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Abstract

Chikungunya virus (CHIKV) infection and subsequent high patient morbidity is a global threat. The present study
aimed to identify the potent antiviral agent against Chikungunya virus, with minimum in vitro cytotoxicity. CHIKV
nsP4 3D structure was determined using the I-TASSER server followed by its refinement and pocket determina-
tion. Furthermore, high-throughput molecular docking was employed to identify candidate CHIKV nsP4 inhibi-
tors in a library containing 214 compounds. The top ranked compound was evaluated further with various assays,
including cytotoxicity, antiviral activity, time of drug addition, viral entry attachment, and microneutralization
assays. High-throughput computational screening indicated silibinin to have the best interaction with CHIKV
nsP4 protein, immature and mature glycoproteins with highest negative free binding energy, — 5.24 to — 5.86 kcal/
mol, and the lowest inhibitory constant, 50.47 to 143.2 uM. Further in vitro analysis demonstrated silibinin could
exhibit statistically significant (p < 0.05) dose-dependent anti-CHIKV activity within 12.5-100-uM concentra-
tions with CCs, as 50.90 pM. In total, 50 uM silibinin interfered with both CHIKV attachment (75%) and entry
(82%) to Vero cells. Time of addition assay revealed silibinin interfered with late phase of the CHIKV replication
cycle. Microneutralization assay revealed that silibinin could inhibit clearing of 50% Vero cell monolayer caused
by CHIKV-induced CPE at a minimum dose of 25 uM. These data indicated silibinin to be a promising candidate
drug against CHIKV infection.

Keywords Chikungunya virus - Silibinin - Antiviral agents - Molecular docking - In vitro

Introduction

Reemergence of Chikungunya virus (CHIKV) infection and
its rapid spread across the globe and high patient morbidity
demarked it as a global threat (Dutta ef al. 2018; Sengupta
et al. 2020). It is a mosquito-borne virus belonging to the
genus alphavirus of Togaviridae family. Two-thirds of
11.7-kb CHIKV genome encodes nonstructural proteins
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(nsP1, nsP2, nsP3, nsP4): 5’ capping and subgenomic RNA
synthesis, helicase, phosphatase, and RNA-dependent
RNA polymerase (RdRp), respectively. The nsP4 is one
of the independent functional modules whose relative
abundance determines efficiency of viral RNA replication.
Lack of RdRp in humans and other animals makes these
polymerases an attractive antiviral target (Lello ez al. 2021).
The remaining one-third of viral genome codes for structural
proteins (C, E3, E2, 6K, El) involved in viral particle
assembly and budding (Voss et al. 2010). Primarily, viral
envelope complex is made up of E1 and E2 proteins which
dissociate due to acidic environment of endosome, resulting
in breakdown of heterodimer and release of E1 homotrimer.
E2 glycoprotein is responsible for receptor binding, whereas
El glycoprotein via its fusion peptide interacts with targeted
cellular membrane leading to release of nucleocapsid into
host cell cytoplasm. E3 plays an important role by protecting
E2-E1 heterodimer from premature fusion with cellular
membrane and also mediates correct folding of pE2. Overall,
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glycoproteins play a critical role in both early and late stages
of CHIKYV infection.

Currently, no FDA-approved specific drug/vaccine is
available for effective cure of CHIKYV infection, a high-
priority disease declared by National Institute of Health,
USA (Akahata et al. 2010). CHIKYV infection is primar-
ily controlled by reducing viral transmission to the host by
using protective measures against mosquito bites (Cunha
and Trinta 2017). Primarily, treatment is based on analge-
sics, antipyretics, and anti-inflammatory drugs for treat-
ment of symptoms associated with CHIKYV infection, viz.,
non-steroidal anti-inflammatory drugs, which might have
side effects. Due to the explosive nature of recent CHIKV
epidemics across the globe, development of potent anti-
CHIKYV drug is urgently needed (Wahid et al. 2017). Among
broad-spectrum antiviral compounds, ribavirin, arbidol,
harringtonine, silymarin, and suramin showed potent anti-
CHIKYV effect in vitro (Parashar and Cherian 2014). Plants
are sources of natural compounds with antiviral properties,
which can protect the human body against pathogens and
have minimal toxicity to host cells (Oliveira et al. 2017).
Most of them are readily absorbed in the bloodstream and
reach concentrations that have potential to exert effects
in vivo. Previous studies have suggested antiviral activity
of andrographolide, arbidol, baicalin, benzofuran, cepha-
lotoxin, chloroquine, coumarin, fluorouracil, harringto-
nine, kaempferol, luteolin, pyropropyridin, quercetin, and
silymarin by inhibiting RdRp of different viruses (Ahmed-
Belkacem et al. 2010, 2014; Alam et al. 2012; Anusuya and
Gromiha 2017; Subudhi et al. 2018).

The present study was aimed to identify compound(s) of
these groups with potent anti-CHIKYV activity and prefer-
ably with less cytotoxicity in vitro. High-throughput virtual
screening of similar compounds, retrieved from PubChem
database, followed by testing of in vitro anti-CHIKV activity
of the top-ranked compound was performed for this purpose.

