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ABSTRACT: Chikungunya fever results from an infection with Chikungunya compound 10
virus (CHIKV, genus Alphavirus) that is prevalent in tropical regions and is ,
spreading fast to temperate climates with documented outbreaks in Europe and the ﬁ”p
Americas. Currently, there are no available vaccines or antiviral drugs for . _,3 Y
prevention or treatment of Chikungunya fever. The nonstructural proteins (nsPs)

of CHIKV responsible for virus replication are promising targets for the

development of new antivirals. This study was attempted to find out new Compound10c
potential inhibitors of CHIKV nsP2 protease using the ligand-based drug design. Wn
Two compounds 10 and 10c, identified by molecular docking, showed antiviral £

activity against CHIKV with ICs, of 13.1 and 8.3 uM, respectively. Both 1Cso=83um
compounds demonstrated the ability to inhibit the activity of nsP2 in a cell-free

assay, and the impact of compound 10 on virus replication was confirmed by

western blot. The molecular dynamics study of the interactions of compounds 10 and 10c with CHIKV nsP2 showed that a possible
mechanism of action of these compounds is the blocking of the active site and the catalytic dyad of nsP2.

B INTRODUCTION libraries, a smaller specific group of compounds was also tested
Chikungunya virus (CHIKV) is an Alphavirus of the in a virus-cell-based assay, for2 example, phenothiazines,20
Togaviridae family, one of the arthropod-borne member of synthesized triazolopyrimidines”' and thiazolidone deriva-
genus Alphavirus, which is transmitted by the Aedes aegypti and tives,”> plant-derived tigliane-type diterpenoids,” jatropane
Aedes albopictus mosquitos. Infection with this virus causes esters,”* phorbol esters,” aplysiatoxins,”® and new daphnane
Chikungunya fever, whose major symptoms are an acute febrile diterpenoid orthoesters and their chlorinated analogues.”’

illness with arthralgia, myalgia, rash, lymphopenia, thrombo- In the current work, nsP2, one of the nonstructural proteins
cytopenia, and gastrointestinal symptoms.l_4 CHIKY infection (nsPs) of CHIKV, was used as a target for molecular design.
is rarely fatal, but in 60% of cases, the disease can progress to a All nsPs, which are components of CHIKV RNA replicase, are

chronic stage, which can seriously disable a patient for a long
time.” Currently, there are no approved vaccines or specific
antiviral drugs, and the treatment of CHIKV infection is
mostly based on the relief of symptoms.®

In the last decade, many research groups have focused on

translated from the virus RNA genome in the form of a P1234
polyprotein precursor. Active forms of the replicase enzymes
are generated using the autoproteolytic activity of nsP2,
making the enzyme indispensable for virus infection.'*** The

the identification of novel inhibitors of CHIKV replication to aim of our current study was to find out potential CHIKV nsP2
develop clinical candidate drugs for the treatment of CHIKV protease inhibitors using the ligand-based approach, molecular
infections, as described in the recent review articles.”® For docking, and molecular dynamics (MD) simulations. In this
example, the compounds consisting of benzofuran, pyrrolopyr- work, two potential inhibitors of CHIKV nsP2 protease were
idine, and thiazole carboxamide derivatives,” harringtonine, identified. The thorough verification of the effects of identified
that is, cephalotaxine alkaloid,'® a natural compound derivative compounds on protease activity of CHIKV nsP2 and

(ID1452-2),"" and compounds similar to ribavirin'® were replication of CHIKV was carried out using both CADD
identified as possible CHIKV inhibitors using a cell-based

methods, cell-based and cell-free assays.
high-throughput screening assay. Potential drug candidates

were also searched using a computer-aided drug design ]

