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Abstract

Chikungunya virus (CHIKV) is frequently recurring in recent decades, causing outbreaks
worldwide in tropical and subtropical regions. The re-emergence of CHIKYV poses a substantial
risk to human health as no efficacious medical countermeasures are available to curb new
outbreaks effectively. The interaction of the cytoplasmic domain of E2 (cdE2) with the
conserved hydrophobic pocket of capsid protein (CP) is crucial for virus budding. Here, we
identified efavirenz molecular interactions with the CP (Kb = 6.22 uM), making it a potential
antiviral candidate against CHIKV as it is expected to disrupt the cdE2-CP interaction.
Subsequently, anti-CHIKV activity of efavirenz by an in-vitro cell based antiviral assay,
immunofluorescence assay (IFA), and quantitative reverse transcription polymerase chain
reaction (QRT-PCR) was investigated. These studies demonstrated dose-dependent robust anti-
CHIKV activity of efavirenz at low micromolar concentration (ECso = 1.33 pM). To
demonstrate broad anti-alphavirus activity of efavirenz, its inhibitory activity against Sindbis
virus (SINV) was detected. Interestingly, efavirenz also inhibited the replication of SINV at
low micromolar range (ECso = 0.7 uM). Efavirenz is the a non-nucleoside reverse transcriptase
inhibitor (NNRTI) used to treat acquired immunodeficiency syndrome (AIDS) and it it has
good oral bioavailability, long half-life and affordable low cost. Collectively, the present study
emphasize the repurposing of efavirenz as an antiviral treatment against CHIKV infection and

to curb CHIKYV outbreaks in the initial phase.
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Introduction

Chikungunya virus (CHIKV) is a re-emerging mosquito-transmitted alphavirus from
the family Togaviridae, was first reported in Tanzania between 1952-1953 in the serum sample
of a febrile patient (Robinson, 1955). CHIKYV is an etiological agent of chikungunya fever
characterized by polyarthralgia, headache, maculopapular rash, and asthenia (Bodenmann &
Genton, 2006; Pialoux et al., 2007). CHIKV-infected patients experience chronic joint and
musculoskeletal pain that might last months to years after post-acute infection, causing
considerable suffering and economic loss (Suhrbier, 2019). From an epidemiological and
medical perspective, CHIKV is the most prevalent alphavirus transmitted to humans by Aedes
albopictus and Aedes aegypti. One hundred and fourteen countries over sub-tropical and
tropical regions of Asia, Africa, Europe, and the Americas have reported autochthonous

transmission of CHIKV (Puntasecca et al., 2021).

Earlier, the CHIKV outbreaks were limited to Sub-Saharan Africa (Powers & Logue,
2007); then, in 2004, the East/Central/South African (ECSA) strain re-emerged in Kenya
(Chretien et al., 2007). The ECSA strain underwent rapid evolution and transmitted to new
regions of islands in the Indian Ocean, India, and certain parts of Southeast Asia, resulting in
an estimated 6 million cases (Erin Staples et al., 2009; Powers & Logue, 2007). Within the
clade ECSA, the Indian Ocean Lineage (IOL) displayed an alanine (Ala or A) to valine (Val or
V) substitution mutation in the E1 glycoprotein at position 226. This adaptive mutation
increased the transmission rate by 40-fold via the vector Aedes albopictus while not affecting
viral fitness in the A. aegypti vector (Tsetsarkin et al., 2007; Volk et al., 2011). In addition to
the mutation in CHIKV, the dense human population due to unplanned urban growth and
modern rapid transportation has increased the risk of outbreaks (Ryan et al., 2018). Another

major outbreak occurred in December 2013, when a strain from the Asian lineage emerged on
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Saint Martin Island in the Caribbean Sea (Cassadou et al., 2014). Thus, to counter large-scale
epidemics of CHIKV with high attack rates, there is an imminent need to develop effective

therapeutics for outbreak containment.

Despite the threat to global human health, no efficacious medical countermeasures are
available against CHIKV. As a result, the treatment primarily relies on symptom management
using anti-inflammatory and analgesic drugs such as paracetamol to alleviate the symptoms
(Abdelnabi et al., 2015). However, targeting various structural and non-structural proteins
(nsPs) of CHIKV presents a promising avenue for finding effective drugs, as these viral
proteins play a vital role in the replication cycle of virus. Structural and nsPs have been targeted
in different studies to discover potent drug molecules. However, effective drug treatment
molecules or vaccine development is unsuccessful (Kovacikova & van Hemert, 2020).
Additionally, repurposing drugs already in clinical use for other diseases to target CHIKV viral
proteins can offer a valuable strategy, potentially avoiding the need for the time-consuming

and expensive drug trials of novel compounds (Pushpakom et al., 2018).

