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Abstract

Chikungunya virus (CHIKV) is an arthropod-borne alphavirus. Alphaviruses are positive strand
RNA viruses that require a 5" cap structure to direct translation of the viral polyprotein and prevent
degradation of the viral RNA genome by host cell nucleases. Formation of the 5° RNA cap is
orchestrated by the viral protein nsP1, which binds GTP and provides the N-7 methyltransferase
and guanylyltransferase activities that are necessary for cap formation. Viruses with aberrant nsP1
activity are unable to replicate effectively suggesting that nsP1 is a promising target for antiviral
drug discovery. Given the absence of commercially available antiviral therapies for CHIKYV, it is
imperative to identify compounds that could be developed as potential therapeutics. This study
details a high-throughput screen of 3051 compounds from libraries containing FDA-approved
drugs, natural products, and known bioactives against CHIKV nsP1 using a fluorescence
polarization-based GTP competition assay. Several small molecule hits from this screen were able
to compete with GTP for the CHIKV nsP1 GTP binding site at low molar concentrations.
Compounds were also evaluated with an orthogonal assay that measured the ability of nsP1 to
perform the guanylation step of the capping reaction in the presence of inhibitor. In addition, live
virus assays with CHIKV and closely related alphavirus, Sindbis virus, were used in conjunction
with cell toxicity assays to determine the antiviral activity of compounds in cell culture. The
naturally derived compound lobaric acid was found to inhibit CHIKV nsP1 GTP binding and
guanylation as well as attenuate viral growth in vitro at both 24 hpi and 48 hpi in hamster BHK21
and human Huh 7 cell lines. These data indicate that development of lobaric acid and further
exploration of CHIKV nsP1 as a drug target may aid in the progress of anti-alphaviral drug
development strategies.

"Corresponding author. brian.geiss@colostate.edu (B.J.G.), Postal address: Colorado State University, Department of Microbiology,
Immunology, and Pathology, 1682, Campus Delivery, Fort Collins, CO 80523.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Competing Interests Statement
The authors declare they have no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feibelman et al.

Keywords

Page 2

nsP1; high throughput screening; lobaric acid; inhibitor; chikungunya virus

1. Introduction

Chikungunya virus (CHIKV) is mosquito-borne arbovirus from the 7ogaviridae family that
is primarily transmitted by Aedes aegypti and Aedes albopictus mosquitos. Once restricted
to Africa, Asia, Europe, and parts of the Pacific and Indian Oceans, CHIKV outbreaks were
first reported in the Americas in 2013 (Fischer and Staples, 2014). Since that time there have
been an estimated 1.7 million suspected cases of CHIKYV infection and local transmission of
the disease has been reported in 45 countries across the globe (www.cdc.gov). CHIKV
infection most often results in mild febrile illness characterized by fever, rash, and arthralgia
that generally resolves within two weeks of disease onset (Couderc and Lecuit, 2015;
Gasque et al., 2015; Long et al., 2013; Ozden et al., 2007). However, cases of more
debilitating joint pain lasting months or even years post infection have been reported
(Borgherini et al., 2008; Calabrese, 2008; Dupuis-Maguiraga et al., 2012; Mizuno et al.,
2011; Sissoko et al., 2009; Waymouth et al., 2013). Currently there is no commercially
available antiviral treatment for people infected with CHIKV and affected persons must rely
solely on supportive care. Given the continued spread of CHIKYV, concomitant threats from
other cocirculating viruses such as Dengue and Zika, increased circulation of Aedes
mosquito vectors, and the lack of available antiviral drugs for CHIKV infection, the
identification of promising CHIKYV drug targets and the pursuit of novel compounds with
antiviral activity is imperative (Johansson et al., 2014; Weaver, 2014).

