o Journal of Biosciences and Medicines, 2024, 12, 214-229
gcelse;‘;;gﬁ https://www.scirp.org/journal/jbm
< Publishing ISSN Online: 2327-509X
ISSN Print: 2327-5081

C
9.0,
X

%

%

In Silico and in Vitro Analysis of
Pyrazolone Derivatives against
Zika Virus and Identification of
Potential NS5 Methyltransferase
Inhibitors by Molecular Docking

Luciene Soares Silva'2, Tiago Soares Barbosal2, Maria Leonisa Sanchez-Nuifiez!2,
Aldenise Mont Serrat Rosa da Silval2, Vitor Won-Held Rabelo2,

Leonardo dos Santos Corréa Amorim12, Leonardo Alves Miceli3, Percilene Fazolin Vegi¢,
Alice Bernardino4, Helena Carla Castro13, Izabel Christina Nunes de Palmer Paixao12*

!Science and Biotechnology Graduate Program, Department of Cellular and Molecular Biology, Institute of Biology,

Fluminense Federal University, Niteréi, Brazil

2Laboratory of Molecular Virology and Marine Biotechnology, Department of Cellular and Molecular Biology, Institute of
Biology, Fluminense Federal University, Niteroi, Brazil

Laboratory of Antibiotics, Biochemistry, Teaching and Molecular Modeling, Institute of Biology, Fluminense Federal University,
Niteroi, Brazil

“Laboratory of Organic Chemistry at the Institute of Chemistry, Institute of Biology, Fluminense Federal University, Niter6i, Brazil
Email: *izabelpaixao@id.uff.br

How to cite this paper: Silva, L.S., Barbo- Abstract

sa, T.S., Sanchez-Nufez, M.L., da Silva,

AMSR, Rabelo, V.W., Amorim, L.S.C, Zika virus (ZIKV), a mosquito-borne flavivirus, has been associated with be-
Miceli, L.A., Vegi, P.F., Bernardino, A,, Ca-  nign infections for decades. However, it has become a public health concern
stro, H.C. and Paixdo, I.C.N.P. (2024) In
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Derivatives against Zika Virus and Identi-
fication of Potential NS5 Methyltransferase ~ vaccines or antiviral drugs are still lacking. Consequently, the development of
Inhibitors by Molecular Docking. Journal  new effective anti-ZIKV agents is urgently needed. In this context, we inves-
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due to its association with severe fetal and neurological complications. Al-
though many efforts have been made to control ZIKV infection, approved

tigated the antiviral potential of pyrazolone derivatives against ZIKV replica-

tion using in silico and in vitro methods. The four pyrazolone derivatives
Received: May 30, 2024 evaluated (la, 1b, 1c, and 1d) inhibited over 50% of ZIKV replication with
Accepted: July 20, 2024 low cytotoxicity. Among them, compound 1b exhibited the most potent ac-
Published: July 23, 2024 tivity (ECso = 4.3 uM) and the highest selectivity (SI = 342). Mechanism of ac-
tion studies indicated that these compounds act at early stages of virus repli-
cation, and compound 1b can also directly inactivate ZIKV particles. Mole-
cular docking studies suggested that these compounds can bind to and block
the activity of ZIKV NS5 methyltransferase. Finally, pharmacokinetic and
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toxicological predictions have reinforced the safety and drug-like profiles of
these derivatives. In conclusion, the pyrazolone scaffold proved to be valuable
for anti-ZIKV drug development, and the derivatives studied deserve further
investigation.
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1. Introduction

Zika virus (ZIKV) is an arbovirus of the Flavivirus genus, which belongs to the
Flaviviridae family. Its transmission occurs mainly through the bite of infected
Aedes aegypti mosquitoes [1]. In addition to mosquito bites, other transmission
routes have also been reported, such as sexual and vertical transmission [2]. In
addition, studies point to evidence that transmission can occur through blood
products and breastfeeding [3]. The relationship between ZIKV and the au-
toimmune neurological Guillain-Barré syndrome, as well as the congenital Zika
syndrome (CZS), aroused the interest of several researchers [4]-[8]. SCZ can
produce spontaneous abortions, congenital malformations, and several situa-
tions that are harmful to long-term health, including psychiatric disorders dur-
ing adult life [7] [9]-[11]. In 2021, Krenn and collaborators [12] demonstrated
that viral infections caused by the Zika virus and Herpes simplex virus type 1
(HSV-1) were identified as the main causes of microcephaly in early pregnancy
[12]. To date, 87 countries have reported epidemic outbreaks caused by ZIKV.
These events characterize the ability of the virus to trigger large-scale infections
(4] [13].

