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Abstract

Regulated proteolysis of the polyprotein precursor of West Nile virus (WNV) by the essential NS2B–NS3(pro)tease, a promising drug
target for WNV inhibitors, is required for the propagation of infectious virions. Structural and drug design studies, however, require
pilot-scale quantities of a pure and catalytically active WNV protease that is resistant to self-proteolysis. Autolytic cleavage at the NS2B–
NS3 boundary leads to individual, non-covalently associated, NS2B and NS3 domains, together with residual amounts of the intact
NS2B–NS3, in the NS2B–NS3pro samples. We modiWed the cleavage site sequence of the NS2B–NS3 junction region and then developed
expression and puriWcation procedures to prepare a covalently linked, single-chain, NS2B–NS3pro K48A mutant construct. This con-
struct exhibits high stability and functional activity and is thus well suited for the follow-up puriWcation and structural and drug design
studies.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

West Nile virus (WNV)1, a member of the Flaviviridae
family and an emerging pathogen in the US, is transmitted
to animals, including humans, by mosquito bites [1,2].
There are no speciWc countermeasures against WNV
infection in humans. The WNV capsid encloses a single-
stranded RNA encoding a 3400 amino acid residue poly-
peptide precursor. The precursor is comprised of three
structural proteins [C, capsid, M, membrane, and E, enve-
lope] and seven non-structural (NS) proteins arranged in
the order C–prM–E–NS1–NS2A–NS2B–NS3–NS4A–
NS4B–NS5 [3,4]. Proteases from the host (furin and secre-
tase) and from the virus [NS3 serine proteinase (NS3pro)]
are required to process the polyprotein precursor into

individual functional proteins [5,6]. NS3pro is responsible
for the cleavage of the capsid protein C and at the NS2A/
NS2B, NS2B/NS3, NS3/NS4A, NS4A/NS4B and NS4B/
NS5 boundaries [7–14].

The full-length NS3 peptide sequence is a multifunc-
tional protein. The N-terminal 184 amino acid residue frag-
ment represents the serine proteinase NS3pro with a
conventional His–Asp–Ser catalytic triad. The C-terminal
portion of the NS3 protein encodes an RNA helicase. Dur-
ing virus propagation, protease and helicase normally work
together in a coordinated fashion [15]. As is the case with a
number of Xaviviruses, the NS2B protein that is located in
the polypeptide precursor upstream of the NS3pro domain
functions as a cofactor and promotes the folding and the
functional activity of the NS3pro [16–18]. The individual
NS3pro domain, lacking the NS2B part, is catalytically
inert. The cofactor activity of the 35–48-residue central por-
tion is approximately equivalent to that of the entire NS2B
sequence [19,20]. Inactivating mutations of the NS3pro
cleavage sites in the polyprotein precursor abolish viral
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infectivity [3]. These data suggest that the two-component
NS2B–NS3pro is a promising drug target for WNV inhibi-
tors. The sequence of WNV NS2B–NS3pro is 56% identical
to that of Dengue virus (DV), thus suggesting a high degree
of structural similarity that exists between these two pro-
teinases. A crystal structure of the individual DV NS3pro
complexed with mung-bean Bowman–Birk type trypsin
inhibitor has been available for several years [21,22]. This
structure, however, represents a virtually inactive protease.
When our work was in progress, the high resolution struc-
tures of the two-component WNV and DV NS2B–NS3pro
in complex with the substrate-based inhibitor benzoyl-nor-
leucine (P4)-lysine (P3)-arginine (P2)-arginine (P1)-alde-
hyde (Bz–Nle–Lys–Arg–Arg–H) became available [17].

Structural and drug design studies require the availability of
substantial amounts of recombinant NS2B–NS3pro with high
proteolytic activity and resistance to self-proteolysis. Normally,
because of self-proteolysis of the NS2B–NS3 junction region,
individual, non-covalently associated NS2B and NS3 domains,
together with residual amounts of intact NS2B–NS3, are pres-
ent in the NS2B–NS3pro samples [18]. Their presence compli-
cates the isolation and analysis of NS2B–NS3pro. To
overcome this diYculty, we modiWed the cleavage site sequence
of the NS2B–NS3 junction region in order to obtain cova-
lently linked, single-chain NS2B–NS3pro that exhibits high
stability and functional activity, well suited for follow-up puri-
Wcation and structural and drug design studies.

Materials and methods

Reagents

Reagents were purchased from Sigma–Aldrich (Milwau-
kee, WI) unless indicated otherwise. Pyroglutamic acid-
RTKR-7-amino-4-methylcoumarin (Pyr–RTKR–AMC)
was purchased from American Peptide (Sunnyvale, CA).