Materials and methods

Retrieval of target sequence of nsP4 and crystal structure of
glycoprotein complex The 3D structure CHIKV nsP4 pro-
tein was determined based on NCBI Reference Sequence
(RefSeq) with GenBank accession ID: NP_690588 (CHIKV
reference sequence for nonstructural polyprotein), using the
I-TASSER server (Ann Arbor, MI). The crystal structures
of immature and mature envelope glycoprotein complexes
(E3-E2-E1l) of CHIKYV were retrieved from Research Col-
laboratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB) (pdb file: 3N40 and 3N42 respectively).

Primary and secondary structure analyses of nsP4 Physi-
ochemical properties of CHIKV nsP4 (NP_690588):

theoretical isoelectric point (pI), molecular weight (MW),
molecular formula (MF), total number of positive (+R) and
negative (-R) residues, instability index (II), extinction coef-
ficient (EC), aliphatic index (Al), and grand average hydrop-
athy (GRAVY) were analyzed using Expasy’s ProtParam
server to validate the nature of nsP4 protein (Artimo et al.
2012). The secondary structural feature of nsP4 protein was
studied using the PSIPRED server and its disulfide connec-
tivity was predicted with the help of the DiANNA tool to
understand proper protein stability and folding (Ferre and
Clote 2006; Buchan et al. 2013).

Modeling, structure refinement, and pocket identifica-
tion Ab initio modeling approach via the I-TASSER
Web server was used to generate a reliable 3D model of
nsP4 with proper folding conformations and with their
confidence scores (Yang and Zhang 2015). Furthermore,
stereo-chemical parameters, overall folding, and error over
localized regions of predicted models were evaluated by
VARIFY 3D and ERRAT of Structural Analytical and
Verification Server (SAVES) (https://servicesn.mbi.ucla.
edu/SAVES/). The Ramachandran plot for each predicted
model was constructed using the PROCHECK Web server.
The best model was then refined using the ModRefiner
server. Finally, the MetaPocket server was used to locate
functionally important amino acid residues of predicted
nsP4 model and crystal structure of both mature and
immature envelope glycoprotein complexes of CHIKV
(3N40; 3N42).

Virtual library construction Previous reports suggested plant-
derived compounds, viz., andrographolide, arbidol, baicalin,
cephalotoxin, chloroquine, coumarin, fluorouracil, harringto-
nine, kaempferol, luteolin, pyropropyridin, quercetin, silyma-
rin, and ribavirin, to have antiviral activity against HIV, HCV,
and influenza viruses ( Ahmed-Belkacem et al. 2010, 2014;
Alam et al. 2012; Anusuya and Gromiha 2017; Subudhi et
al.2018). Thus, a virtual library of compounds, having struc-
tural similarity with the abovementioned chemical groups,
was constructed using PubChem similarity search with Tani-
moto cutoff of 0.95. Similarity search was further refined on
the basis of “Lipinski’s rule of five” and absorption, distribu-
tion, metabolism, and excretion (ADME) analysis. The sdf
file of the compound was retrieved from PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) and converted to mol2
format using OPEN BABEL software (O’Boyle et al. 2011).

Small molecular docking and pharmacophore development Pre-
liminary virtual screening of compounds with nsP4 was done
using the iIGEMDOCK v.2 program, following the below men-
tioned specifications: population size, 200; number of genera-
tions, 70; and number of solutions, 3. After analyzing the inter-
action profiles, compounds were ranked on the basis of their
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binding energy (electrostatic force of attraction, hydrogen bond,
and Van der Waals interaction) (Hsu et al. 2011).

Top ten compounds were further docked using Autodock
tools 1.5.6rc3 for refinement of compounds using a higher
population size, 2,500,000; higher number of generations,
100; and higher number of solutions, 100 (Trott and Olson
2010). The nsP4 model was energy minimized. The model
was placed within a grid box (48A x 54A x 58A) with grid
space of 0.925A. One hundred runs were generated using
Autodock 4.2 Lamarckian genetic algorithm to evaluate
the binding energy between compounds and nsP4. Finally,
the lowest energy pose of each compound, interacting with
nsP4, was further visualized using LigPlot (Laskowski and
Swindells 2011).

CHIKYV glycoprotein is known to exist in two forms:
immature glycoprotein contains furin susceptible peptide,
which is absent in its mature form, might affect ligand pro-
tein interactions. Therefore, the top-ranked autodocked
compound was also docked with X-ray crystal structures
of immature (3N40) and mature (3N42) CHIKV glycopro-
teins using the aforesaid program, with grid boxes, dimen-
sions, and positions of which are mentioned in Table S1.
The lowest energy pose of the compound interacting with
CHIKYV glycoproteins was further visualized using LigPlot
(Laskowski and Swindells 2011).

Finally, toxicity of the top ranked ligand was predicted
using the PROTOX Web server (Drwal et al. 2014).

Compound preparation Top-ranked compound of above
docking analysis and ribavirin (catalog # R9644), a well-
known CHIKYV inhibitor, was purchased from Sigma-Aldrich
Corporation. In total, 50 mM stock solution of the compound
was prepared using dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO), whereas ribavirin was dissolved
in double-distilled Millipore water and stored at —20°C for
further use. The working solutions of each compound were
prepared by twofold serial dilution in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco-BRL, Waltham, MA),
followed by syringe filtration (pore size 0.2 pm). DMSO
concentration in working solutions was kept less than 0.1%.

