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Abstract
Dengue virus (DENV), a mosquito-borne member of the family Flaviviridae, is a significant
global pathogen affecting primarily tropical and subtropical regions of the world and placing
tremendous burden on the limited medical infrastructure that exists in many of the developing
countries located within these regions. Recent outbreaks in developed countries, including
Australia (Hanna et al., 2009), France (Laruche et al., 2010), Taiwan (Kuan et al., 2010), and the
USA (CDC, 2010), lead many researchers to believe that continued emergence into more
temperate latitudes is likely. A primary concern is that there are no approved vaccines or antiviral
therapies to treat DENV infections. Since the viral NS2B-NS3 protease (DENV NS2B-NS3pro) is
required for virus replication, it provides a strategic target for the development of antiviral drugs.
In this study, proof-of-concept high-throughput screenings (HTSs) were performed to
unambiguously identify dengue 2 virus (DEN2V) NS2B-NS3pro inhibitors from a library of 2000
compounds. Validation screens were performed in parallel to concurrently eliminate insoluble,
auto-fluorescing, and/or nonspecific inhibitors. Kinetic analyses of the hits revealed that parallel
substrate fluorophore (AMC) interference controls and trypsin inhibition controls were able to
reduce false positive rates due to solubility and fluorophore interference while the trypsin
inhibition control additionally eliminated non-specific inhibitors. We identified five DEN2V
NS2B-NS3pro inhibitors that also inhibited the related West Nile virus (WNV) protease (NS2B-
NS3pro), but did not inhibit the trypsin protease. Biochemical analyses revealed various
mechanisms of inhibition including competitive and mixed noncompetitive inhibition, with the
lowest Ki values being 12 ± 1.5 μM for DEN2V NS2B-NS3pro and 2 ± 0.2 μM for WNV NS2B-
NS3pro.
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1. Introduction
Dengue virus (DENV) is a mosquito-borne virus from the family Flaviviridae. It causes
significant disease worldwide, and is considered the most important mosquito-borne viral
disease in the world (WHO, 2010). Endemic in more than 100 countries, DENV is estimated
to cause over 50 million infections each year, which can result in serious disease including
dengue fever (DF), dengue hemorrhagic fever (DHF), dengue shock syndrome (DSS), and
death. Complicating matters further, DENV exists as four separate serotypes (DEN1V,
DEN2V, DEN3V, and DEN4V) with infection by one serotype not providing protection
from infections by the other serotypes. Furthermore, some evidence suggests that subsequent
infections by different serotypes may increase the probability of developing more serious
forms of the disease like DHF and DSS (Alvarez et al., 2006; Halstead, 2003).
Unfortunately, there are no vaccines approved to prevent DENV infection, and no antiviral
drugs to treat DENV infection.

DENV is an enveloped, positive-strand RNA virus whose ~11 kb genome is transcribed as a
single polyprotein containing three structural (capsid, pre-M, and envelope) proteins at its 5′
end and seven nonstructural proteins at its 3′ end (Fields et al., 1996). The N-terminal 180
residues of the NS3 protein encode the viral protease, and ~40 residues from the central
hydrophilic domain of the NS2B protein encode a required protease cofactor (Chambers et
al., 1993; Yusof et al., 2000). Along with cellular proteases, the NS2B-NS3 protease
complex (NS2B-NS3pro) is responsible for cleavage of the viral polyprotein (Cahour et al.,
1992) and has been shown to be required for viral replication (Falgout et al., 1991). As such,
NS2B-NS3pro provides a strategic target for inhibition in the development of flavivirus
antivirals (Tomlinson et al., 2009a). Several groups have utilized in vitro protease assays to
test potential inhibitors (Chanprapaph et al., 2005; Leung et al., 2001; Tomlinson et al.,
2009b; Tomlinson and Watowich, 2011; Yin et al., 2006), and recently, a DENV NS2B-
NS3pro inhibitor identified by a high-throughput screen (HTS) was reported (Yang et al.,
2011).