Enzyme cloning, expression and puriWcation

Cloning of the DNA sequence encoding the wild-type
two-component NS2B–NS3pro from WNV was described
earlier [18]. The 48 amino acid residue central portion of
NS2B (residues 1393–1440 of the WNV polyprotein precur-
sor) and the NS3 (residues 1476–1687 of the WNV poly-
protein precursor) sequences were linked by a Xexible
GGGGSGGGG linker. The WNV autolytic site-deWcient
NS2B–NS3pro(K48A) construct was prepared with 5�-CC
AGGAGCACCTTGGGCGGGCGGGGGAGGT-3� and
5�-ACCTCCCCCGCCCGCCCAAGGTGCTCCTGG-3�
forward and reverse primers, respectively (mutant nucleo-
tides are underlined) using a QuickChange mutagenesis kit
(Stratagene, San Diego, CA). After conWrming their
authenticity by sequencing, the constructs were re-cloned
into the pET101 expression vector. Competent Escherichia
coli BL21 (DE3) Codon Plus cells (Stratagene, San Diego,
CA) were transformed with the recombinant pET101
vectors. Transformed cells were grown at 30 °C in a Luria–

Bertani broth containing ampicillin (0.1mg/ml). Cultures were
induced with 0.6mM isopropyl �-D-thiogalactoside for 16h at
18°C. Escherichia coli cells (6g/L of E. coli culture) were then
collected by centrifugation (5000g; 15min), resuspended in
20ml PBS containing 1M NaCl, 1mM phenylmethylsulfonyl
Xuoride and lyzozyme (5mg/ml), and disrupted by sonication
(30s pulse, 30s interval; 8 pulses) on ice. The debris were then
removed by centrifugation at 20,000g, 30min.

The NS2B–NS3pro WT and K48A constructs, C-termi-
nally tagged with a 6£His tag, were each puriWed from the
soluble fraction of E. coli cell extract using aYnity chroma-
tography on a 1.6£ 10 cm Co2+-chelating Sepharose Fast
Flow column (Amersham, Piscataway, NJ) equilibrated
with PBS–1 M NaCl–1 mM phenylmethylsulfonyl Xuoride.
NS2B–NS3pro was eluted with 100 ml of 10–500 mM gra-
dient of imidazole in PBS–1 M NaCl–1 mM phenylmethyl-
sulfonyl Xuoride buVer (elution rate 0.5 ml/min). The
fractions (1.5 ml each; 10 fractions total) containing NS2B–
NS3pro were collected and diluted 10-fold with PBS and
the protease samples were then re-chromatographed under
the same conditions on a Co2+-chelating Sepharose Fast
Flow column. The presence of NS2B–NS3pro in the frac-
tions was conWrmed by 4–20% gradient gel electrophoresis
and also by the activity assay. In the activity assays 1�l
fraction aliquots and a Pyr–RTKR–AMC substrate were
used. The NS2B–NS3pro K48A protein fractions were con-
centrated with a 5 kDa-cutoV concentrator (Millipore,
Billerica, MA) and dialyzed against 10 mM Tris–HCl, pH
8.0, containing 0.005% Brij 35. Typical yields of the puriWed
NS2B–NS3pro K48A were 10 mg/L of E. coli culture.

Protease assays with Xuorogenic peptides

The assay for NS3pro cleavage activity was performed in
10mM Tris–HCl buVer, pH 8.0, containing 20% glycerol and
0.005% Brij 35. The Pyr–RTKR–AMC substrate and
enzyme concentrations, unless indicated otherwise, were
24M and 10 nM, respectively. The total assay volume was
0.1ml. Initial reaction velocities were monitored continuously
at ex360 nm and em460 nm on a Spectramax Gemini EM Xuo-
rescence spectrophotometer (Molecular Devices, Sunnyvale,
CA). All assays were performed in triplicate in a 96 well
plate. The values of Km and kcat were derived from a double
reciprocal plot of 1/V0 vs. 1/[S], using the Lineweaver–Burk
transformation: 1/V0DKm/Vmax x 1/[S] + 1/Vmax, where V0 is
the initial velocity of the substrate hydrolysis and [S] is the
substrate concentration, Vmax is the maximum rate of hydro-
lysis, and Km is the Michaelis–Menten constant. The concen-
tration of the catalytically active proteinase was measured
using a Xuorescence assay by titration against a standard
aprotinin solution of a known concentration.

Circular dichroism spectroscopy of the NS2B–NS3pro 
constructs

CD spectra (190–250 nm) of the NS2B–NS3pro and
NS2B–NS3pro K48A puriWed samples (both at 1.4 mg/ml in
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