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Abstract
Flaviviruses have a single-strand, positive-polarity RNA genome that encodes a single polyprotein.
The polyprotein is comprised of seven nonstructural (NS) and three structural proteins. The N- and
C-terminal parts of NS3 represent the serine protease and the RNA helicase, respectively. The
cleavage of the polyprotein by the protease is required to produce the individual viral proteins, which
assemble a new viral progeny. Conversely, inactivation of the protease blocks viral infection. Both
the protease and the helicase are conserved among flaviviruses. As a result, NS3 is a promising drug
target in flaviviral infections. This article examines the West Nile virus NS3 with an emphasis on
the structural and functional parameters of the protease, the helicase and their cofactors.
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Flaviviral polyprotein precursor
The Flaviviridae family currently comprises over 70 viruses, including mosquito-borne West
Nile virus (WNV) and Kunjin virus (a subtype of WNV endemic to Oceania), yellow fever
virus and dengue virus (DV), and tick-borne Japanese encephalitis virus (JEV). The
Flavivirus genus viruses are responsible for significant human disease and mortality. The WHO
estimates that there are multimillion annual cases of DV type 1–4 (DV1–4), 200,000 annual
cases of yellow fever virus and 50,000 annual cases of JEV worldwide. WNV was first isolated
in 1937 in the West Nile district of Uganda. Since 1999, when the virus was identified in the
USA, the virus has spread rapidly throughout the country [1]. WNV has been detected in 46
states of the USA. According to the US CDC, the virus has already infected 30,000 people and
has been the cause of approximately 1150 deaths (1999–2008). WNV may cause serious CNS
damage unless specific treatment is administered [2,3]. There is a significant level of
probability that the number of flaviviral infections will grow and that their geographical
incidence will spread as the continued warming of the planet will provide a more extensive
and benign environment for the flavivirus-carrying mosquito. To date, there is no specific and
effective therapy available for any flavivirus infection.
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Following infection of the host, the flavivirus positive strand 11-kb RNA genome is transcribed
into a negative-strand RNA. The daughter genomic RNA is then synthesized using a negative-
strand RNA template. Reports of sequence analysis of several flavivirus RNAs, including the
yellow fever virus genome [4], DV4 [5,6], DV2 [7–10], Kunjin virus [11] and WNV [12],
firmly established that flavivirus genomes share similar genomic organization (Figure 1).
Naturally, the respective individual flaviviral proteins are also homologous across the family
(Figure 2). As a result, the fundamental structural and regulatory parameters of the individual
flaviviral proteins are also similar but not identical.

The genomes of flaviviruses are translated into polyproteins, which then undergo proteolytic
processing. This proteolytic processing takes place both cotranslationally and post-
translationally, and it involves both the host and viral proteases. As a result of this extensive
proteolytic processing, the polyprotein precursor is transformed into mature viral proteins
[13,14]. The genomic flaviviral RNA encodes a polyprotein precursor that consists of three
structural proteins (capsid, membrane and envelope) and seven nonstructural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5) arranged in the order capsid protein–membrane
protein–envelope protein–NS1–NS2A–NS2B–NS3–NS4A–NS4B–NS5 (Figure 1). Crawford
et al. provided the early experimental evidence that flavivirus polyproteins are synthesized as
a large precursor polyprotein, which are subsequently processed into mature polypeptides
[15]. The precursor is inserted into the endoplasmic reticulum membrane and processed by the
host cell and viral proteases to transform the precursor into individual, functionally potent
proteins.

During evolution, viruses usurped multiple host cell components to maintain infectivity. Thus,
flaviviruses employ human proteases (furin and secretase), in addition to the viral NS3 protease
(NS3pro), to transform the polyprotein precursor into mature viral proteins [16–19]. It is also
likely that flaviviruses efficiently use human miRNAs to regulate the genomic RNA translation
and to maintain the required balance between the number of the early viral proteins, such as
the capsid, membrane and envelope proteins, and the late proteins, including the NS5 RNA
polymerase. If the balance between the early and the late genes is improperly maintained, the
virus propagation would not be as efficient as it is.