The ZIKV genome consists of a single-stranded positive-sense RNA [3] that
assembles a polyprotein essential for the replicative cycle. Also, ZIKV has the
untranslated region, 5' and 3' URTs that have an essential function for viral rep-
lication [14]. On the other hand, the ZIKV has only one open reading frame
(ORF) that encodes three structural proteins (E, prM, and C) and seven non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [15] [16].
One of the central proteins of flavivirus replication is NS5 which is responsible
for two distinct catalytic activities for virus replication [17]. The first domain is
methyltransferase (MTase) and the second domain is an RNA-dependent RNA
polymerase (RdRp) [18]. The NS5 MTase domain methylates the RNA coating to
create N-7-methylguanosine and 2'-O-methyladenosine applying S-adenosyl-L-
methionine (SAM) as the methyl giver [19]. On the other hand, the NS5 RdRp
domain contributes to viral RNA synthesis through a de novo initiation mechan-
ism [20]. Studies demonstrated that the performance of N-7-methylguanosine as
well as the 2'-O-methyladenosine of the MTase of the non-structural protein
NS5 are essential for viral replication [21]-[23]. Thus, the abolition of MTase ac-
tivity seems to be a promising method for the development of anti-ZIKV agents.
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Despite the efforts put into the development of control strategies, there are no
antivirals and vaccines on the market yet. In this context, pyrazole derivatives
emerge as an interesting scaffold for bioactive products. The pyrazole nucleus is
an aromatic azole heterocycle with two adjacent nitrogen atoms. Pyrazole deriv-
atives exhibit a broad spectrum of biological activities, including approved drugs
such as celecoxib, antipyrine, phenylbutazone, rimonabant, and dipyrone, which
contains the pyrazole ring [24]. In addition, the introduction of other heterocyc-
lic systems resulted in new compounds with several biological and medicinal
functions, such as antiviral, anti-inflammatory, anticancer, and antioxidant cha-
racteristics [25] [26]. Compounds bearing a pyrazole core have been highlighted
in the search for new antivirals. For instance, our group have previously synthe-
sized derivatives of 3H-benzo[b]pyrazole-[3,4-h]-1,6-naphthyridines and 3H-
pyrido[2,3-b]pyrazole [3,4-h]-1,6-naphthyridines which inhibited HSV-1 repli-
cation [27]. However, to the best of our knowledge, there is no experimental
evidence on the antiviral activity of other derivatives, such as pyrazolones,
against ZIKV. Consequently, the aim of this work was to evaluate the cytotoxic-
ity, antiviral activity, and mechanism of action of pyrazolone derivatives against
a Brazilian ZIKV strain. Also, we aimed to analyze in silico the pharmacokinetic
and toxicological properties of these compounds as well as their binding affinity
and interactions with ZIKV NS5 MTase.

2. Methodology
2.1. Compounds

O o) o) o)
oL e
/ / / /

N\N @) N\N o) N\N o) N\N o)
X\\ % Cl
Cl Cl O
1a 1b 1c 1d

Figure 1. 2D structure of the pyrazolones derivatives evaluated in this work.

Previously, our group synthesized and designed several aryl-substituted 1H-
pyrazoles, which showed interesting biological properties [28]-[31]. Among py-
razoles, the pyrazolone moiety is endowed with a wide range of pharmacological
activities, such as antimicrobial, neuroactive, anti-inflammatory, antioxidant,
and antiviral [32]. Consequently, four aryl-substituted 5-pyrazolone derivatives
(compounds 1a-1d) (Figure 1) were obtained as described elsewhere [24] [33].
Among the substituents, we explored the introduction of electron-withdrawing

(e.g. chlorine) and electron-donating (e.g., methoxy) groups in the phenyl ring
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attached to the pyrazolone nucleus. All derivatives were dissolved in sterile di-
methylsulfoxide (DMSO) in 50 mM stock. On the other hand, chloroquine
(Sigma-Aldrich, Brazil) was prepared in sterile water to a final concentration of
50 mM. All stocks were stored at —20°C until use. The final concentration of
DMSO was <0.1%.

