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ABSTRACT: West Nile virus (WNV) has recently emerged in North America as a significant disease threat
to humans and animals. Unfortunately, no approved antiviral drugs exist to combat WNV or other members
of the genus Flavivirus in humans. The WNV NS2B-NS3 protease has been one of the primary targets
for anti-WNV drug discovery and design since it is required for virus replication. As part of our efforts
to develop effective WNYV inhibitors, we reexamined the reaction kinetics of the NS2B-NS3 protease and
the inhibition mechanisms of newly discovered inhibitors. The WNV protease showed substrate inhibition
in assays utilizing fluorophore-linked peptide substrates GRR, GKR, and DFASGKR. Moreover, a substrate
inhibition reaction step was required to accurately model kinetic data generated from protease assays
with a peptide inhibitor. The substrate inhibition model suggested that peptide substrates could bind to
two binding sites on the protease. Reaction product analogues also showed inhibition of the protease,
demonstrating product inhibition in addition to and distinct from substrate inhibition. We propose that
small peptide substrates and inhibitors may interact with protease residues that form either the P3—P1
binding surface (i.e., the S3—S1 sites) or the P1’—P3’ interaction surface (i.e., the S1’—S3’ sites).
Optimization of substrate analogue inhibitors that target these two independent sites may lead to novel
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anti-WNV drugs.

West Nile virus (WNV'), a member of the family
Flaviviridae, has become a significant cause of global disease
(). It is transmitted by mosquitoes between numerous
species of birds, which are reservoir hosts, and humans and
horses, which are typically dead-end hosts (2). The virus was
documented in 1937 in what was once known as the West
Nile district of Uganda (3) and now occurs in Africa (4, 5),
Europe (6, 7), the Middle East (8—10), West and Central
Asia (/1), and recently the Americas. The virus appeared
on the east coast of the United States in 1999 (/2) and has
since spread across the entire country and into Mexico (13),
Central and South America (/4), and Canada (/5). While
most infections are either asymptomatic or produce a mild
febrile disease, in North America, thousands of clinical cases
have progressed to West Nile fever, meningitis, encephalitis,
and death. In 2007, the U.S. Centers for Disease Control
reported 3,630 clinical cases in the USA, with 2,350 cases
of West Nile fever, 1,217 cases of meningitis or encephalitis,
and 124 fatalities. There are no vaccines or antiviral therapies
approved for use in humans.

T This research was supported in part by NIH/NIAID AI066160 (to
S.J.W.), The Welch Foundation H-1642 (to S.J.W.), and a training
fellowship to S.M.T. from the Computational and Structural Biology
in Biodefense Training Program of the W. M. Keck Center for
Interdisciplinary Bioscience Training of the Gulf Coast Consortia
(NIAID Grant No. 1 T32 AI065396-01).

*To whom correspondence should be addressed. Tel: (409) 747-
4749. Fax: (409) 747-4745. E-mail: watowich@xray.utmb.edu.

! Abbreviations: WNV, West Nile virus; DEN2V, dengue 2 virus;
YFV, yellow fever virus; JEV, Japanese encephalitis virus; NS,
nonstructural; C, capsid; prM, premembrane; E, envelope; GRR,
glycine—arginine—arginine; GKR, glycine—lysine—arginine; DFAS-
GKR, aspartate—phenylalanine—alanine—serine—glycine—lysine—argi-
nine; AMC, 7-amino-4-methylcoumarin.

10.1021/bi801034f CCC: $40.75

The ~11kb genome of WNYV is transcribed as a single
polyprotein (Figure 1) that is co- and post-translationally
cleaved by viral and cellular proteases. The N-terminal
domain of the NS3 protein (termed NS3pro) is a serine
protease that cleaves after dibasic sites within the viral
polyprotein including the NS2A-NS2B, NS2B-NS3, NS3-
NS4A, and NS4B-NS5 cleavage sites (/6). The central
hydrophilic domain of NS2B is a required cofactor for
protease activity. Since NS3 protease activity is essential for
polyprotein processing and viral replication (/7), the NS3
protein is a promising target for the development of flavivirus
antiviral drugs (/8). Structures of the active form of WNV
NS2B-NS3pro (19, 20) or the related dengue 2 virus
(DEN2V) NS3pro proteins (/9, 21, 22) have guided structure-
based studies to discover peptide and small molecule protease
inhibitors (23—25).