Cells and virus C6/36 (Aedes albopictus mosquito) and Vero
(African green monkey kidney) cell lines, purchased from
National Centre for Cell Science, Pune, India, were used
in this study. Both cell lines were maintained and propa-
gated in DMEM containing 10% fetal bovine serum (FBS)
(Gibco-BRL) and penicillin-streptomycin (Gibco-BRL).
Cultured C6/36 and Vero cells were incubated at 28°C and
37°C, respectively, in 5% CO, humidified incubator. After
obtaining approval from the Clinical research ethical board
of Calcutta School of Tropical Medicine, written consent
was received from the patient, prior to participation in the
study. In total, 100 pl of patient serum containing CHIKYV,

recovered from a patient during 2011 Eastern Indian out-
break [ECSA strain (GenBank ID: KJ679577)], was used
as CHIKYV stock for infecting C6/36 cell line (Dutta et al.
2018). At the time of CHIKV propagation, FBS concentra-
tion was reduced to 2%. To increase CHIKV copy number,
cells were harvested after the seventh day post-infection,
when full cytopathic effect (CPE) was visible.

CHIKYV RNA was extracted from C6/36 cell supernatant
using Trizol reagent according to manufacturer’s protocol
(Invitrogen, Waltham, MA). CHIKYV titer was determined
using Chikungunya Non structural protein 2 (nsp2)
genesig Standard Kit according to manufacturer’s protocol
(PrimerDesign, UK). In vitro cytotoxicity of the top-ranked
compound, its anti-CHIKV activity, and its inhibition
towards CHIKV-mediated cytopathicity, virus entry, and
attachment were detected on Vero cell lines.

In vitro cytotoxicity assay In vitro cytotoxicity of top-ranked
compound and ribavirin on Vero cells was determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay following manufacturer’s instructions
(HiMedia, Mumbai, India). Briefly, 10* Vero cells were
seeded in a 96-well cell culture plate and treated with two-
fold serial dilutions of both the compounds (200-1.5pM) in
triplicate along with a negative control (DMEM with 0.1%
DMSO). The plate was incubated in a humidified incubator
at 37°C with 5% CO, for 48 h. After 48 h post-incubation,
cells were treated with 10% MTT solution and were incu-
bated in a humidified incubator at 37°C with 5% CO, for
4 h. The plate was then observed under a microscope for
the presence of formazan crystals, which was dissolved in
100 pl of solubilization solution. Finally, absorbance of each
well was detected at 570-nm wavelength with a reference
wavelength higher than 650 nm using iMark™ Microplate
Absorbance Reader (BioRad, Hercules, CA). Cell viability
percentage was determined using:

100 — (Absorbance of treated cells — Absorbance of media

/ Absorbance of untreated cells — Absorbance of media) X 100

Cytotoxic concentrations (CCs) of the top-ranked com-
pound and ribavirin were calculated using GraphPad Prism
6.0 software.

Antiviral activity assay Antiviral activity of the top-ranked
compound and ribavirin was evaluated using the qRT-PCR
method. Briefly, 10° Vero cells were seeded in a 24-well cell
culture plate and were cultured in a humidified incubator at
37°C with 5% CO, for 24 h (Cruz et al. 2013). Cells were
infected with CHIKV culture supernatant with a multiplic-
ity of infection (MOI) of 1 and incubated at 37°C with 5%
CO, for 2 h. After viral incubation, supernatant contain-
ing unabsorbed virus was removed and cell monolayer was
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washed with 1x phosphate buffer saline (PBS) to remove
unabsorbed virus partials. Subsequently, top-ranked com-
pound/ribavirin (100-3.12 pM) were twofold serially diluted
in complete DMEM and added to respective wells and incu-
bated in a humidified incubator at 37°C with 5% CO, for
48 h. Cells were harvested after 48 h post infection (hpi),
followed by RNA extraction using Trizol reagent according
to manufacturer’s protocol (Invitrogen). Absolute quantifica-
tion of CHIKV was done using Chikungunya nsp2 genesig
Standard Kit according to manufacturer’s protocol (PrimerD-
esign, Chandler’s Ford, UK), in Applied Biosystems 7500
Fast Real-Time PCR (ABI, San Francisco, CA), and each
sample was analyzed in triplicate.

Viral attachment assay To understand whether top-ranked
compound could inhibit CHIKV attachment to host cell,
viral attachment assay was performed (Moghaddam et al.
2014). Briefly, Vero cells were seeded at a concentration
of 103 cells per well in a 24-well cell culture plate for 24 h.
Twofold serially diluted top-ranked compound (100-3.12
pM) along with CHIKV-containing cell supernatant (MOI
of 1) was added to respective wells and was incubated at 4°C
for 2 h. After 2 hpi, virus-containing media were removed
and cells were washed with 1x PBS. The wells were replen-
ished with new complete DMEM and incubated under
humidified condition at 37°C with 5% CO, for 48 h. After
48 hpi, absolute quantification of CHIKV RNA within Vero
cells was done using Chikungunya nsp2 genesig Standard
Kit according to manufacturer’s protocol (PrimerDesign).
Cellular attachment was determined by percentage viral
load reduction between compound treated and untreated
groups. Results were obtained from at least three independ-
ent experiments.

