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Proteolytic processing of the dengue virus polyprotein is mediated by host cell proteases and the virus-
encoded NS2B-NS3 two-component protease. The NS3 protease represents an attractive target for the devel-
opment of antiviral inhibitors. The three-dimensional structure of the NS3 protease domain has been deter-
mined, but the structural determinants necessary for activation of the enzyme by the NS2B cofactor have been
characterized only to a limited extent. To test a possible functional role of the recently proposed �x3� motif
in NS3 protease activation, we targeted six residues within the NS2B cofactor by site-specific mutagenesis.
Residues Trp62, Ser71, Leu75, Ile77, Thr78, and Ile79 in NS2B were replaced with alanine, and in addition, an
L75A/I79A double mutant was generated. The effects of these mutations on the activity of the NS2B(H)-NS3pro
protease were analyzed in vitro by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of
autoproteolytic cleavage at the NS2B/NS3 site and by assay of the enzyme with the fluorogenic peptide
substrate GRR-AMC. Compared to the wild type, the L75A, I77A, and I79A mutants demonstrated inefficient
autoproteolysis, whereas in the W62A and the L75A/I79A mutants self-cleavage appeared to be almost com-
pletely abolished. With exception of the S71A mutant, which had a kcat/Km value for the GRR-AMC peptide
similar to that of the wild type, all other mutants exhibited drastically reduced kcat values. These results
indicate a pivotal function of conserved residues Trp62, Leu75, and Ile79 in the NS2B cofactor in the structural
activation of the dengue virus NS3 serine protease.

Infection by dengue viruses is now widely recognized as a
major public health concern, with more than 1 million cases of
dengue hemorrhagic fever per year and case fatality rates rang-
ing from 1 to 10% (23). There are four serotypes of dengue
virus, which cause dengue hemorrhagic fever and dengue
shock syndrome (21, 22). Dengue viruses, members of the
Flaviviridae family, are small, enveloped, positive-stranded
RNA viruses which are transmitted by Aedes mosquitoes (7).
At present, neither a commercial vaccine nor a causative treat-
ment is available for the prevention or cure of acute dengue
virus diseases.

The genomic RNA of dengue virus serotype 2 contains
10,723 nucleotides and encodes a large polyprotein precursor
of 3,391 amino acid residues which consists of three structural
proteins (C, prM, and E) and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (26). The
polyprotein is co- and posttranslationally processed by pro-
teases of the host cell and the virus-encoded two-component
protease NS2B-NS3 to generate individual viral proteins (11,
18). Optimal activity of the NS3 serine protease (flavivirin, EC
3.4.21.91) is an essential requirement for maturation of the
virus, and inhibition of this enzyme offers the prospect of an
effective antiviral chemotherapy for severe cases of dengue
hemorrhagic fever and dengue shock syndrome (for review see
references 6, 39, and 41 and references herein).

The NS2B-NS3 two-component protease mediates cleavage
in the nonstructural region of the viral polyprotein at the
NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/NS5 junc-
tions. Additional cleavages within the C, NS2A, and NS4A
proteins and within a C-terminal portion of NS3 itself were
described in the literature (1, 34, 35, 46). With the exception of
the NS2B/NS3 junction, which contains a glutamine residue at
the P2 position, the cleavage sites for the NS3 protease consist
of a pair of dibasic amino acids (Arg or Lys) at the P1 and P2
positions, followed by a short-chain amino acid (Gly, Ala, or
Ser) at the P1� site (12, 13, 40, 48, 51). The minimum domain
size required for protease activity of the 69-kDa NS3 protein
has been mapped to 167 residues at the N terminus (33). Based
on sequence comparisons with known serine proteases, a cat-
alytic triad comprised of residues His51, Asp75, and Ser135
was identified, and replacement of the catalytic Ser135 residue
by alanine resulted in an enzymatically inactive NS3 protease
(47). The C-terminal two-thirds of the dengue virus NS3 pro-
tein are associated with the enzymatic functions of a nucleo-
side triphosphatase and RNA helicase (20, 27). The three-
dimensional structure of the NS3 protease domain (NS3pro)
encompassing the N-terminal 185 amino acids has been re-
solved by X-ray crystallography, and the protein exhibits the
six-stranded �-barrel conformation typical of chymotrypsin-
like serine proteases (31).

The presence of a small activating protein or cofactor is a
prerequisite for optimal catalytic activity of the flaviviral pro-
teases with natural polyprotein substrates (4, 13). Although the
dengue virus NS3 protease exhibits NS2B-independent activity
with model substrates for serine proteases such as N-�-benzo-
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yl-L-arginine-p-nitroanilide, enzymatic cleavage of dibasic pep-
tides is markedly enhanced with the NS2B-NS3 cocomplex,
and the presence of the NS2B cofactor was shown to be an
absolute requirement for trans cleavage of a cloned polypro-
tein substrate (50). Intramolecular cleavage at the NS2B/NS3
site conducive to the formation of a noncovalent complex was
observed with the NS2B(H)-NS3pro molecule after purifica-
tion from overexpressing Escherichia coli and subsequent re-
folding (50).

A genetically engineered NS2B(H)-NS3pro protease con-
taining a noncleavable nonamer glycine linker between the
NS2B activation sequence and the protease moiety exhibited
higher specific activity with para-nitroanilide peptide sub-
strates than the NS2B(H)-NS3pro molecule (32). Recently we
have shown that the NS2B-NS3pro protease incorporating a
full-length NS2B cofactor sequence could catalyze the cleavage
of 12-mer peptide substrates representing native polyprotein
junctions (28, 29). However, this protein appeared to be com-
pletely resistant to proteolytic self-cleavage.

