
Anthracene-based Inhibitors of Dengue Virus NS2B-NS3
Protease†

Suzanne M. Tomlinson and Stanley J. Watowich*
Department of Biochemistry and Molecular Biology, University of Texas Medical Branch,
Galveston, TX 77555 United States

Summary
Dengue virus (DENV) is a mosquito-borne flavivirus that has strained global healthcare systems
throughout tropical and subtropical regions of the world. In addition to plaguing developing
nations, it has re-emerged in several developed countries with recent outbreaks in the USA (CDC,
2010), Australia (Hanna et al., 2009), Taiwan (Kuan et al., 2010) and France (La Ruche et al.,
2010). DENV infection can cause significant disease, including dengue fever, dengue hemorrhagic
fever, dengue shock syndrome, and death. There are no approved vaccines or antiviral therapies to
prevent or treat dengue-related illnesses. However, the viral NS2B-NS3 protease complex
provides a strategic target for antiviral drug development since NS3 protease activity is required
for virus replication. Recently, we reported two compounds with inhibitory activity against the
DENV protease in vitro and antiviral activity against dengue 2 (DEN2V) in cell culture
(Tomlinson et al., 2009a). Analogs of one of the lead compounds were purchased, tested in
protease inhibition assays, and the data evaluated with detailed kinetic analyses. A structure
activity relationship (SAR) identified key atomic determinants (i.e. functional groups) important
for inhibitory activity. Four “second series” analogs were selected and tested to validate our SAR
and structural models. Here, we report improvements to inhibitory activity ranging between ~2-
and 60-fold, resulting in selective low micromolar dengue protease inhibitors.
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1. Introduction
Dengue virus (DENV) is a member of the family Flaviviridae that includes other serious
pathogens such as West Nile (WNV), yellow fever (YFV), and Japanese encephalitis (JEV)
viruses. DENV exists as four distinct serotypes, each of which can cause dengue disease.
DENV is estimated to infect 50–100 million individuals each year (CDC, 2008), and
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produce upwards of 1.5 million clinical cases of dengue disease annually. Approximately
500,000 of these cases develop into dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS), with ~25,000 fatalities every year. It has been suggested that subsequent
infection by different serotypes increases the likelihood of developing the more serious
forms of dengue disease such as DHF and DSS (Alvarez et al., 2006, Halstead, 2003).

DENV has primarily affected tropical and subtropical regions, and except for ~200 travel-
associated cases each year, it was rarely isolated from the continental USA. However, in
2008, the US National Institutes of Health expressed concern that DENV was a potential
threat to the USA (Morens et al., 2008). Those concerns were realized with recent dengue
outbreaks in Florida, a southern USA state bordering the Caribbean (CDC, 2010). The
continued emergence of DENV into previously temperate latitudes suggests the population
at risk for DENV infection will increase in the future. Given the severity of dengue diseases,
the increasing range of DENV, and the absence of approved antiviral drugs or vaccines to
combat DENV infection, it is essential to develop potent anti-dengue drugs.

DENV is an enveloped virus with an ~11 kb positive-sense RNA genome that is transcribed
as a single polyprotein (Figure 1A) and subsequently co- and post-translationally cleaved
into three structural proteins at its 5’ end and seven nonstructural proteins at its 3’ end
(Tomlinson et al., 2009b, Fields et al., 1996). Host and viral proteases, such as the N-
terminal 180 residues of the NS3 protein, are responsible for post-translational processing
(Bazan et al., 1989). It has been demonstrated that ~40 residues of the NS2B protein are
required for full NS3 protease activity (Yusof et al., 2000). The NS2B-NS3 protease
complex is required for viral replication (Falgout et al., 1991), and thus is one of the primary
targets for development of anti-dengue drugs (Leyssen et al., 2000, Tomlinson et al.,
2009b).

Recent studies have used various strategies, including high throughput screening and peptide
substrate analogs (Bodenreider et al., 2009, Chanprapaph et al., 2005, Ganesh et al., 2005,
Kiat et al., 2006, Leung et al., 2001, Yang et al., 2011, Yin et al., 2006a, Yin et al., 2006b)
to identify dengue protease inhibitors. Our previous study employed a virtual screen to
identify compounds that inhibited dengue 2 virus (DEN2V) protease in vitro and prevented
DEN2V replication in cell culture (Tomlinson et al., 2009a).

