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Abstract

The mosquito-borne dengue virus serotypes 1-4 (DENV1-4) and West Nile virus (WNV) cause
serious illnesses worldwide associated with considerable morbidity and mortality. According to
the World Health Organization (WHO) estimates, there are about 390 million infections every year
leading to ~500,000 dengue haemorrhagic fever (DHF) cases and ~25,000 deaths, mostly among
children. Antiviral therapies could reduce the morbidity and mortality associated with flaviviral
infections, but currently there are no drugs available for treatment. In this study, a high-throughput
screening assay for the Dengue protease was employed to screen ~120,000 small molecule
compounds for identification of inhibitors. Eight of these inhibitors have been extensively
analyzed for inhibition of the viral protease in vitro and cell-based viral replication using Renilla
luciferase reporter replicon, infectivity (plaque) and cytotoxicity assays. Three of these compounds
were identified as potent inhibitors of DENV and WNV proteases, and viral replication of DENV2
replicon and infectious RNA. Fluorescence quenching, Kinetic analysis and molecular modeling of
these inhibitors into the structure of NS2B-NS3 protease suggest a mode of inhibition for three
compounds that they bind to the substrate binding pocket.
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Introduction

Dengue virus serotypes 1-4 (DENV1-4) cause the most frequent mosquito-borne infections
to humans. According to a recent estimate by the World Health Organization, DENVs cause
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390 million infections annually (Mitka, 2013), and are primarily transmitted by the Aedes
aegypti and A. albopictus mosquitos. Dengue virus (DENV) belongs to the flavivirus genus
of the Flaviviridae family and is endemic throughout tropical and sub-tropical countries in
the world (for reviews, see (Beasley, 2005; Gould and Solomon, 2008; Guzman et al., 2010;
Lindenbach and Rice, 2003) causing frequent epidemics. Infection with any of the DENV
serotypes may be asymptomatic in the majority of cases or may result in a mild flu-like
syndrome (known as dengue fever (DF). However, secondary infections by a different
DENV serotype can cause symptoms collectively known as “severe dengue”, characterized
by coagulopathy, increased vascular fragility and permeability, thought to result from
antibody-dependent enhancement (Halstead et al., 2005; Sierra et al., 2010). Currently, there
is no antiviral drug available for human use.

The DENV genome consists of a ~11 kb, plus strand, RNA molecule, that upon entry into a
host cell, is translated into a single polyprotein in the endoplasmic reticulum (ER)
membrane. This polyprotein undergoes co- and post-translational cleavages by the host
signal peptidase and furin, as well as the viral serine protease NS3 to form mature structural
and non-structural proteins. The three structural proteins, capsid (C), precursor membrane
(prM), and envelope (E), are generated from the N-terminal region of the polyprotein. The
seven non-structural (NS) proteins are generated in the order of NS1, NS2A, NS2B, NS3,
NS4A, NS4B, NS5, from the C-terminal region of the polyprotein (Henchal and Putnak,
1990; Kautner et al., 1997).

The NS2B-NS3 protease plays a crucial role in viral replication as it is essential for the
processing of the polyprotein followed by the assembly of the viral replication complex
(Padmanabhan and Strongin, 2010; Sampath and Padmanabhan, 2009). The requirement for
the viral protease in the DENV life cycle makes it an excellent target for development of
antiviral therapeutics (Lim et al., 2013; Noble et al., 2010). The NS2B-NS3 protease cleaves
the polyprotein in c/sat NS2B-NS3 site and frans at the C-terminal regions of C anchored to
the ER membrane to form mature C as well as NS2A-2B, NS3-4A, NS4A-2K, and NS4B-5
sites to form mature NS2A, NS2B, NS3, NS4A, NS4A lacking 2K peptide (Miller et al.,
2007), NS4B and NS5 proteins (reviewed in (Padmanabhan and Strongin, 2010)). The
interaction of the NS3pro domain (1-185 aa of NS3 protein) with the conserved hydrophilic
domain of ~48 aa residues of NS2B are sufficient for the in vitro protease activity
(Chambers et al., 1993; Clum et al., 1997; Falgout et al., 1993). However, for replication of
the virus in mammalian cells, full-length NS2B and NS3 proteins associated with ER
membranes are required (Chambers et al., 1993; Chambers et al., 1995; Matusan et al.,
2001). The NS2B-NS3 protease cleavage sites are comprised of two basic amino acids (RR,
RK, KR, or occasionally QR) followed by an amino acid with a short side chain such as Gly,
Ala, or Ser (for reviews, (Lindenbach et al., 2007; Padmanabhan and Strongin, 2010)). To
assess the protease activity in vitro, the tetrapeptide substrate with two Arg residues at P1
and P2 positions linked to the fluorogenic group, 7-amino- 4-methyl coumarin moiety
(AMC), benzoyl (Bz)-Nleu-Lys-Arg-Arg-AMC, was found to be an optimal substrate (Li et
al., 2005). Incubation with the recombinant protease results in the release of AMC
fluorescence which follows Michaelis-Menten kinetics allowing for the determination of
ICsp and Ki values (Li et al., 2005; Mueller et al., 2008).
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We have previously established a High-Throughput Screening (HTS) assay for the
identification of small molecule inhibitors of the WNV protease in a 384-well format using a
library of ~32,000 compounds. We identified compounds containing the 8-hydroxyquinoline
(8- OHQ) scaffold as potent inhibitors of both DENV2 and WNV proteases (Ezgimen et al.,
2012; Lai et al., 2013a; Mueller et al., 2008). Here, we report a HTS assay of ~120,000
commercially available compounds to identify additional scaffolds of DENV protease
inhibitors. Using a slightly modified assay, only ~0.1% (<100) of the total compounds after
cherry-picking, showed good inhibition of DENV2 protease in vitro. From this list, a select
number of compounds showed potent Ki values in the range of 0.22 + 0.03 UM to 6.9 + 0.80
UM in the in vitro assays, and EC50 values for inhibition of viral replication in the range of
0.08 + 0.01 uM to ~ 9.0 uM determined by plaque assays.