NS3 protease–helicase protein
The full-length viral NS3 peptide sequence represents a multifunctional protein in which the
N-terminal residues encode serine protease (NS3pro) and the C-terminal residues code for an
RNA triphosphatase, an NTPase and an RNA helicase (NS3hel) [20]. Owing to its enzymatic
activities, NS3 is implicated in both the polyprotein processing and RNA replication (Figure
1) [21,22]. The RNA triphosphatase activity likely contributes to RNA capping [23,24]. The
NTP-helicase activity unwinds the viral RNA 3′-region secondary structure, separates nascent
RNA strands from the template [25–28] and facilitates the initiation of viral replication [29].

Since the activity of NS3pro is required for several internal cleavages of the viral polyprotein
precursor, NS3pro is essential for viral replication [30,31]. However, NS3pro alone is inert
and it has an aberrant fold and structure [32]. The presence of the upstream viral-encoded NS2B
cofactor is required for NS3pro to exhibit its functional activity [33,34]. The folding and the
spatial structure of the NS3 protease domain alone are significantly different from those of the
two-component NS2B–NS3 protease complex [33,34].

Since both the plus and minus strands of template RNA are highly structured, the viral
replicating machinery requires the unwinding of the RNA secondary structure in the template
RNAs. This important function is performed by NS3hel. NS3hel is a member of the DEAH/
D-box family within the helicase superfamily 2 [21,22,35]. NS3hel has seven sequence motifs,
which are conserved in the helicase superfamily 2 and are involved in nucleic acid binding and
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ATP hydrolysis [36]. Motifs I and II, known also as Walker A and Walker B, directly bind the
ATP substrate and divalent cations and are conserved in all helicase types. Flaviviruses with
impaired NS3pro or NS3hel or both are unable to replicate, making the NS3pro–hel biological
system a promising drug target for antiviral therapy [37–43].

In the process of replication, the NS3pro–hel interacts with the RNA-dependent RNA
polymerase, the product of the viral NS5 gene [44]. The NS5 RNA polymerase is responsible
for replication of the viral genome within putative complexes comprising both viral and as-
yet-unidentified host proteins [45–48]. Until recently, flaviviral replication was believed to
occur within viral-induced membrane-bound replication complexes in the host cytoplasm.
However, in cells infected with WNV, JEV and DV a significant proportion (20%) of the total
NS5 RNA polymerase activity is resident, jointly with NS3, within the nucleus [49,50].
Accordingly, we may expect a distinctive performance of the individual NS3hel in the nucleus
compared with the full-length NS2B–NS3pro–hel that resides in the membrane-bound
replication complexes.

NS2B & NS4A cofactor proteins
By using their pioneering, diversified and sophisticated experiments in the various expression
systems convincingly, multiple authors have demonstrated that NS2B is localized upstream of
NS3 in the genome and in the flaviviral polyprotein precursor interacts functionally and
physically with NS3pro in vitro and in vivo [51–59]. Therefore, a deletion in NS2B blocks the
functional activity of NS3pro. The activity of NS3pro can be restored by providing NS2B in
trans [60].

The region that is required for a cofactor function was identified using deletions within the
NS2B gene. As a result, we now know that a conserved 40-residue hydrophilic region of NS2B
flanked by hydrophobic regions is necessary for the NS3 protease activity [60–62]. To the best
of our knowledge, Leung et al. [63] and Nall et al. [38] were the first to report expression of
the NS2B cofactor domain linked covalently to the DV and WNV NS3pro domains,
respectively, with insertion of a nine-residue flexible linker (Gly–Gly–Gly–Gly–Ser–Gly–
Gly–Gly–Gly). A cohort of outstanding authors then extensively studied the biochemical
properties of the NS2B–NS3pro construct. Owing to their efforts, we now know that NS3pro
is responsible for the cleavage of the polyprotein precursor within the capsid protein C and at
the NS2A/NS2B, NS2B/NS3, NS3/NS4A and NS4B/NS5 boundaries (Figure 1) [38,64].