In this study, we present a detailed biochemical characterization of anthracene-based
compounds that strongly inhibited the DEN2V NS2B-NS3 protease (NS2B-NS3pro).
Inhibition constants and mechanisms of action were determined from non-linear fitting of
reaction models to kinetic data. These results allowed development of a structure activity
relationship (SAR) for anthracene-based small molecule inhibitors of DEN2V NS2B-
NS3pro that identified key functional groups for effective binding and inhibition. The
anthracene fused ring system provided a robust “scaffold” to support pharmacophores that
were predicted to interact with the protease catalytic triad (His51, Asp75, Ser135) and P1
binding site residues (Gly151, Gly153, Tyr150). Furthermore, modeling analysis suggested
that ligands that interacted with Tyr161 had decreased binding affinity to the protease, likely
resulting from disrupted interactions with the catalytic and P1 binding site residues.

2. Materials and Methods
2.1 Analogs

Pubchem and Sigma Aldrich structure similarity search programs were employed to identify
commercially-available analogs of the ARDP0006 lead (Tomlinson et al., 2009a). The
OSIRIS property explorer (www.organic-chemistry.org) was used to determine clogP and
predicted solubility, and compounds with predicted solubility significantly less than
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ARDP0006 were not selected for testing. Analogs were purchased from Sigma Aldrich (St.
Louis, MO.) and Chembridge Corporation (San Diego, CA).

2.2 Solubility assays
Compounds were tested for solubility in DMSO and aqueous buffer according to the
previously described protocol (Tomlinson et al., 2009a). Briefly, compounds were dissolved
in DMSO at 10 mM and 1 mM. Compounds that appeared soluble by visual inspection were
centrifuged at 11,000 × g (Spectrafuge 16M, LabNet International, Edison, NJ) for 30 min
and inspected for insoluble pellet formation. Compounds soluble in DMSO were diluted
100-fold into aqueous assay buffer (200 mM Tris [pH 9.0], 20% glycerol) and vortexed.
Compounds that appeared soluble in aqueous buffer by visual inspection were centrifuged as
described above and inspected for pellet formation. Compounds that precipitated at
concentrations of 1 mM in DMSO or 10 µM in aqueous assay buffer were removed from
further study.

2.3 Expression and purification of DEN2V NS2B-NS3pro
The expression and purification of DEN2V (strain TSV01; Genbank accession number
AY037116) NS2B cofactor linked to the protease domain of NS3 (NS2B-NS3pro (Figure
1); plasmid a generous gift from Dr. Lim Siew Pheng of the Novartis Institute for Tropical
Diseases, Singapore) was modified from previously described protocols (Li et al., 2005).
Briefly, expression was identical to that previously described with the exception that
cultures were grown at 25°C for 8 hrs after IPTG induction. For purification, pelleted cells
were first resuspended in chilled lysis buffer (50 mM HEPES [pH 7.5], 300 mM NaCl, 5%
glycerol). Cell lysis was facilitated by the addition of DNase (30 µg/ml), MgCl2 (10 mM),
lysozyme (300 µg/ml), and Triton X-100 (final concentration 0.5% v/v). The lysis mixture
was incubated on ice, rocked gently for 1 hr, and centrifuged at 4°C and ~12,500 × g for 30
min. The soluble fraction was applied to a nickel affinity column formed from nickel
sephadex beads (Amersham Biosciences) pre-equilibrated with lysis buffer. The beads were
washed with lysis buffer and increasing concentrations of imidazole (5 mM, 10 mM, and 20
mM, in lysis buffer) to remove contaminating proteins. Bound NS2B-NS3pro was eluted
from the column with lysis buffer and 150 mM imidazole in 1 ml aliquots, dialyzed into
storage buffer (50 mM Tris [pH 7.5], 300 mM NaCl), portioned into 1 ml aliquots with 25%
glycerol, flash-frozen in liquid nitrogen, and stored at −80°C. Protein concentration was
determined by UV spectroscopy.