The initial characterization of the cofactor requirement for
the dengue virus NS3 protease revealed that the minimal re-
gion required for protease activity was located in a 40-residue
central hydrophilic segment of NS2B spanning residues Leu54
to Glu93 (19). Mutagenesis experiments with the yellow fever
virus NS2B protein demonstrated that specific residues within
this core sequence are critical for protease activation (14).
Deletion of residues 51 to 55, 53 to 55, and 56 to 93 within the
conserved central domain yielded no detectable processing of
an NS2B-NS3pro polyprotein precursor, whereas a four-ami-
no-acid deletion of the sequence 67ISGS70 generated a pro-
tease with significantly reduced cleavage efficiency. Directed
mutagenesis within the yellow fever virus NS2B protein con-
firmed a structural role for the N-terminal region of the con-
served cofactor segment (17). Mutations within a charged N-
terminal cluster comprising residues 52ELKK55 impaired cis
cleavage activity at the NS2B/NS3 site, and deletion analysis
revealed that the conserved domain alone provided only basal
cofactor activity, while the optimal function of the cofactor
required both hydrophobic flanking regions of NS2B.

A significant reduction of NS3 cleavage activity was ob-
served for the alanine substitutions at residues Val95 and
Gln96 within the dengue virus NS3 protease sequence (37). It
was proposed that these two residues are located at the C
terminus of the NS2B binding cleft and that they are involved
in precleavage association of NS2B with NS3 and proper pro-
cessing at the NS2B/NS3 site.

An essential requirement for the activation of the protease is
the presence of hydrophobic residues in the cofactor, which
may act as an anchor in the enzyme-cofactor complex. Within
the hepatitis C virus NS4A cofactor, two residues, Ile25 and
Ile29, are critical for complete activation of the NS3 protease
(9, 44, 45). For the NS4A cofactor from GB virus, a minimum
region which supports NS3 protease activity was mapped to a
sequence spanning residues Phe22 to Val36, and two central
residues, Val27 and Trp31, were indispensable for maximal
proteolytic activity (10).

A peptide comprising residues Ser69 to Glu81 of the dengue
virus NS2B cofactor was recently proposed as a substitute for
the cofactor (8), however, it failed to reconstitute catalytic
activity of the NS3pro protease in vitro (32). Therefore, it

seems likely that additional residues located further at the N
terminus of the NS2B core sequence play a role in NS3 acti-
vation.

These findings were suggestive of a common structural motif
involved in activation of the flaviviral proteases. The �x3�
motif is comprised of two bulky hydrophobic residues sepa-
rated by three unspecified residues, and it was speculated that
additional residues located outside this sequence motif would
contribute to the stringent specificity of the protease for the
corresponding polyprotein substrate (10).

Substantial biochemical data were accumulated for the hep-
atitis C virus protease which offer some structural and mech-
anistic explanations for the activation of this flaviviral protease
by its cofactor. Interaction of the NS3 protease with the NS4A
cofactor was shown to affect the folding of the NS3 protease,
resulting in conformational rearrangements of the N-terminal
28 residues of the protease and a strand displacement condu-
cive to the formation of a well-ordered array of three �-sheets
in which the cofactor becomes an integral part of the protease
fold (30, 49). The result of these conformational changes is a
reorientation of the residues of the catalytic triad which is
more favorable for proton shuttling during catalysis. A number
of studies provided evidence that structural rearrangements
leading to a fully activated protease are induced not only by
binding of the cofactor but also by the substrate, as shown for
the competitive inhibition of the NS3 protease by its cleavage
products (2, 3, 24, 25, 38). Based on these findings, the hepa-
titis C virus enzyme has been described as an induced-fit pro-
tease (6, 39). However, analogies to the hepatitis C virus sys-
tem should be treated with caution, since preliminary data
obtained with the dengue virus and the GB virus enzymes are
indicative of major structural differences in the activation pro-
cess (10, 50).

We demonstrate in this report that alanine substitutions at
residues Trp62, Leu75, and Ile79 in the dengue virus NS2B
cofactor result in marked effects on autoprocessing at the
NS2B/NS3 site and that activity of the mutant NS3 proteases
with the synthetic peptide substrate is mainly affected by sig-
nificantly reduced kcat values. To analyze the structure-activity
relationships which we have observed experimentally, we gen-
erated a molecular model for the NS2B/NS3 cocomplex based
on homology to the hepatitis C virus NS3/NS4A protease.

MATERIALS AND METHODS

Construction of pTH/NS2B(H)-NS3pro by SOE-PCR. The recombinant plas-
mid encoding the dengue virus serotype 2 NS2B(H)-NS3pro protein was gener-
ated with the previously described plasmid pTH/NS2B-NS3 as a template for
splicing by overlap extension (SOE)-PCR (15). The sequence for NS2B(H) was
obtained with primers 5�-TGCTCACTGGAGGATCCGCCGATTTGGAACT
GGAG-3� (nucleotides 4259 to 4293 in dengue virus serotype 2) and 5�-CTTC
ACTTCCCACAGGTACCACAGTGTTTGTTCTTCCTC-3� (nucleotides 4399
to 4416). For amplification of NS3pro, primers 5�-GAACAAACACTGTGGTA
CCTGTGGGAAGTGAAGAAAC-3� (nucleotides 4492 to 4516) and 5�-CTTC
TCTTTCAGGATCCCTAATCTTCGATCTCTGGGTTG-3� (nucleotides 5043
to 5081) were used.

