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Abstract—Dengue virus threatens around 2.5 billion people worldwide; about 50 million become infected every year, and yet
no vaccine or drug is available for prevention and/or treatment. The flaviviral NS2B-NS3pro complex is indispensable for
flaviviral replication and is considered to be an important drug target. The aim of this study was to develop a simple and gen-
erally applicable experimental strategy to construct, purify, and assay a highly active recombinant NS2B(H)-NS3pro com-
plex that would be useful for high-throughput screening of potential inhibitors. The sequence of NS2B(H)-NS3pro was gen-
erated by overlap extension PCR (SOE-PCR) and cloned into the pTrcHisA vector. Hexahistidine-tagged NS2B(H)-
NS3pro complex was expressed in E. coli predominantly as insoluble protein and purified to >95% purity by single-step
immobilized metal affinity chromatography. SDS-PAGE followed by immunoblotting of the purified enzyme demonstrat-
ed the presence of the NS2B(H)-NS3pro precursor and its autocleavage products, NS3pro and NS2B(H), as 37, 21, and
10 kDa bands, respectively. Kinetic parameters, K, k., and k./K,, for the fluorophore-linked protease model substrate
Ac-nKRR-amc were obtained using inner-filter effect correction. The kinetic parameters K,,, k., and k./K,, for Ac-
nKRR-amc substrate were 100 uM, 0.112 s7!, and 1120 M~"s™, respectively. A simplified procedure for the cloning, over-
expression, and purification of the NS2B(H)-NS3pro complex was applied, and a highly active recombinant NS2B(H)-
NS3pro complex was obtained that could be useful for the design of high-throughput assays aimed at flaviviral inhibitor dis-
covery.
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The threat to human health posed by infections with
dengue virus has increased dramatically during the last
decade. Currently 2.5 billion people, that is two fifth of
the world population, are at risk to dengue, with an esti-
mated 50 million infections occurring annually [1].
Dengue virus (DEN) is a member of the Flaviviridae
family and a positive single-strand RNA virus that is
transmitted to humans by Stegomyia aegypti (formerly
Aedes) mosquitoes. Dengue causes a spectrum of dis-
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eases, which range from mild dengue fever to the more
severe forms, dengue hemorrhagic fever and dengue
shock syndrome [2, 3].

There are four serotypes of DEN (DEN1-4), which
share approximately 65% identity of their genomes. Of
these, DEN2 is associated with a higher prevalence of
dengue hemorrhagic fever cases and is thus considered to
be a more virulent strain. At present, there is neither a
vaccine nor a specific antiviral drug available for the
treatment of dengue diseases. However, a number of
enzymatic functions encoded on the polyprotein, includ-
ing the NS2B-NS3 serine protease, are considered as

920



DENGUE VIRUS NS3 PROTEASE 921

promising drug targets as their function is indispensable
for viral replication and maturation [4-6].

The genomic RNA of dengue virus serotype 2
(DEN2) contains 10,723 nucleotides, which encodes a
single polyprotein precursor of 3391 amino acid residues
that upon cleavage yields three structural proteins, the
capsid (C), membrane (M), and envelope (E) glycopro-
teins, and seven nonstructural proteins, NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5, arranged in the
order NH,-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-
NS4B-NS5-COOH [7].

The N-terminal 180-residue-long region of the non-
structural protein 3 (NS3) is a serine protease [8, 9].
Earlier studies have revealed that a 35-48-residue-long
central hydrophilic region of NS2B, termed NS2B(H), is
essential for proteolytic activity of the NS3 protease [10-
12]. NS2B(H) is associated noncovalently with the NS3
protease (NS3pro), generating the NS2B(H)-NS3pro
complex, which catalyzes cleavage at the NS2A/NS2B,
NS2B/NS3, NS3/NS4A, and NS4B/NS5 junctions and
in the capsid protein [13]. Thus, NS2B(H)-NS3pro rep-
resents an attractive target for anti-flaviviral drug devel-
opment as reviewed extensively in the literature [5, 14].