CHIKV is a positive-sense enveloped RNA virus with a 5’-capped and 3’-
polyadenylated genomic of ~11.8 kb. The CHIKV genome comprises two open reading frames
(ORFs), of which the 5" ORF codes for a CHIKV nsP that is translated and cleaved in four
nsPs (nsP1,2,3,4) (Khan et al., 2002; Solignat et al., 2009). The other 3" ORF transcribes a sub-
genomic positive-stranded RNA that encodes structural proteins (CP, E1, E2, E3, and 6K).
These structural proteins play essential roles at different stages of the CHIKV life cycle. E1,
E2, and E3 are involved in receptor recognition, binding, and fusion processes (\Voss et al.,
2010), while the nucleocapsid facilitates genome encapsidation and virus budding (Kim et al.,
2005; Lee et al., 1996), and 6K protein forms the cation-selective ion channels (Melton et al.,

2002; Sanz et al., 2003).
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Structural proteins play a vital role in forming mature CHIKV virion particles. The
mature virion encompasses two concentric shells comprising 240 copies of each capsid, E1,
and E2 proteins. The inner shell comprises capsid protein (CP), while the outer shell consists
of E1 and E2 glycoproteins (Holland Cheng et al., 1995; Strauss & Strauss, 1994). The lipid
bilayer derived from the host cell occupies the space between two concentric shells. The
transmembrane helix of the glycoproteins penetrates through the host-derived lipid bilayer
(Mancini etal., 2000; Tang et al., 2011). Crystallographic and cryo-electron microscopy studies
of different alphaviruses unravel information about the distribution, structures, and possible
interactions of the cytoplasmic tail of E1 and E2 glycoproteins with CP (Kostyuchenko et al.,
2011; W. Zhang et al., 2002). The protein-protein interaction (PPI) of the hydrophobic pocket
of CP with the cdE2 enables the maturation, budding and release of virions from the plasma

membrane of the infected host cell (Jose et al., 2012).

The crystal structure of Sindbis virus (SINV) CP revealed the presence of solvent-
derived dioxane in its hydrophobic pocket (Lee et al., 1998), suggesting that the small
molecules could access the pocket and potentially hinder CP—cdE2 binding. Leveraging this
information, dioxane-based synthetic antiviral compounds have been designed to target and
disrupt CP-cdE2 interaction against the crystal structure of SINV CP-containing dioxane in the
hydrophobic pocket (Kim et al., 2005, 2007). Similarly, in the case of CHIKV, the hydrophobic
pocket can be targeted to disrupt the interaction between cdE2 and CP to inhibit CHIKV
replication. The hydrophobic pocket is conserved in the CP of different alphaviruses (Aggarwal
et al., 2017; Sharma et al., 2016, 2018). Thus, the hydrophobic pocket is a potential target for
developing effective antivirals against alphaviruses, including CHIKV, by interfering with

their maturation and budding process.
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The present study employed computational-assisted virtual screening of the
Selleckchem library to specifically target CP's hydrophobic pocket. The screening identified
top-hit compounds, of which four jervine, efavirenz, dehydrocholic acid, and tomatidine were
shortlisted based on their favourable pharmacokinetic properties. Among the four studied
compounds, efavirenz exhibited a significant affinity towards CP, as evidenced by surface
plasmon resonance (SPR). Subsequently, an in-vitro cell culture-based assay demonstrated a
concentration-dependent reduction in extracellular infectious virus particle production upon
treatment with efavirenz. In accordance with plaque assay results, a drastic reduction in number
of infected cells as compared to virus control upon compound treatment was observed by
immunofluorescence assay (IFA). A significant reduction in intracellular viral RNA was
observed after efavirenz treatment as compared to virus control, further corroborating
efavirenz's potential as an anti-CHIKV compound. Broad spectrum anti-alphavirus activity of
efavirenz was validated by detecting the anti-sindbis (SINV) activity of efavirenz. Time of
compound addition assay proved that efavirenz is most effective in the post-treatment of
infected cells, indicating that efavirenz is acting at later stages of virus replication. Efavirenz
is the first-generation non-nucleoside reverse transcriptase inhibitor (NNRTI) used to treat
acquired immunodeficiency syndrome (AIDS). Interestingly, efavirenz binds to the
hydrophobic region of HIV-1 reverse transcriptase (RT) (Maggiolo, 2007). Based on good
pharmacokinetics properties, previous successful application of efavirenz to treat HIV
infection and demonstration of robust anti-CHIKV activity of efavirenz in the present study,

indicates great potential to repurpose efavirenz against CHIKV infection.
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Materials and methods