(CADD). In this way, hydrazine derivatives,'> various Received: December 20, 2020 ‘~
carboxamide, acrylamide, and rhodanine analogues,14 plant- AccePted: February 3, 2021 020 (&
derived secondary metabolites,'® hesperetin,16 designed Published: February 17, 2021 [ i
peptidomimetics,'” FDA-approved dru%s and known cysteine K @"
protease inhibitors,"® and flavonoids' were identified as - -

possible anti-CHIKV agents. Besides extensive search from
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Table 1. Antiviral Activity of Compounds 1—12 against CHIKV-NanoLuc in BHK-21 Cells and Calculated Binding Energies,

Ligand Efficiencies, and Interactions

code structure 1Cso CCso AG LEa interactions
(uM) (uM) (kcal/mol) (H-bonds)
S
J
1 O/LN/\ Cys1013, Alal046,
2 274 >600 -6.7 0.34 | Tyrl079, Trp1084,
CQ 0 Leul205
(0]
i L Cys1013, Ala1046,
2 2 Tyr1079, Asn1082,
o >100 >100 -6.8 0.28 His1083, Trpl 084,
Leul205
o
/@AVNH - Cys1013, Alal046,
3 2 Tyr1079, Asp1081,
. I} >100 >100 -6.5 0.28 Asn1082 (O...HN).
Trp1084, Leul205
(0]
4 - Cys1013, Alal046,
NH, NA? >100 -6.2 0.27 | Tyrl079, Aspl081,
0 Asn1082, Leul205
5 o Cys1013, Alal046,
NEOH | NA? >100 -6.1 0.20 | Aspl081, Asnl082,
N o His1083, Arg1087
H,N
[¢]
0
6 SXNH Alal046, Tyr1047,
Van NA? >100 -7.2 0.40 Tyr1079, Asn1082,
CQ 0 Trp1084, Met1242
7 Alal046, Tyr1079
NH >100 >100 -7.2 0.36 | (HO...HN), Asn1082,
c1@—/ 0 Trp1084, Met1242
(0]
8 S)LNH Trpl014, Alal046,
Py >100 >100 58 0.39 | Tyrl047, Asn1082,
o Trp1084
NHT(Q Cys1013, Ala1046,
9 b Tyr1047, Ser1048,
F)(©/ 0 OH NA ~100 77 039 1 1511079, Asn1082,
F Trp1084
F
o HO
10 _ N Cys1013, Ala1046,
o oL 3 131 | >1000 6.7 037 | Tyrl079, Asn1082,
B S Trp1084, Leul205
o OH
1 ©/ Cys1013, Ala1046,
NH >100 >1000 -6.9 0.41 Tyr1047, Ser1048,
Tyr1079, Asn1082
OH
(0]
N.}" B Cys1013, Ala1046,
12 . J Tyr1047, Tyr1079,
N7 >100 >1000 -6.9 0.41 Asn1082, Trp1084
(NH...N), Met1242
Cl

“LE: ligand efficiency, that is, AG/N (heavy atoms). YNA: not active, that is, no activity at the maximum nontoxic concentration.

B RESULTS AND DISCUSSION

Molecular Modeling. A virtual screening of the previously
described CHIKV inhibitors for their potential to act as
inhibitors of CHIKV nsP2 protease was performed. CHIKV
inhibitors with an ICs, of up to 15 M were selected from the
review article by da Silva-Janior et al.”” Thereafter, the selected
compounds (Table S1) were docked to the potential active site
of CHIKV nsP2 using AutoDock Vina 1.1.2.°° CHIKV

inhibitors with ligand efficiency greater than 0.27 were selected
as templates for further search of commercially available
compounds using the Tanimoto similarity coefficient (>60%)
from MolPort’" database. The search resulted in 96
compounds that were also docked to the active site of
CHIKV nsP2. Based on the molecular docking results, 12
compounds with ligand efficiency greater than or equal to 0.27
were selected for biological study. The calculated energies for
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Figure 1. Calculated binding modes of compounds 1 (a), 10 (b), 10b (c), 10c (d), and nitazoxanide (e) in the active site of CHIKV nsP2 (PDB

ID: 3TRK).

