interac-
tion between compound 9 and CHIKV. Notably, the second
derivative spectra revealed the emergence of a distinct vibra-
tional band at 3040 cm™ ' in the CHIKV +9 spectrum which
was absent in the spectra of compound 9 or CHIKV alone. This
spectral feature suggests that compound 9 may be interacting
with CHIKV through C-H stretching vibrations, possibly invol-
ving lipid components of the viral envelope. Additionally,
characteristic vibrational bands of compound 9 at 1269 cm™
and 1018 cm™ ' were absent in the CHIKV + 9 spectrum, indi-
cating that compound 9 may be interacting with functional
groups within this region, likely involving CH, wagging vibra-
tions of phospholipids and CO vibrations of polysaccharides.
These findings align with previous studies on FTIR spectral
variations in biological macromolecules [33]. These structural
insights further reinforce the potential of compound 9 as
a promising antiviral candidate against CHIKV.
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5. Conclusion

The data presented here demonstrate that BTA derivatives
exhibit anti-CHIKV activity by inhibiting some points of its
replicative cycle in vitro. In this regard, these compounds
represent templates for the development of potential new
drug candidates against CHIKF, highlighting the importance
of synthesizing molecules based on improving their pharma-
cological and pharmacokinetic properties. While the in vitro
results provide evidence and mechanistic insights through
molecular docking and spectroscopy, additional investigations
in physiologically relevant models will be valuable to comple-
ment these findings. Future research may focus on evaluating
the pharmacokinetic behavior, in vivo antiviral efficacy, and
potential host-virus interaction dynamics of these com-
pounds, as well as on refining their structures to enhance
selectivity and potency.
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