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 product of SOE-PCR comprises the sequence of
NS2B from amino acid residues 48 to 95 followed by residues 121 to 130 and 180
N-terminal residues of the NS3 protease domain. The PCR product was cut with
BamHI and cloned into the pTrcHisA expression vector (Invitrogen) to yield the
polyhistidine-tagged fusion protein. The sequence of the resulting construct was

VOL. 78, 2004 DENGUE VIRUS NS2B COFACTOR 13709



verified by DNA sequencing with an ABI Prism model 377 sequencer with a dye
terminator cycle sequencing reaction kit (Perkin Elmer).

Mutation constructs. Alanine substitutions were introduced in the NS2B se-
quence at residues Trp62, Ser71, Leu75, Ile77, Thr78, and Ile79 with the
QuikChange site-directed mutagenesis kit (Stratagene) following the manufac-
turer’s directions. In addition, a double Leu75/Ile79 mutant was generated with
the L75A mutant as the template for PCR with Ile79 mutagenic oligonucleotides.
Additional base changes creating restriction sites suitable for screening of the
resulting mutant constructs were introduced in the primer sequences.

The following pairs of forward and reverse primers were used for mutagenesis
(bold letters indicate changed nucleotides, and italic letters represent restriction
sites): W62A, 5�-CGATGTCAAAGCTGAAGACCAGGCAGAG-3� and 5�-CT
CTGCCTGGTCTTCAGCTTTGACATCG-3�; S71A, 5�-GAGATATCAGGAG
CTAGTCCAATCC-3� and 5�-GGATTGGACTAGCTCCTGATATCTC-3�;
L75A, 5�-GCAGTCCGATCGCGTCAATAACAATATCAG-3� and 5�-CTGAT
ATTGTTATTGACGCGATCGGACTGC-3� ; I77A, 5�-CCAATCCTGTCAGC
TACAATCTCAGAAGATGG-3� and 5�-CCATCTTCTGATATTGTAGCTGA
CAGGATTGG-3� ; T78A, 5�-CCAATCCTGTCAATAGCAATCTCAGAAGA
TGG-3� and 5�-CCATCTTCTGAGATTGCTATTGACAGGATTGG-3� ; and
I79A, 5�-TCAATAACAGCCTCAGAAGATGGTAGC-3� and 5�-GCTACCAT
CTTCTGAGGCTGTTATTGAC-3�.

The catalytically inactive NS3 protease mutant with an S135A substitution was
obtained as described earlier (28). Plasmid DNA from the mutants was analyzed
by DNA sequencing to confirm that only the desired mutation was incorporated.

Expression and purification of protease constructs. The pTrcHis plasmids
containing the recombinant NS2B(H)-NS3pro sequences were transformed into
Escherichia coli C41(DE3). Transformants were grown in Luria broth (LB)
medium supplemented with ampicillin (100 �g/ml) at 37°C. At an A600 of 0.5,
isopropyl-1-thio-�-D-galactopyranoside was added to 0.1 mM, and the culture
was grown at 37°C for 8 h. Cells were harvested by centrifugation (5,000 � g, 10
min, 4°C), resuspended in 20 ml of lysis buffer A (100 mM Tris-HCl, pH 7.5, 300
mM NaCl), and lysed with a French pressure cell at 14.000 lb/in2. The lysate was
clarified by centrifugation (10,000 � g, 30 min, 4°C), and the pellet fraction was
washed two times with lysis buffer containing 1% Triton X-100.

Inclusion bodies were suspended in 15 ml of denaturing buffer B (100 mM
Tris-HCl, pH 8.0, 300 mM NaCl, 8 M urea) followed by sonication (10 bursts at
power setting 3 for 15 s) with a ultrasonic processor (Misonix). The suspension
was centrifuged (10,000 � g, 30 min, 4°C), and the supernatant was loaded on a
Hitrap chelating column (Pharmacia) equilibrated with denaturing buffer. The
column was washed with 10 column volumes of denaturing buffer containing 20
mM imidazole and eluted at a flow rate of 0.5 ml min�1 with denaturing buffer
containing 50 mM imidazole. Fractions of 1 ml were collected, and aliquots were
analyzed for the presence of NS2B(H)-NS3pro by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) on 15% polyacrylamide gels.

Peak fractions were pooled and loaded on a Superdex 200 HR 10/30 gel
filtration column (Pharmacia). The column was eluted with denaturing buffer at
a flow rate of 0.3 ml min�1 and the fractions containing NS2B(H)-NS3pro, as
analyzed by SDS-PAGE, were pooled and diluted with the same buffer to 0.5 mg
ml�1. Refolding of the protein was initiated by stepwise dialysis of 1-ml samples
with a dialysis tubing (cutoff, 8 kDa) at 4°C against three changes of 100 mM
Tris-HCl, pH 8.0–300 mM NaCl (200 ml) and one change against 200 ml of 100
mM Tris-HCl, pH 9.0–50 mM NaCl (buffer C). The dialysate was centrifuged
(10,000 � g, 10 min, 4°C), and the protein concentration was determined with a
Bradford protein assay kit (Bio-Rad). Preparations of the NS2B(H)-NS3pro
protein were stored at �20°C in 100 mM Tris-HCl, pH 9.0–50 mM NaCl–50%
glycerol.