Similar to NS2B, which is an essential cofactor of NS3pro, the nonstructural protein NS4A
appears to play a cofactor function for NS3hel. In the polyprotein precursor sequence, NS4A
is localized immediately downstream of NS3hel. NS4A is one of the least characterized
flaviviral proteins [59,65,66]. NS4A is highly hydrophobic, with its C-terminal region serving
as a signal sequence for the translocation of the adjacent NS4B into the endoplasmic reticulum
lumen. NS4A associates with membranes via four internal hydrophobic regions. NS4A resides
primarily in endoplasmic reticulum-derived cytoplasmic structures, which also contain dsRNA
and other DV proteins, suggesting that NS4A is a component of the membrane-bound viral
replication complex. Recent results by several laboratories suggest that NS4A regulates RNA-
coupled ATP hydrolysis by NS3hel, and that this effect was mediated by residues in the C-
terminal acidic domain of NS4A [67,68]. It is likely that the NS4A functionality allows NS3hel
to sustain the unwinding rate of the viral RNA under the conditions of ATP deficiency. The
presence of this acidic domain in the NS4A sequence of the flaviviruses and HCV family,
which is also a member of the Flaviviridae, suggests that this ATP-conserving regulatory
mechanism is preserved across the entire family (Figure 3).
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Two-component NS2B–NS3 protease
In the frequently used two-component NS2B–NS3pro recombinant constructs, the central
portion of the NS2B cofactor is linked with NS3pro via a (G)4S(G)4 linker. To facilitate its
isolation, the NS2B–NS3 construct is normally C-terminally tagged with a (His)×6 tag. Owing
to the autolytic cleavage at the WKG↓GG site, the NS2B–NS3pro constructs are readily
converted into a noncovalently bound NS2B cofactor and NS3pro. However, NS2B remains
tightly associated with NS3pro and, as a result, the functional activity is not significantly
affected. However, the samples, which contain noncovalently bound NS2B and NS3pro and
the residual amounts of the covalently bound NS3B–NS3pro, cannot be crystallized. In a step
towards solving the structure of NS2B–NS3pro, the cleavage site sequence of the NS2B–
NS3pro junction region was mutated to generate the self-proteolysis resistant, single-chain
NS2B–NS3pro mutant construct. Since the mutant construct exhibits high stability and
functional activity, it is well suited for the follow-up structural and drug design studies [69,
70]. Using the original and the mutant constructs, several inhibitors of NS2B–NS3pro have
been identified, including aprotinin (Ki ~2 nM), D-Arg-based peptides, Dec-RVKR-CMK and
α1-anti-trypsin variant Portland [71]. These inhibitors blocked not only the cleavage of the
fluorescent peptide substrates (from which pyroglutamic acid-Arg-Thr-Lys-Arg-7-amino-4-
methylcoumarin is most routinely used) but also the protein substrates (e.g., myelin basic
protein, which is highly sensitive to NS3pro proteolysis) [71].

Essential role of the NS2B cofactor
The structure of the two-component NS2B–NS3pro from WNV (PDB code 2IJO, 2GGV and
2FP7) and DV (PDB code 2FOM), which has been recently solved is an excellent model for
flaviviral protease activation, with important implications for a structure-based inhibitor design
for this entire class of flaviviruses [33,34].

The structure of the WNV and DV NS2B–NS3pro has a chymotrypsin-like fold with the active
site located at the interface of the N- and C-terminal lobes (Figure 4). The fold of the WNV
NS2B–NS3pro is similar, albeit not identical, to that of the HCV NS3pro–NS4A (PDB code
1JXP). The C-terminal part of the NS2B fragment (residues 64–96 in WNV) forms a belt that
wraps around NS3pro, ending in a β-hairpin (β2–β3). This hairpin augments the upper β-barrel
and inserts its tip directly into the protease active site. The importance of this interaction is
clearly shown by the deleterious effects of the mutation of NS2B residues Leu75 and Ile79
(conserved hydrophobic residues in flaviviruses) in DV2 [72], which lie on the inner surface
of the invading cofactor β-hairpin and anchor it to a hydrophobic cleft on NS3. In agreement,
multiple mutations in the β-hairpin (β2–β3) region of the NS2B cofactor fully inactivate the
functional activity of the two-component NS2B–NS3pro [73,74].

It is clear from the structural data that the presence of the NS2B cofactor is essential for the
functional activity of the flaviviral NS3 protease catalytic domain. However, alternative
conformations of the NS2B cofactor relative to the NS3pro domain are also possible. While
the overall fold within the protease core is similar in the NS2B–NS3pro structures of DV2 and
DV4, the conformation of the NS2B cofactor, especially in its C-terminal region implicated in
substrate binding, is dramatically different [75]. This alternative conformation of NS2B may
be a result of a unique metal-binding site within the DV1 sequence and a first-time serotype-
specific structural element in the DV subfamily of the flaviviruses.