the 12 selected compounds were in the range of —5.8 to —7.7
kcal/mol (Table 1). The binding modes of the compounds
involve hydrophobic contacts with amino acid residues
Cys1013 and Trpl084 (Figure 1), which are important for
the activity of CHIKV nsP2 protease (here and in the rest of
the text, the residue numbers correspond to these in P1234
polyprotein of CHIKV).*” The binding mode of compound 1
was found to be different from that of compounds 10, 10b, and
10c: the benzene ring of compound 1 is located below the 1H-
indole ring of the Trp1084 residue of the target protein, but
the benzene rings of compounds 10, 10b, and 10c are located
below the benzene ring of the Tyr1079 residue of the protein.
In addition, the thiazole rings of compounds 10, 10b, and 10c
are oriented parallel to the 1H-indole ring of the Trp1084
residue. It should be noted that compounds 10, 10b, and 10c
are derivatives of nitazoxanide, a known CHIKYV inhibitor that
inhibits the attachment and entry of the CHIKV into the cell.*’
According to the molecular docking results, the binding mode
of nitazoxanide is slightly different compared to the binding
modes of compounds 10, 10b, and 10c. The substitution of
the hydroxyl group by an acetyl group results in a small
displacement of nitazoxanide in the active site of CHIKV nsP2
relative to compound 10 and, therefore, to the loss of a

5788

hydrophobic contact with the amino acid residue Cys1013 of
the catalytic dyad (Figure le). Probably, the acetyl group of
nitazoxanide is a steric hindrance for optimal binding to the
active site of CHIKV nsP2 that can be crucial for the ability of
nitazoxanide to inhibit protease activity.

The docking calculations were followed by MD simulations
using the Desmond package™ in the active site of CHIKV
nsP2. The root mean square deviation (rmsd) of the atomic
position behavior is notably small for all four active
compounds, but compound 10c has a smaller rmsd that
shows the stability of the ligand binding with CHIKV nsP2
(Figure S1). The MD modeling also confirms the location of
the binding modes of all compounds (Figure 2). In the case of
the compounds with the highest activity, 10 and 10c, there is a
significant hydrogen bond between the side chain of Trp1084
and the carbonyl oxygen atom of the corresponding ligands
(Figures 2 and S2). All potential inhibitors form a stacking
(m—r) interaction with the 1H-indole ring of Trp1084 or the
benzene ring of Tyr1079 (Figure 2), especially this contact is
very strong for compound 10c (Figure 2d). Analysis of the MD
trajectories shows that all compounds have a hydrogen bond
with Cys1013 of the catalytic dyad of CHIKV nsP2 (Figure
S2); however, this bond is short-term and probably does not

https://dx.doi.org/10.1021/acsomega.0c06191
ACS Omega 2021, 6, 5786—5794
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Figure 2. 2D summary diagram of the MD-calculated contacts between CHIKV nsP2 (PDB ID: 3TRK) and compounds 1 (a), 10 (b), 10b (c),
and 10c (d). Interactions that occur more than 10% of the simulation time are shown.
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Figure 3. (a) Effects of compounds 1, 10, 10b, and 10c (indicated on the top) used at a concentration of 1 mM on the ability of CHIKV nsP2 to
cleave a recombinant protein substrate. Names of the proteins are indicated on the right, and molecular masses of marker bands are indicated on
the left. (b) Western blot analysis. BHK-21 cells infected with CHIKV-NanoLuc (MOI 10) were treated with increasing concentrations of
compound 10. Cell lysates were collected 6 h post infection and run on 10% SDS-PAGE, and proteins were transferred onto the PVDF membrane.
CHIKV proteins were detected using the respective rabbit primary antibodies and secondary anti-rabbit IRDye680-conjugated fluorescent
antibodies. Loading control—/f-actin—was detected using the primary mouse and secondary anti-mouse IRDye800-conjugated antibody. Names of
the proteins are indicated on the left, and molecular masses of marker bands are indicated on the right. Neg: BHK-21 cells treated with 1% DMSO;
Pos: infected BHK-21 cells treated with 1% DMSO (no inhibitor).