Although several high-throughput screening studies
have been conducted on the DEN protease, only a few
small molecule inhibitors were found, which included
charged [15-17] and uncharged [18-22] molecules. To the
best of our knowledge, all of these efforts have thus far not
resulted in any inhibitor of the DEN protease to enter the
clinical development phases [23]. In previous studies, we
created substrate peptide libraries and analyzed their
interaction with dengue virus NS3 proteases using the
proteochemometric approach, which resulted in detailed
information on inhibitor binding in the prime and non-
prime side region of the enzyme [24, 25].

In an earlier study where we employed multiple
sequence alignments of the NS2B-NS3pro from DEN2
with the corresponding regions in other flaviviruses,
namely Japanese Encephalitis Virus (JEV), West Nile
Virus (WNYV), and Yellow Fever Virus (YFV), we found
that the DEN2 protease shows only 50.2% sequence
identity (79.5% sequence similarity) with the JEV pro-
tease that is closest to WNV, with a 76.3% sequence iden-
tity (93.7% sequence similarity) [26]. Further, we identi-
fied four amino acid residues (positions 84 and 86 in
NS2B and 132 and 155 in NS3) that were different in the
putative binding pockets for all the four proteases. This
makes the proteases of different flaviviruses quite differ-
ent in terms of their binding mode, affinity, cleavage pref-
erences, and cleavage efficiency [26].

Recently, residues in the DEN NS3 active site
involved in key enzyme—substrate interactions were char-
acterized by alanine scanning mutagenesis and assay with
a synthetic peptide model substrate [27].

Four distinct substrate-binding pockets, S4-S1, have
been identified in the flaviviral NS2B-NS3 proteases
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from X-ray crystal structures of the DEN3 and WNV pro-
tease—inhibitor complexes NS2B(H)-NS3pro—Bz-
nKRR-H [28, 29]. These pockets accommodate the P4-
P1 residues of protease substrates [30]. Ser135 forms a
covalent bond with the aldehyde carbon, and the resulting
hydroxyl of Bz-nKRR-H interacts with His51 of NS3.
DEN2 has Ser at position 85, which may make a direct
interaction with the P3 basic side chain. The preference
for Arg at P2 likely also comes from interacting with
Asp75 in the catalytic triad, whereas Lys at P3 does not
make any ionic interactions.

To be able to develop inhibitors for the NS2B-
NS3pro complex, it is required to have the enzyme avail-
able for activity assays. It is usually obtained with a two-
step purification strategy involving immobilized metal-
ion affinity chromatography (IMAC), followed by a
time-, cost-, and yield-inefficient gel-filtration purifica-
tion procedure [31-35]. In this study, we show how the
enzyme can be easily expressed, purified by a simple and
single-step purification process, refolded, and used for
activity testing with a fluorogenic model peptide substrate
optimized for screening of anti-flaviviral compounds. On
top of this, while previous studies have commonly utilized
a cleavage-resistant NS2B(H)-NS3pro fusion protein
[22, 36], the method described herein offers the distinct
advantage that enzymatic activity of the NS3 protease can
be instantly assayed by monitoring proteolytic autocleav-
age on SDS-PAGE.

MATERIALS AND METHODS

Construction of pTrcHisA/NS2B(H)-NS3pro of
DEN2 by SOE-PCR. The plasmid encoding NS2B(H)-
NS3pro containing NS2B(H) residues 48-95, followed by
linker residues 121-130, and NS3pro residues 1-180, was
constructed by a procedure described previously [10].
Briefly, the plasmid pTH/NS2B-NS3 precursor was
obtained by gene synthesis, and it was used as a template
for splicing by overlap extension (SOE)-PCR. The
sequence of NS2B(H) was obtained by the primers 5'-
TGCTCACTGGAGGATCCGCCGATTTGGAACTG-
GAG-3' (nucleotides 4259 to 4293 in DEN2) and 5'-
CTTCACTTCCCACAGGTACCACAGTGTTTGTTCTT-
CCTC-3' (nucleotides 4399 to 4416).