2.2. Cells and Viruses

Vero cells (ATCC CCL-81; African green monkey kidney cells) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, Brazil) at
37°C, supplemented with 5% of fetal bovine serum (FBS) (Sigma-Aldrich, Bra-
zil), 2 g/L of sodium bicarbonate, 100 IU/mL of penicillin, 100 pug/mL of strep-
tomycin, and 2.5 pg/mL of amphotericin B. The Brazilian strain of ZIKV
KU49755 was kindly provided by Professor Dr. Ana Maria Pinto from the Bio-
medical Institute, Fluminense Federal University. This strain was isolated from
amniotic fluid samples from a neonate with microcephaly and represents the
Asian lineage. Viruses were propagated in Vero cells for five days at 37°C and
5% CO, atmosphere and were harvested and stored at —80°C until needed. Virus

titers were defined by plaque reduction assay.

2.3. Cytotoxicity Assay

The cytotoxicity of the compounds on Vero cells was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
described elsewhere [34]. Briefly, Vero cells were seeded onto 96-well culture
plates at a density of 1 x 10* cells per well and were treated with increasing con-
centrations of compounds (50, 100, 200, 400, and 800 pM) for 72 h at 37°C and
humidified at 5% CO, atmosphere. Then, compounds were removed, and 50 puL
of a 5 mg/mL solution of MTT (Sigma-Aldrich, Brazil) was added into each well
and incubated for 4 h at 37°C and humidified 5% CO, atmosphere. The MTT
solution was then removed and 100 uL of DMSO was added to each well to dis-
solve formazan crystals. Finally, the resulting absorbance of each well was de-
termined at 545 nm using a microplate reader (TP-Reader Thermo Plate). The
relative cell viability was calculated as a percentage comparing the treated to un-
treated cells and the concentration that reduces cell viability by 50% (CCso) was
determined by a linear regression analysis of the dose-response curves. The ex-

periment was undertaken three times independently in triplicates.

2.4. Antiviral and Plaque Reduction Assays

Vero cells were seeded onto 24-well plates at a density of 2 x 10* cells per well
and were infected with ZIKV at a multiplicity of infection (MOI) of 1.0 for 3 h at
37°C and humidified 5% CO, atmosphere. Then, the inoculum was discarded,
and compounds were added. As an initial screening, compounds were added at a

final concentration of 50 uM, while the ones that showed antiviral activity at this
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stage were further evaluated at different concentrations (3.125, 6.25, 12.5, 25,
and 50 pM). The treated plates were incubated for 20 h at 37°C and humidified
5% CO, atmosphere. Finally, cells were lysed by three freezing and thawing
cycles for viral titer determination by plaque reduction assays.

To determine virus titers, Vero cells maintained in 24-well plates at a cell den-
sity of 2 x 10° cells per well were infected with 10-fold serial dilutions of the col-
lected samples for 3 h at 37°C and humidified 5% CO, atmosphere. Afterward,
the inoculum was removed, and cell monolayers were covered with DMEM sup-
plemented with 3% of methylcellulose (Sigma-Aldrich, Brazil) and 2% of FBS for
7 - 8 days. Then, cells were fixed and stained with a solution of 0.2% crystal vio-
let and 10% formaldehyde. Virus titers were expressed as the number of pla-
que-forming units per milliliter (PFU/mL) while inhibition of virus cytopathic
effect was calculated comparing the infected treated and untreated cells. These
assays were performed in triplicate. Finally, the concentration required to inhibit
the virus cytopathic effect by half (ECs) of the most potent compounds was cal-

culated by linear regression.

2.5. Virucidal Assay

To assess the virucidal effect of the compounds, a cell-free system was employed.
1 x 107 PFU of ZIKV was diluted in DMEM medium in the presence or absence
of the compounds (50 uM) and incubated for 2 h at 37°C and humidified 5%
CO, atmosphere. Then, Vero cells (2 x 10° cells/well) seeded in a 24-well plate
were infected with the incubated virus for 1 h at 37°C and humidified 5% CO,
atmosphere. The inoculum was removed, and cell monolayers were covered with
DMEM supplemented with 3% of methylcellulose and 2% of FBS for 7 - 8 days.
Finally, cells were fixed and stained with a solution of 0.2% crystal violet and

10% formaldehyde. Viral titers were expressed as the number of PFU/mL.