Determination of NS3 protease activity. Autocleavage of NS2B(H)-NS3pro at
the NS2B/NS3 site was monitored by Tricine-SDS-PAGE (43). Samples contain-
ing 0.5 �g �l�1 of purified NS2B(H)-NS3pro in buffer C were incubated at 37°C,
and aliquots of 20 �l were removed at fixed intervals. The reaction was quenched
by the addition of 7 �l of SDS-PAGE sample buffer (200 mM Tris-HCl, pH 7.5,
4% [wt/vol] SDS, 40% glycerol, 0.1% bromophenol blue, 100 mM dithiothreitol),
and precursor processing was quantitated by densitometric analysis of band
intensities obtained from SDS-PAGE with the ONE-D scan program (Scanalyt-
ics). Cleavage at the NS2B/NS3 site was confirmed by automated Edman amino
acid sequencing of the protease fragment NS3pro and by Western blot analysis
with anti-Xpress antibodies (Invitrogen) of the N-terminal cleavage fragment
(His)6NS2B(H).

The fluorogenic substrate GRR-AMC (Peptide International) was used for
the in vitro assay of NS3. The assay was performed in 96-well microtiter plates
with a Labsystems Fluoroscan II (Labsystems) at an excitation wavelength of 355
nm and emission wavelength of 460 nm at 37°C. Assay reactions contained in a
100-�l final volume NS2B(H)-NS3pro and the mutant proteins at a concentra-

tion of 0.15 �M in 100 mM Tris-HCl, pH 9.0. The substrate concentration was
varied between 10 and 250 �M, and signals were converted to concentrations by
comparison with standard amounts of free AMC. Km and Vmax values were
obtained from measurements of initial velocities prior to 10% substrate deple-
tion, assuming that 100% of the protease was enzymatically active. To determine
Km and Vmax values, Michaelis-Menten kinetics, v 	 Vmax[S]/[S] � Km, were
transformed into double reciprocal Lineweaver-Burk plots by nonlinear regres-
sion analysis with the GraphPad Prism software. Three independent experiments
were carried out for each set of data points, and data are reported as mean 

standard error.

Coordinates and molecular modeling. The crystal structures of the dengue
virus type 2 NS3 serine protease (protein database identifier 1BEF) (31) and the
hepatitis C virus NS3/NS4A complex (protein database identifier 1JXP) (49)
were obtained from the protein database (Brookhaven National Laboratory). To
obtain a structure for the dengue virus NS2B core segment in the complex with
the NS3 protease, the NS2B peptide (residues 56 to 93) was initially aligned with
the NS4A peptide (residues 21 to 32) according to the published sequence
comparison (10). The structure for the NS2B peptide was generated with the
Modeller 6v2 software (42). The dengue virus serotype 2 protease domain was
superimposed on the hepatitis C virus protease domain, and the structures of the
NS3 protease and the NS2B peptide were combined. Several 1-ns molecular
dynamics trajectories of NS3pro in complex with NS2B were generated. The
simulation of the resulting structure was performed with the Gromacs simulation
package (http://www.gromacs.org) with GROMOS96 force field in a single-point
charge water box. The space between protein and box walls was set to a minimum
distance of 7 Å, and the system was energy minimized with the steepest descent.
The simulated structures were visualized by Deepview Swiss-PdbViewer v3.5b4.
The final model was evaluated by a Ramachandran plot, and 98.2% of the
nonglycine residues were in allowed conformations.

RESULTS

Generation of mutants. The sequence 75LSITI79 represents
the �x3� motif in the NS2B cofactor of dengue virus serotype
2 which was recently proposed to play a functional role in the
association of the flaviviral proteases with their corresponding
cofactors (10). To analyze the effects of amino acid substitu-
tions in the NS2B cofactor on the enzymatic activity of the NS3
serine protease, we constructed the NS2B(H)-NS3pro polypro-

FIG. 1. Organization of the dengue virus polyprotein and the
NS2B(H)-NS3(pro) construct. (A) Sites on the dengue virus polypro-
tein cleaved by host-encoded proteases (ƒ) and the virus-encoded
two-component protease NS2B-NS3 (�). The NS3 protease domain
(NS3pro) is shaded, and the 40-residue minimum cofactor region
which supports catalytic activity of the NS3 protease is indicated by a
bar. (B) Structural organization of the expression construct NS2B(H)-
NS3pro as generated by SOE-PCR. The construct contains the N-
terminal polyhistidine tag for purification purposes, the central activa-
tion sequence of NS2B from residues 48 to 95 followed by residues 121
to 130, and 180 N-terminal residues of NS3 representing the protease
domain. The residues of the catalytic triad, His51, Asp75, and Ser135,
are indicated, and the sequence of the native NS2B/NS3 polyprotein
cleavage junction is shown.
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tein precursor by SOE-PCR (Fig. 1) (15). A sequence align-
ment of known flavivirus cofactor sequences and the location
of the �x3� motif are shown in Fig. 2.