2.4 Preliminary inhibition assays
Protease activity experiments were performed in vitro using purified DEN2V NS2B-NS3pro
and the 7-amino-4-methylcoumarin (AMC) fluorophore-linked peptide substrate Boc-GRR-
AMC (Bachem, USA). Preliminary activity experiments were performed by incubating each
soluble compound with 100 nM DEN2V NS2B-NS3pro and 100 µM Boc-GRR-AMC
(Bachem, USA) in cleavage buffer (200 mM Tris [pH 9.5], 20% glycerol) for 30 min at
25°C. Release of free AMC was monitored using a Fluorolog FL3-22 spectrofluorometer
(Horiba Jobin Yvon) to record fluorescence emitted at 465 nm following excitation at 380
nm. Assays were performed in duplicate. Protease reactions performed with 100 µM
aprotinin, a known broad-spectrum serine protease inhibitor, showed fluorescence levels that
were similar to that of the “substrate alone” background control (data not shown).

2.5 Steady-state kinetics of inhibitors of DEN2V NS2B-NS3pro
Detailed kinetic studies were performed under similar reaction conditions as described
above using a broad range of substrate concentrations. Reaction progress was monitored by
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release of free AMC every five minutes for at least 30 minutes. All assays were performed at
least two times in duplicate.

To correct for potential variations in instrument response, fluorescence from an AMC
dilution series was recorded in conjunction with each protease reaction. These
measurements defined the linear range and response of the spectrofluorometer, and
established an AMC standard curve to correct for concentration-dependent absorption
changes due to colored compounds. Briefly, each concentration of tested analog and a “no
inhibitor” control were incubated with a two-fold dilution series of AMC. Relative
fluorescence unit data were converted to absolute AMC product concentrations using
EXCEL (Microsoft, Redmond, WA), where the data were transformed using the slope from
the linear regression of the AMC dilution series. Linear regression analysis was performed
using GraphPad Prism (GraphPad Software San Diego, CA).

For each tested analog, the mechanism of inhibition and inhibition constant(s) were
determined from rigorous kinetic assays. Three concentrations of each inhibitor were
separately mixed with cleavage buffer and DEN2V NS2B-NS3pro (100 nM final
concentration). Kinetic assays were performed in duplicate in 96-well black plates (100 ul
final volume/well). Serial dilutions of substrate were added to the wells for final substrate
concentrations of 37.5 µM, 75 µM, 150 µM, 300 µM, 600 µM, and 1200 µM. Fluorescence
of released AMC was monitored every 5 min for 30 min by emission at 465 nm (excitation
380 nm). To convert relative fluorescence units to absolute AMC concentrations, an AMC
dilution series was performed as described above. Linear regression analysis was performed
using GraphPad Prism (GraphPad Software San Diego, CA) to determine initial velocities
for each reaction from AMC product concentrations and reaction times. Errors associated
with each initial velocity measurement were consistently < 2%.

2.6 Trypsin inhibition assays
Bovine pancreatic trypsin (Sigma Aldrich, St. Louis) and N-α-Benzoyl-DL-arginine 4-
nitroanilide hydrochloride (BAPNA) substrate (Sigma Aldrich, St. Louis) were used for
trypsin inhibition assays. Trypsin stock solutions were prepared in sodium phosphate buffer
(67 mM [pH 7.6]). Trypsin (60 µM) was incubated with chromogenic BAPNA (500 µM)
and release of the para-nitroanilide product monitored using a DU640 spectrophotometer
(Beckman Coulter, USA) to measure absorption at 415 nm. The slope of the progress curve
was determined using linear regression and used as a baseline for comparison with inhibitor
reactions. Each analog was tested at 100 µM final concentration for inhibition of trypsin.
Benzamidine (Sigma Aldrich, St. Louis), a well-documented inhibitor of trypsin (Markwardt
et al., 1968), was used as a trypsin inhibitor control.

2.7 Steady-state kinetics of inhibitors of trypsin
Detailed kinetic experiments were completed for analogs that inhibited trypsin in assays
with the chromogenic BAPNA substrate. Experiments used the BOC-GRR-AMC substrate
and were performed as described above with a 50 nM final concentration of trypsin. The
fluorescence of AMC released in the trypsin assays was monitored every three minutes for
twenty-four minutes.