CHIKYV is a positive strand RNA virus with an approximately 12 kb genome containing 5
and 3" untranslated regions, a 5" type 0 cap structure, and a 3" poly A tail (Hefti et al., 1976;
Khan et al., 2002). The genome of CHIKV contains two open reading frames. The virus’s
nonstructural polyprotein is generated from the first two thirds of the genome, while the last
third of the genome is used to code for subgenomic RNA from which the virus’s structural
polyprotein is translated (Strauss et al., 1984; Strauss and Strauss, 1994). After a series of
protease cleavage steps, the two polyproteins are eventually cleaved into 4 nonstructural
proteins (nsP1-4) and 5 structural proteins (C, E3, E2, 6K, and E1) respectively (Kaariainen
and Ahola, 2002; Lemm et al., 1994; Shirako and Strauss, 1994). Structural proteins
contribute to formation and encapsidation of nascent virions (Jose et al., 2009), while
nonstructural proteins orchestrate RNA replication, (Hahn et al., 1989; Lemm et al., 1994;
Sawicki and Gomatos, 1976; Shirako and Strauss, 1990). Nonstructural protein nsP4 is the
RNA-dependent RNA polymerase that synthesizes new viral RNA from a preexisting viral
RNA template (Rubach et al., 2009; Thal et al., 2007). After RNA replication, two
nonstructural proteins, nsP1 and nsP2 act as the viral RNA capping enzymes. nsP2 possesses
RNA triphosphatase function that removes the terminal phosphate from newly synthesized
RNA to generate a diphosphorylated RNA end (Vasiljeva et al., 2000). nsP1 possesses both
the guanine-N7-methyltransferase and guanylyltransferase activities that add a methylated
guanosine monophosphate to the diphosphorylated RNA to form the type 0 cap on nascent
genomic and subgenomic RNAs (Ahola and Kaariainen, 1995; Cross, 1983; Mi and Stollar,
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1990; Scheidel and Stollar, 1991). In addition, nsP1 has been shown to be membrane-
associated and likely acts as an anchor for linking the viral replication complex (nsP1, nsP2,
nsP3, and nsP4) to host cell membranes (Ahola et al., 1999; Laakkonen et al., 1996; Lampio
et al., 2000; Spuul et al., 2007).

Capping of viral genomes is critical, as fully formed RNA caps are required for translation
of proteins from genomic and subgenomic RNAs, protect viral RNA from degradation by
cellular 5" exonucleases, and protect structural elements in the virus’s 5"UTR that enable
evasion of the host’s antiviral response (Hyde, 2014; Strauss and Strauss, 1994). Due to its
central role in RNA cap formation, nsP1 has been suggested as a promising antiviral drug
target. nsP1’s RNA capping mechanism appears to be distinct from host capping enzymes
(Ahola and Kaariainen, 1995; Rupp et al., 2015), providing encouragement that inhibitors of
the nsP1 capping reaction may be specific and cause fewer undesirable side effects in host
cells compared to canonical capping enzyme inhibitors. Further, it has been shown that
mutants lacking either N7-MTase or GTase activity are not viable in cell culture providing
evidence that inhibition of nsP1 enzymatic activity is detrimental to viral replication (Ahola
et al., 1997). Therefore, nsP1 appears to be an ideal target for anti-CHIKV drug
development.

To date, research into the identification of promising small molecule inhibitors of CHIKV
nsP1 has been relatively scarce with the exception of recent studies describing the inhibitory
activity of a series of [1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-one compounds (Gigante et al.,
2017, 2014). Given the immediate need to develop novel therapeutics for CHIKV treatment
and lack of effective anti-CHIKV therapeutic options, it is necessary to continue the quest
for novel antiviral compounds to feed the drug discovery pipeline (Faqi, 2013). We recently
developed a novel and robust high-throughput screening platform for identification of small
molecules that can displace or compete with CHIKV nsP1 GTP binding (Bullard-Feibelman
et al., 2016). Blocking the CHIKV nsP1 GTP interaction disrupts the RNA capping process,
blocks protein translation, and reduces genome stability.