Previous work had shown that the NS2B(H)-NS3pro protein
undergoes proteolytic self-cleavage at the NS2B/NS3 site that
is conducive to the formation of a noncovalent complex (50).
Alanine substitutions were introduced at residues Trp62,
Ser71, Leu75, Ile77, Thr78, Ile79, and Leu75 plus Ile79 in the
NS2B sequence. An enzymatically inactive NS2B(H)-NS3pro
protein was obtained by replacing the catalytic Ser135 residue
with alanine and used as negative control for the activity assays
as described previously (28). All recombinant plasmids were
subjected to DNA sequencing, and no mutations were found at
nontargeted sites. Expression of the mutant derivatives as in-
clusion bodies in E. coli and purification under denaturing
conditions by immobilized metal chelate chromatography and
gel filtration yielded homogeneous products, as determined by
SDS-PAGE analysis. The 29.8-kDa (His)6-NS2B(H)-NS3pro
molecule displayed anomalous migration in gel electrophoresis
with a higher apparent molecular mass of approximately 37
kDa. Subsequent refolding was performed by stepwise dialysis,
and correct cleavage at the NS2B/NS3 junction was confirmed
for the wild-type protein by N-terminal amino acid sequencing
of the 20-kDa cleavage product, which yielded the sequence
AGVLW, identical to the first five residues of the NS3 protein.

Effect of alanine substitutions on self-cleavage efficiency.
Protein samples purified by metal affinity chromatography and
gel filtration were analyzed by SDS-PAGE for autocleavage at
the NS2B/NS3 site after various periods of incubation (Fig. 3).
After extensive dialysis, wild-type NS2B(H)-NS3pro exhibited
complete autoproteolytic cleavage, which resulted in two pro-
tein products of 20 kDa and 10 kDa, whereas the S135A
mutant was completely inactive in the self-cleavage assay. In
Western blot analysis, only the 10-kDa protein reacted with
anti-Xpress antibodies directed against the polyhistidine tag,
which confirmed that this protein represents the N-terminal
cleavage fragment (His)6-NS2B(H) (data not shown).

The NS2B mutants displayed different levels of proteolytic
processing when analyzed by SDS-PAGE immediately after

refolding. A densitometric analysis based on the amount of the
NS2B(H)-NS3pro precursor remaining revealed that self-
cleavage was almost completely abolished in the L75A/I79A
double mutant. Autoprocessing was markedly reduced in the
W62A mutant, which gave approximately 10% of wild-type
activity. In contrast, the cleavage efficiencies of the S71A and
the T78A mutants were not significantly affected by the sub-
stitutions and were comparable to that of the wild type. A
sequence alignment of known flaviviral cofactor sequences
shows that a serine at position 71 is preferred in most viruses
of the Flaviviridae family, and substitution of this residue with
alanine did not have a marked effect on proteolytic self-cleav-
age.

Thr78 is part of the �x3� motif, but this residue is not very
well conserved among the Flaviviridae and we expected that
one alanine residue in the context of the serotype 2 sequence
would have only a marginal effect on the activity of the NS3
protease. In accordance with this prediction, at this position
the presence of the hydrophobic alanine residue is well toler-
ated. In contrast, alanine replacements at the hydrophobic
residues Leu75, Ile77, and Ile79 caused a reduction in auto-
cleavage activity of the NS2B(H)-NS3pro protein. Substitu-
tions at Leu75 and Ile79 reduced autoprocessing to approxi-
mately 55 and 75% of the wild-type value, and the L75A
mutation had a greater effect on cleavage efficiency than the
I77A substitution, which still allowed for approximately 80% of
wild-type precursor cleavage.

The data presented here support an important function for
the �x3� motif in activation of the NS3 protease. In agree-
ment with a critical role for this hydrophobic sequence ele-
ment, we found that self-cleavage was substantially decreased
for the L75A/I79A double mutant, which gave only 2% of
wild-type cleavage.

We also examined the effect of an alanine replacement at
the W62 residue. This position is strictly conserved among the
members of the Flaviviridae family (Fig. 2) and is located in the
N-terminal region of the NS2B activation sequence. Alanine
substitution at this position had a dramatic effect on protease
activity, and self-cleavage was markedly reduced with this mu-
tant protein; a finding which suggests a pivotal function for this
invariant residue in protease activation.

Delayed processing kinetics of the mutants. To answer the
question of whether the alanine substitutions at critical posi-
tions within the NS2B cofactor resulted in a catalytically inef-
ficient NS3 serine protease, we analyzed the levels of self-
cleavage after various periods of incubation ranging from 1 to
24 h (Fig. 3).

The wild-type NS2B(H)-NS3pro molecule and the S71A
mutant underwent complete autoproteolytic cleavage during
the refolding process, whereas progressive proteolysis leading
to complete cleavage of the precursor was observed for the
I77A, T78A, and I79A mutants. Continued proteolysis of the
S71A mutant protein resulted in additional cleavage fragments
in SDS-PAGE at molecular masses of approximately 16 and 12
kDa. These proteins could represent fragments generated by
cleavage at internal sequences within the NS3pro molecule.
The NS3pro sequence contains paired basic residues at posi-
tions 63KRI65 and 142KKG144 and a monobasic site resembling
the NS2B/NS3 junction at 27QRG29 which could serve as ad-
ditional substrates for the protease, and cleavage at these sites