For amplification of NS3pro, primers 5'-GAACAAA-
CACTGTGGTACCTGTGGGAAGTGAAGAAAC-3’
(nucleotides 4492 to 4516) and 5'-CTTCTCTTTCA-
GGATCCCTAATCTTCGATCTCTGGGTTG-3' (nucleo-
tides 5043 to 5081) were used (overlapping sequences are
in bold letters, and the primer binding sites on DEN2
virus genome are indicated by numbers and underlined).

SOE-PCR was performed with a combination of
both templates with the NS2B(H) forward and the
NS3pro reverse primers, incorporating an overlapping
region of 33 nucleotides. The PCR product was cut with
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BamHI and cloned into the expression vector pTrcHisA
to yield the polyhistidine-tagged (His)q fusion protein.
The sequence of the construct was confirmed by auto-
mated DNA sequencing analysis with an ABI Prism™
Model 377 Sequencer (Perkin Elmer) using ABI Prism™
Dye Terminator Cycle Sequencing Ready Reaction Kit
(Perkin Elmer).

Expression and purification of DEN2 NS2B(H)-
NS3pro. The pTrcHisA construct containing the
NS2B(H)-NS3pro sequence was transformed into E. coli
(BL21) and cells were grown in 1 liter of Luria broth (LB)
medium containing 100 pg/ml ampicillin, at 37°C with
continuous shaking, until ODg, reached 0.6. Expression
was induced by isopropyl $-D-1-thiogalactopyranoside at
0.2 mM, and the cells were incubated for 6 h at 37°C. The
cells were harvested by centrifugation (6000g, 4°C,
10 min), and the pellet was resuspended in 30 ml cell lysis
buffer (0.1 M Tris-HCI, pH 7.5, 0.3 M NaCl, 0.25 mg/ml
lysozyme, 10 pg/ml DNase, and 5 mM MgCl,). The cells
were kept at room temperature for 30 min and then lysed
on ice by sonication using an XL Ultrasonic Processor
(Misonix Inc., USA). The cell lysate was subjected to cen-
trifugation (15,000g, 4°C, 30 min), and the soluble fraction
was separated. The insoluble (inclusion bodies) fraction
was washed two times with 20 ml cell lysis buffer contain-
ing 1% Triton X-100, and then two times with 20 ml cell
lysis buffer (without Triton X-100) to remove Triton X-100.
The pellet was suspended in 30 ml of denaturing buffer
(0.1 M Tris-HCI, pH 8.0, 0.3 M NaCl, 8 M urea) followed
by a brief 15 s sonication using the ultrasonic processor,
centrifugation at (15,000g, 4°C, 30 min), and then by fil-
tration through 0.22 um filters (Pall Corporation, USA).

The histidine-tagged NS2B(H)-NS3pro was then
purified by immobilized metal-ion affinity chromatogra-
phy (IMAC). Nickel-Sepharose HisTrap™ HP 5 ml
columns (GE Healthcare, Sweden) were pre-equilibrated
with 10 column volumes of denaturing buffer (0.1 M Tris-
HCI, pH 8.0, 0.3 M NaCl, 8 M urea), and the sample
(30 ml from 1 liter of bacterial culture) was loaded at a flow
rate of 1 ml/min using an FPLC pump (AKTA™FPLC™
system; GE Healthcare). The column was washed with 10
column volumes of degased washing buffer (0.1 M Tris-
HCI, pH 8.0, 0.3 M NaCl, 8 M urea, 20 mM imidazole).
Protein was eluted with 10 column volumes of elution
buffer (0.1 M Tris-HCI, pH 8.0, 0.3 M NaCl, 8§ M urea,
100 mM imidazole) at a flow rate of 1 ml/min. The elution
was monitored by absorbance at 280 nm using a UV detec-
tor (AKTA™MFPLC™ system; GE Healthcare), and frac-
tions of 1 ml were collected. Aliquots of 20 pl of each frac-
tion were analyzed by 15% SDS-PAGE and subsequent
Western blotting using anti-hexahistidine antiserum
(Invitrogen, USA) at 1 : 10,000 dilution.