2. Materials and Methods
2.1. High-throughput screening (HTS)

HTS was performed at the The Institute of Chemistry and Cell Biology Screening Facility at
Harvard University (ICCB-Longwood). The compound libraries used for screening in the
study include: ActiMolTimTec 1, Asinex 1, BIOMOL ICCB Known Bioactives 3, Biomol 4
FDA Approved Drug Library, Chemical Diversity 2, Enamine 1, 2, 2a, ChemBridge 3 and 4,
ChemDiv 3, 5, ICBG Fungal Extracts 11, Life Chemicals 1, Maybridge 4 and 5,
MicroSource Discovery 1, MicroSource US Drug Collection, Mixed Commercial Plate 5,
NIH Clinical Collection 1 and 2, NINDS Custom Collection 2, Prestwick Collection 1 and 2,
Sigma LOPAC containing a total of 119,997 compounds. Briefly, into each well of 384-well
plates (Corning 3575), 20 uL of DENV?2 protease (30 nM) in protease assay buffer was
dispensed using a Wellmate liquid dispenser (Matrix, Hudson, NH). Test compounds [5
mg/ml] in dimethyl sulfoxide [DMSQ], 100 nL were pin-transferred into duplicate plates
using a compound transfer robot (Epson, Carson, CA). The final inhibitor concentrations in
the assays varied due to different molecular weights of the compounds screened in the
primary HTS. Bovine pancreatic trypsin inhibitor, also known as aprotinin (BPTI; 7.5 pM)
was used as a positive control for one column in each plate. Another column did not receive
any compounds (negative control). The compound-enzyme solutions were incubated for 15
minutes at room temperature before 10 uL of the 7.5 uM substrate Bz-Nle-Lys-Arg-Arg-
AMC (Bachem, Torrence, CA) was added. Plates were transferred to a 37 °C incubator for
15 minutes, and fluorescence intensity was measured using 380 nm and 460 nm excitation
and emission wavelengths with EnVision plate reader (Perkin-Elmer, Waltham, MA). To
avoid aggregation-based non-specific inhibition by the compounds (Ezgimen et al., 2009;
Feng et al., 2005; Leung et al., 2001), 0.1% CHAPS was added in the protease assay buffer.
Compounds which inhibited the cleavage of the substrate by at least 50% were considered as
positive hits and selected for further analysis. Secondary analysis of compounds were
performed at two concentrations (7 and 17 pg/mL) in 100 pL reactions using the cherry-
picked aliquots received at concentrations (5mg/mL).