Virtual library screening targeting hydrophobic pocket of Capsid protein

The structural information for CP was retrieved from the Protein Data Bank (PDB) database
with the associated PDB ID: 5SH23 (Sharma et al., 2018). The structure was downloaded in .pdb
format. Subsequently, a screening of the Selleckchem library containing 2370 compounds
against the hydrophobic pocket of CP was performed, and the compounds were retrieved in
.sdf format. The entire screening process, from the refinement of protein and ligands to virtual
screening, was followed as previously described (Rani et al., 2022), using the macOS Mojave
workstation.

For comparison, the binding energies (B.E.) of virtual screened compounds were
compared with the cdE2 peptide (Thr398 - VVal408). The residues of cdE2 (Thr398 — Val408)
were selected based on the interacting region of cdE2 with the hydrophobic pocket from the
Cryo-EM structure of the CHIKV (PDB ID : 7CVY). The peptide was designed using
ChemDraw (Brown, 2014) to dock against the hydrophobic pocket. Subsequently, compounds
with B.E. >8 kcal/mol were selected based on their drug-likeness properties. Compound
pharmacokinetic properties and toxicity are vital criteria for evaluating the potential of any
compound as a drug candidate. SwisSADME online tool was utilized to assess the drug-likeness
and predict the brain penetration and gastrointestinal absorption of selected compounds (Daina
et al., 2017; Daina & Zoete, 2016). With the help of the SwissADME online tool, these

properties of screened compounds were assessed as previously described (Rani et al., 2022).

In silico molecular docking

Molecular re-docking was conducted to gain further insights following the in-silico drug-
likeness study of selected compounds against CP. The AutoDock Vina algorithm was

employed for detailed analysis. Molecular docking utilized specific parameters, with the grid
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center points, was set at X = 45, Y = 40, and Z = 42, and box dimensions set as -2.333 A x

10.722 A x -3.667 A with an exhaustiveness 8.

The molecular interaction between the compounds and the CP was visualized and
analyzed using LIGPLOT™, which visually represents hydrogen (H) and hydrophobic bonds in

protein-ligand interactions (Wallace et al., 1995).

Expression and purification of Capsid Protein

The CP was expressed and purified as previously described (Sharma et al., 2016). The
recombinant construct pET28c containing the CP gene and N-terminal 6X-his-tag was
transformed into Escherichia coli (Rosetta) and was grown overnight at 37 °C in 10 mL of
Luria Broth (LB) supplemented with chloramphenicol (35 pg/mL) and kanamycin (50 ug/mL).
The primary culture was utilized to raise the secondary culture. When the ODsgoo Was around
0.6, the culture was induced with 0.4 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG) and
further incubated for five h at 37 °C with continuous shaking at 180 rpm. Post incubation, the

culture was harvested by centrifugation.

For purification, the culture pellet was resuspended in 50 mL lysis buffer containing 50
mM Tris-HCI (pH 7.6), 100 mM NaCl, and 10 mM imidazole. Cells were lysed by a French
press (Constant Systems Ltd, Daventry, England). After centrifugation, the soluble protein in
the supernatant was purified by Immobilized metal-assisted chromatography (IMAC). The
purified fractions containing CP were pooled and dialyzed in 1X phosphate buffer saline (1X
PBS) (1.8 MM KH2POQOg4, 2.7 mM KCI, 10 mM Na2HPO4, and 137 mM NaCl, pH 7.4) at 4 °C
for overnight and analyzed using 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE). Following dialysis, the protein was further utilized for the biophysical

assay.
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Binding Kinetics analysis using Surface plasmon resonance (SPR)

The binding kinetics and affinity of identified compounds to the purified CP were investigated
using SPR by a Biacore T200 system. The Ni-reagent kit (28995043, GE healthcare) method
was used to immobilize CP over the Ni-NTA sensor chip (BR100532, GE healthcare). To
prepare the Ni-NTA sensor chip, degassed and filtered 1X PBS running buffer was used for
pre-conditioning prior to immobilization of his-tagged CP. The purified his-tagged CP was
diluted to 5 pg/mL concentration in 1X PBS degassed and filtered buffer for immobilization
on Ni-NTA sensor chips. Similarly, the compounds were diluted in degassed and filtered 1X
PBS buffer and subsequently flown over the surface of immobilized his-tagged CP at a 30
uL/min flow rate. The contact time for compound-protein interaction was set to 60 s, followed
by a dissociation time of 60 s. The surface was regenerated after each dissociation phase using
350 mM ethylenediamine tetraacetic acid (EDTA) (HiMedia). The SPR data were acquired and
subsequently analyzed using the Biacore evaluation software. The equilibrium dissociation
constants (Kp) for each interaction between the CP and the compound were calculated by fitting

the data to a 1:1 Langmuir binding model.