2.8 Kinetic analysis
Initial reaction velocity versus substrate concentration data were analyzed with Dynafit
(Biokin, Watertown, MA) (Kuzmic, 1996) to determine the kinetic parameters, reaction
mechanism, and inhibition model. Models tested included competitive, uncompetitive, and
mixed noncompetitive inhibition, with and without substrate inhibition. Inhibition data were
analyzed using global non-linear least square fitting.
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2.9 Modeling and structure activity relationship (SAR)
The AutoDock Vina program (Trott et al., 2010) was used to computationally bind each
small molecule inhibitor to DEN2V NS2B-NS3pro (PDB identifier 2FOM; (Erbel et al.,
2006). The inhibitor conformation with the lowest docking score was assumed to represent
the inhibitor/protease structure and the intermolecular interactions analyzed in detail using
Swiss-PDBViewer (Guex et al., 1997). Protease residues that interacted with inhibitor
functional groups were tabulated if the interacting atoms were within 4 Å of each other.
These interactions were used to develop a preliminary SAR (Patani et al., 1996) for this
system.

3. Results
3.1 Protein expression and purification

The DEN2V NS2B-NS3pro plasmid construct (Figure 1B) included an ~40 residue central
hydrophilic domain from DEN2V NS2B joined to the N-terminal protease domain of the
DEN2V NS3 protein by a protease-resistant linker (Gly4-Ser-Gly4) (Li et al., 2005). The
nucleotide sequence of the plasmid construct was verified by direct sequencing (S. Smith,
UTMB). DEN2V NS2B-NS3pro was expressed and purified to homogeneity as visualized
by Coomassie blue staining of proteins separated by SDS polyacrylamide gel electrophoresis
(data not shown).

3.2 Solubility and preliminary inhibition assays
Twenty-three analogs of the previously identified DEN2V protease inhibitor ARDP0006
were purchased for testing against DEN2V NS2B-NS3pro (Table 1). Compound selection
was based on commercial availability, computer-predicted aqueous solubility, occurrence of
an “anthracene-like” scaffold similar to lead ARDP0006, and distribution of unique
functional groups on the scaffold. Only 10 analogs were soluble to at least 10 µM in
aqueous assay buffer and 1% DMSO, highlighting the need for more effective
computational algorithms to predict compound solubility. The insoluble compounds were
removed from further testing. The 10 soluble compounds were tested in a preliminary
protease inhibition screen. Four of the 10 compounds demonstrated inhibition significantly
better than the parent compound ARDP0006 (Figure 2), while an additional 4 compounds
demonstrated inhibition similar to ARDP0006.

3.3 Kinetics of inhibitors of DEN2V NS2B-NS3pro
Detailed kinetic analyses were completed on analogs 6A42, 6A45, 6A47, and 6A49 to
determine their kinetic parameters, inhibition constants, and mechanism of inhibition. These
compounds showed significant inhibition of DEN2V NS2B-NS3pro in the preliminary
inhibition assay. Several inhibition mechanisms, including competitive, uncompetitive, and
mixed noncompetitive, were examined for each compound. Analyses were performed using
Dynafit and kinetic parameters for each model were optimized to provide the best global fit
to the experimental data. Final model selection was based on fitting accuracy, parameter
errors, and model discrimination analysis within the Dynafit program (Kuzmic, 2009).
Analysis of kinetic data clearly showed that ARDP0006 and analogs 6A42, 6A45, 6A47,
and 6A49 inhibited DEN2V NS2B-NS3pro in this assay (Table 2). The selected inhibition
models with computed model parameters (Table 2) had excellent fits to the experimental
data as shown by representative curves for the parent compound ARDP0006 (Figure 3A)
and analog 6A42 (Figure 3B). A competitive inhibition model best described the ARDP0006
kinetic inhibition data. In contrast, mixed noncompetitive inhibition models (Scheme 1) best
described the kinetic inhibition data for analogs 6A42, 6A45, 6A47, and 6A49.
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Control experiments were performed with substrate concentrations ranging from 0 to 5 mM
to allow unequivocal determination of Vmax and thus obtain highly accurate kinetic
parameters. It should be noted that similar to findings for WNV NS2B-NS3pro (Tomlinson
et al., 2008), DEN2V NS2B-NS3pro demonstrated substrate inhibition though at high ([S] =
5 mM) substrate concentrations. Kinetic analysis performed with different ranges of
substrate concentrations produced similar kinetic parameters, although the calculated error
estimates were slightly smaller for experiments performed with the largest range of substrate
concentrations ([S] varied from 0 to 5 mM). For this reason, Km and kcat were constrained to
the values obtained from the higher substrate experiments for all analyses. The kinetic
parameters were essentially the same for all kinetic assays with Km = 673 ± 49 µM and kcat
= 0.02 ± 0.002 s−1