2.2. Protein expression, purification and active site titration

The DENV2 and WNYV proteases were expressed from 2L cultures of TOP10F” cells
(Invitrogen) transformed with the expression plasmids pQE30-NS2BH(QR)-NS3pro (Yon et
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al., 2005) and WNV clone 107 (Mueller et al., 2007), respectively. The expression plasmids
for the DENV1 and DENV4 NS2BH-NS3 proteases each containing the respective authentic
C-terminal amino acids of NS2B followed by the NS3pro domain were constructed by PCR
amplification of coding sequences from the full-length cDNA clones of DENV1 and
DENV4 (Alcaraz-Estrada et al., 2010; Puig-Basagoiti et al., 2006). To construct the DENV3
NS2BH-NS3pro plasmid, a clone of DENV3 cDNA in pRS424 vector (YU4N) with a
deletion of E and part of NS1 genes that could be stably propagated in £. coli (Gifted by Dr.
Barry Falgout, FDA) was used for overlap extension PCR following standard molecular
biology techniques. The plasmid clones for DENV1, DENV3 and DENV4 NS2BH-NS3pro
domains contained the four amino acids from the C-terminus of NS2B linked to NS3pro that
include the NS2B-3 cleavage site in pET-32a between Ncol and BamHI restriction sites
(unpublished data). The DENV?2 protease expression plasmid codes for the NS2B
hydrophilic domain and the NS3pro domain flanking the two amino acid residues, QR, at
the NS2B-3 site (Yon et al., 2005) (see above).

E. coli cells transformed with DENV1-4 and WNV NS2B-NS3pro expression plasmids were
grown in LB medium supplemented with ampicillin (100 pg/mL) and 0.1% glucose at 37°C
until the ODgqg reached 0.6-0.7. The medium was then replaced with fresh LB-ampicillin
with 1 mM IPTG. Expression of the recombinant proteins was induced for 4 h at 37°C. Cells
were then pelleted and either frozen or used immediately for purification using a Talon metal
affinity resin (Clontech) as reported previously (Mueller et al., 2008). Since £. colF-
expressed proteins might contain a certain amount of misfolded molecules, we sought to
determine the fraction of the proteases that are catalytically active. The fractions of active
proteases in our enzyme preparations were thus determined by assessing Bz-Nle-Arg-Arg-
AMC cleavage efficiency using 25 nM of protease and increasing amounts of BPTI. The Ki
of BPTI against WNVpro is 24 nM (Aleshin et al., 2007) and against DENV2pro 26 nM
(Mueller et al., 2007). Using a linear regression model of the percentage protease activity
against BPTI concentration, we can extrapolate the concentration of active protease present
in the sample as the x-intercept (Figure 1). The active site concentrations of all proteases
were close to their respective protein concentration indicating that the enzyme preparations
contained 98-99% active proteases (data not shown).

2.3. Further in vitro characterization of hits

From the list of positive compounds, the highest scoring hits (0.3% of the total number of
compounds screened) were cherry-picked for validation and further analysis. Compounds
which were previously classified as “promiscuous hits”, as they often occurred in multiple
screens against diverse targets in the ICCB-Longwood database, were excluded for further
analysis. Aliquots (1.2 pL) of the cherry-picked compounds in the same concentration as
used in the primary HTS were provided by ICCB-Longwood for secondary validation
assays. The activities of these compounds were tested against the DENV2 protease at two
concentrations, 7 and 17 pg/mL, in 100 pL standard protease assay mixtures to examine
dose-dependent inhibition. From this list of cherry-picked compounds, 29 commercially
available compounds exhibiting good potency were purchased and screened in secondary
assays (all commercially available compounds were assured to be minimum 95% pure by
NMR and LC-MS). Only 22 were soluble in DMSO at a concentration of 5 mM. The
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activities of the 22 compounds were tested against DENV2 and WNV proteases at 10 and 25
UM (Table 1). Eight of those compounds which showed at least 50% inhibition at 10 uM
were selected for determination of their IC50 values.

2.3.1. In Vitro Protease Assay—This assay measures the proteolytic activity of the viral
NS3 protease domain complexed with the required NS2B hydrophilic domain by using the
fluorogenic peptide substrate, Bz-Nle-Lys-Arg-Arg-AMC. The standard assay mixture (100
uL) contained 200 mM Tris-HCI, pH 9.5, 6 mM NaCl, 30% glycerol, 20 nM enzyme, 25 uM
substrate, CHAPS 0.1% and in the presence or absence of protease inhibitor at 37°C in a 96-
well blackwall microtiter plates. The reaction was monitored within a monochrometer-based
spectroflurometer (Spectromax Gemini EM from Molecular Devices, Inc.) running on
Softmax Pro software. Upon cleavage, the AMC fluorophore is released, thereby increasing
fluorescence. This increase is dependent on the incubation time, and concentrations of
enzyme, substrate, and inhibitor in a manner that obeys Michaelis-Menten kinetics. The
fluorescence of AMC was measured using a fluorometer at excitation and emission
wavelengths of A¢,=380nm and A¢,»=460nm, respectively (for a detailed protocol, see (Lai
etal., 2013b)). BPTI was used as a positive control and 1% DMSO (no inhibitor; 100%
activity) served as a negative control. For determination of IC50 values, standard protease
assays were performed in the presence of different inhibitor concentrations (0.05, 0.1, 0.5, 1,
2, 5,10 and 25 uM) for 30 min. IC50 values were calculated using the GraphPad Prism
v5.04 using the four-parameter nonlinear regression analysis (Hill slope method).