play a significant role in the activity of the compound. both CHIKV nsP2 protease activity and antiviral activity of
However, the presence of a stable hydrogen bond with the side potential inhibitors. It should be noted, according to the MD
chain of the amino acid residue of Trp1084 is characteristic of results (Figure S2), that all selected compounds form short-
compounds with higher activity. Thus, the hydrogen bonding term contacts with amino acid residues of the loop between

of a ligand to the side chain of Trp1084 can be important for the 7 strand and a9 helix, which with the loop between j1

5789 https://dx.doi.org/10.1021/acsomega.0c06191
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Table 2. Antiviral Activity of Analogues of Compound 10 against CHIKV-NanoLuc in BHK-21 Cells and Calculated Binding

Energies, Ligand Efficiencies, and Interactions

O
- N
O
(6]

1Cso
(uM)

=

code

CCso AG

(M) (keal/mol) LE interactions

10a

A/

>100

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trpl084

>100 -6.6 0.39

10b 37.2

o]

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trp1084

>100 -6.9 0.38

a

10c 83

Cys1013, Alal046,
Tyr1079, Trp1084,
Met1242

>100 -6.8 0.36

10d >100

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trpl084

>100 -7.0 0.39

10e ~100

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trp1084

>100 -6.9 0.39

10f NAP

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trpl084, Met1242

>1 -6.1 0.39

10g NA®

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trp1084

>1 -7.1 0.37

10h NAP

Cys1013, Trp1014,
Alal046, Tyr1047,
Tyrl1079, Trp1084

>10 -6.3 0.40

10i NA®

ettt lle iy

s}

Cys1013, Alal046,
Tyr1047, Tyr1079,
Trp1084

>1 -6.8 0.37

“LE: ligand efficiency, that is, AG/N (heavy atoms). PNA: not active, that is, no activity at the maximum nontoxic concentration.

and 2 strands are closing the access to the active site.”
However, the duration of these contacts is so short that it can
be assumed that the main mechanism of action of these
compounds is the blocking of the active site and the catalytic
dyad of nsP2 protease. Probably, the binding of the identified
compounds to the catalytic dyad of CHIKV nsP2 prevents the
binding of the substrate and, thus, prevents the stabilization of
the thiolate—imidazolium ion pair required for the nsP2-
activated state.’

Enzymatic Assay. The ability of the selected compounds
to inhibit the protease activity of the purified recombinant
CHIKV nsP2 was analyzed using the cell-free assay. Among
the selected potential inhibitors, compounds 10, 10b, and 10c
were found to inhibit the protease activity of nsP2 (Figure 3a).
Compound 10 had the strongest inhibitory effect, as at its
presence, the least amount of cleavage product was formed.
Compounds 10b and 10c had a smaller inhibitory effect than
compound 10, and there was more cleavage product than in
the presence of compound 10, but still less product compared
to the noninhibitor control sample. Compound 1 had no effect
on the protease activity of nsP2 in enzymatic assay.