Protease inhibition assays utilizing various NS2B-NS3pro
constructs of dengue 2 (23, 26) or West Nile (27, 28) viruses
have been reported. These assays provided a general platform
to characterize activity and specificity of flavivirus proteases
(27, 29, 30) and to determine the in wvitro efficacy of
candidate flavivirus protease inhibitors. Chromophore-linked
peptide substrates were used to determine kinetic parameters
for wild-type and mutant WNV proteases; these studies
revealed important residue interactions between the enzyme
and substrate (28, 29, 31). Fluorophore-linked peptide
substrates were used to further elucidate the protease cleavage
mechanism and to identify enzyme residues important for
optimal cleavage (27, 32). Although previous studies of the
WNYV NS2B-NS3pro utilized a simple Michaelis—Menten
model to analyze collected kinetic data, it was not clear
whether this model provided optimal agreement to the data.

© 2008 American Chemical Society

Published on Web 10/15/2008



11764  Biochemistry, Vol. 47, No. 45, 2008

Tomlinson and Watowich

a.
5’UTR 3'UTR
.— Cc Prm E NS1 NS2A | NS2B NS3 NS4A NS4B NS5 [ —
Cap //':(’ \—/7:'\\
— \ ~~<
—— N T~
b. - NS T
— \ —~_
NS2B Hydrophilic NS3 Protease
Domain Cofactor Domain
6-His tag Gly aner

FIGURE 1: (a) West Nile virus genome including the 5" and 3" UTR (untranslated region), the 5" cap, and the structural (C, capsid, PrM,
premembrane, and E, envelope) and nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) genes. (b) Schematic representation
of the WNV protease expression construct (WNV NS2B-NS3pro), which includes the central hydrophilic domain of NS2B (cofactor) and

the N-terminal protease domain of NS3.

In this article, extensive kinetic data of WNV NS2B-
NS3pro with small peptide substrates was collected to
investigate alternative models of WNV protease activity.
Surprisingly, a simple Michaelis—Menten model did not fit
the highly reproducible experimental data. However, incor-
porating a substrate inhibition reaction step into the model
enabled the data to be reliably fit and produced accurate and
reproducible kinetic parameters for the cleavage reaction.
Additionally, reaction product peptides inhibited the WNV
protease, consistent with previous studies with the DEN2V
protease (33). These results suggest new approaches for
pursuing protease inhibitor optimization and developing
efficacious West Nile antiviral drugs. To our knowledge, this
is the first report of substrate inhibition for the WNV protease
or flavivirus proteases in general and the first definitive report
of product inhibition for WNV protease.

EXPERIMENTAL PROCEDURES

Expression and Purification of WNV NS2B-NS3 Protease.
Plasmid constructs for WNV NS2B-NS3 protease (NS2B-
NS3pro) were obtained from Dr. Padmanabhan (Georgetown
University) and have been previously described (27). Plas-
mids were transformed in XL 1-blue competent cells. Positive
colonies were amplified in 2xYT media using standard
protocols, aliquotted, and frozen as glycerol stocks. Two 10
mL aliquots of 2xYT starter culture with 100 ug/mL
carbenicillin were inoculated from the glycerol stocks, grown
overnight at 37 °C, and used to inoculate 2 L of 2xYT media.
Bacterial cultures were grown at 250 rpm and 37 °C for ~3
h to ODgg of ~0.7 AU, induced with 0.5 mM IPTG, and
incubated an additional 4 h at 37 °C and 250 rpm. Cultures
were then centrifuged at 3000 rpm for 30 min, and bacterial
pellets were stored at —80 °C.