For this study, active dengue 2 (DEN2V) NS2B-NS3pro and the small fluorogenic peptide
substrate BOC-GRR-AMC was used to screen the MicroSource Spectrum library.
Previously, we reported protease inhibitors identified from virtual screens (Tomlinson et al.,
2009b; Tomlinson and Watowich, 2011) and observed that insolubility and fluorophore
interference could give rise to false positive results. A considerable amount of time and
resources were expended in validation assays to eliminate false positive results from further
consideration. We therefore considered the possibility that it might be beneficial to include
replicates and controls at the beginning of a high-throughput screen to reduce the false
positive hit rate and limit the amount of time and resources expended pursuing false positive
hits in subsequent validation steps. This approach would be beneficial for labs that do not
have the ability to rapidly retest every hit from readily available in-house stocks of the
library compounds and that therefore must individually purchase a subset of identified hits
(i.e. those with the greatest apparent inhibition) for validation. Since solubility problems are
often reflected by lack of reproducibility, our HTS proof-of-concept studies were performed
in triplicate and only compounds exhibiting similar knock-down in all three replicates were
chosen for further testing. Additionally, a fourth compound replicate plate was incubated
with the fluorophore AMC to identify and remove false positives due to fluorophore
interference that mimic inhibition of AMC-linked substrate cleavage. A preliminary screen
of the 2000 compounds that comprise the MicroSource Spectrum collection produced
several hits that were reproducible in all three replicates and did not interact with AMC, and
subsequent validation revealed that the false positive rate was reduced by almost 80%. In a
subsequent screen of the same library, the AMC control plate was replaced with a trypsin
inhibition control plate; this internal control reduced the false positive rate by 90% relative
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to a one-replicate screen. Only soluble DEN2V NS2B-NS3pro inhibitors that did not inhibit
trypsin or interfere with the AMC fluorophore were moved forward for additional testing.
Detailed biochemical characterization of the validated leads identified five DEN2V NS2B-
NS3pro inhibitors that also inhibited WNV NS2B-NS3pro.

2. Materials and Methods
2.1. Chemical compounds for HTS

The 2000 compound MicroSource Spectrum Collection (MicroSource Discovery Systems
Inc., Gaylordsville, CT) was obtained from the University of Texas Health Science Center
and Gulf Coast Consortium High-throughput Screening Core Facility (Houston, TX).
Compounds selected for additional testing were ordered from MicroSource Discovery
Systems Inc. (Gaylordsville, CT).

2.2. DEN2V NS2B-NS3pro expression and purification
The expression and purification of the DEN2V NS2B cofactor linked to the protease domain
of NS3 (NS2B-NS3pro; plasmid obtained from Dr. S. Pheng, Novartis Institute for Tropical
Diseases, Singapore) was performed using a modified version of the Li protocol (Li et al.,
2005) as described previously (Tomlinson and Watowich, 2011).

2.3. Construction of high-throughput screen (HTS) was as follows
2.3.a. Preparation of HTS assay plates—A peristaltic pump (Multidrop Combi,
Thermo Electron Corporation, West Palm Beach, FL) was used to add 30 μl DEN2Vpro
cleavage buffer (200 mM Tris, pH 9.5) to each well of 384 well plates. Each compound was
assayed in triplicate, and thus three plates were prepared for each run. Each run required one
96-well enzyme plate and four 96-well compound dilution plates that were ultimately
transferred to triplicate 384-well assay plates as well as an additional AMC or trypsin
control plate.

2.3.b. Preparation of HTS AMC control plates—AMC (Sigma-Aldrich, St Louis,
MO) was diluted in cleavage buffer to a final assay concentration of 1.2 μM, equivalent to
the concentration of free AMC after the protease cleavage reaction had proceeded for 45
minutes.

2.3.c. Preparation of trypsin control plates—A stock solution of bovine pancreatic
trypsin (Sigma-Aldrich, St Louis, MO) was prepared in trypsin cleavage buffer (67 mM
sodium phosphate, pH 7.6) and 40 μl was pipetted into the interior wells of 384-well control
plates to a final concentration of 12.5 nM. Control wells contained either (i) cleavage buffer
and trypsin, (ii) cleavage buffer, trypsin, and 100 μM ARDP0009 (a previously reported
DEN2V NS2B-NS3pro inhibitor [Tomlinson et al., 2009b), (iii) cleavage buffer, trypsin,
and 38 μM ARDP0009 (a concentration equivalent to the inhibitor’s Ki1 value), and (iv)
cleavage buffer, trypsin, and substrate BOC-GRR-AMC (final concentration 30 μM, which
was similar to the substrate’s measured Kd value). A peristaltic pump was used to pipette the
cleavage buffer and trypsin mixture into the 384 well plates.