Cell Assay. The selected compounds were initially tested at
three concentrations (1, 10, and 100 zM) for their potential to
inhibit replication of CHIKV-NanoLuc in BHK-21 cells.
Compounds 1 and 10 were very potent inhibitors; subsequent
experiments revealed that their ICs, were 27.4 and 13.1 uM,
respectively. Other compounds had very low antiviral activity
or no activity at their maximum nontoxic concentrations
(Table 1). Compound 10c, the dichloro-substituted in the
benzene ring, was found to be the most potent among the
derivatives of compound 10 (Table 2). The metasubstituted
derivative 10b had a lower activity than compounds 10 and
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10c. Probably, the substitution in the benzene ring is very
important for the antiviral activity. All active compounds
showed no cytotoxic effect at their active concentrations. The
antiviral activity of compound 10 was also confirmed using a
different assay system (CellTox Green assay) in another cell
line (retinal pigment epithelium (RPE) cells). In RPE cells,
compound 10 had an IC;, of 7.3 uM, about twofold lower than
in BHK-21 cells, and CCs, was >30 pM. The antiviral activity
of compound 10 was also evaluated in BHK-21 cells infected at
a high MOI (multiplicity of infection) of 10. Using western
blotting, it was found that at a concentration 10 times higher
than ICs, the virus replication was completely inhibited, as it is
evident from the lack of ns-protein and capsid protein
expression (Figure 3b). This experiment demonstrated that
the prominent inhibitory effect starts at a concentration of 20
UM and is associated by reduction of synthesis of ns-proteins
and capsid protein. These data are consistent with the
proposed mechanism of compound 10: inhibiting protease
activity of nsP2 is expected to result in an inhibition of the
formation of viral replication complexes and therefore to
reduce synthesis of all viral RNAs and products of their
translation. It is possible that compound 1, which was
predicted to bind to nsP2 (Figures la, 2a, Table 1), inhibited
virus replication in infected cells but failed to inhibit its
protease activity in the cell-free assay (Figure 3a) and may also
act via binding to nsP2 possibly disturbing other functions of
this multifunctional protein.

B CONCLUSIONS

In this work, new potential CHIKV nsP2 protease inhibitors
were searched using the ligand-based drug design approach.

https://dx.doi.org/10.1021/acsomega.0c06191
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Two potential nsP2 CHIKV inhibitors were identified based
on the virtual screening of the previously described CHIKV
inhibitors. It is worth noting that compounds 10 and 10c are
derivatives of nitazoxanide, which inhibits the attachment and
entry of the CHIKV into the cell.”” In our work, it was shown
that CHIKV nsP2, which plays an important role not only in
the replication of the virus but also in the pathogenesis of the
viral infection,®” is a possible target for the identified
compounds 10 and 10c. Thus, these compounds are of great
interest for further development of the efficient and targeted
CHIKYV inhibitors.

B METHODS

Molecular Modeling. The crystal structure of CHIKV
nsP2 protease was obtained from Protein Data Bank (PDB ID:
3TRK).*® The structural model was measured by X-ray
diffraction with a resolution of 2.40 A. Protein preparation
was carried out using Schrodinger’s Protein Preparation
Wizard of Maestro 10.7.”” Water molecules were removed
from the crystal structure. The two-dimensional chemical
structures of ligands were obtained from MolPort®" database.
Ligand structures were prepared for further molecular docking
procedure using LigPrep with the OPLS_200S force field from
the Schrodinger Suite.”” All possible states such as generation
and ionization states were enumerated for each ligand using
Epik at a pH of 7.0 & 2. Stereoisomers were determined from
the three-dimensional structures. PDB files for the molecular
docking procedure were created from lowest-energy con-
formers for each ligand. The docking studies were carried out
using AutoDock Vina 1.1.2.°° The potential active site of
CHIKV nsP2 was based on the work by Jadav et al.*” with key
residues Cys1013, His1083, and Trp1084 (numeration based
on residues in P1234 of CHIKV). The active site was
surrounded with grid-box-sized 20 X 20 X 20 points with a
spacing of 1.000 A. The docking settings of AutoDock Vina
1.1.2°° were used in their default values, namely, one CPU to
use, the number of output poses is 9, and exhaustiveness is 8.
The MD simulations were carried out using the Desmond
simulation package of Schrdinger LLC.** The NPT ensemble
with the temperature 300 K and a pressure of 1 bar was applied
in all runs. The simulation lengths were 50 ns with a relaxation
time of 1 ps. The force field OPLS_2005"" was used for each
simulation. The long-range electrostatic interactions were
calculated using the particle mesh Ewald method.*” The cutoff
radius in Coulomb interactions was 9.0 A. The water molecules
were described using the simple point charge model (spC).*”
The Martyna—Tuckerman—Klein chain coupling scheme**
with a coupling constant of 2.0 ps was used for the pressure
control, and the Nosé-Hoover chain coupling scheme** was
used for the temperature control. The nonbonded forces were
calculated using an RESPA integrator where the short-range
forces were updated every step and the long-range forces were
updated every three steps. The trajectories were saved at 50.0
ps intervals for further analysis. The behavior and interactions
between the ligands and protein were analyzed using the
Simulation Interaction Diagram tool implemented in the
Desmond MD package.