Bacterial pellets were resuspended in 10 mL of chilled
buffer A (50 mM Hepes-HCl [pH 7.0] and 500 mM NaCl).
Lysis buffer (300 ug/mL lysozyme, 30 ug/mL DNase, and
10 mM MgCl,) was added to the resuspended pellets and
the mixture stirred at 4 °C for 30 min. Triton X100 was
added to a final concentration of 0.5% (v/v) and the mixture
stirred at 4 °C for 30 min. The mixture was centrifuged and
the soluble fraction applied to a nickel affinity column formed
from 1 mL of Nickel Sephadex beads (Amersham Bio-
sciences) pre-equilibrated with buffer A. The beads were
washed with buffer A and increasing concentrations of
imidazole (10 mM, 20 mM, and 30 mM in buffer A) to

remove contaminating proteins. Bound NS2B-NS3pro was
eluted from the column with buffer A and 150 mM imidazole
in 1 mL aliquots, dialyzed into a storage buffer (50 mM Tris
[pH 7.5] and 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.

NS2B-NS3pro Kinetic Assays. Protease activity experi-
ments were performed in vitro using purified NS2B-NS3pro
and fluorophore-linked peptide substrates Boc-GRR-AMC,
Boc-GKR-AMC, (Bachem, USA), and Ac-DFASGKR-AMC
(Genscript). Preliminary activity experiments were performed
for 30 min using 100 nM NS2B-NS3pro and 100 uM peptide
substrate in cleavage buffer (200 mM Tris [pH 9.0] and 20%
glycerol) in 100 uL final volume. Reactions were monitored
by the release of free AMC using a Fluorolog FL3-22
spectrofluorometer (Horiba Jobin Yvon) to record fluores-
cence emitted at 465 nm following excitation at 380 nm.
Assays were performed in duplicate.

Detailed kinetic studies were performed under reaction
conditions similar to those described above using a broad
range of substrate concentrations. Reaction progress was
monitored by the release of free AMC every five minutes
for at least 30 min. Assays were performed in triplicate.

To correct for systematic variations in instrument response,
an AMC dilution series was measured in conjunction with
each protease reaction. These measurements defined the
linear range and response of the spectrofluorometer. 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) to determine initial
velocities for the reaction from AMC product concentrations
and reaction times. Errors associated with each initial velocity
measurement were consistently <2%. Analysis of kinetic
models for the velocity versus substrate concentration data
were performed with the Dynafit program (Biokin, Water-
town, MA) (34).

To determine the mechanism of inhibition and inhibition
constants for Ac-GRR-NH2 and Ac-DFASGKR (GenScript,
Scotch Plains, NJ), 10 uL of four different concentrations
of each inhibitor were separately mixed with 70 uL of
cleavage buffer and 10 uL of NS2B-NS3pro (100 nM final
concentration). The assays were conducted in duplicate in
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96-well black plates. Serial dilutions of substrate were added
to the wells for final substrate concentrations of 25 uM, 50
uM, 100 uM, 200 uM, 400 uM, and 800 uM. Fluorescence
of free AMC fluorophore was monitored at excitation of 380
nm and emission of 465 nm every 5 min for 30 min. To
convert relative fluorescence units to absolute product
concentrations, an AMC dilution series was performed as
described above. Errors associated with each initial velocity
measurement were <2%. Model testing and validation were
performed with the Dynafit program (34).

Molecular Modeling. Atomic structures of WNV NS2B-
NS3pro complexed to either a small peptide inhibitor (PDB
identifier 2FP7 (19)) or the protein inhibitor aprotinin (PDB
identifier 21JO (20)) were used as reference structures for
modeling substrate interactions with the active protease
NS2B-NS3pro. Reference structures were uploaded into
SWISS PDB, and ligand residues in the crystal structures
that interacted with either the protease substrate S3—S1 or
S1’—S3’ binding sites were mutated to correspond to the
GRR substrate. The aprotinin in the 2IJO structure was used
for the majority of the mutagenesis calculations since it was
the longer of the two protease ligands and had a larger
number of interactions with the protease relative to the ligand
in the 2FP7 structure. Protease residues that interacted with
a GRR peptide positioned at either the S3—S1 or S1’—S3’
binding sites of the protease were identified. A slight torsion
of the P3’ arginine was introduced to remove a single steric
clash between the GRR substrate and the protease. The GKR
peptide was also modeled into the P1’—P3’ site and interac-
tions delineated. The protease and substrate structures were
minimized before analysis.