Virus, cells, and compounds

The CHIKYV patient sample isolate (Accession no. KY057363.1) (Singh et al., 2018) used in
this study was propagated in Vero cells (NCCS, Pune, India). Vero cells were cultured in
Dulbecco’s modified eagle’s medium (DMEM) (HiMedia) augmented with penicillin (100
U/mL) and streptomycin (100 pg/mL) (HiMedia) and 10% heat-inactivated Fetal bovine serum

(FBS) (Gibco) at 37°C in the presence of 5% COs,.

Efavirenz (E0997) and Dehydrocholic acid (D0042) were purchased from TCI
Chemicals. Tomatidine (T2909) was purchased from Sigma and jervine (11723) was procured

from Cayman. The stock solutions of efavirenz, dehydrocholic acid, and tomatidine were
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prepared in dimethyl sulfoxide (DMSQO) (HiMedia), while jervine was dissolved in ethanol
(Merck). Working dilutions of the compounds for treating the cells were prepared by diluting

the stock solutions in DMEM supplemented with 2% FBS.

Cell viability assay

The viability of the Vero cells in the presence of different compound concentrations was
evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
(HiMedia) assay, as described previously (Fatma et al., 2020). Briefly, a 96-well plate
containing Vero cells monolayer was incubated with 2-fold dilutions of compounds in DMEM
containing 2% FBS for 24 h at 37°C and 5% CO.. After 24 h of compound treatment, 20 pL
of MTT (5mg/mL) was added per well. The cells were further incubated at 37°C in 5% CO>
for 4 h. Upon incubation, formazan crystals were dissolved in DMSO and the absorbance was
recorded at 570 nm using the plate reader (Thermo Fisher Scientific). The cell viability of the
compound-treated cells was compared to that of the control (only solvent-treated). The 50%
cytotoxic concentration (CCso) values were calculated using GraphPad’s non-linear regression

curve fit analysis.

In vitro antiviral assay

To evaluate the antiviral activity of compounds, a 24-well plate was seeded with Vero cells.
The monolayer was infected by CHIKV or SINV with a multiplicity of infection (MOI) of 0.1
while gentle shaking every 15 min for 90 min, then washed with 1X PBS, and post-treatment
with compounds was given for 24 h. Upon incubation, the media was harvested and subjected
to a plaque assay to quantify the number of virus particles released in the supernatant. The 50%
effective concentration (ECso) value was calculated based on PFU/mL values obtained from

the plaque assay.
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Immunofluorescence assay

A confluent monolayer of Vero cells was infected by CHIKV or SINV (MOI 1) for 90 mins;
subsequently, the monolayer was washed, and cells were incubated with 2-fold dilutions of
compounds for 30 h. After incubation, cells were fixed with 1:1 ratio of methanol: acetone for
30 min. After 1X PBS wash, the cells were permeabilized by 0.1% Triton X-100 (Qualigens).
Followed by 1X PBS wash, the anti-alphavirus mouse monoclonal antibody (Santa Cruz
Biotechnology) was incubated with cells for 90 min. Wash was given to remove excess
amounts of primary antibody, and secondary fluorescein isothiocyanate (FITC)-conjugated
anti-mouse secondary antibody (Sigma) was added. Finally, cells were counterstained using
4'.6-diamidino-2-phenylindole (DAPI) (HiMedia) and then observed under the EVOS FL
imaging system (Thermo Fisher Scientific) using both DAPI and GFP channels. EVOS FL

software was used to process the acquired images.