3.4 Trypsin inhibition
To determine if the inhibitors were selective for DEN2V NS2B-NS3pro, each compound
was tested for its ability to inhibit trypsin cleavage of the chromogenic substrate N-α-
benzoyl-DL-arginine 4-nitroanilide hydrochloride (BAPNA) and the fluorogenic substrate
BOC-GRR-AMC. Detailed analysis of trypsin cleavage of the fluorogenic substrate with
DEN2V NS2B-NS3pro inhibitors showed that 6A49 did not inhibit trypsin, 6A42 and 6A47
were mixed noncompetitive trypsin inhibitors, ARDP0006 was an uncompetitive trypsin
inhibitor, and 6A45 and benzamidine were competitive trypsin inhibitors (Table 3). Analysis
of the trypsin reactions were highly reproducible, with kinetic parameters calculated as Kd =
34 ± 2 µM and kcat = 0.06 ± 0.005 s−1. Compounds that had a Ki1 value for the fluorogenic
substrate (either competitive or mixed noncompetitive inhibition mechanisms) also inhibited
trypsin cleavage of the chromogenic substrate, with the two competitive inhibitors showing
the strongest degree of inhibition (data not shown). This was noteworthy, as we have
observed compounds (e.g., ARDP0006 and inhibitors from unrelated high-throughput
screening studies) that inhibited trypsin cleavage of the fluorogenic substrate but not the
chromogenic substrate. In these cases, kinetic studies with the fluorogenic substrate revealed
an uncompetitive inhibition mechanism (Ki2 only), which implied interactions between the
inhibitor (I) and enzyme-substrate (ES) complex, but not the apo-enzyme (see Scheme 1).

Compound 6A49 inhibited the DEN2V NS2B-NS3 protease but not trypsin. In contrast,
compounds 6A42, 6A45, and 6A47 inhibited both the DEN2V NS2B-NS3 protease and
trypsin, and thus may not be good candidates for further optimization. However, these
compounds provide useful information to understand determinants of binding affinity.

3.5 Combined modeling and SAR of the inhibitor-protease complex
The program AutoDock Vina (Trott et al., 2010) was used to initially position the DEN2V
NS2B-NS3pro inhibitors ARDP0006, 6A42, 6A45, 6A47, and 6A49 into the DEN2V apo-
enzyme (PDB identifier 2FOM; (Erbel et al., 2006) active site to predict likely
intermolecular interactions. For each inhibitor, the AutoDock Vina program predicted
several similar bound conformations that had energy differences of <1 kcal mol−1. Upon
examination and comparison of the top scored conformations for all ligands, it was apparent
that there was a prevailing low energy conformation that was similar for all inhibitors. In
this conformation, interactions were between catalytic or P1 pocket residues of the active
site and functional groups on only one edge of the inhibitors. Significant interactions
occurred between hydroxyl and nitro groups of the inhibitors and conserved residues that
constituted the catalytic triad (His51, Asp75, Ser135) and P1 pocket (Gly151, Gly153,
Tyr150) of the protease. Inhibitors 6A42 and 6A47 shared the anthraquinone scaffold of the
parent compound ARDP0006; these three compounds all “docked” such that the central
ring’s carbonyl oxygen on the inhibitor’s “interacting edge” contacted the hydroxyl group of
Ser135 (Figure 4). The hydroxyl groups attached to the flanking rings of the anthraquinones
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were predicted to interact with the imidazole ring of His51 and P1 pocket residues Tyr150,
Gly151, and Gly153. Compound 6A45 had a similar scaffold but with functional groups
along only one edge (termed the “interacting edge”), and demonstrated better inhibitory
activity than ARDP0006, 6A42, and 6A47. Key interactions were between the hydroxyl
groups of 6A45 and the imidazole ring of His51 and the hydroxyl group of Tyr150. The
6A49 inhibitor did not have the anthracene triplet ring structure, but had a comparable
extended planar structure formed from the two aromatic rings connected by an azo linkage.
This inhibitor had the lowest Ki1 (i.e., tightest binding) of the initial set of analogs tested,
and was the only inhibitor that formed an additional contact between a nitro group of the
inhibitor and the carboxyl group of Asp75. Finally, the docked structures of ARDP0006,
6A42, and 6A47 had functional groups on the “exposed edge” of the anthracene scaffold
that interacted with Tyr161 (Figure 4). Since these compounds exhibited relatively high Ki1
values (i.e., low activity), these interactions likely contributed to reduced inhibitor binding.