RESULTS

Protein Expression and Purification. The WNV protease
plasmid construct included a 40 residue central hydrophilic
domain from WNV NS2B joined to the N-terminal protease
domain of the WNV NS3 protein by a glycine linker (Figure
1b) (27). The nucleotide sequence of the plasmid construct
was verified by direct sequencing (S. Smith, UTMB). WNV
NS2B-NS3pro was expressed and purified to homogeneity
as visualized by Comassie blue staining of the protein
separated by SDS—polyacrylamide gel electrophoresis (data
not shown).

NS2B-NS3 Protease Exhibited Substrate Inhibition. A
series of detailed kinetic studies was completed to test if the
NS2B-NS3pro exhibited Michaelis—Menten kinetics with
short peptide substrates. The NS2B-NS3pro was clearly
active against Boc-GRR-AMC (Figure 2a) and Boc-GKR-
AMC (data not shown). For each substrate concentration,
initial reaction velocities were calculated and plotted. Errors
associated with initial velocities were consistently <2%.
Interestingly, the NS2B-NS3pro enzyme did not appear to
follow simple Michaelis—Menten kinetics with initial reac-
tion velocities reaching a plateau at high substrate concentra-
tions. Instead, the initial reaction velocities reached a peak
and then decreased with increasing substrate concentration
(Figure 2a, solid curve). Similar kinetic profiles were
observed for the GKR substrate, although substrate inhibition
appeared more pronounced with the GRR substrate than with
the GKR substrate (data not shown).
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FIGURE 2: (a) WNV protease demonstrated substrate inhibition of
the small peptide substrate Boc-Gly-Arg-Arg-AMC. (b) WNV
protease demonstrated substrate inhibition of the longer peptide
substrate Ac-Asp-Phe-Ala-Ser-Gly-Lys-Arg-AMC. Data was ana-
lyzed with the program Dynafit according to Scheme 1. Curves
representing the substrate inhibition and the classical Michaelis—Menten
models are indicated by solid and dashed lines, respectively. Initial
velocity data points showed <2% error.

Scheme 1
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Graphpad Prism was initially used to examine how
accurately a simple Michaelis—Menten (35) model could fit
the NS2B-NS3pro reaction kinetic data. Since a simple
Michaelis—Menten model could not fit the NS2B-NS3pro
kinetic data (Figure 2a, dashed curve), Graphpad Prism was
used to test whether an analytical closed-form solution (eq
1) for Michaelis—Menten kinetics with substrate inhibition
could fit the experimental data.

V.=V, X[SU(K, +[SIxSD); SI=1+[SV/K,, (1)

max

In eq 1, [S] refers to substrate concentration, V, to initial
reaction velocity, and K,, and V., were the classical
Michaelis—Menten parameters. In Scheme 1, E, S, P, ES,
and ESS refer to enzyme, substrate, product, enzyme—substrate
intermediate complex, and the substrate-inhibited enzyme—
substrate complex, respectively. Clearly, the Michaelis—Menten
model with substrate inhibition (Figure 2a, solid curve) was
fit to the kinetic data with a much higher R? value and lower
parameter errors than those calculated with a classical
Michaelis—Menten model (Figure 2a, dashed curve). The
kinetic parameters and data fitting were confirmed using the
program Dynafit (34), which solved systems of differential
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Table 1: Kinetic Parameters for the WNV NS2B-NS3 Protease®

Kd Kd2 kcal kcal/Kd
substrate (uM) (uM) (s7h M~1s7h
Boc-GRR-AMC 117 £ 19 1366 + 386 0.026 + 0.002 222 + 35
Ac-DFASGKR-AMC 800 4 210 1204 + 483 0.196 + 0.067 245 + 84

“GRR experiments were repeated three times in triplicate.
DFASGKR experiments were repeated twice in triplicate.

rate equations to determine the best-fit of the model to the
kinetic data (36). Identical kinetic parameters and curve fits
were obtained with the GraphPad and Dynafit programs
(Table 1). A product inhibition model was also examined
and did not fit the data. This is not surprising since the
concentration of accumulated product was not high enough
to contribute to the total inhibition.