Compounds. Compounds for experimental study were
purchased from MolPort, Inc.”' 10 mM stocks of compounds
were prepared by dissolving compounds in sterile dimethyl
sulfoxide (DMSO) (Sigma, USA) and stored at —20 °C until
further use. (1) (5Z)-3-ethyl-5-(naphthalen-1-ylmethylidene)-
2-sulfanylidene-1,3-oxazolidin-4-one; ChemBridge Corp., cat.

5791

no. 7374012, purity: 90%; (2) 2-{[2-(3,4-dimethylphenyl)-
cyclopropyl]formamido}-2-phenylacetamide; Enamine, Ltd.,
cat. no. 7898678328, purity: >90%; (3) 2-{[2-(3,4-
dimethylphenyl) cyclopropyl]formamido}-2-phenylacetamide;
Enamine, Ltd., cat. no. Z225701352, purity: >90%; (4) 2-
phenyl-2-[ (3-phenylcyclobutyl)formamidoJacetamide; Enam-
ine, Ltd., cat. no. Z875424876, purity: >90%; (5) (2S)-1-(4-
{[(S)-carboxy(phenyl)methyl]carbamoyl}piperidin-1-yl)-1-
oxo-3-phenylpropan-2-aminium chloride; IBScreen NP, cat.
no. STOCKIN-56416, purity: 90%; (6) (SE)-5-(naphthalen-2-
ylmethylidene)-1,3-thiazolidine-2,4-dione; Vitas-M Laboratory,
Ltd., cat. no. STK244409, purity: >90%; (7) N-[(4-
chlorophenyl)methyl]-2-phenylcyclopropane-1-carboxamide;
Vitas-M Laboratory, Ltd., cat. no. STK44079S, purity: >90%;
(8) (SE)-S-[(2-methylphenyl)methylidene]-1,3-thiazolidine-
2,4-dione; Vitas-M Laboratory, Ltd, cat. no. STK038906,
purity: >90%; (9) 2-hydroxy-N-[4-(trifluoromethyl)phenyl]-
benzamide; Alinda Chemical, Ltd., cat. no. IBS-L0127348,
purity: 90%; (10) 2-hydroxy-N-(S-nitro-1,3-thiazol-2-yl)-
benzamide; TargetMol, cat. no. T2279, purity: 99%; (11) 2-
hydroxy-N-(4-hydroxyphenyl)benzamide; TargetMol, cat. no.
T0353, purity: 99%; (12) sodium 3-(3-chlorophenyl)-7-oxo-
6H-[1,2,3]triazolo[4,5-d]pyrimidin-6-ide; Life Chemicals, Inc.,
cat. no. F2199-0574, purity: >90%; (10a) N-(S-nitro-1,3-
thiazol-2-yl)pyridine-3-carboxamide; ChemBridge Corp., cat.
no. 5530525, purity: 90%; (10b) 3-chloro-N-(5-nitro-1,3-
thiazol-2-yl)benzamide; ChemDiv, Inc., cat. no. 1786-0083,
purity: >90%; (10c) 2,5-dichloro-N-(S-nitro-1,3-thiazol-2-yl)-
benzamide; Vitas-M Laboratory, Ltd., cat. no. STK059294,
purity: >90%; (10d) 2-methyl-N-(S-nitro-1,3-thiazol-2-yl)-
benzamide; Vitas-M Laboratory, Ltd., cat. no. STL356377,
purity: >90%; (10e) 4-methyl-N-(5-nitro-1,3-thiazol-2-yl)-
benzamide; Vitas-M Laboratory, Ltd., cat. no. STK060782,
purity: >90%; (10f) N-(S-nitro-1,3-thiazol-2-yl)thiophene-2-
carboxamide; Vitas-M Laboratory, Ltd., cat. no. STK071581,
purity: >90%; (10g) 3,4-dimethyl-N-(S-nitro-1,3-thiazol-2-
yl)benzamide; Vitas-M Laboratory, Ltd., cat. no. STK072231,
purity: >90%; (10h) N-(S-nitro-1,3-thiazol-2-yl)furan-2-car-
boxamide; BIONET—XKey Organics, Ltd., cat. no. 7N-023,
purity: 90%; (10i) 4-fluoro-N-(S-nitro-1,3-thiazol-2-yl)-
benzamide; BIONET—Key Organics, Ltd., cat. no. 6N-020,
purity: 90%.