In this report we describe the results of a pilot screen utilizing our CHIKV nsP1 GTP
displacement platform against a collection of 3051 bioactive, natural products, and FDA
approved molecules. Several small molecule hits were identified from this screen and were
demonstrated to inhibit both GTP binding as well as the guanylation step of the nsP1
capping reaction. One of the hits, lobaric acid, was demonstrated to inhibit both Sindbis and
CHIKY replication /n vitro. These results suggest that identification of lobaric acid and
inhibition of nsP1 activity are potential paths forward for anti-alphavirus drug development.

2. Materials and Methods

2.1 Cells and viruses

Baby hamster kidney (BHK17) cells, monkey Vero E6, and human Huh7 cells were obtained
from ATCC. Cells were grown in complete Dulbecco’s Modified Eagle Medium
supplemented with 10% fetal bovine serum (Atlas Biologicals), 25 mM HEPES, and
penicillin-streptomycin (cDMEM) in a 37°C incubator with 5% CO2. Sindbis virus (TE/
3’2J) stocks were grown on BHK 17 cells and CHIKV (LR2006 OPY1) stocks were grown
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on Vero EG6 cells (Steel et al., 2011). Sindbis and CHIKYV viruses were quantified by plaque
assay as previously described (Saha et al., 2016; Steel et al., 2011).

2.2 Small molecules

NIH clinical collections 1 and 2 were purchased from the National Institute of Health
Common Fund and the Spectrum Collection was purchased from Microsource.
Benzbromarone (CID 2333) and pyrantel pamoate (CID 5281033) were purchased from
Sigma Aldrich. Garcinolic (CID 6857794) and lobaric (CID 73157) acids were purchased
from ChromaDex.

2.3 High throughput screening

High-throughput screening was performed at the High-throughput and High Content
Screening Core Facility in the Skaggs School of Pharmacy and Pharmaceutical Science at
the University of Colorado’s Anschutz Medical Campus. A fluorescent polarization-based
GTP competition assay was developed and described previously (Bullard-Feibelman et al.,
2016). The assay was transferred to and adapted for the facilities at the screening core.
Assays were plated with a Janus Liquid Handling Robot (Perkin Elmer) and read on an
EnVision Multi-Mode Plate Reader (Perkin Elmer). Screening assays were conducted in 384
well black plates (Corning Inc.) and 49.5 pL of master mix (50 mM HEPES pH 6.8, 0.01%
NP-40, mM DTT, 500 nM nsP1) was plated before the addition of 0.5 pl small molecules in
DMSO, bringing the final concentration of DMSO to 1%. Small molecules were tested in
duplicate at a final concentration of 10 pM. To validate the assay with the liquid handling
system, positive (GTP) and negative (DMSQ) controls were plated on two separate days and
the NIH clinical collections 1 and 2 (450 and 281 small molecules respectively) were used to
conduct a small validation screen. Z"-factor scores were determined for each plate (Zhang et
al., 1999). Following validation, the Spectrum Collection (2320 small molecules) was
screened and Z"-factors scores were calculated for each plate.

2.4 Cherrypick and retesting

Strong, medium, and weak hits from the pilot screen were defined as inhibiting GTP binding
by >85%, 75-85%, and 50-75%, respectively. Any pan-assay interference compounds were
removed from the hit list and hits were prioritized based on Lipinski’s rule of five or number
of rotable bonds and polar surface area (Lipinski et al., 2001; Veber et al., 2002). Twenty of
the top hits were cherrypicked from the small molecule libraries and retested. The top 4
compounds were reordered from commercial vendors.

2.5 Fluorescence polarization GTP-competition assay

GTP displacement dose response curves were generated for each small molecule as
previously described (Bullard-Feibelman et al., 2016). Briefly, small molecules were
rehydrated and serially diluted in DMSO in a 24-step 1:2 dilution series starting at 500 uM
final concentration. 47.5 pL master mix containing 50 mM HEPES pH 6.8, 0.01% NP-40, 2
mM DTT, 10 nM Bodipy FL GTP-+y-S thioester (ThermoFisher Scientific G22183), and 500
nM CHIKV nsP1 was added to each well in a 384 well black plate. Compounds were added
and plates incubated at 22°C for 1 hour in the dark and were then read for fluorescence
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polarization on a Victor X5 multilabel plate reader (Perkin Elmer) using 488nm excitation/
535nm emission filters.