2.3.d. Preparation of HTS compound dilution plates—Compound libraries were
stored in DMSO (10 mM) at −80°C in 96-well plate format. A Biomek Nxp robot
(Beckman-Coulter, Brea, CA) was used to perform 10-fold dilutions of compounds into
aqueous cleavage buffer in 96-well plates. Plate columns 1 and 12 were reserved for
controls. These compound dilution plates contained 10x the final assay concentrations of
100 μM inhibitor. Control wells on these plates contained either (i) 10% DMSO in cleavage
buffer, which upon addition of either substrate, or enzyme and substrate, provided “substrate
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alone” and “no inhibitor” controls, respectively, (ii) 1 mM ARDP0009, or (iii) 380 μM
ARDP0009. Plates were centrifuged at low speed to remove air bubbles and ensure that all
droplets were in the well.

2.3.e. Preparation of HTS enzyme plates—Separate “enzyme” plates were prepared
for each run. Frozen aliquots of DEN2V NS2B-NS3pro were thawed on ice and diluted 10-
fold with chilled cleavage buffer into 96-well plates. Outside wells were reserved for
controls. Cleavage buffer (150 μl) was manually pipetted into each well of a 96-well plate.
Plates were centrifuged at low speed to remove air bubbles and ensure that all droplets were
in the well. Three enzyme plates were prepared at one time and were kept on ice. Final
enzyme concentration was 50 nM.

2.4. HTS DEN2V NS2B-NS3pro inhibition assay
Four compound dilution plates (each with 80 compounds and 16 control wells), one enzyme
plate, one control plate (either AMC or trypsin), and three assay plates were transferred to
the Biomek FX (Beckman-Coulter, Brea, CA). Automatic solution transfer was
accomplished by robotic control to prepare the final triplicate assay plates and control plate,
each containing 320 compound wells and 64 internal control wells (located in columns 1, 2,
23, 24). After solution transfers were completed, the plates were covered, shaken (Titer Plate
Shaker, Lab-Line Industries) to ensure uniform reagent mixing, and centrifuged at low speed
to remove droplets from the sides and lid. Plates were incubated for 30 minutes at room
temperature, after which BOC-GRR-AMC substrate was added (final concentration of 100
μM for the assay plates, 30 μM for the trypsin control plates). Plates were incubated at room
temperature for an additional 45 minutes. Guanidine hydrochloride (1 M) was added to the
assay plates to stop the cleavage reactions as well as to the control plates. Plates were
monitored for fluorescence at 380 nm excitation and 465 nm emission using an Infinite
M200 spectrofluorometer (Tecan, San Jose, CA).

2.5. Solubility assays
Hits identified in the HTS screen were individually purchased from the vendor and tested for
solubility in DMSO and aqueous buffer. Briefly, compounds were dissolved in DMSO at 10
mM and 1 mM. Compounds that appeared soluble by visual inspection were centrifuged at
14000 × g for 30 minutes and inspected for pellet formation. Compounds that were soluble
in DMSO were further diluted from the DMSO stock 100-fold into aqueous assay buffer
(200 mM Tris [pH 9.0], 20% glycerol) and vortexed. Compounds that appeared soluble by
visual inspection were centrifuged as described above and inspected for pellet formation.
Compounds that were not fully soluble at either 1 mM (in DMSO) or 10 μM (in aqueous
assay buffer, 1% DMSO) were removed from further analysis.

2.6. Single-point DEN2V NS2B-NS3pro inhibition assay to validate hits
Compounds soluble in aqueous assay conditions were tested in a single-point inhibition
assay to validate that they inhibited protease-mediated cleavage of fluorophore-linked
substrates. Assay conditions were similar to those performed in the original screen and have
been previously described (Tomlinson and Watowich, 2011).

2.7. Single-point trypsin inhibition assay to validate selectivity
After the initial screen, each hit was tested for trypsin inhibition to validate specificity.
Compounds were diluted to a final concentration of 100 μM in trypsin cleavage buffer (67
mM sodium phosphate, pH 7.6) and vortexed. Bovine pancreatic trypsin and BOC-GRR-
AMC substrate were added (as described above in the HTS protocol), and the mixture
incubated at room temperature for 30 minutes. Reactions were monitored on a Fluorolog
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FL3-22 spectrofluorometer (Horiba Jobin Yvon) to quantify fluorescence emitted at 465 nm
after excitation at 380 nm. All assays were performed in duplicate. In addition, assays were
performed at pH 9.5 to mimic the pH of the cleavage buffer used in the DEN2V assays.