The fractions containing NS2B(H)-NS3pro were
pooled, the protein concentration was adjusted to
0.4 mg/ml, and the enzyme was refolded by dialysis at 4°C
by using SPECTRA/POR dialysis membranes (6-8 kDa
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MWCO) (Spectrum Medical Industries, Inc., USA)
against three batches of a 100-fold volume of buffer A
(0.1 M Tris-HCI, pH 8.0, 0.3 M NaCl), one batch of a 200-
fold volume of buffer B (0.1 M Tris-HCI, pH 8.0, 0.3 M
NaCl, 5% (v/v) glycerol), and one batch of a 200-fold vol-
ume of buffer C (0.1 M Tris-HCI, pH 9.5, 5% (v/v) glyc-
erol, and 5% (v/v) ethylene glycol). Purified NS2B(H)-
NS3pro was further concentrated to 1 mg/ml on centrifu-
gal filter devices (Centricon 15 ml, 5 kDa MWCO;
Millipore, USA) at 4°C. Protein concentrations were
determined by using a Bradford protein micro-assay (Bio-
Rad, USA) with bovine serum albumin (Sigma, USA) as
calibration standard. Samples were stored in 50 mM Tris-
HCI (pH 9.0) and 50% (v/v) glycerol, at —20°C.

Assay of DEN2 NS2B(H)-NS3pro enzymatic activi-
ty. Enzymatic activity of purified NS2B(H)-NS3pro was
assayed using the synthetic peptide substrate acetyl-Nle-
Lys-Arg-Arg-7-amino-4-methylcoumarin (Ac-nKRR-
amc) (Peptides International, USA). Cleavage of amc
from the peptide substrate was monitored using a
Beckman Coulter DTX 880 Multimode Plate Reader
(Beckman Coulter, USA) at excitation wavelength A =
360 nm and emission wavelength A = 485 nm. Assays were
conducted on 96-well flat bottom black polystyrene
microplates (Corning Life Sciences, USA) in a reaction
volume of 100 pl containing 0.075 puM NS2B(H)-
NS3pro, assay buffer (50 mM Tris-HCI, pH 9.5, 20%
(v/v) glycerol), and substrate at concentrations ranging
from 12.5 to 800 uM. Enzyme reaction mixtures were
preincubated for 30 min at 37°C, and the reactions were
started by addition of the substrate. Fluorescence release
was monitored every 30 s over a period of 5 min, and rel-
ative fluorescence units (RFU) were converted to rates of
product formation by calibration with free amc (Sigma).
Inner filter effects were corrected as described in the lit-
erature [37]. The NS2B(H)-NS3pro kinetic parameters,
K, k., and catalytic efficiency k_,/K,,, were calculated
assuming Michaelis—Menten kinetics, v = V,,.'[S]/
([S] + K,,), with the aid of GraphPad Prism software. No
significant hydrolysis of the peptide substrate was
observed in the absence of the enzyme.

RESULTS AND DISCUSSION

Intensive efforts are devoted to the characterization
of flaviviral enzymes, including the NS3 serine proteases,
as potential targets for the rational discovery of antiviral
drugs (for reviews see [5, 38] and references herein). In
support of this, we here report a straightforward proce-
dure for producing recombinant DEN2 NS2B(H)-
NS3pro complex by overexpression in E. coli followed by
a one-step purification procedure, and we report the
kinetic parameters of the protease for a commercially
available synthetic fluorogenic model peptide substrate,
Ac-nKRR-amc.
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The full-length NS2B-NS3 polyprotein region of
DEN2 was obtained by time- and cost-efficient gene syn-
thesis, and it was used as template for the generation of
the NS2B(H)-NS3pro protease complex comprising
residues 51-95 and residues 121-131 from the NS2B
cofactor and N-terminal residues 1-180 of the NS3 pro-
tease domain. This construct has been shown to be cat-
alytically active both with peptide substrates designed for
in trans cleavage reactions and in proteolytic autocleavage
leading to the formation of the NS2B(H)-NS3pro non-
covalent complex [9].

The recombinant NS2B(H)-NS3pro protein pro-
duced by E. coli was predominantly biosynthesized as an
insoluble protein (inclusion bodies) that could be easily
solubilized and purified in 8 M urea by a single step
purification using metal-chelate affinity chromatography
(IMAC) to >95% purity (Fig. 1).