2.6 Guanylation inhibition

Guanylation inhibition reactions were performed in a similar manner as was previously
described for dengue NS5 (Geiss et al., 2011). Small molecules were diluted in DMSO in a
1:2 dilution series to give final concentrations ranging from 200-3.1 uM. CHIKV nsP1 was
incubated with 1 pM 8-[(6-Amino)hexyl]-amino-GTP — ATTO - 680 (Jena Biosciences) and
varying concentrations of small molecule or DMSO in guanylation buffer (5 mM HEPES pH
6.8, 0.1% NP-40, and 500 nM MgCI2) for 1 hour at 37°C in the dark. Reactions were boiled
in Laemmli buffer, resolved on 12% SDS-PAGE gels, and nsP1 associated fluorescence was
quantified using an Odyssey CLx Imaging System (LI-COR) and Image Studio version
2.1.10 software. Gels were subsequently stained with Coomassie brilliant blue and
Coomassie signal was quantified using ImageJ software. Coomassie signal was used to
normalize fluorescence signal to control for any variations in protein quantity. Normalized
fluorescence from DMSO controls was used to calculate percent of control values for each
small molecule concentration.

2.7 Live virus testing

Sindbis virus testing was performed at BSL-2 containment and CHIKYV testing was
performed at BSL-3 containment. BHK and Huh7 cells were seeded in 12 well plates in
cDMEM and allowed to attach overnight. When cells were 50% confluent, small molecules
were added at final concentrations ranging from 200 to 2 uM in a final concentration of 1%
DMSO. Either Sindbis or CHIKV was added to cells at the same time as compound addition
at an MOI of 0.1. Small molecules and virus were incubated on cells for 48 hours. Media
samples were taken after 48 hours or after both 24 and 48 hour time periods.

2.8 Cytotoxicity assays

Cell death assays were conducted in white 96 well plates. BHK or Huh7 cells were plated
and allowed to attach overnight. Small molecules were dissolved in DMSO and added to
cells at final concentrations ranging from 200 uM to 0.4 uM with a final DMSO
concentration of 1%. Each concentration was tested in triplicate. Cells were incubated with
compound either 24 or 48 hours. Following incubation, cell media was removed and 25 pL
each of cDMEM and CellTiter-Glo (Promega) reagents were added. Plates incubated at
37°C for 10 minutes and were then read for luminescence on a Victor X5 multilabel plate
reader.

2.9 Statistical analysis

Fluorescence polarization and guanylation inhibition does response curves and Z"-factors
were calculated with GraphPad Prism version 7 software. Kiswere calculated as previously
described for real-time solution-based fluorescence polarization assays (Geiss et al., 2011;
Nikolovska-Coleska et al., 2004).
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3.1 High throughput screen

In order to identify novel small molecule inhibitors of the nsP1 RNA capping enzyme from
CHIKYV, a previously described fluorescence polarization-based GTP competition assay was
adapted to a Janus liquid handling system and used to screen 3051 small molecules from
three chemical libraries that included known bioactive compounds, approved drugs, and a
variety of natural products. Z"-factor scores for each assay plate were >0.75 (average
Z’factor = 0.85) indicating a very robust HTS assay (Figure 1). Plates were scanned for
fluorescence polarization and total fluorescence signals. Increased total fluorescence was
used as an indicator of compounds with intrinsic fluorescence, and fluorescent compounds
were removed from the hit list as their fluorescence masks the fluorescence polarization
readout during the assay making any FP data unreliable for those compounds. After removal
of fluorescent compounds, 101 small molecules retained hit status and could be divided into
three subcategories; 1) 35 small molecules were “strong hits” that were able to inhibit >85%
of protein activity, 2) 18 small molecules were “medium hits” that were able to knock down
76-85% of protein activity, and 3) 48 small molecules were “weak hits” that were able to
inhibit 50-75% activity.