2.8. Steady-state kinetics of HTS-identified inhibitors of DEN2V NS2B-NS3pro
Detailed kinetic analyses were performed as described previously (Tomlinson and
Watowich, 2011) to determine the inhibition mechanisms and constants for compounds
validated as DEN2V NS2B-NS3pro inhibitors. Briefly, increasing concentrations of each
inhibitor were tested for protease inhibition with substrate concentrations ranging from 0 to
1.2 mM. For each substrate concentration, initial reaction velocities were determined and
plotted using GraphPad Prism (GraphPad Software, San Diego, CA). Errors associated with
initial velocity measurements were calculated and were consistently < 2%. The program
Dynafit (Biokin, Watertown, MA) (Kuzmic, 1996) was used to perform kinetic analyses for
the velocity vs. substrate concentration data. Kinetic (e.g., kcat) and equilibrium (e.g., Kd)
parameters were directly calculated by numerical solution of coupled differential equations
and optimized to provide the best global fit of each model to the experimental data. Final
model selection was based on fitting accuracy, parameter errors, and model discrimination
analysis within the Dynafit program. For each inhibitor, the discrimination analysis selected
a substrate inhibition model with kinetic parameters that were reproducible and consistent
for all tested inhibitors.

2.9. West Nile virus NS2B-NS3pro expression, purification, and kinetics
Plasmid constructs for WNV NS2B-NS3pro were obtained from Dr. Padmanabhan
(Georgetown University) and have been previously described (Mueller et al., 2007).
Expression and purification of WNV NS2B-NS3pro were performed as described previously
(Tomlinson and Watowich, 2008). To determine the mechanism of inhibition and inhibition
constants for lead compounds against WNV NS2B-NS3pro, detailed kinetic analyses were
performed using purified WNV NS2B-NS3pro and the DEN2V steady-state kinetic analysis
protocol.

2.10. AMC corrections and determination of fluorometer linear response
To correct for systematic variations in instrument response, AMC dilution series were
measured in conjunction with each protease reaction. These measurements defined the linear
range and response of the spectrofluorometer and also allowed for correction at each
inhibitor concentration for variations introduced by compound absorption. Briefly, each
concentration of inhibitor, as well as a “no inhibitor” control, was incubated with ~5 two-
fold serial dilutions of AMC. Slopes from linear regression (GraphPad Software San Diego,
CA) of this data were entered into Microsoft Excel (Redmond, WA) to convert fluorescence
intensities to AMC concentrations.

3. Results
3.1. HTS with integrated AMC control

To identify inhibitors of DEN2V NS2B-NS3pro, HTS was performed using the Micro-
Source Spectrum Collection, purified DEN2V NS2B-NS3pro, and the fluorophore-linked
peptide substrate BOC-GRR-AMC. For each molecule in the screening library, protease
assays were performed in triplicate and fluorescence intensity from an AMC internal control
experiment was examined to reduce false positives resulting from interference of substrate
product fluorescence. This assay configuration repeatedly produced Z′ scores that were > 0.7
and allowed the Microsource library to be screened in a single day. Each library compound
was tested at 100 μM final concentration. Though lower concentrations (e.g., 10 μM) might
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identify less soluble compounds, 100 μM was chosen to increase the number of positive hits
identified in the preliminary 2000-member compound library and thus identify protease
inhibitors with diverse chemical scaffolds that might be subsequently modified and
optimized, as opposed to identifying only a few strong inhibitors. A previous study
demonstrated that the Ki1 of a lead dengue protease inhibitor could be improved by ~60-fold
after a single round of SAR optimization (Tomlinson and Watowich, 2011).

Eight compounds demonstrated > 80% DEN2V NS2B-NS3pro inhibition with little
reduction of the AMC control signal (Fig. 1). In many cases, the observed fluorescence
signal was comparable to the background signal. In all cases the observed fluorescence
signal was lower than that measured with ARDP0009, a previously identified DEN2V
NS2B-NS3pro inhibitor (Tomlinson et al., 2009b). Although the replicate and AMC control
plate strategy yielded only soluble hits that inhibited DEN2V NS2B-NS3pro and that did not
interfere with the AMC fluorophore, six of the hits strongly inhibited trypsin, and were
removed from further study. Compounds MS2 and MS5 inhibited DEN2V protease and did
not inhibit trypsin and were thus moved forward for further analysis.