Organization of the flaviviral NS3pro active site
The active site of chymotrypsin-like proteases includes three conserved elements [76]:
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• A classic His–Asp–Ser catalytic triad (His51, Asp75 and Ser135 in WNV), whose
precise arrangement in space is required to enhance the nucleophilicity of the serine
hydroxyl group;

• The ‘oxyanion hole’, which stabilizes the developing negative charge on the scissile
peptide carbonyl oxygen in the transition state;

• The substrate-binding β-strands E2 and B1, which help to position the substrate in
the active site.

In the WNV NS2B–NS3pro–aprotinin complex, the catalytic triad adopts a productive
geometry that is virtually identical to that observed in the trypsin–aprotinin complex (PDB
code 2FTL). Thus, the Ser135 OH–His51 Nε2 distance (2.8 Å) and the His51 Nδ1–Asp75
CO2− distance (2.7 Å) are indicative of strong hydrogen bonds, as is the distance (2.8 Å)
between the Ser135 hydroxyl oxygen and the (nominally) scissile peptide carbonyl of aprotinin.
The main chain of aprotinin residues 13–19 (PCKARII) forms antiparallel β-sheet interactions
with strands E2B and B1 of NS2B–NS3, while the side chains occupy the presumed subsites
S3–S1 and S19–S49, exactly as observed in the trypsin–aprotinin complex. The main-chain
conformations of residues occupying the S3 and S2 sites (P3 and P2) are closely
superimposable with those of the peptidic inhibitor-bound DV protease (PDB code 2FOM).

Substrate-induced fit in the oxyanion hole of NS2B–NS3pro
Intriguingly, aprotinin binding induces a catalytically competent conformation of the oxyanion
hole in the WNV NS3pro. This hole, lined by main-chain nitrogens (from Gly133 to Ser135
in WNV) is not always properly formed in the substrate-free and peptidic inhibitor-bound
structures; in those structures the peptide bond between Thr132 and Gly133 may be flipped
[77]. The flipped bond creates a helical (310) conformation for residues 131–135, which is
stabilized by two hydrogen bonds, although these are absent in the productive conformation.
It is possible that the nonproductive conformation of the oxyanion hole is energetically favored
in the absence of a substrate, acquiring the productive conformation only in the presence of a
substrate with an appropriate P1′ residue. These structural data suggest that an ‘induced fit’
mechanism [78] contributes to substrate specificity or enzyme turnover, or both, in the NS2B–
NS3pro [77].

Alternating conformations of NS2B–NS3pro
The major difference between the inhibitor-bound and inhibitor-free WNV NS2A–NS3pro
structures is in the conformation of the NS2B cofactor (Figure 4). In the inhibitor-free structure,
the β1 strand of NS2B is formed as in the aprotinin complex, augmenting the β-barrel of the
N-terminal lobe of the NS3 protease moiety. However, beyond strand β1, the last NS2B residue
that adopts the same conformation as in the aprotinin complex is Trp62, which is buried in a
pocket on the C-terminal lobe of NS3. WNV Trp62 (or DV Trp61) appears to act as an ‘anchor’
for the NS2B cofactor: accordingly, the mutation of either Trp61 [72] or of the NS3 residue,
Gln96 [79,80], which lines the base of the Trp62 acceptor pocket, does not permit catalytic
activity. Following W62, the NS2B chain adopts a new conformation in an inhibitor-free
structure: a new turn-and-a-half of helix (α1) is followed by an abrupt reversal of chain direction
at Gly70 (conserved as Gly or Ala in flaviviruses), followed by a four-residue β-strand (termed
β1′ in the original publication [33]), which augments the central β-sheet of the NS3 C-terminal
domain by making main-chain interactions with β-strand B2A. The chain then continues in the
reverse direction, toward the N-terminus of the NS2B sequence (i.e., opposite from that in the
inhibitor-bound structure). Despite these major changes in the interaction with NS2B, the NS3
coordinates are very close in all of the solved flavivirus protease structures. It is now clear that
both the WNV and DV proteases can adopt two distinct cofactor-bound conformations, thus
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raising the strong possibility that the two conformations are a conserved feature of all
flaviviruses.