The overall hit rate (inhibition of >50% GTP binding) out of 3051 small molecules was
3.4% (Figure 2). Pan-assay inhibitory compounds (promiscuous hitters) were removed from
the hit list and small molecule hits were prioritized based on activity and druglike/leadlike
properties. 20 small molecules were cherrypicked and retested at multiple concentrations to
determine preliminary dose response relationships and validate HTS assay results (data not
shown). All 20 cherrypick compounds displayed similar inhibitory activity upon retest
compared to the activity observed in the original screen. Compounds available from
commercial vendors and with the greatest apparent affinity for nsP1 were purchased for
further testing.

3.2 Small molecule CHIKV nsP1 GTP binding site affinity

We first wanted to quantify the ability of each compound hit to block nsP1 GTP binding and
thus determine the inhibitory constant (K}). In order to determine the Kjof each inhibitor for
the CHIKV nsP1 capping enzyme, full dose response curves were generated using a wide
range of small molecule concentrations. Ks for inhibitors ranged from 5 uM to 14.5 pM
(Figure 3) and lobaric acid and pyrantel pamoate had the greatest GTP-binding inhibition
with Ks of and 7.0 + 0.6 uM and 5.0 + 0.3 uM respectively. We also tested compounds for
specificity for the nsP1 GTP binding site by determining Ks for the flavivirus NS5 protein
(Geiss et al., 2011, 2009; Issur et al., 2009; Stahla-Beek et al., 2012), the capping enzyme
from another + strand RNA virus family that also binds GTP as a preliminary step in RNA
capping (Table 1). Interestingly, while garcinolic acid and benzbromarone display similar
and maybe slightly better GTP-binding inhibition with the Dengue NS5 protein, lobaric acid
and pyrantel pamoate were both nearly 5X more active against the CHIKV nsP1 enzyme
indicating these two small molecules are more selective for the CHIKV nsP1 protein.
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3.3 Small molecule CHIKV nsP1 guanylation inhibition

We determined the ability of CHIKV nsP1 to block formation of the GMP-protein
intermediate of the guanylyltransferase reaction using a fluorescently labeled GTP molecule
in the presence of varying small molecule concentrations. Disruption of nsP1 guanylation
reduces the amount of fluorescent GMP that covalently binds to nsP1, which can be
determined by SDS-PAGE gel. Pyrantel pamoate, garcinolic acid, and lobaric acid inhibited
CHIKYV nsP1 guanlylation activity in a dose dependent manner, while benzbromarone only
showed inhibitory activity at high uM concentrations (Figure 4) indicating that this
compound’s inhibitory activity was not as likely to translate to a cell-based assay. As such
this compound was not evaluated further.