Viral entry assay To evaluate efficiency of top-ranked
compound to prevent subsequent CHIKV infection, viral
entry assay was carried out (Moghaddam et al. 2014).
Briefly, Vero cells were seeded at concentration of 10°
cells per well in a 24-well cell culture plate for 24 h. Two-
fold serially diluted top-ranked compound (100-3.12 pM)
along with CHIKV-containing cell supernatant (MOI:1)
was added to respective wells and was incubated under
humidified condition at 37°C with 5% CO, for 2 h. After 2
hpi, virus-containing media were removed and cells were
washed with ice-cold 1x PBS. Wells were replenished with
new complete DMEM and incubated under humidified con-
dition at 37°C with 5% CO, for 48 h. After 48 hpi, absolute
quantification of CHIKV RNA within Vero cells was done
using Chikungunya nsp2 Genesig Standard Kit accord-
ing to manufacturer’s protocol (PrimerDesign). Cellular
entry was determined by percentage viral load reduction
between compound treated and untreated groups. Results
were obtained from at least three independent experiments.

Time of drug addition assay Optimal time of CHIKV inhibi-
tion by top-ranked compound was determined by performing
time of drug addition assay (Kaur et al. 2013). Briefly, Vero
cells were seeded at a concentration of 10° cells per well in
a 24-well cell culture plate for 24 h. For pretreatment assay,
Vero cells were treated with top-ranked compound for 2 h
before infection with CHIKV (MOI: 1). For co-treatment
assay, Vero cells were treated with top-ranked compound
and CHIKV (MOI: 1) at the same time. For post-treatment
assay, Vero cells were infected with CHIKV and treated
with top-ranked compound after 2 and 4 h of infection,
respectively. For virus control, CHIKV along with com-
plete DMEM with 0.1% DMSO was used. Plate was then
incubated under humidified condition at 37°C with 5% CO,
for 48 h. After 48 hpi, absolute quantification of CHIKV
RNA within Vero cells was done using Chikungunya nsp2
Genesig Standard Kit according to manufacturer’s protocol
(PrimerDesign).

Microneutralization assay To evaluate protection conferred
by the top-ranked compound against CHIKV induced CPE,
microneutralization assay was carried out based on a previ-
ously described method (Sui et al. 2004; Cruz et al. 2013).
Briefly, 10* Vero cells per well were seeded in a 96-well cell
culture plate and were incubated in a humidified incubator at
37°C with 5% CO, for 24 h. After 24 h incubation, twofold
serially diluted top-ranked compound (100 pM, 50 pM, 25
pM, 12.5 pM, 6.25 pM, 3.12 pM, and 1.5 pM) was added to
respective wells along with CHIKV culture supernatant at
MOI of 1 and incubated in a humidified incubator at 37°C
with 5% CO, for 2 h. The supernatant containing unbounded
virus was removed and was replaced with new complete
DMEM containing same amount of top-ranked compound,
followed by incubation under a humidified condition at 37°C
with 5% CO, for 48 h. After 48 hpi, cells were fixed with
10% formaldehyde and stained using 0.1% crystal violet
solution to visualize CHIKV-induced CPE. Optical den-
sity at 570 nm was measured using an EPOCH Microplate
spectral photometer. Concentration that achieved 50% of the
maximal effect (end point of microneutralization: EC50) was
calculated using GraphPad Prism Version 6.0. The assay was
performed in quadruplicate. Selectivity index (SI = CC50/
EC50) value was calculated.

Results

No crystal structure of CHIKV nsP4 protein is avail-
able in RCSB PBD. Therefore, in this study, CHIKV
nsP4 3D structure was predicted based on CHIKV refer-
ence sequence NP_690588, available in GenBank data-
base. To validate the nature of CHIKV nsP4 protein, pri-
mary structural information predicted using the Expasy’s
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Figure 1. Predicted 3D struc-
ture, Ramachandran plot, and
secondary structural informa-
tion of nsP4 protein (model 1).
(a) nsP4 3D secondary structure
generated using I-TASSER,

(b) Ramachandran plot of the
3D model of predicted nsP4,
and (c) secondary structural
information.
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Accession Molecular Formula | Molecular | pI -R |+R| EC I Al | GRAVY
number weight
NP_690588 | C2212H3523N6030657S24 | 49846.39 | 6.04 | 56 | 50 | 29045 | 45.11 | 98.85 | -0.050

ProtParam server that revealed the protein with molecular
formula C,,,,H35,3N030657S,4 had the following proper-
ties: molecular weight (MW), 49,846.39 Dalton; isoelectric
point (PI), 6.04; instability index (II), 45.11; average anti-
genicity (Al), 98.85; and negative grand average of hydro-
pathicity (GRAVY), —0.050 (Fig. 1). Secondary structure
of nsP4, predicted using the PSIPRED Web server, showed
that it contained 16 helices, 30 coils, and 12 beta sheets.
Since disulfide bonds influence protein stability and fold-
ing, disulfide bonds were predicted using the Diaana server,
which showed CHIKYV nsp4 to contain five disulfide bonds
between cysteines at position 8-174, 57-264, 77-370,
83-356, and 310-333.