Enzymatic Assay. Full-length recombinant CHIKV nsP2
was used as the protease. The recombinant protein substrate
contained 15 amino acid residues corresponding to P10 to P’S
residues of the nsP2 cleavage site located between nsP1 and
nsP2 regions of P1234, which was placed between enhanced
green fluorescent protein and thioredoxin. The recombinant
proteins were expressed and purified, as described in detail
earlier.**® Protease inhibition assay was carried out at 30 °C
for 1.5 h in 10 uL volume in protease assay buffer (20 mM
HEPES [pH 7.2] and 2 mM dithiothreitol). The CHIKV nsP2
final concentration was 1.4 uM, the protease substrate’s final
concentration was 6 uM, the inhibitor’s final concentration was
1 mM, and 10% DMSO was used as a solvent control. The
maximally allowed concentration of DMSO was described in
our previous work."* Protease inhibition assay reaction
products (5.5 uL) were analyzed by 10% SDS-PAGE and
Coomassie blue staining. The experiment was carried out three
times with very similar results.

Cells and Viruses. Baby hamster kidney (BHK-21) cells
(ATCC CCL-10) were grown in Glasgow’s minimal essential
medium (GMEM; PAN Biotech) containing 7.5% fetal bovine
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serum (FBS), 2% tryptose phosphate broth, 20 mM HEPES,
and 1% dilution of penicillin/streptomycin stock. RPE cells
(ATCC CRL-4000) were grown in Dulbecco’s modified Eagle
medium: nutrient mixture F-12 (DMEM/F12) containing 10%
FBS, 1% penicillin/streptomycin stock, and 0.25% sodium
bicarbonate. Both cell cultures were maintained at 37 °C in a
5% CO, atmosphere. The CHIKV-NanoLuc virus was
obtained from the icDNA clone pICRESI, representing the
LR20060PY1 strain belonging to the East/Central/South
African genotype.*” The virus stocks were stored at —80 °C.
All virus experiments were conducted in accordance with the
guidelines of the national authorities using appropriate
biosafety laboratories under appropriate safety approvals.

Cytotoxicity Assay in BHK-21 Cells. Cells were plated in
96-well plates containing a complete growth medium and
cultured overnight. The cells were then treated with
compounds at the indicated concentrations for specified
times. After drug treatment, cell viability was measured using
the MTT assay. Briefly, 10 uL of MTT solution (5 mg/mL)
was added to each well and incubated at 37 °C for 4 h. After
removing the medium, the formed crystals produced were
dissolved in 100 uL of DMSO. The optical density of the
obtained solution was measured at 540 nm. All experiments
were performed in triplicates.