3.2. HTS with integrated trypsin control
To reduce false-positive rates arising from non-selective protease inhibitors, we repeated the
HTS replacing the AMC control with an integrated trypsin control. Like the AMC control,
this control was designed to identify false-positives arising from compound insolubility,
fluorophore interference (same fluorophore-linked substrate as that used in the DEN2V
inhibition assay), and protein denaturation while also eliminating nonselective protease
inhibitors (i.e. trypsin inhibitors). Interestingly, many assay wells with dramatic reductions
in fluorescence signal had corresponding signal reductions in the trypsin control wells,
perhaps indicating fluorophore interference, non-selective binding, or protein denaturation.
Hits identified in the initial screen with the integrated AMC control were also identified in
this screen, but eliminated due to significant signal reduction on the trypsin control plate.
The two selective DEN2V protease hits identified in the initial screen with an internal AMC
control were validated as “non-inhibitors” on the trypsin control plate.

In the current screen, the criteria for moving a compound forward was ≥ 50% reduction of
DEN2V NS2B-NS3pro activity and ≤ 20% reduction on the trypsin control plate. Since the
dengue protease was found to have a Kd ~ 921 ± 68 μM and a kcat ~ 0.05 ± 0.002 s−1, the
“cutoff” criteria would be expected to identify strictly competitive DEN2V NS2B-NS3pro
inhibitors with Ki1 ≤ ~90 μM and strictly uncompetitive inhibitors with Ki2 ≤ ~10. In
addition, the reagent concentrations used in the screen were chosen to increase the
likelihood of identifying compounds with a competitive inhibition component as opposed to
compounds with a strong uncompetitive component. Since signal reduction on the trypsin
control plate could result from fluorophore interference and/or trypsin inhibition, the 20%
selection criterion on the trypsin control removed compounds that displayed modest
fluorophore interference (21–100% signal reduction) and/or even weak trypsin inhibition
(Ki1 < ~200 μM or Ki2 < ~200 μM). Eight compounds (MS21, MS22, MS23, MS24, MS25,
MS28 from the current screen and MS2, MS5 from the original screen) were validated in
single-point DEN2V NS2B-NS3pro (Fig. 2) and trypsin inhibition assays. These compounds
inhibited DEN2V protease and did not inhibit trypsin and were subsequently tested in
detailed kinetic assays. It should be noted that a few of the compounds demonstrated
increased signal above that of the “no inhibitor” control, perhaps indicating auto-
fluorescence of the compound. Controls in the kinetic analyses (see Methods) corrected for
compound interactions with the fluorescent AMC protease reaction product.
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3.3. Kinetic analyses of DEN2V NS2B-NS3pro inhibitors
Kinetic analyses of DEN2V NS2B-NS3pro inhibitors were routinely performed with
substrate BOC-GRR-AMC concentrations ranging from 0 to 1.2 mM. As previously
reported (Tomlinson and Watowich, 2011), DEN2V NS2B-NS3pro clearly demonstrated
substrate inhibition at high substrate concentrations (Fig. 3). Numerous kinetic analysis
using a substrate inhibition model and maximal substrate concentrations ranging from 1.2 to
5 mM all produced very similar kinetic parameters. In addition, analyses of several
inhibitors showed that similar kinetic and inhibition constants were predicted by Dynafit
kinetic modeling irrespective of the maximal substrate concentration being either 1.2 mM or
5 mM. The agreement between inhibition constants determined from using a maximal
substrate concentration of either 1.2 mM or 5 mM was obtained without constraining the
kinetic parameters, although such constraints generally improved error estimates of the
inhibition constants. This comprehensive analysis of the Dynafit program guided the design
of our NS2B-NS3pro inhibitor experiments and allowed us to accurately predict inhibition
constants from kinetic inhibitor experiments performed using a maximal substrate
concentration of 1.2 mM (Fig. 4).