FIG. 2. Sequence alignment of the conserved central domain
within the NS2B cofactors of members of the Flaviviridae family. Num-
bers on the left indicate positions of amino acid residues in the
polyprotein sequence. Residues which are identical in all sequences
are shaded in dark grey, and conserved residues are shaded in light
grey. The location of the �x3� motif is indicated above the alignment,
and residues within the dengue virus NS2B cofactor that were changed
to alanine are labeled by dots. Abbreviations: DEN, dengue virus;
JEV, Japanese encephalitis virus; KUNJIN, Kunjin virus; MVE, Mur-
ray valley encephalitis virus; TBE, tick-borne encephalitis virus; WNV,
West Nile virus; YFV, yellow fever virus.
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would generate products of the observed sizes. Whether the
additional cleavage products are formed by internal cleavage at
these sites remains to be investigated. For the L75A mutant,
approximately 75% cleaved precursor was observed at 24 h of
incubation. The L75A/I79A double mutant showed weak
cleavage activity and yielded only 50% precursor cleavage after
24 h. The W62A mutant did not display a significant increase
in the amount of autoprocessing products at 24 h. Therefore, it
is likely that the W62A substitution within the NS2B cofactor
results in a significant inactivation of the NS2B-NS3 protease.

Reactivity with small substrate peptides. The NS3 protease
reacts with small model substrates for serine proteases in the
absence of the NS2B cofactor, but cleavage efficiency of the
protease towards synthetic tripeptide substrates is significantly
stimulated in the presence of the 40-residue NS2B activation
sequence (50). Cleavage at the NS2B/NS3 site is not a prereq-
uisite for the reaction with small substrates, as shown by the
activity of the NS2B-NS3pro precursor with 12-mer peptides
(29). This protein did not display significant levels of auto-
cleavage.

Comparison of activities with the synthetic peptide GRR-
AMC between wild-type NS2B(H)-NS3pro and the mutant
derivatives of NS2B revealed that the alanine substitutions
affected the rate of substrate hydrolysis. Data for the kinetic
parameters are presented in Table 1. The alanine substitutions
mainly affected the kcat values of the recombinant proteases,
whereas Michaelis-Menten equilibrium constants appeared to
be less affected (Fig. 4). For the T78A mutant, only a 1.5-fold
increase in Km was observed, whereas the largest changes in
kcat occurred in the L75A and I79A mutants, which had kcat

FIG. 3. Kinetics of proteolytic autoprocessing of the NS2B(H)-
NS3(pro) mutant derivatives. (A) Samples of wild-type NS2B(H)-

TABLE 1. Kinetic parameters of the NS2B(H)-NS3pro
mutant proteasesa

Construct
Activity

(% of wild-type
activity)

Km (�M) kcat (min�1) kcat/Km
(M�1 s�1)

Wild type 100 146 
 5.4 1.2 
 0.07 137 
 3.0
S135A ND ND ND ND
W62A ND ND ND ND
S71A 118 133 
 7.0 1.3 
 0.03 163 
 10.0
L75A 3.4 180 
 4.9 0.05 
 0.007 4.7 
 0.5
I77A 8.4 171 
 15.3 0.12 
 0.01 11.5 
 0.13
T78A 65 225 
 5.4 1.2 
 0.09 89.0 
 9.0
I79A 1.9 181 
 8.0 0.03 
 0.004 2.6 
 0.2
L75A/I79A ND ND ND ND

a Protease activity was assayed in 0.1 M Tris-HCl (pH 9.0) for 60 min at 37°C
with the fluorogenic peptide GRR-AMC at concentrations ranging from 10 to
250 �M. Standard reactions contained protease at a concentration of 0.15 �M.
No activity was observed with the W62A mutant and the L75A/I79A double
mutant at a 1.5 �M enzyme concentration. The activity of the wild-type enzyme
NS2B(H)-NS3pro with GRR-AMC was taken as 100%. ND, not detectable.

NS3pro and the mutant proteins were refolded by successive dialysis,
incubated at 37°C, and analyzed on Coomassie blue-stained Tricine-
SDS-PAGE gels as described in the text. Lane M, protein molecular
size markers. Numbers above the lanes indicate incubation times rang-
ing from 0 to 24 h. (B) Band intensities of wild-type NS2B(H)-NS3pro
and the mutant polypeptides as observed on Tricine-SDS-PAGE gels
were quantitated by densitometric analysis with the ONE-D scan pro-
gram, and the fraction of cleaved NS2B(H)-NS3(pro) precursor was
plotted as a function of incubation time.
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values that were 24- and 40-fold lower, respectively, than that
of the wild type. In the case of the S71A mutant, the replace-
ment resulted in a slightly more active enzyme, with a kcat/Km

value that was 1.2-fold higher than that of the wild type. Cat-
alytic efficiencies expressed as kcat/Km values were substantially
reduced for the L75A, I77A, and the I79A mutants, which had
30-, 12-, and 52-fold-lower efficiencies, respectively, compared
to the wild type. The activity of the L75A/I79A double mutant
and the W62A mutant with GRR-AMC was negligible under
the conditions of the assay, and a 10-fold increase in enzyme
concentration did not result in detectable conversion of the
substrate.

It is unlikely that the differences in catalytic efficiency which
we observed between the wild-type and mutant NS2B(H)-
NS3pro proteins result simply from a distortion of the NS2B/
NS3 cleavage site, since the mutations seem to affect auto-
cleavage and reactivity with small peptides as well. Since the
gel electrophoresis assay does not allow detection of trans
cleavage activity, we cannot exclude the possibility that some of
the proteolysis products shown in Fig. 3 are generated by trans
cleavage of the NS2B(H)-NS3pro precursor. Autoprocessing
at the NS2B/NS3 site is not strictly required for trans cleavage
activity, and for mutants displaying intermediate levels of au-
toproteolysis, the unprocessed precursor NS2B(H)-NS3pro
may also contribute to enzymatic conversion of the synthetic
substrate (29). However, mutations in the NS2B/NS3 cleavage
site sequence which abolish autoprocessing result in catalyti-
cally poor NS3 proteases with inefficient trans cleavage of less
than 10% of the wild-type activity (R. Khumthong, unpub-
lished data).