This structure-based analysis suggested an improved inhibitor design (at least within the
constraints of the compounds analyzed) for DEN2V NS2B-NS3pro (Table 4). The
inhibitors’ core was an anthracene (or extended planar) scaffold and stabilizing H-bonding
interactions occurred between functional groups located on the interacting edge of the
inhibitor and catalytic (His51, Asp75, Ser135) and P1 pocket (Gly151, Gly153, Tyr150)
residues of the protease. Since these protease residues were highly conserved among
flaviviruses, interactions between them and an inhibitor would be preferred to minimize
drug resistance. An additional interaction occurred with Pro132 that was located adjacent to
Ser135. Interaction with Pro132 may interfere with its interactions with Ser135. Hydroxyl or
carbonyl groups on the interacting edge of the central ring were predicted to interact with
similar protease residues, although the latter group correlated with decreased activity
perhaps because of increased bond distances. Finally, functional groups on the exposed edge
of the scaffold that interacted with Tyr161 should be removed since they correlated with
decreased inhibitor binding.

To test the qualitative predictive power of the SAR, 4 “second series” anthracene-based
analogs (6A60, 6A61, 6A62, 6A63) were purchased for testing (Table 4). Compound 6A60
was predicted to show better activity relative to the initial set of analogs as it contained
functional groups in locations that correlated with improved activity. Compound 6A61 was
predicted to have intermediate activity since it had key functional groups on the interacting
edge, but additional functional groups on the exposed edge of rings 1 and 2. Compound
6A62 was predicted to be a relatively poor inhibitor due to the presence of functional groups
on the exposed edge of each ring of the anthracene scaffold. Similar to 6A62, compound
6A63 was also predicted to be a relatively poor binder. Unfortunately, 6A63 was not soluble
in the kinetic reaction buffer and was not tested further. Kinetic assays to determine
inhibition constants for the three soluble analogs validated our predictions (Table 4), with
6A60 found to have the lowest Ki1 of all anthracene-based analogs. Moreover, this small
molecule was a specific protease inhibitor since it did not inhibit trypsin cleavage activity
(Table 4).

Compound 6A60 was predicted to bind to the DEN2V NS2B-NS3 active site such that
functional groups on the interacting edge of the anthracene made contacts with residues that
were conserved among flavivirus proteases (Figure 5). Favorable contacts were predicted
between the hydroxyl of ring 1 and the NH of the side-chain of catalytic residue His51 (2.3
Å) and the carboxyl group of the catalytic residue Asp75 (2.8 Å), between the central
hydroxyl of 6A60 and the hydroxyl groups of catalytic residue Ser135 (2.4 Å) and the P1
pocket residue Tyr150 (3.3 Å), and between the hydroxyl of ring 3 and the hydroxyl groups
of catalytic residue Ser135 (2.4 Å) and P1 pocket residue Tyr150 (3.3 Å). Compound 6A61
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demonstrated the next lowest Ki1 value and was predicted to interact with Ser135, Tyr150,
and Tyr160. This compound also did not inhibit trypsin.