Table 1. Five best template used by I-TASSER for modeling

d

PDB Hit  Idenl* Iden2® Cov° Norm. Z-score

1 4nyzA 0.11 0.24 0.94 1.18
2 3qidA 0.13 0.21 0.92 2.54
3 3n6lA 0.15 0.19 0.92 1.13
4 3ugsA 0.11 0.20 0.91 3.10
5 3hkwA 0.11 0.24 0.94 2.50

Five top templates were selected based on alignments report from
different threading programs (viz., MUSTER, FFAS-3D, SPARKS-
X, HHSEARCH2, HHSEARCH I, Neff-PPAS, HHSEARCH, pGen-
THREADER, wdPPAS, cdPPAS)

“Identl is the percentage sequence identity of the templates in the
threading aligned region with the query sequence

“Ident2 is the percentage sequence identity of the whole template
chains with query sequence

“Cov represents the coverage of the threading alignment and is equal
to the number of aligned residues divided by the length of query pro-
tein

dNorm. Z-score is the normalized Z-score of the threading align-
ments. Alignment with a normalized Z-score > 1 mean a good align-
ment and vice versa

To obtain a good-quality model of nsP4, its three-dimen-
sional structure was predicted based on an ab initio concept.
I-TASSER generated three models of NP_690588 along with
scoring values (viz., C-score) based on the five best matched
templates (Table 1 and 2). Furthermore, stereo-chemical
properties of three models were verified using PROCHEK
Web server and Ramachandran plots were obtained based on
@ and y angles of amino acids. Comparing stereo-chemical
parameters and based on Ramachandran plot, Model-1 was
proved to be of good quality and with proper folded con-
formation (Fig. 1). MetaPocket 2.0 Web server identified
214 ligand interacting amino acid residues, among which
25 residues were located in the catalytic domain (215-330
amino acid) of nsP4.

To identify potent anti-CHIKV compound, PubChem
similarity search was performed to generate a virtual
library of 214 compounds from different chemical groups
(andrographolide, 46; arbidol, 7; baicalin, 4; cephalotoxin,
17; chloroquine, 39; coumarin, 30; fluorouracil, 7; har-
ringtonine, 3; kaempferol, 8; luteolin, 4; pyropropyridin,
2; quercetin, 13; silymarin, 33; and ribavirin, 1), based on
“Lipinski’s rule of five” and ADME analysis (Table S2).

Table 2. Evaluation of structural superiority of three nsP4 models
generated by I-TASSER

Model-1 Model-2 Model-3
Core region 62.8% 68.2% 68.2%
Allowed region 29.1% 23.2% 22.5%
Generous region 5.6% 4.6% 6.4%
Disallowed region 2.4% 3.9% 2.9%
C-Score —1.15 -1.0 -1.36
Z-Score -6.73 -6.39 -7.59
VERIFY 3D 73.94% 64.14% 63.92%
Errat 82.40% 88.66% 78.68%
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Table 3. List of the top ten compounds having the best interaction profile with nsP4: rank (based on binding energy), 2D structure, molecular
mass, inhibition constant, binding energy, and interacting residues

Autodock analysis

Rank Compound Molecular | Predicted K; | Binding Interacting residues

weight (nM) energy H-Bond | Hydrophobic

(g/mol) (Kcal/mol) Interaction

L 11e96, [le162,
0 Ser280, Asp197,
I _ Lys141, | Met282, Thr285,
0’ 482.4 117.06 5.36 GIn160, | Leu286, Phel96,

Phe283 Pro95

o o Phe283, Met282, Ser94,

) | 1M ‘_&o . Aspl97, 11e96, Pro9s,

: \

A ‘ L, 0 J 4824 1782 _5] 1 Ala93 116162, Ala164,

Gly281, Glnl63
N

I o
o

CID 27506341

3. e o Gly281, Met282,
j:lTu 0 f/lg Leu286 | Ser280, Thr285,
Py sw _ Aspl97 | Phel96, Ala93,

Moo "]Ti\'l Y SN0 482.4 183.38 5.10 Ginles Sero4 11696,
e Phe283, Alal64,
" Ile162
CID 24086320
4. Leu286 Leu284, Pro9s,
Met282 Phe196, 1196,
Thr285 Phe283, Prol67,
4824 193.0 3.07 Thr99 | GInl63, Gly281,
Alal64, Ser280
CID 313326

5.