3.4 In vitro antiviral efficacy

We next determined if pyrantel pamoate, garcinolic acid, and lobaric acid were able to
reduce alphavirus replication in cell culture. We first determined if compounds had the
ability to interfere with Sindbis virus replication. Sindbis virus is an alphavirus related to
CHIKYV and can be manipulated in a BSL-2 environment. BHK cells were incubated with
varying concentrations of each compound and concurrently infected with Sindbis virus at a
multiplicity of infection (MOI) of 0.1. Viral titers were assessed after 48 hours (Figure 5A).
Pyrantel pamoate and garcinolic acid did not markedly decrease Sindbis virus replication /n
vitro, while lobaric acid was able to inhibit virus growth with an ECsp 0of 5.9 uM + 1.4 uM.
We next determined if the compounds would show antiviral activity against a pathogenic
strain of CHIKV. Varying concentrations of pyrantel pamoate, garcinolic acid, and lobaric
acid were applied to BHK cells concurrently with CHIKYV (strain OPY1) at a MOI of 0.1.
Virus and compounds incubated on cells for 48 hours after which viral titers were assessed.
Neither pyrantel pamoate nor garcinolic acid were able to reduce CHIKYV replication in
BHK cells, while lobaric acid inhibited viral replication efficiently after 48 hours (Fig 5B)..
To explore the antiviral activity of lobaric acid at multiple time points and in different cell
lines, both BHK and Huh 7 cells were treated with varying concentrations of lobaric acid
and infected with CHIKV at a MOI of 0.1. Samples were take at 24 and 48 hours post
infection and viral titers were determined by plaque assay. Lobaric acid inhibited CHIKV
replication in BHK cells at both 24 and 48 hours at similar concentrations (9.9 uM and 8.9
UM respectively). In Huh7 cells lobaric acid displayed greater inhibition at the 48 hour time
point with an ECsgq of 5.3 UM compared to 16.3 pM at the 24 hour time point (Fig 5C). Cell
death assays using BHK and Huh 7 cells revealed that the compound has CCsq values
ranging from 50-76 uM (Fig 5D) depending upon time point and cell type making the
average selectivity index of lobaric acid nearly 7 (Table 2).

4. Discussion

This study details a high-throughput screening effort that identified pyrantel pamoate,
garcinolic acid, and lobaric acid as inhibitors of CHIKV nsP1 GTP-binding and guanylation
activities. Pyrantel pamoate is a medication commonly used to treat parasitic worm
infections (Moser et al., 2017). It is available as a generic medication and as such is quite
inexpensive. Pyrantel pamoate acts by blocking neuromuscular depolarization within the
worm, which leads to eventual paralysis. This compound is known to be poorly absorbed in
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the human intestine, thus unfortunately any potential as an orally bioavailable antiviral
would be quite limited. The other compounds that displayed activity against CHIKV nsP1
were garcinolic acid and lobaric acid, which are naturally occurring bioactive phenolic
compounds isolated from lichens. Garcinolic acid has previously been shown to increase
Ca(2+) uptake of the human adenosine-triphosphategated P2X7 receptor (Fischer et al.,
2014). In addition, the cytotoxic properties of this compound in several human cell lines
have been explored (Deng et al., 2012). Lobaric acid is isolated from the Stereocaulon genus
lichens and has many previously identified biological activities including anti-inflammatory,
antiproliferative, antimicrobial, antioxidant and antidiabetic activities (Gissurarson et al.,
1997; Hidalgo et al., 2005; Morita et al., 2009; Thadhani and Karunaratne, 2017).

Results of a high-throughput screen identified small molecule inhibitors of the nsP1 capping
enzyme from CHIKYV. Small molecules from libraries containing known bioactive molecules
and FDA-approved drugs were screened against nsP1 with a fluorescence polarization-based
GTP competition assay and small molecules benzbromarone, pyrantel pamoate, lobaric acid,
and garcinolic acid were able to block CHIKV nsP1 GTP-binding activity. Of the four small
molecules tested in the guanylation assay, pyrantel pamoate, garcinolic acid, and lobaric acid
were found to inhibit nsP1 guanylation activity in a dose-dependent manner. Further testing
of these three compounds in cell-based assays found that only the small molecule lobaric
acid was able to attenuate the growth of infectious Sindbis and CHIKYV alphaviruses. These
data highlight the ability of the nsP1 HTS assay to identify promising inhibitors of nsP1,
describe the ability of small molecules garcinolic acid, lobaric acid, and pyrantel pamoate to
inhibit necessary steps in the nsP1 capping reaction, and detail the ability of lobaric acid to
inhibit alphavirus growth in cell culture. ldentification of these small molecules provides a
valuable demonstration of nsP1 as an antiviral target and potential compounds that can be
further developed for the CHIKV drug discovery pipeline. Given that our screen consisted of
3051 compounds, performing a larger screen of the MLPCN or other large drug libraries
may yield a number of additional compounds with antiviral activity that can be further
explored. Ultimately, further development of nsP1 and molecules that inhibit its RNA
capping function are critical to helping alleviate the serious global public health problem
caused by CHIKYV infection.
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cDMEM  complete Dulbecco’s Modified Eagle Medium
MTase methyltransferase