In summary, the alanine substitutions in the cofactor had
greater effects on the reaction rates of the NS3 protease than
on substrate binding. This would imply a model for the acti-
vation of the NS3 protease in which the cofactor contributes

mainly to an arrangement of the residues of the catalytic triad
that is optimized for proton transfer during substrate cleavage.

DISCUSSION

Previous studies have shown that the activity of the dengue
virus NS3 serine protease depends critically on the presence of
the small NS2B cofactor protein (32, 50). In this report, we
further investigated the structural determinants for the inter-
action of the NS3 protease with the NS2B cofactor by gener-
ating alanine substitutions at selected positions possibly in-
volved in association of the protease-cofactor complex. Effects
on the enzymatic activity of the NS3 protease were determined
by analysis of autoprocessing at the NS2B/NS3 site and by
reaction with the synthetic peptide GRR-AMC. The enzymatic
data which we obtained for both types of reactions indicate an
extreme sensitivity of NS3 cleavage activity to the correct con-
formation of the NS2B cofactor.

First, we examined the functional relevance of the �x3�
motif for cofactor-induced activation of the NS3 protease.
Based on structural and mutational evidence obtained for the
GB virus and hepatitis C virus NS3 proteases, a consensus
sequence element involved in flaviviral protease activation was
recently identified (10). By comparison between the structures
of the hepatitis C virus NS3 protease and the NS3/NS4A co-
complex, it was hypothesized that the binding pocket for the
first � residue (Leu75 in dengue virus type 2) undergoes a
substantial conformational change, whereas the pocket for the
second � residue (Ile79) remains largely unchanged upon
complexation with the cofactor (30, 36). The second hydropho-
bic amino acid was proposed to occupy the hydrophobic pocket
between the two �-barrel subdomains and to contribute to
stabilization of the relative orientation of these subdomains.
Our data show that the alanine substitution at Ile79 had a
greater effect on NS3 autocleavage activity than the substitu-
tion at Leu75, whereas the catalytic efficiency was approxi-
mately 1.8-fold lower in the I79A mutant. A drastic effect on
protease activation was observed with the L75A/I79A double
mutant, in which autocleavage was almost completely elimi-
nated and enzymatic activity with the GRR-AMC peptide was
not detectable under the conditions of our assay.

In addition, we examined two noncritical residues, Ile77 and
Thr78, which are located within the �x3� motif. Although
these two mutations had only marginal effects on autocleavage,
the alanine substitution at Ile77 resulted in reduced enzyme
activity, as demonstrated by a 12-fold-lower kcat/Km value com-
pared to the wild-type enzyme. The T78A substitution yielded
a less active enzyme with a 1.5-fold higher Km value for the
GRR-AMC substrate than the wild type. These results support
a role for the �x3� motif in the activation mechanism of the
dengue virus NS2B cofactor in which the unspecified residues
also contribute to the interactions which are necessary for
protease activation, a feature which discriminates the dengue
virus protease from the recently analyzed GB virus NS3 pro-
tease (10). It appears that the association between the cofactor
and the protease is mainly directed by hydrophobic interac-
tions and that the mutations introduced in this region had
greater effects on the catalytic efficiency of the protease than
on the Km values, suggesting that perturbation of the hydro-

FIG. 4. Steady-state cleavage kinetics of the GRR-AMC substrate
by NS2B(H)-NS3pro derivatives in vitro. Reactions were performed in
triplicate at a 0.15 �M protein concentration over a range of substrate
concentrations from 10 to 250 �M. Assays were performed with 60-
min incubation periods, and kinetic parameters were obtained by non-
linear regression analysis of initial velocities prior to 10% substrate
depletion. The L75A/I79A double mutant and the W62A mutant had
no measurable activity at a 10-fold-higher enzyme concentration (1.5
�M). Data were plotted in a double reciprocal format.
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phobic interactions in the �x3� motif may primarily affect the
geometry of the catalytic triad.

Intermediate effects on enzymatic activity, as observed for
the I77A, I79A, and T78A mutants, may reflect a role of these
residues not only in the conformational activation of the cat-
alytic apparatus of the enzyme but also for the stabilization of
a ternary substrate-cofactor-protease complex. For the hepa-
titis C virus protease, a synergistic cooperation between the
cofactor and the substrate was proposed to form an induced-fit
protease with optimal catalytic activity and high specificity for
the polyprotein substrate (5). Therefore, in the dengue virus
NS2B/NS3 protease, additional residues located outside the
�x3� motif may contribute to the structural rearrangements
induced by cofactor binding.