2.6. Time of Addition Assay

We carried out a time of drug addition assay to investigate at which step of the
viral life cycle the compounds act. Vero cells grown in 24-well plates at a cell
density of 2 x 10° cells per well were infected with ZIKV at an MOI of 0.1.
Compounds were added (50 uM) at different times, as follows: 3 hours before
infection (-3 hpi; pretreatment), 0 h (at the time of infection), or at times
post-infection, such as 3, 6, 9, and 12 hpi, and incubated for 72 h at 37°C. After
72 h, the percentage of viral inhibition of each treated sample was calculated by

comparing it with virus titers from untreated controls.

2.7. Prediction of Pharmacokinetic and Toxicological
Properties

The theoretical pharmacokinetic and toxicological properties of the most active
compounds (1a, 1b, 1c, and 1d) and chloroquine were analyzed. The admetSAR

2 server [35] was employed to predict human intestinal absorption (HIA) and
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carcinogenicity, whereas genotoxicity (based on the AMES test), hepatotoxicity,
and cardiotoxicity (based on inhibition of hERG I and II) were predicted using
the pkCSM server [36]. Additionally, the compounds were also evaluated ac-
cording to industry rules, like Lipinski’s “rule of five”, GSK 4/400, and Pfizer
3/75 using the FAF-Drugs4 web server [37].

2.8. Molecular Docking

Molecular docking of the most potent compounds 1a, 1b, 1c, and 1d with the
methyltransferase domain of NS5 (NS5 MTase) from ZIKV was carried out to
evaluate their putative mechanism of antiviral action. The crystal structure of
ZIKV NS5 methyltransferase complexed with its cofactor S-adenosylmethionine
(SAM) was retrieved from the Protein Data Bank under the code 5KQR [38].
The three-dimensional structures of the pyrazolone derivatives were constructed
and optimized using the Spartan’10 program (Wavefunction Inc., Irvine, CA,
USA). Initially, structures were submitted to a conformational analysis in a va-
cuum using molecular mechanics and the MMFF force field. The lowest-energy
conformer was subjected to a geometry optimization step using the semi-em-
pirical RM1 method, followed by an ab initio calculation using the Hartree-Fock
method and the 6-31G* basis set.

Molecular docking studies were performed using Autodock Tools 1.5.6 and
AutoDock 4.2.6 [39]. First, the co-crystallized structure of SAM was redocked in
NS5 methyltransferase to evaluate the docking software accuracy and validate
the docking protocol (RMSD 0.61 A). The protein was prepared by adding polar
hydrogens and Gasteiger charges were assigned whereas polar hydrogens were
added to the ligand and its rotatable bonds were determined automatically.
During docking studies, the protein was kept rigid while the rotatable bonds of
ligands were allowed to rotate freely. The grid box, with dimensions of 50 x 50 x
50 points (0.375 A spacing), was centered on the SAM binding site. Lamarckian
genetic algorithm was employed as a search engine with a population size of 50
while other parameters of the search algorithm were kept at default values. After
validation, the same protocol was employed for docking studies with the pyra-
zolopyrimidine derivatives. Finally, the conformer with the lowest binding
energy was selected for visual inspection and protein-ligand interaction analysis
using Ligplot v. 4.5.3 [40] available at the European Bioinformatics Institute
(EMBL-EBI) server.

2.9. Statistical Analysis

All the data shown represent the mean + standard deviation (SD) from tripli-
cates run three independent times. Analysis of variance (ANOVA) was used to
analyze differences among group means, and the Tukey test was performed for
post hoc analysis to differentiate among experimental groups. Statistical signi-
ficance was considered when p-value < 0.05. Statistical analysis was performed

using GraphPad Prism 7 software (GraphPad Software Inc.).
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3. Results