Detailed DEN2V NS2B-NS3pro kinetic analyses were completed for each compound and
clearly demonstrated inhibition of DEN2V NS2B-NS3pro. Compounds MS2, MS5, and
MS25 were removed from the study due to lack of reproducibility in kinetic experiments,
which may have been caused by instability of compounds (i.e. oxidation over time). Kinetic
inhibition models demonstrated excellent fits to the experimental data as indicated by the
representative curve for MS28 (Fig. 4). Mechanisms of inhibition and inhibition constants
for the compounds are provided in Table 1. Competitive inhibition was observed for MS23,
and mixed noncompetitive inhibition was observed for the other inhibitors. Inhibition
constants were in the low to mid micromolar range. With the exception of MS21
(ivermectin) and MS24 (selamectin), the molecules identified as DEN2V protease inhibitors
had chemically distinct structures (Fig. 5).

3.4. Inhibition of WNV NS2B-NS3pro
Since DEN2V and WNV are phylogenetically related (sequence identity ~50% [Erbel
2006]) and have similar NS2B-NS3pro structures, DEN2V NS2B-NS3pro inhibitors were
tested for activity against WNV NS2B-NS3pro. All five DEN2V protease inhibitors listed in
Table 1 demonstrated activity against WNV NS2B-NS3pro. Moreover, similar inhibition
mechanisms and constants were observed for both proteases (Tables 1, 2).

4. Discussion
As a test and proof-of-concept for planned high-throughput screens with large numbers
(10,000s to 100,000s) of compounds, the MicroSource Spectrum Collection was used to
screen for inhibitors of the DEN2V NS2B-NS3pro. This library included 1040 compounds
from the US Drug Collection that had reached clinical trials in the US, 800 pure natural
products, and 160 natural and synthetic compounds with previously demonstrated toxicity.
The screen was performed in triplicate and repeated twice using two different parallel
internal controls. One screen used as a control the substrate fluorophore (AMC) alone to
identify false positives due to fluorophore interference and insolubility. Previous studies in
our lab had shown that solubility artifacts often produced non-reproducible changes in
fluorescent signals and in many cases produced false positives that were obvious even in the
absence of enzyme. Hits that were reproducible in all three replicates and did not
demonstrate significantly reduced signal on the AMC control plate provided greater
confidence of identifying true positives. While this strategy was successful at removing
compounds that were either insoluble or that interacted with the fluorophore, the majority of
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the hits from this screen demonstrated strong inhibition of the related cellular protease
trypsin in subsequent kinetic assays. A second screen replaced the AMC control with an
internal control that simultaneously assayed for trypsin inhibition. Since both DEN2V
NS2B-NS3pro and trypsin utilized the same AMC-linked substrate, this control still
eliminated false positives from fluorophore interference and compound insolubility. In
addition, it also eliminated compounds that strongly inhibited trypsin and potentially
compounds that simply denatured the proteases. While using replicates in HTS experiments
is not a novel idea, studies reported in the literature have often used only one replicate citing
expense as the primary reason. However, by performing assays in triplicate, the hit rate was
reduced almost two-fold from that observed for assays performed with a single replicate
(Fig. 6). Moreover, inclusion of parallel internal controls in the primary HTS reduced hit
rates approximately 10-fold relative to HTS that used a single replicate and no parallel
controls (Fig. 6), and eliminated compounds that interfered with the AMC signal or strongly
inhibited trypsin.

This HTS protocol effectively resulted in quadruplicate testing, although overall screening
efficiency was improved as less time and money were expended examining false positives.
It should be noted that some labs have in-house libraries and resources for performing
counter-screens for every hit identified in a HTS. In these situations it might not be
beneficial to include all of the replicates and parallel controls described above. However, for
environments that do not have the resources to counter-screen every hit identified in an
HTS, but must select “best” hits to be individually purchased for validation studies, the
approach described above provided an efficient method for successfully screening
moderately-sized libraries as less time and resources were spent pursuing false positives.

Subsequent validation and detailed kinetic testing identified five compounds that inhibited
DEN2V and WNV NS2B-NS3pro (Tables 1 and 2). Though we prefer to see inhibitors with
nanomolar inhibition constants, the inhibitors identified in this proof-of-concept HTS
provide a foundation for future optimization studies and are valuable since they have already
undergone clinical studies (discussed below). In other studies in our laboratory, we have
identified compounds that selectively inhibited DEN2V NS2B-NS3pro, WNV NS2B-
NS3pro, or inhibited both proteases. Since WNV NS2B-NS3pro is more phylogenetically
distant from DEN2V than the other dengue serotypes (DEN1V, DEN3V, DEN4V), it is
likely that inhibitors of both DEN2V and WNV NS2B-NS3pro will inhibit all DENV
serotypes. Moreover, inhibitors of both DEN2V and WNV NS2B-NS3pro likely interacted
with conserved residues (Tomlinson and Watowich, 2011), though the size and flexibility of
these inhibitors precluded docking studies that might have proposed specific interactions.
Such broad-spectrum flavivirus inhibitors may delay the emergence of drug-resistant dengue
strains. The inhibitors identified in this screen (Fig. 5) have completed clinical trials and
have been marketed for other medicinal purposes.