2.3.2. Determination of Ki of compounds—Four different concentrations (0-3 uM) of
compounds and eight different concentrations of substrate (3.90, 7.81, 15.62, 31.25, 62.5,
125, 250, 500 pM) for each inhibitor concentration were tested in the in vitro DENV2
protease assay using 20 nM protein. Fluorescence was measured in duplicate wells at an
interval of 90 sec. The fluorescence values (RFUs) were converted to molar amounts using a
standard curve determined from known amounts of AMC and their corresponding RFU
values. The velocity values (mole substrate cleaved/minute) were then calculated for each
substrate:inhibitor pair. Ki values were calculated with GraphPad Prism software v5.04 with
non-linear regression at competitive inhibition mode of enzyme-kinetics.

2.3.3. Renilla luciferase reporter replicon assay—BHK-21 cells (ATCC), stably
expressing DENV2 replicon RNA (Alcaraz-Estrada et al., 2013; Boonyasuppayakorn et al.,
2014; Manzano et al., 2011) encoding Renilla luciferase reporter (1x10* cells/well of a 96-
well plate), were treated with varying concentrations (0, 0.5, 1, 2, 5, 10, and 25 uM) of
different inhibitors. Following ~24 h of incubation, cells were lysed with 50uL 1X lysis
buffer, followed by shaking for ~5min. The luciferase activity was measured using a
luminometer (Berthold Tech., LB-960) as described previously (Boonyasuppayakorn et al.,
2014).

2.3.4. Cytotoxicity of compounds to BHK-21 cells—BHK-21 (1x10* cells/well of a
96-well plate) were treated with 0.39, 0.78, 1.56, 3.12, 6.25, 12.50, 25, 50, 100 uM of each

compound and incubated for ~24 h. The cytotoxicity was measured using the Cell Counting
Kit-8 (Dojindo, Rockville, MD) following the manufacturer’s instructions. Briefly, 10 L of
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a 1X CCK-8 solution/well was added to all the wells. The plates were placed back in an
incubator at 37°C. After 2 h, the absorbance at 450 nm was measured. The concentration of
each compound at which 50% loss of viability (CCsg) occurred was determined.

2.3.5. Efficacy of compounds on infectivity and viral RNA replication by
plague assays and qRT PCR—BHK-21 cells (1x10°) in MEM-alpha medium + 10%
FBS were plated onto each well of 12-well plates. After 18 h, cells were infected with
DENV2 (MOI 1) in MEM-alpha medium + 2% FBS for 90 min. Virus inocula were replaced
with 2 mL OptiMEM (Gibco, Life Sciences) with increasing concentrations of drugs (0.03-
10uM). After incubation for 12 h at 37°C, FBS was added to each well at a final
concentration of 5%. After an additional 12 h, the supernatant was collected and the viral
titers were quantified by plaque assays as previously described (Boonyasuppayakorn et al.,
2014). Briefly, LLC-MK2 cells were plated at 1 x 10° cells per well in 24-well plates
containing 1 ml DMEM + 10% FBS and incubated overnight. Serially diluted supernatants
from infected BHK-21 cells treated with compounds described above were incubated with
monolayers of LLC-MK2 cells in paired wells of 24-well plates for 2 h. Cells were overlaid
with DMEM containing 1.0% carboxymethyl cellulose and were incubated for 7 days at
37°C. The plaques formed on monolayers were visualized by fixing the cells with 3.4%
paraformaldehyde and staining with crystal violet solution (0.05%) as described
(Boonyasuppayakorn et al., 2014).

To determine the viral RNA copy number by gRT-PCR, total intracellular RNAs were
extracted from the infected cells (control and treated) by treatment with TRIzol reagent
(Invitrogen, Life, Grand Island, NY) according to the manufacturer’s protocol. RNAs were
quantified using BioSpec-nano (Shimadzu, Japan) and used as templates for cONA synthesis
by reverse transcriptase in 20 pL containing 1 pg RNA. Each gRT-PCR contained 12.5 pL of
the iQ SYBR Green Supermix reagent (Bio-Rad, Hercules, CA), 0.5 pL of primers (20 nM)
specifically designed to anneal to the DENV-2 NS5 gene (Manzano et al., 2011), 9.5 L of
DEPC water, and 2 uL of RNA to a final volume of 25 pL. The amplification protocol
consisted of the following steps: 95°C for 2 min, followed by 50 cycles at 95°C for 10
seconds, 50°C for 30 seconds and 72°C for 30 seconds and melt curve analysis was carried
out. The glyceraldehyde-3-phosphate gene (GAPDH) was used as a reference control.