After observing that substrate inhibition occurred with
short peptide substrates, the kinetic behavior of longer peptide
substrates was examined since these substrates could poten-
tially have greater relevance to the mechanism of virus
replication in infected cells. NS2B-NS3pro activity was
analyzed using the substrate Ac-DFASGKR-AMC, which
mimics the P7—P1 residues of the NS3-NS4A natural
cleavage site residues in the WNV polyprotein. Significantly,
substrate inhibition was also observed with the longer
substrate (Figure 2b), though it was observed at higher
substrate concentrations compared to that of the tripeptide
substrates.

It was clear that the kinetic data for the peptide substrates
were fit better using a substrate inhibition model (Figure 2,
solid curves) as opposed to a simple Michaelis—Menten
model (Figure 2, dashed curves). The modeled curves in
these figures were the same using either the Graphpad or
Dynafit programs. Thus, the reaction mechanism was a
substrate inhibition model for both the short (Boc-GRR-
AMC, Boc-GKR-AMC) and longer (Ac-DFASGKR-AMC)
peptide substrates (Scheme 1). While all 3 substrates
demonstrated inhibition at high concentrations, inhibition was
more pronounced with Boc-GRR-AMC than with Boc-GKR-
AMC (data not shown) or Ac-DFASGKR-AMC. Kinetic
parameters for the protease and tested substrates are shown
in Table 1. The enzyme demonstrated tighter binding (lower
Kq) to the Boc-GRR-AMC substrate relative to the Ac-
DFASGKR-AMC substrate. However, the higher k¢, for the
longer substrate relative to the tripeptide substrate implied
that the protease had similar specificity (k../Kq) for both the
Ac-DFASGKR-AMC and Boc-GRR-AMC substrates.

To ensure that inner-filter effects were not responsible for
the observed decrease in initial velocity at high substrate
concentrations, the fluorescence intensity of AMC was
measured in the presence of substrate concentrations similar
to those used in the protease assay. For these control
experiments, AMC concentrations were similar to those
measured in the protease assay. No change in AMC
fluorescence signal was observed as a function of peptide
substrate concentration (data not shown).

Kinetic Models for NS2B-NS3pro Inhibitors. Analogues
of protease substrates or cleavage products have been used
as strategies for the development of protease inhibitor
molecules (37, 38). The tripeptide cleavage product Ac-GRR-
NH2 was synthesized and tested to determine whether it
would inhibit NS2B-NS3pro activity. Analysis of kinetic
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FIGURE 3: (a) Peptide Ac-GRR-NH2 inhibits WNV NS2B-NS3
protease according to a substrate inhibition and mixed inhibition
model. Concentrations of inhibitor tested were O (A), 350 (@), 700
(W) uM, and 1 mM (#). Data was analyzed with the program
Dynafit according to Scheme 2. (b) Curves reflect an analysis of
Ac-GRR-NH2 inhibition utilizing a mixed inhibition model without
substrate inhibition. Initial velocity data points showed <2% error.
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reaction data clearly showed that this peptide behaved as an
inhibitor (Figure 3). Several inhibition mechanisms, including
competitive, uncompetitive, simple noncompetitive, and
mixed noncompetitive, were tested independently. Each was
constructed using the Dynafit program, and model parameters
were optimized to best fit each model to the experimental
data points (data not shown). Comparison of models based
on parameter errors, fitting accuracy, and model discrimina-
tion analysis within the Dynafit program (34) consistently
highlighted the mixed noncompetitive inhibition model
(Scheme 2) with substrate inhibition (hereafter referred to
as a mixed inhibitor—substrate inhibition model) as the best
model to replicate the kinetic data (Figure 3a). Substrate
inhibition reaction steps were required to accurately fit the
data since simple mixed noncompetitive models did not
reproduce the kinetic data (Figure 3b).
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Table 2: Ac-GRR-NH2 Inhibition of WNV Protease

Michaelis—Menten models Kq (uM) Ka (uM) keat (571 Kii (uM) K> (uM)
substrate and mixed inhibition 122+ 10 1265 + 174 0.027 £ 0.001 180 + 13 549 + 44
simple mixed inhibition 60 + 6 0.018 £ 0.0005 146 + 25 726 + 105
simple competitive inhibition 51+£10 0.017 £ 0.001 59+ 11

The kinetic model suggested that the inhibitor interacted
primarily with the apoenzyme (Kj;) and the enzyme—
substrate complex (Kji). An additional possibility is interac-
tion with the substrate-inhibited enzyme—substrate complex
(Ki3), and analyses of the model with and without this
interaction were similar reflecting a large Kj3;, which did not
play a substantial role in the overall inhibition. Further studies
will be necessary to fully determine the role, if any, of Kis.