Structural rationale for the substrate specificity of NS2B–NS3pro
The aprotinin-bound WNV structure [33] mimics a classic Michaelis–Menten complex,
allowing for an authentic view of the enzyme–substrate precleavage complex. WNV and
related flaviviral proteases have a requirement for basic residues at both the P1 and P2 positions
of their substrates, and Gly, Ser or Thr at the P1′ position. In the aprotinin-bound NS2B–NS3pro
structure, the P2 side chain (Arg/Lys) interacts directly with Asn84 of NS2B and indirectly
with a negatively charged surface created by the invading hairpin of NS2B, including Asp80
and Asp82, as previously proposed [81]. NS2B binding also helps to define the S1 pocket in
the WNV protease, by changing the conformation of NS3 residues 116–132, such that Asp129
is introduced into the base of the pocket, where it can salt-bridge with the P1 Arg/Lys.
Accordingly, in WNV or DV proteases, mutation of Asp129 to Glu or Ala abrogates catalysis
[64]. In trypsin, Asp189 plays an analogous role [82,83], consistent with its similar P1
specificity. The in vitro protease activity assays, in which Escherichia coli-derived Asp129Glu/
Ser/Ala mutants were used, do not completely agree with the results obtained in cell-based
assays [84]. These differences appear to be related to the incomplete folding of the protease
mutants in E. coli [84]. The S1′ pocket in NS2B–NS3pro comprises a cavity between strand
B1 and the helical turn (residues 50–53) following strand C1 and is lined on one side by the
catalytic His residue and on the other by an invariant Gly residue (Gly37 in WNV). The pocket
is well formed, but only large enough to accommodate small P1′ side chains, such as the
consensus residues Gly, Ser or Thr. Ser and Thr have the potential to bond through hydrogen
to the main-chain carbon–oxygen of the adjacent Ala36, rationalizing the P1′ preference for
these residues, while glycine leaves enough space for a water molecule. The inability of the
Ala side chain to interact with the hydrogen bond could explain its rare appearance in flavivirus
polyprotein cleavage sequences. In trypsin, no such pocket is formed because a disulfide bridge
occupies this site and, as a result, trypsin has no specificity at the P1′ position. It appears that
the additional hydrogen bond in the WNV protease compared with the DV protease places
stringent restraints on the substrate dihedral angles, allowing for limited ‘wiggle room’ for the
P1′ side chain, which is positioned close to the catalytic His; this fact could explain the
preference for glycine.

Furthermore, Trp132 in the WNV NS3pro forms a hydrogen bond with the peptide bond
involving the P1′ residue. This bond is unique for WNV because, in the DV NS3 polypeptide
chain, the Pro132 residue that occupies this position is incapable of making a similar hydrogen
bond. Accordingly, the hydrogen bond involving Thr132 stabilizes the backbone
conformations of the P1′/P2′ residues, allowing their side chains to make tight contacts with
His51 and Thr132 of the WNV NS3pro. These parameters limit the mobility of the P2′ residues,
thus leading to the preferred Gly at the P2′ position of the WNV NS2B–NS3pro.

Substrate cleavage preferences of WNV NS2B–NS3pro
In the viral polyprotein, the WNV NS2B–NS3 predominantly cleaves the sequence regions
with positively charged amino acid residues at both the P1 and the P2 positions, and Gly at
either P1′ or P2′, or both. In the P1′–P2′ positions, selectivity of DV1–4 is less evident. The
presence of any residue at P2, other than positively charged Arg or Lys, makes the substrate
resistant to the NS3pro cleavage (Table 1). Owing to the requirement for Arg/Lys at both the
P1 and P2 positions, the WNV NS2B–NS3pro resembles the furin-like proprotein convertases
from the host cells [18,85,86].

As a step towards developing a rapid and efficient inhibitor design, as well as to gain a precise
understanding of the distinctive features of flaviviral proteases, our team as well as others
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determined the substrate cleavage pattern of NS2B–NS3pro of WNV and DV2 [64,87–94].
There is a strict requirement for the presence of either Arg or Lys at the P1 and the P2 substrate
positions for NS2B–NS3pro. Consistent with the structural models of the WNV protease
[33], an exclusive preference for Gly at both the P1′ and the P2′ positions is a remarkable
characteristic of the WNV enzyme. By contrast, the DV NS2B–NS3pro tolerates the presence
of many types of amino acid residues well, except the negatively charged Asp and Glu residues,
at the P1′–P2′ positions. To support these structural and activity data, mutagenesis was then
used to transform the cleavage preferences of the WNV NS2B–NS3pro into those of the DV
enzyme [89]. The cleavage preferences of the mutant constructs were then assayed in a
positional scanning format where the P4–P1 and the P3′–P4′ positions of the peptide substrates
were fixed, and the P1′ and P2′ positions were each randomized with 18 and 15 amino acids.
Guided by the available structural models of the WNV and DV NS2B–NS3pro [33,34], the
authors established that WNV R1578L and P1633K-T1634P mutants acquired DV-like
cleavage preferences [88,89]. These results represented the first instance of engineering a viral
protease with switched substrate cleavage preferences, and a proof-of-principle that will
support the redesign of other proteases.