Intracellular CHIKV RNA assessment by quantitative reverse transcription polymerase

chain reaction (QRT-PCR)

Total RNA was isolated from the cells by using Takara RNAiso Plus as per the manufacturer’s
instructions. Isolated RNA was quantified with the help of nanodrop, and a further 1ug RNA
was used to synthesize cDNA by the PrimeScript first-strand cDNA synthesis kit (Takara Bio,
Kusatsu, Japan). E1 gene-specific primers were used as previously described (Singh et al.,
2018), and B-actin was kept as an internal control, using the KAPA SYBR fast universal g°PCR
kit on the QuantStudioTM 5 system (Applied Biosystems, Waltham, MA, USA). The gRT-
PCR reactions were performed in duplicate, and the AACt method was used for calculating the

relative quantification (RQ) value (RQ = 2724,
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Time of compound addition experiment

Vero cells were treated with 6.25 uM and 3.25 UM concentrations of efavirenz at pre-infection,
at the time of infection (ATI) or post-infection. For pre-treatment, efavirenz was added 2 h
before the infection (CHIKV MOI 0.1) and then the cells were washed with PBS twice. For
ATI condition, efavirenz was added in the virus inoculum and cells were infected for 2 h. In
the case of post-treatment, cells were treated with efavirenz at 0, 2, 4, 6, 8, 10, 12 h after
infection. For all time point condition, virus infection was done for 2 hours and the supernatant
was harvested after 24 hours of virus infection. Percentage virus inhibition was quantified using

plaque assay as described previously.

Results

Computational-assisted screening and pharmacokinetics analysis

The compounds that showed Binding energy (B.E.) of more than 8 kcal/mol and greater than
the cdE2 peptide (Thr 398 - Val 408) were shortlisted (Supplementary Table 1). The cdE2
peptide with the sequence Thr-Pro-Tyr-Glu-Leu-Thr-Pro-Gly-Ala-Thr-Val (Thr398- Val408)
revealed a B.E. of -6.7 kcal/moL when docked against the hydrophobic pocket of CP. The
docking result suggests that the binding affinity of the peptide is lower than the selected
screened compounds, as shown in figure 1 and Table 1. Based on virtual screening, the
compounds showing B.E >8 kcal/mol were selected and subjected to a drug-likeness study
using the SWISS-ADME analysis tool. Utilizing the bioavailability radar analysis, the list was
further narrowed down to four promising drug candidates from the screened 51 compounds
(Supplementary Table 2), employing the Swiss ADME online analysis tool. Notably, the
compounds jervine, efavirenz, dehydrocholic acid and tomatidine from the library met the
Lipinski rule criteria, suggesting their potential suitability as drug candidates (M. Q. Zhang &

Wilkinson, 2007). The detailed physicochemical properties of the four shortlisted compounds
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are shown in Supplementary Figure 1 and Supplementary Table 2, providing comprehensive

information for further evaluation and analysis.
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Figure 1: Schematic representation of selected compounds and cdE2 peptide showcasing their
interactions with the hydrophobic pocket of CP using the LIGPLOT+ analysis tool. This
representation highlights both hydrophobic (Brown color curvature) and H-bond interactions

(Green dashed line), and the binding energy associated with these interactions.
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Table 1: The chemical structure of compounds with their hydrophobic and H-bond interactions

against hydrophoboc pocket of CP.
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Gly131,
Lys133,
N-O5 3.01 Metl35,
Lys155,
Serl57,
Tyr160,
Cysl64,
N-O4 3.31 Phel78,
Trp245
Val250

The four selected compounds were also subjected to molecular re-docking study for
detailed analysis of binding interactions with the CP. All the selected compounds exhibited
hydrophobic interactions with the targeted amino acids in the hydrophobic pocket of the CP.
The compounds also displayed B.E. ranging from -8.0 to -8.3 kcal/mol (Table 1), while
efavirenz and jervine displayed the maximum B.E. The compounds' binding affinity and their

bonding interactions with CP are summarized in Figure 1 and Table 1.
Characterization of compound binding to the capsid protein

The combination of screening and pharmacokinetic studies enabled the selection of four
compounds for further characterization of their binding affinities with the purified CP
(Supplementary figure 2). We investigated the affinity of efavirenz and dehydrocholic acid
towards CP in the range of 1 to 200 uM. Tomatidine and jervine precipitated at concentrations
higher than 25 pM, thus binding with the CP cannot be determined beyond a concentration of
25 M. Increasing efavirenz concentration from 12.5 uM to 200 uM was injected over the CP-
immobilized sensor surface revealed that the efavirenz—CP interactions were strongly dosage-
dependent and obtained equilibrium dissociation constant (Ko) of 6.22 uM (Figure 2).
Evaluation of the efavirenz binding efficiency emphasized the importance of residence time,
and thus, the 1:1 Langmuir kinetic fitting model was examined to determine the association

rate constant (Kon), as 770 M1s, and the dissociation rate constant (Kofr) as 0.004799 s
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Figure 2: SPR sensorgram elucidating binding kinetics analysis of efavirenz onto the
immobilized CP. The different colour-coded lines represent the varying efavirenz
concentration (12.5 — 200 uM) injected onto the sensor surface of immobilized CP to detect the

kinetic affinity.