A combined SAR and docking analysis using all tested anthracene-based analogs suggested
that the inhibitors (with the exception of ARDP0006) formed contacts with the catalytic
residue His51 of the protease. In addition, predicted interactions with Tyr150 correlated with
improved (i.e., lower) Ki1 values. Inhibitors that were predicted to favorably interact with
the side-chain of catalytic residue Asp75 (i.e., 6A49 and 6A60) were observed to have the
lowest Ki1 values. The weak activity of 6A62 provided additional support that functional
groups on the exposed edge of ring 3 (positioned to interact with Tyr161) compromised
inhibitor binding. Finally, interactions with the side-chain of catalytic residue Asp75 (as
predicted for 6A60 and 6A49) correlated with improved activity.

4. Discussion
Dengue virus is an important insect-borne pathogen with significant impact on global health,
and thus ranks as an important target for developing small molecule drug candidates. A
number of strategies have been suggested for the development of dengue antivirals
(Tomlinson et al., 2009b) including targeting dengue structural proteins (Hrobowski et al.,
2005, Marks et al., 2001, Modis et al., 2003, Yang et al., 2007), and nonstructural proteins
such as the NS5 polymerase (Latour et al., 2010) and the NS2B-NS3 protease (Chanprapaph
et al., 2005, Ganesh et al., 2005, Leung et al., 2001, Mueller et al., 2008, Tomlinson et al.,
2009a, Yin et al., 2006b, Yusof et al., 2000). Viral proteases are a particularly attractive
drug targets, in particular since HIV protease inhibitors have been licensed (Hsu et al., 2006,
Wlodawer et al., 1998) and inhibitors of hepatitis C virus (Lamarre et al., 2003) and human
rhinovirus (Hayden et al., 2003) proteases have entered clinical trials.

This study analyzed the activity of several analogs of a previously identified anthracene-
based DEN2V NS2B-NS3 protease inhibitor termed ARDP0006 (Tomlinson et al., 2009a)
to better understand the molecular determinants that were associated with inhibition activity.
Rigorous kinetic analyses provided both accurate inhibition constants and mechanisms of
inhibition. Interestingly, 6 of 8 analogs exhibited a mixed noncompetitive mechanism of
inhibition with both Ki1 and Ki2 values, which suggested these inhibitors bound the
apoenzyme (E) and the enzyme-substrate (ES) complex (see scheme 1). The observation of
a non-competitive mode of inhibition implied that there was a substrate-dependent binding
event that could inhibit the protease even at high substrate concentrations; this could have
significant in vivo ramifications since the protease would be inhibited during high levels of
replication (high levels of polyprotein substrate). Alternatively, the observed uncompetitive
component of inhibition could be an artifact of the AMC-coupled substrate. Evidence for
this latter interpretation was observed in trypsin inhibition kinetic studies using substrates
with either chromogenic or fluorogenic leaving groups. In these experiments, some
inhibitors prevented cleavage of the fluorogenic substrate (via an uncompetitive mechanism)
but not the chromogenic substrate (data not shown). Thus, this dengue protease inhibition
study utilized Ki1 values (competitive and mixed noncompetitive mechanisms) to develop a
SAR, since the Ki2 values may have included uncompetitive interactions with the ES
complex and/or substrate-dependent artifacts due to interactions between inhibitors and the
AMC moiety. Rigorous kinetic analyses, as opposed to simple determination of IC50 values,
were necessary to decide which compounds were incorporated into SAR and developed as
antiviral leads.

SAR and docking studies of anthracene-based compounds suggested potential interactions
between the NS2B-NS3 protease and functional groups flanking the inhibitor scaffold.
Interactions involved conserved catalytic and active site residues. Highest inhibitory activity
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was associated with hydroxyl groups situated on a common edge of all three anthracene
rings. Functional groups on the opposite (i.e., exposed) edge of the anthracene scaffold
correlated with reduced activity. Screening of a limited number of commercially-available
anthracene-based “second series” analogs resulted in a sixty-fold decrease in the Ki1 value
relative to lead compound ARDP0006 and an increase in selectivity relative to trypsin
inhibition (Table 1, 4). The above SAR and structural models can guide rational
modification of the anthracene scaffold to develop selective sub-micromolar binding
inhibitors.