Ivermectin (MS21; Fig. 5A) is a macrocyclic lactone derived from Streptomyces avermitilis.
In humans, ivermectin is most often used to treat roundworm infections such as
strongyloidiasis and onchocerciasis (river blindness). In canines, ivermectin is used to kill
larval heart-worms and sterilize adult heartworms, thus preventing serious infection. The
determined mechanism of action associated with roundworm infection is activation of
glutamate-gated chloride channels, thus interfering with muscle and nervous system function
of the helminthes (Yates and Wolstenholme, 2004). Interestingly, ivermectin has been
reported to also block nuclear import of HIV integrase (Wagstaff et al., 2011). Ivermectin
can be administered by injection, but is most often administered orally as a tablet.
Ivermectin toxicity is documented (Molinari et al., 2009; Xie et al., 2008) for the therapeutic
concentration required to treat onchocerciasis, and would need to be evaluated at the
concentrations required for DEN2V and WNV NS2B-NS3pro inhibition. Therapeutic use of
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ivermectin for DEN2V infections may be worth pursuing as ivermectin distribution
networks currently exist to provide free onchocerciasis treatment in countries that are
endemic with dengue virus (Alleman et al., 2006).

Selamectin (MS24; Fig. 5B), a macrolide lactone related to ivermectin, is also derived from
Streptomyces avermitilis. It is marketed as a topical broad-spectrum parasiticide used in
dogs and cats to control fleas, ear mites, heartworms, hookworms, and roundworms. It is
not, however, approved for human use. Like ivermectin, selamectin is administered orally,
but can also be absorbed through the skin, and enter the blood, intestines, and sebaceous
glands. Selamectin is reported to have a high safety profile in cats and dogs (including
breeding and young animals). Its oral and topical dosages (Pipano, 2002) exceed that of the
related ivermectin, and additional studies will indicate if it may be worth pursuing as a
DEN2V or WNV protease inhibitor. Related macrolides (e.g., the milbemycins) may also be
promising candidates as DEN2V and WNV NS2B-NS3pro inhibitors.

Methylbenzethonium chloride (MS22; Fig. 5C) is a bactericide and antiseptic used to treat
diaper rash and has also been evaluated as a treatment for cutaneous leishmaniasis (Kim et
al., 2009). As it is a topical treatment, it has not undergone toxicity studies for systemic
administration.

Tyrothricin (MS23; Fig. 5D), synthesized by the bacteria Bacillus brevis, is a polypeptide
antibiotic mixture of tyrocidins and gramicidins. It was reported to be a very effective
antibiotic against gram-positive and gram-negative bacteria (Mogi and Kita, 2009),
pathogenic fungi, and nematodes (Otoguro et al., 1988). Tyrothricin had a competitive
mechanism of inhibition against both DEN2V and WNV proteases, which may result from
the lysine moiety of cyclic decapeptide mimicking the basic residues of the protease
substrate and interacting with the active site P1 pocket of the DEN2V and WNV proteases.
As tyrothricin is a mixture of cyclic and linear peptides, further work will be necessary to
determine which peptide or peptides were responsible for the observed protease inhibitory
activity.

Alexidine hydrochloride (MS28; Fig. 5E) is a potent antibiotic that was used in
mouthwashes (McDonnell and Russell, 1999), and most recently reported as a potential
cancer therapeutic (Yip et al., 2006). Toxicity studies in cells, however, demonstrated low
micromolar CC50 (cell viability reduced by 50%) values (Yip et al., 2006). It is possible,
however, that the protease inhibitory activity of MS28 requires only half of the symmetrical
molecule, and such an inhibitor may have an improved toxicity profile.