Evaluation of cell viability and broad-spectrum anti-alphavirus activity of compounds

Prior to evaluating anti-alphavirus activity of compounds, cytotoxicity was determined by
MTT assay. The CCso values were 53.62 and 17.19 pM for efavirenz and tomatidine,
respectively. Anti-CHIKV and anti-SINV activity were determined by quantitative evaluation
of progeny virus particles released in the supernatant of cells in the presence of 2-fold dilutions
of compounds below cytotoxic concentration. Efavirenz (ECso = 1.33 puM) and tomatidine
(ECs0 = 5.35 uM) showed dose-dependent inhibition of CHIKV propagation, which was
observed well below cytotoxic concentration (Figure 3A and 3B). Similarly, efavirenz and

Tomatidine inhibited the SINV replication at the ECso values of 0.7 uM and 2.47 uM (Figure
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3C and 3D). Dehydrocholic acid failed to inhibit the replication of both the alphaviruses below

their cytotoxic concentration. The antiviral properties of jervine cannot be determined due to

the insolubility of jervine in an aqueous solution at desired concentrations.
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Figure 3: Comparitive in-vitro inhibitory effect of Efavirenz and Tomatidine against CHIKV

(A and B) and SINV (C and D). The decrease in virus titre in the presence of an increasing

compound concentration was assessed by plaque assay. The CHIKV and SINV titre in the

supernatant was evaluated 24 hours post-infection. The percentage inhibition was calculated

by considering 100% viral titre in corresponding vehicle-treated cells. The 50 % effective

concentration (ECso0) value was determined by GraphPad prism by using non-linear fit model

after data normalization. The values are the mean of two independent experiments and the

error bar shows the standard deviation. The orange and blue data points represent cell viability

and percentage virus inhibition, respectively.
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The intracellular replication inhibition of CHIKV and SINV was studied by IFA with
the help of primary anti-alphavirus mouse monoclonal antibody and secondary FITC-
conjugated antibodies. Concentration-dependent reduction in intracellular fluorescence was
observed for efavirenz and tomatidine-treated cells (Figure 4). Further, the reduction in the
abundance of intracellular CHIKV RNA due to efavirenz treatment was detected by gqRT-PCR.
Significant fold change in the intracellular CHIKV RNA was observed (Figure 5). Thus,
collectively plaque-based antiviral assay, IFA, and qRT-PCR prove the excellent anti-CHIKV

activity of efavirenz.

A) CHIKYV inhibition

(a) Cell Control (b) CHIKY Control
12.5 pM 6.25 tM 3.12 uM

(C) Efavirenz

15 uM

(D) Tomatidine
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B) SINV inhibition

(a) Cell Control (b) Virus Control

12.5uM 6.25 uM

(c) Efavirenz

15 uM 7.5uM

(d) Tomatidine

Figure 4: Detection of A) CHIKV and B) SINV inhibition by efavirenz and tomatidine with the
help of immunofluorescence microscopy. The cells were infected and then treated with different
concentrations of compounds, as shown in the figure. After 30 hours post-infection, the cells
were fixed and the presence of replicated intracellular virus was detected by anti-alphavirus
antibodies and fluorescein isothiocyanate (FITC)-conjugated secondary antibody. The images

were captured at 20 X magnification. Scale bar, 200 uM.


https://doi.org/10.1101/2023.09.29.560149
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.29.560149; this version posted September 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

sk e sk ok
: :

1259 wux
[-F]
50 1,00
-1
S
< 0.757
=
2 0.50
=
= 0.257 ’—1‘

| s T
0-00 L] 1 T ) 1

L]
< I o Ve k<) Ve

Efavirenz Concentration (LWM)
Figure 5: Relative fold change in the intracellular viral RNA due to efavirenz treatment as
compared to virus control (VC) was assessed by gRT-PCR. Total RNA was isolated 24 hpi
and expression of E1 gene was quantified using E1 specific primers. The data was analyzed
by the one-way ANOV A test and Dunnett’s posttest; **** P < 0.0001. *** P = 0.0002. The

error bar shows the standard deviation of the duplicate set of reactions (n = 2).
Evaluation of inhibition step of CHIKYV life cycle by efavirenz