2.3.7. Fluorescence quenching assay—A fluorescence quenching assay has been
used to discriminate between specific and non-specific inhibition of DENV2 protease
(Bodenreider et al., 2009). This particular assay is based on the intrinsic fluorescence of
Trp50, which is located near the active site center of -DENV and WNV proteases. The
fluorescence of this tryptophan is quenched by inhibitors that bind to the active site of
protease and have absorbance near 330 nm. The absorbance of compounds C, F (100 uM), G
and H (10uM) were determined and all four compounds absorb near 300-330 nm indicating
they are suitable candidates to be tested using this assay.

Briefly, a competition assay was performed with 10 different concentrations of inhibitors
(0.09, 0.18,0.36, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50 uM) and DENV?2 protease (2uM). The
autofluorescence of the samples was monitored within a monochrometer-based
spectroflurometer (Spectromax Gemini EM from Molecular Devices, Inc.) running on
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Softmax Pro software with excitation wavelength of 280 nm and an emission wavelength of
340 nm. All determinations were performed in triplicates. Titration data were normalized by
the formula (Fo—F)/Fq, where F is the measured fluorescence and Fg is the measured
fluorescence in the absence of inhibitors.

2.3.7. Molecular modeling Studies—The crystal structure of DENV3 NS2B-NS3pro
(3U11) in the catalytically active closed conformation was used as a template for modeling
studies. A homology model of DENV?2 protease was built using SWISS- MODEL (Biasini
etal., 2014). PatchDock server (Schneidman-Duhovny et al., 2005) was used to dock the
molecules C, F and G into the active site of DENV2 protease. PatchDock is a geometric
algorithm and it finds docking transformations that yields optimal molecular shape
complementarity.

3.1. Identification of DENV2 protease inhibitors using HTS

The flavivirus protease is essential for the processing of the polyprotein which generates the
viral proteins required for viral replication and maturation of infectious virions. Therefore,
the protease is an ideal target for the discovery of antivirals against Dengue. A previously
established HTS for small molecule inhibitors of the WNV protease in a 384-well format
(Mueller et al., 2008) identified several compounds from which we launched a detailed
structure-activity relationship analysis using the 8-hydroxyquinoline scaffold (Ezgimen et
al., 2012; Lai et al., 2013a). In this study, we performed HTS of ~120,000 compounds to
expand our HTS campaign for discovery of more broad chemical scaffolds from which we
could initiate a lead optimization process using slightly modified assay conditions. First, we
used an optimal fluorogenic tetrapeptide substrate Bz-Nle-Lys-Arg-Arg-AMC (Li et al.,
2005). We used a purified preparation of DENV2 NS2B-QR-NS3pro which contains the
hydrophilic domain of NS2B ending with the last two amino acids (QR) and the N-terminal
185 amino acids of protease domain (Yon et al., 2005). The initial phase of HTS of ~25K
compounds revealed a higher hit rate (1.75%) and false positives, and hence we included
0.1% CHAPS detergent in our assay buffers to avoid nonspecific aggregation-based
inhibitors (Ezgimen et al., 2009; Feng and Shoichet, 2006; Leung et al., 2001).

Our primary screen resulted in 507 compounds (0.42%) that exhibited at least 50%
inhibition of protease activity in the 384-well HTS format (Figure 2). We cherry picked 242
of the primary hits (Figure 2) to further validate hits based on their relative strengths of
inhibition in 96-well format. Compounds that frequently appear in other unrelated HTS
assays done in ICCB-Longwood were flagged as potentially highly reactive or
“promiscuous” molecules and were excluded. Only 88 of the 242 compounds validated in
our secondary assay, which were retested in 100 L reaction at 7 and 17 pg/mL
concentrations in 96-well format provided by ICCB-Longwood facility (Fig. 2, 36%
validation rate). Of these, 29 compounds were purchased from commercially available
sources based on their relative strengths of inhibition when reanalyzed in molar
concentrations.
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3.2. Inhibition of DENV2 and WNV proteases by selected compounds in vitro

Twenty-nine validated compounds were purchased from commercial sources for detailed
analysis and 10 mM stock solutions were prepared in DMSO. Seven of these did not
completely dissolve even at 5 mM and were not further investigated (Table 1). The
remaining hits were assayed at fixed molar concentrations of 10 and 25 uM to determine
their relative potencies. Only 8 compounds (A to H) were shown to have =50% inhibition
(Figure 3; Table 1). IC50 values of all the eight compounds were determined against
DENV1-4 and WNV proteases. Compound G (tannic acid) was found to be the most potent
inhibitor against all five flavivirus proteases tested (0.11-0.82 uM) followed by Compound F
(tolcapone) (0.61-1.25 pM). Compounds H (suramin) and C had IC50s in the range of 2.5~
4.1 uM which was followed by compounds E, A and B (Table 2). The Ki of these 8
compounds were determined against DENV2 protease (Table 3).