LL;LJL ] Klg Glnl63 | Ilel162, Gly281,
| | Aspl197 | Met282, Phel96

Mo g NN O SN 482.4 211.18 -5.01 P ’ >
r\\' PN 11e96 Ser94, Pro9s,

by Phe283, Alal64

CID 6320507

6. o L/:J
4O j; \r Ser94, Leu286,

Pro95, Phe283,

Aspl97 | Met282, Thr285,
446.4 317.4 -4.77 Ser280, Alal64,

GIn163, Phel95

7.
Argd06, | Asp402, Ser199,
22 40. 4. Glu201, | Aspl197, Met198,
30 340.33 & Ala200, Tle314, Phe355
Arg371
8.
Alal64, Phe283,
~ Lys141 Met282, Thr285,
473.5 386.15 4.66 GIn163, Tlel62.
Ser280

Protein-compound interaction profiles, generated after  electrostatic force of attraction. Ribavirin was found to be
iGEMDOCK, were ranked based on binding energy, ranging  top ranked with binding energy: —25.3 kcal/mol. Top ten
from O to —25.3 kcal/mol. None of the compounds showed = compounds with the highest negative free binding energy,
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Table 3. (continued)

CID 101858013
9.
Ala93, Ser94, Argl82,
Aspl197, Phe283, Pro95,
Phe196, Met282
11e96 > >
446.4 718.55 -4.29 ¢ Leu286
10. H -~ "
===o Leu382 Pro385, Leul9,
7\, 2442 2080 3,66 Leu379 | Arg397, Ala419
Ty ’ ' Ser422
H \> \/"
CID 37542
(Ribavirin: known
CHIKYV Inhibitor)
ing fi —25.3 to —19.8 kcal/mol, lected f 50.90pM
ranging irom (0} cal/mol, were selecte or Therapeuticindex _ CC50 _ i} — 9545

further analysis. For further refinement of iGEMDOCK
data, top ten compounds were again docked with nsP4
using Autodock Vina software and their interaction profiles
were viewed using LIGPLOT software (Table 3). Ligand
with PubChem ID CID_16211710 (silibinin) showed the
highest negative binding energy, —5.36 kcal/mol, and the
lowest inhibition constant (Ki), 117.06 uM, while ribavirin
(CID_37542), a well-known antiviral drug, showed binding
energy —3.66 kcal/mol and Ki 2.08 mM (Fig. 2). Silibinin
was found to form a hydrogen bond with Phe283 and hydro-
phobic interactions with residues: Ser280, Met282, Thr285,
and Leu286, located within nsP4 catalytic domain, whereas
none of the nsP4 catalytic domain residues interacted with
ribavirin. Predicted toxicity of silibinin, using the ProTox
Web server, was 2000mg/kg in a rodent model.

MTT assay was used to determine in vitro cytotoxic-
ity of silibinin and ribavirin (Sigma-Aldrich). The CCy,
of silibinin and ribavirin on Vero cells were 50.90 uM and
272.1 uM, respectively (Fig. 3). Hence, antiviral activity of
silibinin was performed at concentrations less than CCs,.
The highest 0.1%DMSO was used as solvent of silibinin
with no cytotoxic effect. Silibinin exhibited statistically
significant (p<0.05) dose-dependent anti-CHIKV activity
within 6.25-100-uM concentrations (30.98 to 82.03% of
inhibition); similar statistically significant (p<0.05) dose-
dependent inhibition was observed in the case of ribavirin
(6.25-100uM concentrations) with 28.10 to 64.47% inhibi-
tion (Fig. 4a). Therapeutic index of silibinin was calculated
as follows:

ED50  20pM

Therapeutic index of silibinin is within the same range of
drugs, viz., amphetamine, dextroamphetamine, and digoxin,
currently used in clinical practice (Saganuwan 2020).

Since virus envelope protein plays an important role in
fusion process, therefore docking analysis was conducted
using different grid co-ordinates to understand whether sili-
binin could interact with both mature and immature CHIKV
glycol-proteins, responsible for receptor binding and mem-
brane fusion during early stage of infection. Silibinin exhib-
ited both hydrogen bonding and hydrophobic interactions
with different amino acids of immature (grid-1: binding
energy —5.86 kcal/mol, K; 50.47 uM; grid-2: binding energy
—5.42 kcal/mol, K; 105.8 uM) and mature (grid-1: binding
energy —5.82 kcal/mol, K; 54.10 uM; grid-2: binding energy
—5.24 kcal/mol, K; 143.2 uM) glycoprotein as described in
Fig. 5. Furthermore, results obtained from docking study
were validated using in vitro binding and attachment assay.
Results from the in vitro study clearly depicted silibinin at
concentration 50 uM could inhibit maximum 75% CHIKV
attachment to Vero cells, whereas the same concentration
could prevent 82% viral entry within host cells (Fig. 4b,c.
Time of addition assay was conducted to find out the maxi-
mum inhibition activity of silibinin at early or late phase
of CHIKYV infection. Results from this assay revealed that
silibinin exerted its antiviral effect against CHIKV infection
within 0-2 hpi, with maximum anti-CHIKV activity at 2 hpi
(Fig. 4d). Endpoint of microneutralization (EC50) assay was

@ Springer (




262 Dutta etal.

Phel96
N

I1e96

e S

Phe283

é Met282

305 3:1_2 %1&:162

GInl60

Leul9

ProS% W . »

ST

308

N Argg::é " :/ 3
Serﬁl.l;k* » ’
33 ' :‘ ‘0’