A time-of-addition experiment was performed further to understand the kinetics of the antiviral
activity of efavirenz. Vero cells were treated with two different concentrations of efavirenz
(6.25 uM and 3.12 uM) during different time periods, such as 2 h before infection (Pre), at the
ATI or simultaneous and post 0, 2, 4, 6, 8, 10 and 12 h time points after infection (Figure 6).
At both the tested concentrations, efavirenz most potently inhibited the replication of CHIKV

up to 8 h of post-treatment.


https://doi.org/10.1101/2023.09.29.560149
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.29.560149; this version posted September 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

B 6.25uM
= 3.12 uM
100+ - - (Efavirenz

S concentration)

= 80+ I P— g EEE -

E *% } ; *_:* % Fekkede HEK

_E 60 = xxn

w *

m ok %

8 40+

®

g 20 i ns

< ¥

0= T T T T T T T T T
-2 ATI 0 2 4 6 8 10 12 h
Pre CHIKYV Post
infection

Figure 6: The most potent inhibitory effect of efavirenz is observed in the post-treatment of
the compound up to 8 h of infection. Vero cells were infected with CHIKV (MOI = 0.1), and
cells were treated before infection (-2 h), during infection and post-infection (0 to 12 h) at
indicated time points. The data was analyzed by the one-way ANOVA test and Dunnett’s test;
*xxx P <0.0001. *** P =0.0001. **, P =0.0023. *, P = 0.0198. ns, non-significant. The

error bar shows the mean values' standard deviation (n = 2).

Discussion

CHIKYV is a recurring alphavirus with a global presence in tropical and sub-tropical regions
that lacks effective antiviral drugs or vaccines. A promising approach to combat this virus
involves disrupting the crucial interaction between c¢dE2 and the hydrophobic pocket of CP,
which plays a pivotal role in CHIKV budding. In our current study, we employed structure-
based virtual screening to identify potential molecules capable of binding to the hydrophobic
pocket of CP, based on their obtained binding energies. Subsequently, four compounds, namely
jervine, efavirenz, dehydrocholic acid and tomatidine, were shortlisted according to favorable

physiochemical properties, including solubility, size, lipophilicity, H-bond acceptor, and donor
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characteristics. These selected compounds also fulfilled the criteria of Lipinski rule. Among
these shortlisted compounds, jervine and tomatidine are natural steroidal alkaloids derived
from Veratrum californicum (Bailly et al., 2016) and unripe green tomatoes (Troost et al.,
2020), respectively. Dehydrocholic acid, on the other hand, is a synthetic bile acid (Soloway et
al., 1973), and efavirenz is a non-nucleoside inhibitor of HIV reverse transcriptase, used for
treating HIV type 1 infection and or to prevent the spread of HIV (Costa & Vale, 2023). To
evaluate their binding affinity to the CP, we employed the highly sensitive SPR technique and
successfully determined the binding of efavirenz and dehydrocholic acid to CP within a
concentration range of 1 to 200 uM. Notably, efavirenz showed a good binding affinity towards
capsid with the Kp value of 6.22 pM (Figure 2). The binding of dehydrocholic acid with CP
was not observed. The binding of tomatidine and jervine at a concentration exceeding 25 uM
cannot be determined due to insolubility issues in aqueous solution at higher concentrations,
limiting our ability to evaluate affinity towards the CP. These results suggest that efavirenz may
potentially target the CP within the host cell by binding to hydrophobic pocket, inhibiting virus

replication at the late stage.

To further validate this assumption, cell culture-based studies were conducted to
investigate the potency of efavirenz against CHIKV and also against SINV to check broad anti-
alphavirus activity as the hydrophobic pocket is conserved in alphaviruses (Sharma et al.,
2016). Virus-infected cells were incubated with gradually decreasing concentrations of the
compounds for 24 hpi, and subsequent extracellular infectious virus particle titre was evaluated
via plaque assay, while intracellular viral replication was detected by IFA. In the case of
CHIKY, the abundance of intracellular RNA was assessed by qRT-PCR. The ECs values were
calculated based on the results obtained from the plaque assay, the efavirenz exhibited highly
effective inhibition of CHIKV replication, with a low micromolar ECso value of 1.33 uM