3.3. Determination of the efficacy of compounds in inhibition of DENV2 replication using
the stable BHK-21/DENV2 Replicon cells

Initially, the eight compounds were screened for inhibition of DENV2 replicon replication at
3 different concentrations (5, 10 and 25 pM) using the stable BHK-21/DENV?2 replicon cell
line expressing Renillaluciferase (Boonyasuppayakorn et al., 2014). Compounds C, E and F
were found to inhibit DENV2 replication as compared to the 1% DMSO-treated control
cells. These compounds were further screened at six different concentrations as described
under Materials and Methods to determine the EC50 values. The EC50 of compound F was
2.29 £ 0.3 pM, followed by compound C (6.9 + 0.6 pM) and compound E (10.4 + 4.2 uM)
(Table 3). Compounds A, B, D, G and H did not inhibit the DENV?2 replicon replication
(Table 3).

3.4. Cytotoxicity assay

The cytotoxicity of the eight compounds was estimated by using the colorimetric CCK-8
cell viability kit on parental BHK-21 cells. Of the eight compounds assayed, compounds B,
C, E, and G (CC50 60-80 pM), and F (CC50 ~30 uM), and H had cytotoxic effects after 24
h exposure. Compounds A, D and H did not exhibit any cytotoxicity at the highest
concentration tested (~ 100 uM) (Table 3).

3.5. Plague assay and qRT PCR

The inhibitory effects of these compounds on viral replication and infectivity were also
examined by two independent methods. In the first method, the titers of virions produced at
various concentrations of the compounds were measured by a plaque assay. This method
probes whether any of the compounds has any effect on production of infectious virions. In
the second method, the copy number of the viral RNA in the virus particles released from
infected BHK-21 cells was determined by gRT-PCR after treatment with each compound.
The copy humber of RNA includes RNA from both infectious and non-infectious virus
particles.

The results of plaque assays of eight compounds indicated that only compounds C, D, F, G
and H were shown to be inhibitory with EC50s of 8.97 £+ 0.05 uM, 14.23 + 0.06 uM, 2.03
+0.1, 0.084 + 0.010 and 8.62 + 1.32 uM respectively (Figure 4, Table 3). The qRT-PCR was
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performed for cells treated with 2 uM (for compounds F and G) or 10 pM (for compounds
C, D and H) of the drugs. Our results indicate that the compounds C, D, F, G and H showed
good inhibition as compared to DMSO treated control (Figure 5). The therapeutic indices
(T1) were calculated as the ratios of CCso/ECsq. Only four of the 8 compounds (C, F, G and
H) exhibited < 10 uM inhibition in plaque assays, indicating that these candidates have the
potential to be developed into broad-spectrum anti-flaviviral drugs.

3.6. Fluorescence quenching assay

The absorption spectra of four compounds (C, F, G and H) absorb near 300-330 nm
indicating they are suitable candidates to be tested using this assay (Figure 6A). Compounds
C, F and G quenched tryptophan fluorescence in a dose dependent manner (Figure 6B).
Compound H failed to quench the tryptophan fluorescence indicating that it is a non-specific
inhibitor. Addition of 10 uM BPTI to the reaction could partially restore the fluorescence of
compounds C and G indicating their competitive mode of binding (Figure 6C). Compound F
did not compete with BPTI (Figure 6C) but a caused significant decrease of the fluorescence
with increasing inhibitor concentration, which confirms the binding of inhibitor within 10—
15 A (Forster distance for FRET) from Trp50 (Figure 6B).

3.7. Kinetic Analysis of Inhibition by compounds C, F and H

To determine the biochemical basis of inhibition of compounds C, F, and G, we analyzed the
kinetics of inhibition of DENV2 protease activity by deriving their Lineweaver-Burk plots
(Figure 6D). In all three cases, the best fit lines for each inhibitor concentration converge at
the origin indicating competitive inhibition (Whiteley, 2000).