The kinetic parameters for the inhibitor are shown in Table
2. While the inhibitor behaved primarily as a competitive
inhibitor, it also interacted with the ES complex as an
uncompetitive inhibitor. Although Kj; was a weaker interac-
tion than Kj, its inclusion in the kinetic model was necessary
to accurately determine the kinetic parameters and inhibition
constants and may elucidate new strategies for protease
inhibition. Furthermore, it was crucial that the substrate
inhibition step be included to model the data. Without its
inclusion, the Ky and k., were not accurate (Table 2).
Interestingly, Ky and K;; were similar (Table 2), and there
was only an ~2-fold difference between K4, and Kj. This
was not surprising since the inhibitor had the same peptide
structure as the substrate. This might also imply that either
the Boc and AMC moieties did not contribute to the
interaction with the protease, or their interactions were
compensatory since the peptide did not include the Boc or
AMC groups.

Although the primary interaction was competitive (Kj;),
if the kinetic data was analyzed according to simple
Michaelis—Menten kinetics with competitive inhibition, then
Ki; was ~2-fold lower than when analyzed using substrate
inhibition and mixed inhibition (Table 2). The error estimates
for K4 and K, significantly increased for the simple
Michaelis—Menten competitive inhibition model relative to
a model that included substrate inhibition and mixed inhibi-
tion (Table 2). Inaccurate estimations of Kj; could lead to
inefficient utilization of time and resources during drug
development.

To determine whether peptide inhibition was observed for
additional peptides, a second peptide Ac-DFASGKR (similar
to the 7-mer peptide substrate used in the above kinetic
studies) was tested to see whether it inhibited the protease.
Peptide inhibition was observed with the 7-mer peptide, and
the data fit best to the mixed inhibitor—substrate inhibition
model. In this analysis, inhibition constants were K;; = 1184
+ 151, and K;; = 2050 = 415. Similar trends were seen for
the longer inhibitor as with the tripeptide, with the primary
interaction being with the apoenzyme and a weaker interac-
tion with the enzyme—substrate complex. In addition, K4 and
Ki; were again very similar, and there was an ~2-fold
difference between K4, and Kj,. As with the tripeptide, model
discrimination analysis with Dynafit revealed that the mixed
inhibitor—substrate inhibition model was the most accurate
model to describe the reaction kinetics.

Molecular Modeling. The aprotinin-WNYV protease struc-
ture (PDB 21JO (20)) was used to develop models for the

binding of the peptide substrate Gly-Arg-Arg to WNV
NS2B-NS3pro (Figure 4). The initial site examined was the
conventional substrate binding pocket with interactions with
substrate P3, P2, and P1 residues. The residues in aprotinin
were Pro-Cys-Lys, and these were changed to Gly-Arg-Arg
to mimic the peptide substrate. These substitutions resulted
in no steric clashes between the substrate and protease, and
increased favorable interactions relative to the aprotinin
protease structure. This was expected as the assay substrate
was designed to mimic a natural WNV polyprotein substrate.

A second potential binding site was analyzed by examining
interactions of the peptide substrate with the protease S1’,
S2’, and S3’ residues. The second peptide binding site for
substrate inhibition was modeled by mutating the P1’—P3’
residues of aprotinin in the 2IJO structure to Gly-Arg-Arg.
The P1’ alanine of aprotinin made one contact with Thr132.
A glycine substituted at this position made a similar contact
with Thr132 and following minimization an additional
contact with Ser135 of the active site. The P2” arginine was
mutated to Arg; this control was performed to test that the
computational substitutions and minimization largely recon-
stituted the observed crystallographic interactions. The P3’
isoleucine in aprotinin did not make any significant contacts
with the protease. However, replacing this residue with
arginine led to four additional contacts between the peptide
substrate and the protease, including interaction between
the guanidinium group of the P3” arginine and the backbone
carbonyl of the active site His51. In addition, the P3” arginine
made contacts with other residues near the active site (Thr52
at 2.29 A, Thr53 at 2.89 A, and Lys54 at 2.74 A). The