Antiviral Activity in BHK-21 Cells. BHK-21 cells were
seeded on 24-well tissue culture plates (Thermo Fisher
Scientific) at a density 2 X 10° cells/well in 400 uL of
GMEM (PAN Biotech) and were allowed to adhere overnight.
Next, BHK-21 cells were infected with CHIKV-NanoLuc at an
MOI of 0.001 PFU (plaque forming units)/cell in a virus
growth medium (100 uL/well) containing GMEM, 0.2% BSA,
1% penicillin/streptomycin stock, and compounds at final
concentrations ranging from 0.1 to 200 yM. At 1 h post
infection, the complete growth medium (300 uL/well)
containing compounds at final concentrations ranging from
0.1 to 200 uM was added. At 16 h post infection, the medium
was discarded, cells were lysed, and nanoluciferase activity was
measured using a Renilla luciferase assay system (Promega,
Madison, WI, USA). Percent inhibition was calculated by
comparing values obtained from compound-treated wells with
those from infected wells treated with 1% DMSO as a solvent
control. The assay was carried out in three parallels. ICs,
calculation was performed using GraphPad Prism version 8.0
for Windows, GraphPad Software, La Jolla California, USA.*®
The calculated ICs, graphs are presented in Figure S3.

Western Blot Analysis of Infected Cells Treated with
Compound 10. BHK-21 cells were seeded on six-well tissue
culture plates (Thermo Fisher Scientific) at a density 1 X 10°
cells/well in 2 mL of GMEM (PAN Biotech). Cells were
infected with CHIKV-NanoLuc at an MOI of 10 in the
presence of compound 10 at concentrations of 10, 20, 50, 100,
and 200 yM and 200 uL of GMEM containing 0.2% BSA.
Control cells were mock infected under the same condition
with the presence of 1% DMSO as a solvent control. At 1 h
post infection, the complete growth medium (300 uL/well)
was added, containing the same concentration of compound
10 or DMSO. Cells were incubated at 37 °C for 6 h, and then,
cells were lysed in 100 uL of SDS sample buffer (S0 mM Tris-
HCI pH 6.8, 2% SDS, 10% glycerol, 0.2% bromophenol blue)
and denatured at 100 °C for 8 min. Proteins were separated by
SDS-PAGE in 10% gels and transferred onto poly(vinylidene
difluoride) (PVDF) membranes. The CHIKV nsP1, nsP2,
nsP3, and capsid protein were detected using the correspond-

ing rabbit polyclonal antibodies (all generated in-house); /-
actin (sc-47778; Santa Cruz Biotechnology) was used as a
loading control. The membranes were incubated with the
appropriate secondary antibodies conjugated to fluorescent
infrared dyes (LI-COR), and the signals were visualized with
the LI-COR Odyssey Fc imaging system.

Cytotoxicity and Antiviral Activity of Compounds in
RPE Cells. RPE cells were seeded on 24-well tissue culture
plates (Thermo Fisher Scientific) at a density of 5 X 10* cells/
well in 100 uL of DMEM/F-12 (Corning) and were allowed to
adhere overnight. Confluent cells were infected with CHIKV-
NanoLuc at an MOI of 2 in the virus growth medium DMEM-
F12 containing 0.2% BSA, 2 mM L-glutamine, 0.348% sodium
bicarbonate, and 1 pg/mL L-1-tosylamido-2-phenylethyl
chloromethyl ketone-trypsin (TPCK)-trypsin (Sigma-Aldrich).
Compound 10 was added to the cells in threefold dilution at
seven different concentrations starting from 30 uM. No
compound was added to the control wells. At 48 h post
infection, the medium was replaced with the virus growth
medium containing the CellTox Green Dye reagent (1:2000
dilution in the assay well, Promega, Madison, WI, USA).
Fluorescence was measured using the Synergy M microplate
reader (BioTek, USA); then, cells were lysed with Renilla lysis
buffer in twofold dilution containing the Renilla luciferase assay
substrate (1:66), and luminescence was measured using the
Synergy M microplate reader (BioTek, USA). ICs, calculation
was carried out with GraphPad Prism version 8.0 for Windows,
GraphPad Software, La Jolla California, USA.*® The calculated
ICs, graph is presented in Figure S3c.
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