3.8. Molecular modeling

Thus far, we have shown that compounds C, F, and G are competitive inhibitors of DENV2
protease. We thus sought to further examine the potential interactions between these
compounds and the DENV protease active site by docking the structures of these inhibitors
onto the homology model of DENV?2 protease derived from DENV3 protease (3U1l).
Molecular modeling suggests that all the three compounds were found to bind to the active
site of protease (Figure 7). The binding efficiency, as indicated by PatchDock score, was the
highest for compound G (6740) followed by compound C (3784) and compound F (3340).
The atomic contact energy (ACE) was least for compound G (-467.16) followed by
compound C (-236.11) and compound F (=181.95). High PatchDock scores and low ACE
values are considered as a good indicator of successful docked conformation.

4. Discussion

In this study, we performed in vitro HTS for small molecule inhibitors of the DENV2
protease. We initially performed our screen with 24,846 compounds without 0.1% CHAPS
detergent in the reaction buffer. From this first round of screening, we obtained 436 (1.75%)
hits which were mostly false positives (89%). We then modified our two succeeding rounds
of HTS by adding 0.1% CHAPS in the reaction buffer. This yielded lower hit rates of 0.1%
and 0.04%. Lower hit rates are likely due to several possible reasons. First, the presence of
CHAPS reduces aggregation of compounds in solution, which decreases false positives
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(Ezgimen et al., 2009; Feng and Shoichet, 2006). Second, the in vitro protease assay requires
a high pH (9.5) for optimal activity (Leung et al., 2001; Nall et al., 2004), which leads to
protonation of some compounds resulting in false positives/negatives. Third, the assay
buffers contain 20-30% glycerol which might have resulted in lower hit rates leading to
pipetting errors in the automated liquid handling facilities (Noble et al., 2010). Fourth, the
crystal structures of NS2B hydrophilic peptide-NS3 protease domain shows the active site to
be relatively flat and negatively charged thus potentially contributing to lower hit rates
observed (Erbel et al., 2006).

Crystal structures of WNV NS2B-NS3pro in the presence and absence of BPTI (Aleshin et
al., 2007; Erbel et al., 2006), DENV?2 (Erbel et al., 2006) and DENV1 (Chandramouli et al.,
2010) without an inhibitor as well as that of DENV3 protease in complex with a peptide
substrate-based inhibitor (Bz-Nleu-Lys-Arg-Arg-CHO) or BPTI (Noble et al., 2012) have
been solved. These structures were solved using the cofactor NS2B hydrophilic peptide
fused to the NS3 protease domain flanking the linker of 9 amino acids, GGGGSGGGG. In
these structural models, the NS2B cofactor was found to adopt two distinct conformations.
Without an inhibitor, the C-terminal region of NS2B is found dissociated from the active site
of the NS3pro domain resulting in an “open” (inactive) conformation. In contrast, in the
presence of a substrate-based inhibitor, NS2B wraps around the NS3pro domain interacting
with residues in the active site in NS3 resulting in “closed” (active) conformation (Erbel et
al., 2006). However, NMR structures of non-covalently associated NS2B and NS3pro
domains of the “unlinked” form revealed that the protease assumed a “closed” conformation
even in the absence of a substrate-based inhibitor in solution (Kim et al., 2013). This study
suggests that NS2B linked to NS3pro via the GGGGSGGGG artificial linker could be the
cause for conformational changes. In our case, the NS2B-NS3 precursor polypeptide
consists of the hydrophilic NS2B cofactor linked to the NS3 protease domain via the two
(QR in the case of DENV?2) or four C-terminal amino acids of NS2B (in DENV1, 3 and 4)
which undergoes cis cleavage resulting in the formation of a non-covalently associated
NS2B and NS3 complex. This complex presumably exists in the active “closed”
conformation.

Many flaviviral proteins have been targeted for drug discovery (Noble et al., 2010). Viral
protease inhibitors have been developed into highly successful drugs (Patick and Potts,
1998). Protease inhibitors are used in treatment of non-infectious diseases like hypertension,
myocardial infarction, peridontitis, thrombosis, pancreatitis and respiratory diseases. For
example, angiotensin-converting enzyme (ACE) inhibitors are targeted to treat
cardiovascular ailments (Smith and Vane, 2003). In addition, inhibitors of viral proteases,
such as ritonavir, atazananvir tipranavir, Telaprevir and boceprevir (Chang et al., 2010;
Flexner et al., 2005) have been used extensively in HIV and hepatitis C virus treatments
(Pearlman, 2012).

The viral protease plays an important role in the life cycle of the DENV. In this study, using
a purified preparation of DENV2pro as a target in a HTS campaign, we identified a class of
compounds with catechol and polyphenolic scaffolds as potent inhibitors of DENV and
WNV proteases. Eight compounds were selected for detailed analysis to determine the IC50
and Ki values using the in vitro protease assays. Six of these compounds are catechols (A—
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F), a polyphenolic compound (G) and a polyanionic compound (H). Only three compounds
(C, F, tolcapone, and G, tannic acid) were found to be potent inhibitors of NS2B/NS3
proteases of four serotypes of DENV as well as WNV. Two of these compounds have been
used to treat both viral and non-viral diseases. Yang et al. reported that 17 catechol
derivatives are currently prescribe, FDA-approved drugs (Yang et al., 2007).