3.1. Cytotoxicity and Antiviral Activity of Pyrazolone Derivatives
against ZIKV Replication

Prior to antiviral experiments, the toxicity of pyrazolone derivatives was eva-
luated in Vero cells. The CCs, of compounds 1a, 1b, 1¢, and 1d were approx-
imately 1353 pM + 17.02, 1472 pM + 40.42, 1130 uM = 6.83, and 980 pM =+
18.12, respectively (Table 1). Since the compounds exhibited low cytotoxicity,
their antiviral activity against ZIKV replication in Vero cells was assessed at a
concentration of 50 uM. Among the four compounds, compound 1d showed an-
tiviral activity of 68.30%, while compound 1c showed moderate activity (virus
titer decreased by 50%). On the other hand, compounds 1a, and 1b exhibited
stronger inhibitory activity and were able to reduce the virus titer by 71.20% and
79.30%, respectively. Similarly, chloroquine had a moderate inhibitory activity of
58%. Further, compounds were evaluated at different concentrations to deter-
mine their ECs, values. All derivatives showed dose-dependent antiviral activity
and compound 1b was the most active, with an ECs, value of 4.30 uM, followed
by compounds la (ECs, = 16.0 uM), 1d (ECso = 25.4 pM) and 1c (ECso = 46.63
uM). Compounds 1b and 1b were more potent than chloroquine (ECso = 16.82
uM), a marketed drug with antiviral activity in vitro against ZIKV. Finally, the
selectivity index (SI) of the compounds was calculated, being compound 1b the
most selective one with an SI of 342. Despite the lower antiviral activity in com-
parison to chloroquine (SI = 24.98), the pyrazolone derivatives showed compa-
rable or even higher selectivity than this drug, which indicates the promising

profile of these compounds.

Table 1. Cytotoxicity and antiviral activity of the four pyrazolone derivatives and the
control drug chloroquine against ZIKV.

Compounds CCso (uM)*? Inhibition (%) ECso (UM)© SId
la 1353 £17.02 71.20 16 £ 0.99 84
1b 1472 + 40.42 79.30 43+1.25 342
1c 1130 £ 6.83 50.00 46.63 £ 0.87 24.21
1d 980 + 18.12 68.30 25.40 £ 1.06 38.58

Chloroquine 420.2 £ 0.02 58.00 16.82 £ 0.92 24.98

*CCso: Concentration that reduced the cytotoxicity concentration by 50%, ’Inhibition rate
(%) of ZIKV replication in Vero cells at 50 uM, “ECso: Concentration that reduced 50% of
ZIKV replication, 9SI: Selectivity Index was defined as the ratio between CCso and ECso.

3.2. Evaluation of the Virucidal Activity

In order to analyze the inactivation of viral particles by the compounds, ZIKV
suspensions were treated with the compounds at 50 uM for 2 h. Then, the re-

maining infectivity was evaluated by plaque reduction assays. Treatment of virus
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particles with compounds 1a, 1b, 1¢, and 1d reduced virus titers by 38%, 76%,
34%, and 27%, respectively, while chloroquine decreased virus titers by 42%
(Figure 2(A)). The results obtained in the virucidal assays indicated that only
compound 1b has an interesting virucidal potential.
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Figure 2. Mechanism of action evaluation of the pyrazolone derivatives (50 uM) and the
control drug chloroquine (CQ) against ZIKV. (A) Virucidal activity; (B) Time-of-drug

addition assay. Data are expressed as mean + standard deviation (bars) from three inde-
pendent assays.

3.3. Time of Addition Assay

We investigated the antiviral effects of the pyrazolone derivatives when added at
different times during ZIKV replication to assess at which step of this process
the compounds might act (Figure 2(B)). All compounds showed the highest an-
tiviral activity when added 3 h before infection. Compounds 1a, 1b, and 1c still
presented high antiviral activity when added 3 h post-infection (higher than 50%
inhibition), but their activity decreased significantly when they were added later
on in the infection like the drug chloroquine. These findings suggested that all
compounds mainly act at early stages of virus replication and may also act at

host cells.