FIGURE 4: Peptide GRR interacting at two binding sites of WNV
NS2B-NS3 protease. SwissPDB was used to mutate residues of
aprotinin (PDB reference code 21JO) from PCK to GRR in the
P3—P1 positions (green), and from ARL to GRR in the P1’—P3’
positions (blue). Substrate positions for binding to polyprotein are
designated according to standard nomenclature. The protease is
colored gray, and the active site is colored magenta. PYMOL (41)
was used to generate the figure.
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Table 3: Percent Identity of Contact Residues”

site S3 S2 S1 N N S3
(6A3.5A)  (6/1)° (142" (2/7)" (10/2)"  (10/2)*  (10/4)®

WNV 100/100°  100/100 100/100 100/100 100/100 100/100
JEV 83/100  82/100  77/100  90/50 80/50 78/100
DENI1V  75/100  82/100  64/100  70/50 50/0 44/50
DEN2V ~ 75/100  82/100  68/100  70/50 50/0 44/50
DEN3V ~ 75/100  82/100  64/100  70/50 50/0 44/50
DEN4V  75/100  82/100  73/100  70/50 50/0 44/50
LGTV 63/100  82/100  55/71 70/50 60/0 44/50
YFV 50/100  73/100  64/100  70/50 60/0 44/50

“ Sequences analyzed included WNYV, Japanese encephalitis virus
(JEV), the four dengue serotypes (DEN1V—DEN4V), Langat virus
(LGTV), and yellow fever virus (YFV). ” Number of contact residues
within 6 A and 3.5 A, respectively, of the indicated residue site. © First
and second numbers represent the percent identity of residues within 6
A and 3.5 A, respectively, of the indicated residue site.

binding of the Gly-Lys-Arg substrate was also examined at
the P1’—P3’ site and observed to fit into the protease binding
site.

The 21JO structure showed a second loop of aprotinin
containing Gly36-Gly37-Cys38-Arg39 that made significant
contacts with the WNV protease. The tripeptide substrate
was tested for binding at this site, and the modeled GRR
substrate could also fit at this location with no steric clashes
to the protease. This position allowed interactions with the
NS2B cofactor as opposed to the NS3pro. This position could
be examined at a later date to determine whether this
potential third binding site might account for the Ki;
inhibitory interaction.

The aprotinin-WNYV protease structure was used to identify
residues within 6 A and 3.5 A of each of the P3—P3’
substrate residues. Protease residues that made contacts with
P3—P1 substrate residues were more highly conserved across
the flaviviruses than were protease residues that contacted
the P1’—P3’ substrate residues (Table 3). While there was
sequence conservation for residues that contacted the P1’—P3’
substrate among the flavivirues, the conservation was much
higher between the encephalitic flaviviruses (WNV and
Japanese encephalitis virus) than the hemorrhagic flavivi-
ruses. This implies that substrate inhibition may likely occur
for the NS2B-NS3pro of Japanese encephalitis virus. To
model interactions between a longer peptide substrate and
the WNV NS2B-NS3pro, the P7—P1 residues of aprotinin
were mutated to the DFASGKR sequence. The GKR residues
interacted as indicated above, and the P7—P4 DFAS residues
showed no steric clashes or additional contacts with the
protease. The longer peptide substrate could also be accom-
modated at the potential P1’—P3” substrate inhibition site
with no steric clashes.