Tolcapone, a nitro-catechol derivative, was approved by FDA for the treatment of
Parkinson’s disease and is a potent and selective inhibitor of catechol-O-methyl transferase
(Antonini et al., 2008; Kaakkola, 2000). Tolcapone was introduced in Europe in 1997 and in
the United States in 1998. However, the drug was withdrawn from the market (December
1998 to August 2004) due to hepatotoxicity in the patients who were taking the drug that
resulted in three deaths (Borges, 2005; Colosimo, 1999). The hepatotoxicity was attributed
due to elevated transaminases, and further studies showed that hepatoxicity was found only
in people who had pre-existing liver conditions. Hence, Tolcapone treatment for Parkinson’s
disease was re-approved under strict monitoring of serum enzymes (Borges, 2005;
Colosimo, 1999).

Compound G, tannic acid, is a commercial form of Tannin and a polymer of gallic acid
molecules and glucose. It is a phytochemical and found in tea, oak wood, berries, and
Chinese galls. Tannic acid has been used for centuries as a natural home remedy for
treatment of cold sores, fever blisters, diaper rash, sore throat, inflamed tonsils, spongy gums
and acute dermatitis. It is also used orally for bleeding, chronic diarrhea, dysentery, bloody
urine, painful joints and persistent coughs (Chung et al., 1998). Antiviral activities have been
demonstrated for at least twelve different viruses: influenza virus H3N2, H5N3, herpes
simplex virus-1, vesicular stomatitis virus, Sendai virus, Newcastle disease virus, poliovirus,
coxsackievirus, adenovirus, rotavirus, feline calicivirus, human papillomavirus, and mouse
norovirus (Buzzini et al., 2008; Theisen et al., 2014; Ueda et al., 2013). More importantly,
previous studies have shown that hydrolysable tannins, chebulagic acid and punicalagin
protect against dengue virus infections (Lin et al., 2013). Compound C is a novel scaffold
which has not been reported earlier to have anti-DENV activity.

In summary, our studies suggest that compound C, tolcapone, tannic acid and are highly
potent inhibitors of flaviviral proteases, DENV2 replication and infectivity. Their efficacy in
combination with their high therapeutic indices make them potential lead compounds that
could form the basis for development of more potent derivatives by structure-activity
relationship studies in future.
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Highlights
. A high-throughput screening against the dengue virus protease target
was performed.
. Of the eight selected compounds, three exhibited good therapeutic
indices.
. Fluorescence quenching, kinetic and modeling supported competitive
mode of inhibition.
. This study may lead to more potent inhibitors for treatment of viral

infections.
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Figure 1.
Active-Site titration of DENV2 protease with BPTI. X-intercept indicates the active

concentration of DENV2 protease (25 nM protein was used based on protein concentration).
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Pie-chart of primary and secondary assays for selection of inhibitors.
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Figure 4.
EC50 values for inhibition of DENV2-infected BHK-21 cells determined by plaque assays.

Compound C (A), Compound D (B), Compound F (C), Compound G (D), and Compound H
(E).
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Figure 5.
Inhibition of DENV2 replication analyzed by qPCR. BHK-21 cells were infected with

DENV2 (MOI 1) and the viral RNA were isolated after 24h and the RNA copy number was
determined as described under Materials and Methods. DMSO treated control is taken as
100% and percent reduction of viral RNA by treatment of DENV-2 infected BHK-21 cells
with the compounds at the indicated concentrations is plotted. Compounds C, D and H at 10
uUM; Compounds F and G at 2 uM concentrations.
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Figure 6.

(A) Absorbance spectra of compounds C, F, G and H. (B) Fluorescence spectra of DENV2
protease (2uM) with various concentrations of compounds, C, F, G and H. (C) Competition
of BPTI on the fluorescence quenching in the presence of 50 UM compound and 10 pM
BPTI. (D) Kinetic analysis of compounds C, F and G. Lineweaver-Burk (LB) plots, of
compounds, C, F, and G.
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Figure 7.
Molecular modeling using the DENV3 NS2B-NS3 protease structure (3U11) (Noble et al.,

2012). (A): Compound C (magenta); (B): Compound F (cyan); (C): Compound G (blue).
Active site triad (H51, D75 and S135) is highlighted in yellow.
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