GTase guanylyltransferase
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i High-throughput fluorescence polarization-based assay identifies inhibitors

& Natural bioactive compounds, lobaric acid and garcinolic acid, inhibit nsP1

* Lobaric acid reduces Chikungunya virus replication in hamster and human

Highlights

of the Chikungunya virus nsP1 capping enzyme

activity in the low pM range.

cell lines.
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Figure 1. Z scores for each plate in CHIKYV nsP1 high-throughput pilot screen
Positive (GTP) and negative (DMSO) control values from each plate in the pilot screen were

used to calculate Z" score. All Z" scores were > 0.75, and the average Z” score throughout
the screen was 0.85.
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Figure 2. Percent inhibition for each small molecule in the CHIKV nsP1 high-throughput pilot
screen

Recombinant CHIKYV nsP1 and GTP-bodipy were complexed and added to assay wells, 10
UM of compound was added to each well, plates were incubated, and total polarization and
fluorescence polarization were assessed. Relative percent inhibition (the degree to which
each small molecule was able to prohibit nsP1 GTP-binding compared to DMSO control)
was calculated for each compound. n=2
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Figure 3. Dose response curves and structures for selected hits

A) GTP displacement dose response curve and structure for benzbromarone. B) GTP
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—0
o

displacement dose response curve and structure for garcinolic acid. C) GTP displacement
dose response curve and structure for pyrantel pamoate. D) GTP displacement dose response
curve and structure for lobaric acid. n=3
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Figure 4. Small molecules inhibit guanylation activity of CHIKV nsP1
CHIKYV nsP1 was incubated with various concentrations of small molecule inhibitors A)

benzbromarone, B) garcinolic acid, C) pyrantel pamoate, and D) lobaric acid and
fluorescently labeled GTP for 1 hour at 37°C. Samples were boiled then resolved on 12%
SDS-page gels. ATTO-680-labeled nsP1 was quantified and indicative of formation of the
nsP1-GTP intermediate. Percent of control was calculated for each concentration based on
fluorescent signal generated by CHIKV nsPlincubated in the presence of DMSO vehicle
alone. n=3
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Figure 5. In vitro activity of lobaric acid against Sindbis and CHIKYV in BHK and Huh 7 cells
A) BHK cells were incubated with varying concentrations of compound (lobaric acid,

garcinolic acid, or pyrantel pamoate) and Sindbis virus at a MOI of 0.1 for 48 hours. Titers
of released virus were assessed by plaque assay and percent inhibition was calculated for
each concentration. n=3 B) BHK cells were incubated with varying concentrations of
compound (lobaric acid, garcinolic acid, or pyrantel pamoate) and CHIKV at a MOI of 0.1
for 48 hours. Titers of released virus were assessed by plaque assay and percent inhibition
was calculated for each concentration. n=3 C) BHK and Huh 7 cells were treated with
varying concentrations of lobaric acid and concurrently infected with CHIKV at a MOI of
0.1. Titers of released virus were assessed by plaque assay at 24 and 48 hours and percent
inhibition was calculated for each concentration. n=3 D) BHK and Huh 7 cells were grown
with varying concentrations of lobaric acid and percent cell survival was determined at 24
and 48 hours. n=3
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Table 1

Inhibitory activity of small molecules against DENV NS5 and CHIKV nsP1

DENV NS5 Average K;  CHIKYV nsP1 Average K;

Lobaric Acid 43.8+7.0 70+06
Garcinolic Acid 6.9+04 145+4.9
Benzbromarone 9+0.7 13.0%0.9
Pyrantel Pamoate 38+ 1.5 50+0.3
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