3.4. Molecular Docking of the Most Active Derivatives with ZIKV
NS5 Methyltransferase

Based on the mechanism of action assays, we evaluated whether the most active
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derivatives (1a, 1b, 1c, and 1d) may bind ZIKV NS5 MTase and interfere with
ZIKV replication (Figure 3). Compound 1b showed the highest theoretical af-
finity with this enzyme, showing a binding energy of —6.23 kcal/mol, followed by
compounds 1d (-5.32 kcal/mol), 1¢ (—4.49 kcal/mol), and 1a (—4.47 kcal/mol).
Overall, compounds showed extended binding modes and contacted similar re-
sidues (Figure 3). Compound 1b established two hydrogen bond interactions
with residues Lys105 and Vall32 while the other compounds showed only one
hydrogen bond interaction. For instance, compounds 1d and 1c¢ interacted with
His110 while compound 1a interacted with Val132.

A B

Figure 3. Molecular docking of pyrazolone derivatives with ZIKV NS5 MTase (PDB code
5KQR). Binding mode of compounds (A) 1a, (B) 1b, (C) lc, and (D) 1d are shown. Hy-
drogen bonds are represented as dashed lines. Created with The PyMOL Molecular
Graphics System, Schrodinger, LLC.

3.5. In Silico Analysis of the Pharmacokinetics and Toxicological
Properties of the Pyrazolone Derivatives

To evaluate the potential of the pyrazolone derivatives as drug candidates, we
evaluated their pharmacokinetic and toxicological properties using computa-
tional tools (Table 2). All compounds showed good human intestinal absorption
and fulfilled Lipinski’s “rule of five”, indicating good oral bioavailability. In ad-
dition, these compounds were approved on the GSK 4/400 rule, indicating satis-

factory pharmacokinetic and toxicological properties. However, a warning was
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raised on the Pfizer 3/75 due to their low polar surface area. Yet, they were not

reproved, suggesting they exhibit a low probability of showing pre-clinical toxic-

ity.

Table 2. Comparison of theoretical pharmacokinetic and toxicological properties and
classification of pyrazolone derivatives and the control drug chloroquine regarding the
drug-like rules developed by pharmaceutical industries (Lipinski’s “rule of five”, GSK
4/400, and Pfizer 3/75). Prediction probabilities are shown in parentheses.

Compound la 1b 1c 1d Chloroquine
Human intestinal Yes Yes Yes Yes Yes
absorption (0.98) (0.98) (0.97) (0.98) (1.00)
Lipinski’s “rule of
o 0 0 0 0 0
five” violation
GSK/400 Pass Pass Pass Pass Pass
Pfizer 3/75 Warning  Warning ~ Warning  Warning Warning
Carcinogenicit No No No No No
arcinogenic
geniclly (0.64) (0.64) (0.66) (0.74) (0.83)
Hepatotoxicity No Yes No Yes No
Cardiotoxicity No No No No Yes

Moreover, we evaluated other toxicity risks for these compounds, such as car-
cinogenicity, hepatotoxicity, and cardiotoxicity (Table 2). None of the com-
pounds showed carcinogenic and cardiotoxic risks, but compounds 1b and 1d
showed increased risks for hepatotoxicity. Interestingly, compounds 1a and 1c¢
showed a safer profile than chloroquine, which is a marketed drug, with low

toxicity risks for all endpoints evaluated.

4. Discussion

ZIKV is an emerging arbovirus that has rapidly spread in recent years and caused
unprecedented large human outbreaks, which, for the first time, revealed an eti-
ological link with severe neurological complications, including Guillain-Barré
syndrome and fetal microcephaly. According to the Centers for Disease Control
and Prevention, it is estimated that between 2007 and 2019, 87 countries were
affected by the ZIKV [4] [41]. In the Americas, 38 countries reported the pres-
ence of the virus [42]. The absence of an effective vaccine leads to the develop-
ment of new drugs that are both active as antivirals and have low systemic and
cellular toxicity.

Herein, we investigated the antiviral potential of pyrazolone derivatives
against ZIKV replication in Vero cells. All the compounds analyzed have CCs,
values in the range of 980 uM and 1472 uM, proving their low cytotoxicity pro-
file, even when compared to the marketed drug chloroquine (CCsy = 420 pM)
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selected as a positive control for in vitro anti-ZIKV assays as described earlier
[43]. Consequently, the four pyrazolone derivatives were screened for their inhi-
bitory activity against ZIKV replication at 50 uM. Interestingly, they strongly
reduced virus replication with inhibition rates of 71.2% for compound 1a, 79.3%
for compound 1b, 50.0% for compound lc, and 68.3 % for compound 1d. Most
of these derivatives showed higher activity than chloroquine (58% inhibition)
which is a known endocytosis-blocking agent.