In SDS-PAGE and Western blot analyses (Fig. 2),
the purified protein displayed a single band of 37 kDa rep-
resenting the denatured intact NS2B(H)-NS3pro com-
plex, which is enzymatically inactive and hence showed
no autoproteolytic cleavage. Samples of the protein
preparation after refolding displayed three bands of 37,
21, and 10 kDa corresponding to the NS2B(H)-NS3pro
precursor, the NS3pro protease domain only, and the his-
tidine-tagged NS2B(H) cofactor, respectively. In contrast
to the corresponding protein from JEV, the NS2B(H)-
NS3pro protein from DEN2 was largely insoluble (inclu-
sion bodies) upon expression in E. coli, thus suggesting
the existence of major conformational differences
between the two proteins. In this study, the refolded
enzyme was assayed by cleaving a commercially available
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Fig. 1. Purification of DEN2 NS2B(H)-NS3pro complex by
Ni?"-affinity chromatography. The column was washed with 0.1 M
Tris-HCI, pH 8.0, 0.3 M NaCl, and 20 mM imidazole (peak a).
The NS2B(H)-NS3pro was eluted with elution buffer (0.1 M Tris-
HCI, pH 8.0, 0.3 M NaCl, 100 mM imidazole) (peak b).
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Fig. 2. SDS-PAGE (a) and Western blot (b) analysis of DEN2
NS2B(H)-NS3(pro) after IMAC purification and refolding. a)
15% SDS-PAGE. Lanes: M, broad-range protein marker; /) pro-
tein sample after IMAC purification; 2) protein sample after
purification by IMAC and refolding by dialysis. b) Western blot
profile using N-terminal anti-His antibody on 15% SDS-PAGE.
Lanes: /) protein sample after IMAC purification; 2) protein
sample after IMAC purification and refolding by dialysis.

model fluorophore-linked peptide substrate, Ac-nKRR-
amc. The kinetic parameters, K,,, k., and k.,/K,,, were
100 + 8.6 puM, 0.112 £ 0.003 s7', and 1120 *
66.78 M~!s7!, respectively. It is well known that dengue
protease has a strong preference for basic amino acid
residues (Arg/Lys) at the P1 position, while the prefer-
ences for the other positions are Arg > Thr >
Gln/Asn/Lys for P2, Lys > Arg > Asn for P3, and Nle >
Leu > Lys for P4 positions [36]. In an earlier report, the
internally quenched peptide Bz-RRRR-SAG-Y(NO,)-
amide representing the DEN capsid protein cleavage site
sequence was identified as an efficiently processed NS3
substrate [25].

In our previous study on the JEV NS2B(H)-NS3pro
protease [26], the kinetic parameters for the nKRR-amc
substrate were determined for K, k.., and k./K, to,
respectively, 32 uM, 0.01178 s™!, and 368.13 M~'s™!. In
the same study [26], the binding affinity for the substrate
with a leucine at P3 (Boc-LRR-amc) was threefold high-
er when compared to that with a glycine at P3 (Boc-GRR-
amc); however, the catalytic efficiency for Boc-GRR-amc
was about 10-fold higher than for Boc-LRR-amc, thereby
suggesting a significant contribution of this position to the
catalytic mechanism, as seen in an earlier report for the
DEN NS3 protease [36]. It has been shown that the
NS3pro enzyme from DEN favors substrates with Arg-Arg
at the P2-P1 positions, while the NS3 proteases from JEV
and WNV prefer Lys-Arg at this position; data that thus



924

suggest a greater similarity between the JEV and WNV
protease than between DEN and JEV proteases [31].

Altogether, in this study we expressed, purified,
refolded, and tested the DEN2 NS2B(H)-NS3pro com-
plex for its proteolytic activity using a model fluorogenic
peptide substrate. The simple procedure reported here
allows active DEN2 NS2B(H)-NS3pro to be easily pro-
duced in large quantities, e.g. for high-throughput
screening and use in lead optimization of dengue protease
inhibitors. Similar procedures may be applicable also to
other flaviviral proteases of medical importance such as
JEV and WNYV proteases, for which also effective treat-
ments are still lacking.
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