Substitution of Trp62 with alanine had the strongest effect
on the activity of the NS3 protease. This residue is located
outside the proposed short activation sequence which is ho-
mologous to the hepatitis C virus NS4A peptide (8). A deletion
construct lacking the Trp62 residue was previously shown to be
inactive in cleavage assays, and the sequence comprising resi-
dues 58 to 62 was implicated in the conformational stabiliza-
tion of the protease (19). The finding that Trp62 is of para-
mount importance for the activation mechanism also provides
an explanation for the inability of the peptide Gly69-Glu81 to
replace the NS2B core sequence in vitro (32); however, it does
not exclude the possibility that additional interactions at the N
terminus of the NS2B(H) sequence are necessary for optimal
activity, as was shown earlier for the yellow fever virus NS3
protease (17).

With the exception of the Trp62 substitution, the mutations
which we introduced in the NS2B sequence of dengue virus
type 2 do not simply abolish the enzymatic activity of the NS3
protease. Instead, we observed slow kinetics for autoprocessing
at the NS2B/NS3 site upon prolonged incubation of the mutant
enzymes. The kinetic analysis of GRR-AMC cleavage and the
self-cleavage reaction indicates the existence of an inefficient
catalytic machinery for both types of substrate conversion in
the NS2B mutants.

In the absence of a crystallographic structure for the dengue
virus NS2B-NS3 complex, we generated a model based on
homology with the hepatitis C virus NS4A peptide (49). In
analogy to the structure of the hepatitis C virus NS3/NS4A
complex, the model predicts a threading of the cofactor in an
extended conformation on a large and mainly hydrophobic
surface groove of the NS3 protease formed by the N- and
C-terminal domains (Fig. 5). Both hydrophobic residues Leu75
and Ile79 of the �x3� motif occupy a hydrophobic pocket at
the domain interface. The interactions observed in this model
also predict a crucial role for the Gln96 residue in the NS3
sequence by formation of a hydrogen bond to Ile79 in the
NS2B main chain, an observation which would be consistent
with the weak protease activity of a recently described V95A/
Q96A NS3 mutant (37).

In the model presented here, the critical residue Trp62 is
located in close proximity to an N-terminal cluster of proline
residues, Pro10, -11, and -12, in the NS3 sequence, and the
NS2B peptide is attached to a surface-exposed structure of the
NS3 protease. This interaction, which is reminiscent of the
N-terminal clamping observed with the hepatitis C virus NS4A
peptide, may govern the correct association of the cofactor

FIG. 5. Molecular model of the interaction between the NS2B core
segment and the NS3 protease. The model was generated by Deepview
Swiss-Pdbviewer. (A) NS2B(H) (residues 56 to 93) mapped onto the
X-ray crystal structure of NS3. The surface of NS3pro is shown in blue,
and NS2B(H) is shown as a ribbon in yellow. The location of Trp62 at
the N terminus of NS2B(H) is shown. (B) Interaction of residues
Leu75, Ile77, and Ile79 with the hydrophobic pocket of NS3. The
surface of NS3 is colored by the residue type (yellow, polar; blue, basic;
red, acidic; white, nonpolar); the NS2B segment is shown as a yellow
stick with the side chains of Leu75, Ile77, and Ile79 in grey. (C)
Association of the Trp62 residue (red) of NS2B(H) (yellow ribbon)
with the N-terminal proline cluster of NS3 (side chains in green and
NS3 in blue).
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with the NS3 surface (49). Alternatively, it is conceivable that
the binding of the cofactor contributes to a structural organi-
zation of the N-terminal region of the NS3 protein, since the
N-terminal residues of NS3 display a high degree of confor-
mational flexibility (31). For the hepatitis C virus NS3 pro-
tease, folding of the N-terminal 28 residues into a �-strand and
an �-helix was observed as a result of NS4A binding (49).

Further predictions based on this model, especially changes
in the geometry of the active site associated with NS2B bind-
ing, would be too speculative at the moment. Elucidation of
the precise mechanism of cofactor-dependent activation of the
dengue virus NS3 protease has to await the resolution of the
three-dimensional structure of the NS2B-NS3 cocomplex.

The cofactor-induced activation process is comparatively
well characterized for the hepatitis C virus NS3 protease by a
number of structural and spectroscopic studies. Nuclear mag-
netic resonance experiments revealed large nonlocal structural
changes leading to a catalytic triad which is better ordered in
the presence of NS4A (38). Solution structures obtained with
a covalently bound ketoacid inhibitor disclosed a hitherto un-
recognized role for the substrate in stabilization of the catalytic
machinery by the formation of hydrogen bonds within the S�
subsite of the enzyme (2). According to this model, complex-
ation of the protease with the NS4A cofactor leads to indirect
activation of NS3 and induces a conformation which is preor-
ganized for substrate binding (5). It remains to be investigated
whether similar enzyme-substrate interactions and induced-fit
mechanisms contribute to active-site stabilization of the den-
gue virus NS2B-NS3 protease.

Taken together, our results support a model for the activa-
tion of the dengue virus protease by the NS2B cofactor which
depends critically on the presence of specific residues in the
cofactor core sequence rather than on the overall conforma-
tion. The residues located within the structural �x3� motif
play an important role in this activation process, an observa-
tion which confirms earlier findings for related flaviviral en-
zymes. In addition, we have shown that a single residue, Trp62,
located in the N-terminal region of the NS2B core segment is
of high relevance for conformational activation. The structural
reasons for this unusual requirement are not entirely clear at
the moment, and further studies are required to investigate the
complex structure-activity relationships of the dengue virus
two-component protease. These investigations are not only
useful for the understanding of the cofactor-induced activation
of proteolytic enzymes, but may also facilitate the development
of inhibitors which interfere with the formation of viral pro-
tease complexes.
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