RNA virus such as DENV were estimated to have a mutation rate between 10−3 and 10−5

per base per generation (Drake, 1993). The emergence of drug resistant strains are well
documented in HIV (Trono et al., 2010) and influenza (Holmes, 2010), and have resulted in
the eventual ineffectiveness of some antiviral therapeutics. The emergence of drug-resistant
strains is an issue that will need to be addressed before DENV antiviral drugs are approved
for use in humans. One promising approach to this issue will be to develop dengue antivirals
that interact with conserved residues of the protease, thereby increasing the likelihood that
drug-resistant mutations will be detrimental to the fitness and survival of the mutated virus.
Since the above anthracene-based inhibitors were predicted to interact with conserved
residues of the catalytic triad and active site, drugs developed from these compounds may
delay the emergence of drug-resistant dengue viruses. Moreover, since these residues were
invariant in all dengue virus serotypes and in distant flaviviruses such as West Nile,
Japanese encephalitis, and yellow fever viruses, these inhibitors may serve as the basis for
developing broad-spectrum antivirals.

5. Conclusions
This study reported the biochemical analysis and SAR of anthracene-based analogs of a lead
DEN2V NS2B-NS3pro inhibitor. From SAR and structural models, we developed a design
strategy from which to proceed with inhibitor improvement. Comprehensive kinetic studies
identified selective low molecular weight analogs with an ~60-fold increase in inhibition (as
evidenced by decreased Ki1) over the parent compound. Future studies will include cell
culture and small animal studies.

Abbreviations

DENV dengue virus

DEN2V dengue 2 virus

NS nonstructural

NS2B-NS3pro NS3 protease domain with NS2B cofactor

DHF dengue hemorrhagic fever

DSS dengue shock syndrome

GKR glycine-lysine-arginine

AMC 7-amino-4-methylcoumarin

SAR structure activity relationship
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Figure 1.
(A) DENV genome including the 5’ and 3’ UTR (untranslated region), the 5’ cap, and the
structural (C [capsid], PrM [premembrane] E [envelope]) and nonstructural (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5) genes. (B) Schematic representation of the DEN2V
protease expression construct (DEN2V NS2B-NS3pro) which includes the central
hydrophilic domain of NS2B (cofactor) and the N-terminal protease domain of NS3.
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Figure 2.
In vitro NS2B-NS3 protease inhibition assay for soluble analogs of lead inhibitor
ARDP0006. Compounds were assayed for in vitro protease inhibition along with “no
inhibitor” and no protease controls. Protease activities of each reaction were normalized to
the “no inhibitor” controls.
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Figure 3.
DEN2V NS2B-NS3 protease inhibition curves for lead inhibitor ARDP0006 (A) and analog
6A42 (B). Concentrations of inhibitor tested were 0 (circles), 50 (squares), and 100
(diamonds) µM. Data were analyzed with the program Dynafit according to Scheme 1.
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Figure 4.
SAR suggested favorable (A) and unfavorable (B) arrangements of functional groups around
the anthracene-based scaffold. Boxes represent protease residues predicted to interact with
inhibitor pharmacophores based on the described computational docking studies. Grey
shaded boxes represent residues that were invariant among dengue, West Nile, and Japanese
encephalitis viruses.
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Figure 5.
Predicted interaction of compound 6A60 with DEN2V NS2B-NS3. Compound 6A60 was
docked into the active site of the dengue protease using Vina docking software. Conserved
residues were colored green, the conserved catalytic residues were colored red, and other
(nonconserved) protease residues were colored blue.
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Scheme 1.
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Table 2

Inhibition constants for analogs with in vitro activity against DEN2V NS2B-NS3pro.

Compound Ki1 (µM) Ki2 (µM) Mechanism

ARDP0006 432 ± 46 - Competitive

6A42 158 ± 32 43 ± 3 Mixed

6A45 47 ± 15 77 ± 35 Mixed

6A47 215 ± 119 20 ± 2 Mixed

6A49 15 ± 3 10 ± 1 Mixed
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Table 3

Trypsin inhibition constants from kinetic studies.

Compound Ki1 trypsin (µM) Ki2 trypsin (µM) Mechanism

ARDP0006 - 13 ± 0.1 Uncompetitive

6A42 60 ± 13 167 ± 20 Mixed

6A45 0.6 ± 0.07 - Competitive

6A47 4 ± 0.7 25 ± 3 Mixed

6A49 - - No inhibition

Benzamidine 21.6 ± 1 - Competitive
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