5. Conclusion
High-throughput screening of chemical libraries has become an important tool for the
identification of lead compounds for therapeutic development. In this study, dual screens of
the same library, each with integrated parallel control screens, demonstrated that compounds
that inhibited a particular target could be identified with few false positives. Moreover,
including multiple replicates and appropriate controls significantly reduced the number of
false-positive hits that required subsequent validation effort. By testing compounds that
demonstrated inhibition of DEN2V NS2B-NS3pro but not trypsin, we were able to identify
five DEN2V NS2B-NS3pro inhibitors that also inhibited the related WNV NS2B-NS3pro,
but did not inhibit trypsin. Kinetic analyses revealed Ki1 values as low as 12 ± 1.5 μM for
DEN2V NS2B-NS3pro and 2 ± 0.2 μM for WNV NS2B-NS3pro. Since the identified
compounds have already been through clinical trials and approved for use in humans and/or
animals, and since distribution networks are already available in dengue-endemic countries
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(ivermectin), further efficacy studies for these compounds as dengue antivirals may be
warranted.
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Highlights

• presents efficiency improvements to conventional biochemical HTS

• parallel HTS enabled discovery of promising DENV and WNV protease
inhibitors

• kinetic validation showed competitive and mixed noncompetitive inhibition
mechanism

• inhibitors were specific for the flavivirus serine proteases

• of interest to pharmaceutical & academic researchers in antiviral drug discovery
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Figure 1.
Relative activity of DEN2V NS2B-NS3pro. The black bars display the averaged relative
fluorescence of the protease reaction in the presence of inhibitors. The fluorescence intensity
was normalized to the averaged signal produced by the protease reaction without inhibitor
(hatched bar, second from the left). The grey bars display the averaged relative fluorescence
of AMC in the presence of inhibitors, normalized to the signal produced by AMC alone. The
first hatched bar on the left-hand side is a control containing substrate alone.
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Figure 2.
Relative activity of DEN2V NS2B-NS3pro. The black bars display the averaged relative
fluorescence of the protease reaction in the presence of inhibitors. The fluorescence intensity
was normalized to the averaged signal produced by the protease reaction without inhibitor.
The grey bars display the averaged relative fluorescence of AMC in the presence of
inhibitors, normalized to the signal produced by AMC alone.
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Figure 3.
DEN2V protease reaction with the small peptide substrate Boc-Gly-Arg-Arg-AMC
demonstrated Michaelis-Menten kinetics with substrate inhibition. The model curve was
produced with the program Dynafit, which optimized the kinetic parameters in a substrate
inhibition model (insert) to best fit the data points.
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Figure 4.
Representative curve for inhibitor MS28 (alexidine hydrochloride), which was modeled as
having a mixed inhibition mechanism against DEN2V NS2B-NS3pro. Concentrations of
MS28 tested were 0 (circles, top curve), 30 (squares, middle curve), and 100 (pentagons,
lower curve) μM. Data were analyzed with the program Dynafit, with curves calculated
from global fitting to the data points. Error bars were within the dimensions of the data
points.
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Figure 5.
Chemical structures for lead DEN2V protease inhibitors: (A) ivermectin (MS21), (B)
selamectin (MS24), (C) methylbenzethonium chloride (MS22), (D) tyrothricin (MS23), and
(E) alexidine hydrochloride (MS28).
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Figure 6.
Hit rate as a function of replicate number and inclusion of AMC and trypsin internal
controls.
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Table 1

DEN2V NS2B-NS3pro inhibition constants and mechanisms.

ID Common name Mechanism Ki1 (μM) Ki2 (μM)

MS21 Ivermectin mixed 79 ± 21 35 ± 4

MS22 Methylbenzethonium chloride mixed 322 ± 81 160 ± 39

MS23 Tyrothricin competitive 12 ± 1.5 -

MS24 Selamectin Alexidine mixed 63 ± 18 45 ± 8

MS28 hydrochloride mixed 41 ± 3 84 ± 16
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Table 2

WNV NS2B-NS3pro inhibition constants and mechanisms.

ID Common name Mechanism Ki1 (μM) Ki2 (μM)

MS21 Ivermectin mixed 55 ± 18 16 ± 4

MS22 Methylbenzethonium chloride mixed 141 ± 20 307 ± 80

MS23 Tyrothricin competitive 2 ± 0.2 -

MS24 Selamectin mixed 15 ± 9 28 ± 6

MS28 Alexidine hydrochloride mixed 12 ± 1.2 28 ± 5
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