(Figure 3A) and also inhibited SINV replication (ECso= 0.7 uM) (Figure 3C). Additionally, a
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significant decrease in CHIKYV intracellular RNA was observed as compared to virus control
(VC) in gRT-PCR (Figure 5). To further gain a better understanding of step of CHIKV
inhibition by efavirenz, time of compound addition experiment was performed. Most
significant inhibition of CHIKV was observed in the post-treatment up to 8 hours of infection
(Figure 6). The CHIKV budding step is the last step in the life cycle of virus. Thus, the time of
compound addition study indicates that replication might be inhibited during the late stage of
virus infection, such as virus budding. IFA was employed to evaluate intracellular alphavirus
replication in both compounds treated and non-treated cells after infection. A drastic reduction
in the number of infected cells was observed upon compound treatment as compared to the
virus control (Figure 4A and 4B). Notably, tomatidine among these four compounds has already
been reported to exhibit anti-CHIKV activity, so it acted as a positive control for antiviral
assays, and there is speculation that it might target the CP of CHIKV (Troost et al., 2020).
Encouragingly, our in-silico study also revealed that tomatidine has favourable binding energy
towards the hydrophobic pocket of CP. As a result, tomatidine was selected for further
evaluation, aiming to determine its binding to the hydrophobic pocket in more detail. However,
due to low solubility above 25 uM concentration, the affinity of tomatidine towards the CP
cannot be evaluated with the help of SPR. Berit Troost et. al reported ECso values of tomatidine
against different strains of CHIKV in the range of 1.3 to 3.8 uM. As compared to Berit Troost
et. al. in our experimental settings, we obtained the ECso value of 5.35 uM for tomatidine. In
addition to this, anti-SINV activity of tomatidine was unknown. Here, we proved that
tomatidine inhibits SINV propagation also (ECso=2.47 uM). It is noteworthy that tomatidine's
inhibitory effect extends beyond CHIKY, as it has also demonstrated activity against Zika and

Dengue viruses (Diosa-Toro et al., 2019).

Previously, Varghase et. al. evaluated anti-CHIKV activity of efavirenz by CHIKV

replicons which lacks the structural protein; they did not observe significant inhibition in the
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replicon assay; thus, they did not proceed further to test anti-CHIKV activity on the wild type
virus (Varghese et al., 2016). The logical reason for the little inhibitory effect against CHIKV
replicon of efavirenz is that the replicon lacks the structural protein, and as proposed in the
present study, the efavirenz is acting on CP, one of the structural proteins. Efavirenz is a well-
known inhibitor of HIV reverse transcriptase, it is the first-generation non-nucleoside reverse
transcriptase inhibitor (NNRTI) used to treat acquired immunodeficiency syndrome (AIDS).
Efavirenz inhibits the activity of HIV RNA-directed DNA polymerase (reverse transcriptase)
by binding to the hydrophobic region of HIV-1 reverse transcriptase (RT) (Maggiolo, 2007).
The LIGPLOT+ analysis of the crystal structure of HIV reverse transcriptase in complex with
efavirenz (Supplementary figure 3) and efavirenz interaction with hydrophobic pocket of CP
(Figure 1) indicates some common residues involved in hydrophobic interaction with
efavirenz. LIGPLOT+ analysis showed both the hydrophobic regions of HIV reverse
transcriptase and CHIKV CP have the following common residues Valine, Lysine,
Phenylalanine, Tryptophane and Leucine which are involved in hydrophobic interaction with
efavirenz. Efavirenz is extensively used in the antiretroviral regimen to treat HIV-infected
patients in developing countries because of its efficacy, affordability, low cost, and convenience
(Nachega et al., 2008). Efavirenz also has antiviral activity against Zika and West Nile Virus
(Sariyer et al., 2019; Stefanik et al., 2020). The oral bioavailability of efavirenz is good and it
also has a long half-life. When a single oral dose of 100 to 1600 mg is administered to healthy
volunteers, the peak efavirenz plasma concentrations of 1.6 — 9.1 uM reach after 5 hours of
dose. On average it takes 3 — 5 h to reach peak plasma concentrations and steady-state plasma

concentrations are reached in 6 — 10 days (Vrouenraets et al., 2007).

In conclusion, we predicted efavirenz with another three compounds tomatidine, jervine
and dehydrocholic acid, as potential compounds that can interact with the hydrophobic pocket

of CP with the help of in silico tools. Further, the binding of efavirenz with CP was validated
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by SPR. The possible anti-CHIKV and anti-SINV activity of efavirenz, which might occur due
to binding with the hydrophobic pocket of CP resulting into disruption of cdE2 interaction with
CP was evaluated by in vitro antiviral assays. Cell culture-based antiviral assay,
Immunofluorescence assay and qRT-PCR have proved excellent anti-CHIKV activity of
efavirenz. All together in silico, biophysical and cell culture-based antiviral assay and known
good oral bioavailability of efavirenz, we propose that efavirenz can act as an effective antiviral

drug to treat the CHIKV infection.
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