We further calculated their ECs, values from dose-response curves. The un-
substituted compound 1a presented an ECs, of 16 pM, but the introduction of a
methoxy group at the para position of the phenyl ring yielded a less active deriv-
ative (1d; ECso = 25.4 uM). Yet, the introduction of a chlorine atom at the same
position resulted in an even less active derivative (compound 1¢; ECsy = 46.63
uM). Surprisingly, the presence of two chlorine atoms at both ortho and para
positions of the phenyl group significantly improved its antiviral activity (com-
pound 1b; ECsp = 4.3 uM) against ZIKV. These results indicated that the an-
ti-ZIKV activity of these derivatives is favored by the addition of elec-
tron-withdrawing groups at both ortho and para positions, but the introduction
of electron-donating groups also leads to good antiviral agents. Design, synthe-
sis, and evaluation of other derivatives should be conducted in the future to ob-
tain a robust structure-activity relationship analysis since the unsubstituted
derivative showed great activity. For instance, the introduction of electron-
withdrawing groups, such as other halogens (fluorine, bromine, and iodine) or
nitro groups, or electron-donating groups, such as hydroxyl or amine groups, at
similar positions of the phenyl ring will provide valuable information on this
matter.

Interestingly, the pyrazolone derivatives evaluated in this work showed a more
potent anti-ZIKV activity than other compounds reported, such as sofosbuvir
with an ECs, value higher than 50 pM [44]. Another important parameter in an-
tiviral drug discovery is the selectivity index (SI), which expresses the therapeu-
tic window of a given compound. It is suggested that the ideal value for SI'is 2 or
higher for antiviral agents [45]. Excitingly, all compounds showed SI values
comparable to or even higher than the control drug chloroquine (SI = 24.98),
with compound 1c presenting the lowest selectivity (SI = 24.21). By contrast,
compound 1b exhibited a significantly higher selectivity (SI = 342). These results
point to the good in vitro efficacy and safety as antivirals.

Consequently, we evaluated the mechanism of action of these compounds.
Only compound 1b had direct effects on ZIKV particles and reduced approx-
imately 75% of virus replication. We further investigated at which step of the
ZIKV replication cycle these compounds might act. We noticed that compounds
exhibited the highest antiviral activity when added up to 3 hpi, indicating that
they act at early steps of virus replication, including attachment, entry, and rep-
lication.

Accordingly, we used computational tools to investigate whether the ZIKV
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NS5 MTase could be a target of these compounds. Molecular docking demon-
strated that the four pyrazolone derivatives interacted directly with key amino
acids for NS5 MTase activity, through hydrogen bonding or van der Waals con-
tacts. The most active derivative 1b showed the highest affinity with the enzyme
(binding energy of —6.23 kcal/mol) and interacted with residues such as Lys105,
His110, and Vall132, which are important residues for the activity of this enzyme
from other flaviviruses as well. These results suggest that the antiviral activity of
these derivatives may be triggered by the inhibition of ZIKV NS5 MTase.

Finally, according to our in silico studies, we observed that these compounds
showed satisfactory pharmacokinetic properties, according to industry rules.
Also, these derivatives showed good intestinal absorption and oral bioavailabili-
ty, indicating that they are suitable for oral delivery. As well, they showed a
comparable or safer profile than the marketed drug chloroquine, especially the
unsubstituted derivative (1a), which, in turn, highlights this scaffold as promis-

ing for the development of novel drugs to tackle ZIKV infections.

5. Conclusion

In the present study, we have identified four pyrazolone derivatives (1a, 1b, 1c,
and 1d) with significant 7n vitro antiviral activity against ZIKV and good selec-
tivity. The mechanism of action evaluation showed that these compounds act at
early steps of virus replication while compound 1b also showed virucidal activi-
ty. These compounds showed a high theoretical affinity with ZIKV NS5 Mtase
and interacted with important residues from the protein’s active site, pointing to
this protein as a feasible target for the antiviral activity of these derivatives. Fi-
nally, the pharmacokinetic and toxicological predictions reinforced the promis-
ing potential of these compounds as drug candidates which deserve further in-

vestigations to fight ZIKV infections.
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