Q

an
N,

Figure 2. Molecular docking of CHIKV nsP4 protein with silibinin (c) Docking solution of CID_37542 in the catalytic domain of nsP4.
(CID_16211710) and ribavirin (CID_37542). (a) Docking solution of (d) 2D representation of CID_37542 and nsP4 interaction as analyzed
CID_16211710 in the catalytic domain of nsP4. (b) 2D representation using LIGPLOT.

of CID_16211710 and nsP4 interaction as analyzed using LIGPLOT.

defined as the dilution at which minimum 50% of testing  cell monolayer caused by CHIKV-induced CPE at minimum
cells are not protected from infection (Sui et al. 2004). This dose of 25 uM (Fig 6a and b). Thus, SI value of silibinin was
assay revealed that silibinin could inhibit clearing of 50%  50.90 uM/25 uM = 2.036.
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Figure 3. Cytotoxicity of silibinin and ribavirin against Vero cells (in
vitro cytotoxicity assay). 10* Vero cells were incubated with twofold
serial dilutions of both the compounds (200-1.5 pM) in triplicate.
Cell viability was measured after 48 h.
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Figure 4. (a) Dose-dependent inhibition of CHIKYV infectivity using
silibinin (Sil) and ribavirin (Riv) (antiviral activity assay). Vero cells
were infected with CHIKYV for 2 h. Silibinin/ribavirin (100-3.12 pM)
were added and incubated for 48 h. Each sample was analyzed in trip-
licates. Antiviral activity was evaluated using qRT-PCR method. (b)
Effect of different concentrations of silibinin on CHIKV attachment
to Vero cells (viral attachment assay). Vero cells were incubated with
silibinin (100-3.12 pM) along with CHIKV and incubated at 4°C
for 2 h. After 48 hpi, absolute quantification of CHIKV RNA was
done. Results were obtained from three independent experiments.
(c) Effect of different concentration of silibinin on CHIKV entry to
Vero cells (viral entry assay). Vero cells were incubated with silib-
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Discussion

Though explosive CHIKV epidemics have been reported
worldwide, treatments of infected patients have been car-
ried out using broad-spectrum antivirals only, due to the
lack of effective anti-Chikungunya drugs (Akahata et al.
2010). Ribavirin (200 mg twice for 7 d) was known to reduce
CHIKYV symptoms, though this dose level was considered
to be genotoxic and cytotoxic (Ravichandran and Manian
2008). Thus, identification of compound(s) with potent anti-
CHIKYV activity is urgently needed. In the present study,
214 bioactive compounds were in silico screened against
CHIKYV nsP4 protein to identify the lead compound with
the least binding energy—which was further validated by
in vitro studies.

Since X-ray crystallographic/NMR structure of CHIKV
nsP4 protein was unavailable, ab initio modeling was per-
formed to determine 3D structure of CHIKV nsP4 protein,
followed by its stereo-chemical quality checking and its
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inin (100-3.12 pM) along with CHIKV and incubated at 37°C for
2 h. After 48 hpi, absolute quantification of CHIKV RNA was done.
Results were obtained from three independent experiments. (d) Inhi-
bition pattern of CHIKYV infection by addition of silibinin at different
time points (time of drug addition assay). Pretreatment assay: Vero
cells were treated with silibinin for 2 h before infection with CHIKV.
Co-treatment assay: Vero cells were treated with silibinin and CHIKV
at the same time. Post-treatment assay: Vero cells were infected with
CHIKYV and then treated with silibinin after 2 and 4 h of infection,
respectively. All were incubated at 37°C for 48 h. After 48 hpi, abso-
lute quantification of CHIKV RNA within Vero cells was done.
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Figure 5. Molecular docking of immature (3N40) and mature (3N42)
CHIKV glycoprotein with silibinin (CID_16211710) using Auto-
dock 4.2. (a) Docking solution of CID_16211710 with 3N40 con-
sidering grid-1. (b) Interaction analyzed between CID_16211710
and 3N40 within grid-1, using LIGPLOT showing hydrogen bond
interactions of CID_16211710 with E1 residues: Tyr233, His230,
Ser238, Thr53, Tyr51, and hydrophobic interactions with El resi-
dues: Val231, GIn235, Pro237, Lys52, and E3 His191 with binding
energy: —5.86 kcal/mol and K;: 50.47 uM. (¢) Docking solution of
CID_16211710 with 3N40 considering grid-2. (d) Interaction ana-
lyzed between CID_16211710 and 3N40 within grid-2, using LIG-
PLOT, showing hydrogen bond interaction of CID_16211710 with
El residues Gly274, Glu366; and hydrophobic interactions with
El residues: Val273, Ala272, Thrl0, Phe257; E2 residues: Glu388,
Gly365, Glu367 with binding energy—5.42 kcal/mol and Ki:

docking with 214 compounds. High-throughput screening
identified silibinin to have the best nsP4 interaction profile
with the highest negative free binding energy and lowest
K,—thus making it an attractive candidate for anti-CHIKV
activity. Previous in silico analysis of chikungunya nsP4 pro-
tein by Ghildiyal et al. identified two pockets in its catalytic
core (Ghildiyal et al. 2019). The top ten compounds identi-
fied in the current study interacted with one and six amino
acids of pocket 1 and pocket 2, respectively. Silibinin formed
hydrogen bond with amino acid at position 283 (Pocket 2)
and demonstrated hydrophobic interactions with those at
280, 282, 285, and 286 positions within the same pocket.
Similarly, silibinin exhibited hydrophobic interaction with
Pro95 and Ser94 allosteric sites within the palm domain of
RdRp and hydrogen bonded with Lys141 at the core cleft of
nsP4 (Kumar et al. 2012). Silibinin, a major component of
silymarin, has been previously reported to inhibit Orthohe-
padnavirus (e.g., HBV), Hepacivirus (e.g., HCV), and Len-
tivirus (e.g., HIV) replication (McClure et al. 2012; Umetsu
et al. 2018). In vitro analysis of the present study identi-
fied anti-CHIKYV activity of silibinin. Silibinin showed the

105.8 uM. (e) Docking solution of CID_16211710 with 3N42 con-
sidering grid-1. (f) Interaction analyzed between CID_16211710 and
3N42 within grid-I, using LIGPLOT, showing hydrogen bond inter-
action of the compound with El residues: Val231, Tyr51; E2 residue:
Tle37 and hydrophobic interaction with El residues: His230, Pro232,
Tyr233; E2 residue: Arg36, Glu35, Lys52, Pro240, Leu241 with bind-
ing energy —5.82 kcal/mol and K;: 54.10 uM. (g) Docking solution
of CID_16211710 with 3N42 considering grid-2. (k) Interaction
analyzed between CID_16211710 and 3N42 within grid-2, using
LIGPLOT, showing hydrogen bond interaction with El residues:
Asp292, Ala342, Val28, GIn138; and hydrophobic interaction with El
residues: Lys325, Gly326, Glu345, Lys327, Thr288, Ala329, Glu343,
Met27 with binding energy —5.24 kcal/mol and K;: 143.2 puM.
(3N40-El region: colored yellow; E2 region colored gray; E3 region
colored red).

lowest cytotoxicity against Vero cells at CCs,: 50.90 uM. It
significantly (p<0.05) reduced more than 80% of CHIKV
replication between concentrations of 12.5 and 100 uM—as
determined by the qRT-PCR method. In total, 50 uM sili-
binin was below the toxicity range of silibinin as predicted
by the ProTox Web server for rodents. A docking study
revealed more favorable binding of silibinin with different
amino acid residues of CHIKV glycoprotein responsible
for viral-host interactions than CHIKV nsP4 RdRp protein
(Fig. 5). Silibinin (50 uM) showed to inhibit both CHIKV
entry and attachment to Vero cells, indicating that silibinin
might have an ability to bind with the viral envelope. This
has been validated by the docking study, suggesting interac-
tion of silibinin with His230 of CHIKYV E1, the amino acid
previously known to play an important role in membrane
fusion, thereby restricting its interaction with targeted cel-
lular membrane and inhibition in release of nucleocapsid
into host cell cytoplasm. The results from time of addition
assay suggested that silibinin might interfere with late phase
(0-2 hpi) of the CHIKYV replication cycle (Fig. 4). EC50 of
silibinin indicated selectivity index of this compound was
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Figure 6. (a) Photograph a)
representing micro-neutraliza-
tion assay of silibinin against

CHIKV. Vero cells were —
infected with CHIKYV in the
presence of silibinin (100 pM, S §
50 pM, 25 puM, 12.5 pM,
6.25 pM, 3.12 pM, and 1.5 pM)
and incubated for 2 h. The 6.25 M
supernatant was removed and £
was replaced with new complete g
DMEM containing silibinin, S |125um
and incubated for 48 h and fixed S
with 10% formaldehyde and g
stained using 0.1% crystal violet 3 25 uM
solution to visualize CHIK V- |
induced CPE. The assay was E
performed in quadruplicates. ©
(b) Graph representing effect of b
micro-neutralization assay.
100 pM
0.1% DMSO |
CHIKV

better than that of ribavirin, a common anti-viral drug used
to treat viral hemorrhagic fever, as mentioned by previous
studies (Kitaoka et al. 1986). Previous reports suggested
flavonoids, viz., baicalein, quercetagetin, and hesperetin to
inhibit early stage of CHIKV replication, while fisetin, nar-
ingenin, and silymarin to inhibit early post entry stages of
CHIKY replication in vitro. Wada Y et al. have previously
demonstrated inhibition of CHIKYV infection by a benzimi-
dazole-related Compound-A that targets functional domain
of nsP4 (Wada et al. 2017). The anti-inflammatory effect of
silibinin by reducing production of inflammatory cytokines
and induced apoptosis in rheumatoid arthritis pathogenesis-
related cells might assist in attenuating CHIK V-associated
clinical symptoms (Tong et al. 2018).

Conclusion

In conclusion, based on both in silico and in vitro analyses,
it can be postulated that silibinin might act as a new can-
didate molecule against CHIKV infection and also could
help reduce CHIK V-associated clinical symptoms. Further
in vitro studies should be needed to understand mode of
CHIKYV inhibition by silibinin. However, in vivo studies
should be conducted to understand the effect of silibinin
on CHIKV-mediated disease symptoms.
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