DISCUSSION

Since the NS2B-NS3 protease is required for flavivirus
replication, it is a principle target for the development of
small molecule and peptide-based antiviral drugs (25, 27,
33, 39). In vitro flavivirus protease inhibition assays used
in the development of flavivirus antivirals are almost
exclusively based on the cleavage of chromophore- or
fluorophore-linked small peptide substrates. Our research
clearly showed that the WNV protease underwent substrate
inhibition with three tested AMC-linked peptide substrates.
Although the kinetics of the WNV protease have been
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previously described (27, 28), to our knowledge, substrate
inhibition has not been previously reported for the WNV
NS2B-NS3 protease. Substrate concentrations used in previ-
ous WNV protease assays may not have been sufficiently
high to observe the substrate inhibition reaction mechanism.
Additionally, optimization of the WNV protease purification
protocol (27), followed by rapid flash-freezing, produced
tighter binding protease preparations that enabled substrate
inhibition to be observed at lower substrate concentrations
relative to previous studies.

The observed substrate inhibition was not dependent upon
short peptide substrates since the longer peptide substrate
(Ac-DFASGKR-AMC) also showed substrate inhibition. It
is possible that substrate inhibition plays a biological role
in WNV replication, perhaps serving as a feedback mech-
anism to tightly regulate WNV translation. However, the size
of natural WNV polyprotein substrates may preclude the
multiple substrate—protease states suggested by our substrate
inhibition model. The occurrence and biological significance
of protease substrate inhibition in WNYV replication will be
investigated in future studies.

Regardless of the biological role of the observed WNV
substrate inhibition, it is important to account for this
phenomenon to accurately determine WNV protease kinetic
parameters and inhibition constants. An incorrect Kinetic
model can produce inaccurate and imprecise parameter values
for a protease inhibition experiment. Since protease assays
are routinely used to discover and improve WNYV protease
inhibitors, accurate assay interpretations are critical to
effectively characterize and optimize WNV antivirals. In
addition, the observed substrate inhibition mechanism may
partly account for efficacy differences between in vitro and
ex vivo experiments.

Our substrate inhibition model suggested that peptide
substrates may simultaneously be bound at two sites on
the protease. The catalytic substrate binding site would be
the S3—S1 binding pocket of the protease, which positions
the substrate for cleavage. Molecular modeling indicated that
dibasic peptide substrates will favorably fit into the S3—S1
binding pocket. In addition, molecular modeling showed that
the tri- and heptapeptide substrates used in the WNV protease
assays could also fit into at least two other sites on NS2B-
NS3pro. One potential substrate inhibitory binding site was
at the protease S1’—S3’ pocket, where the peptide substrate
was predicted to make several favorable contacts with the
protease including contacts with the protease catalytic site
residues. These interactions may altar the conformation of
the catalytic site so that it is unable to cleave the substrate
bound in the catalytic substrate binding pocket. While it
would be reasonable to hypothesize that the Boc and AMC
groups might contribute to the substrate inhibition, the
similarities between Ky and Ky to Kj; and Kj, respectively,
make this unlikely.

Competitive product inhibition has been demonstrated for
the related hepatitis C (40) and dengue viruses (33), and
suggested for WNV (24, 30). Our results clearly showed that
the product peptides Ac-GRR-NH, and Ac-DFASGKR
inhibited the WNV protease through a mixed noncompetitive
mechanism (with both competitive and uncompetitive inter-
actions). This inhibition was in addition to substrate inhibition
and was only observed at higher product concentrations than
would have been present in the substrate cleavage assays.
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These results suggest that it might be possible to develop
substrate and/or product analogues as uncompetitive inhibi-
tors targeting the substrate inhibitory binding site(s). An
uncompetitive inhibitor is attractive as an antiviral since its
inhibition would not be compromised at high substrate
concentrations. Moreover, complementary inhibitors might
be optimized for the separate competitive and uncompetitive
binding sites on the protease. Since molecular modeling
suggested that these two binding sites may be adjacent to
each other, the two separate inhibitors might be linked and
developed as a single bidentate inhibitor. Such an inhibitor
may reduce the likelihood of selecting for resistant WNV
escape mutants and lead to the development of a highly
effective antiviral drug whose efficacy is not imperiled by
the threat of escape mutations.

While further investigation will be needed to elucidate if
a biological role exists for substrate and product inhibition
in the cell, this study provides novel insights into WNV
protease activity with small peptide substrates and offers new
avenues to explore for the optimization of protease inhibitors
that can be developed into effective antiviral drugs.
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