NS3hel, but not NS2B–NS3pro–hel, exhibits the DNA unwinding activity
Little is known about the unwinding mechanism of the ATP-dependent, 3′–5′ flaviviral
helicases, members of the DEXH family of helicases. Very recent structural studies captured
DV4 NS3hel at several stages along the catalytic pathway, including bound to ssRNA, to an
ATP analog, to a transition-state analog and to ATP hydrolysis products (PDB code 2JLQ,
2JLR, 2JLS, 2JLU, 2JLV, 2JLW, 2JLX, 2JLY and 2JLZ). These studies demonstrated, for the
first time, large quaternary changes in the Flaviviridae helicase, identified the catalytic water
molecule and pointed to a β-hairpin that protruded from the helicase structure as a critical
element for double-stranded RNA unwinding [27,28]. RNA recognition by DV4 NS3hel
appeared largely sequence independent in a way remarkably similar to eukaryotic DEAD box
proteins Vasa and eIF4AIII [35,95–98]. The relative orientation of the protease and helicase
domains may be drastically different in the flaviviral helicases. For example, in the structure
of NS2B–NS3pro–hel from Murray valley encephalitis virus (PDB code 2WV9), the NS3pro
and the NS3hel domains are spatially separated [99], while in the DV4 structure (PDB code
2VBC), these domains are packed more closely [27,28]. It is possible that this difference in
acquiring alternative conformations by the recombinant NS3 constructs is dictated by a flexible
interdomain linker and the small protease/helicase interface, thereby suggesting that the
NS3pro and NS3hel domain are loosely tethered, although other suggestions are also plausible.

Previous biochemical studies of flavivirus helicases predominantly concentrated on truncations
that included only the helicase domain of NS3 but not the protease region of NS3 and the NS2B
cofactor. However, the presence of a properly folded and functional NS2B–NS3pro domain is
required for the selective unwinding activity of NS2B–NS3pro–hel. Thus, the NS2B–NS3pro–
hel construct and the individual NS3hel domain exhibit a similar RNA unwinding activity. The
unwinding efficiency of the DNA duplex by the NS2B–NS3pro–hel construct is exceedingly
low. By contrast, the individual NS3hel was highly active in the DNA unwinding reactions.
In addition, the NS3pro–hel construct that lacks the NS2B cofactor and represents the C-
terminal portion of the NS3pro domain sequence and the intact NS3hel domain acquired the
ability to unwind the DNA duplex as efficiently as NS3hel. It is likely that the correct,
productive fold of the N-terminal NS2B–NS3pro portion is essential for the RNA selectivity
of the full-length NS2B–NS3pro–hel construct [100]. It is tempting to hypothesize that this
regulatory mechanism plays an important role in WNV replication, which occurs both within
the virus-induced membrane-bound replication complexes in the host cytoplasm and in the
nuclei of infected cells. It appears that in the course of WNV replication within virus-induced,
membrane-bound replication complexes in the host cytoplasm the strict RNA unwinding
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activity of the WNV NS3 is required for coordinating the helicase activity with the activity of
the NS5 RNA-dependent RNA polymerase and for avoiding interference by the host DNA. In
turn, when a significant fraction of NS3 that is no longer associated with the membrane NS2B
cofactor relocalizes jointly with NS5 to the nucleus in infected cells [49,50], the capacity of
this viral helicase to unwind DNA opens a wide spectrum of possibilities beyond its role in
viral RNA replication. Furthermore, in-depth studies are required to elucidate the precise
mechanisms and the functional role of the NS3 protein in viral replication in vivo.

Implications for drug design
In all crystal structures of NS2B–NS3pro to date, the NS2B cofactor is located either at a
distance from the substrate-binding site (open conformation) in the absence of an inhibitor and
lining the substrate-binding site (closed conformation) in the presence of an inhibitor. In other
words, the open conformation signifies the protease with a low level of functional activity, if
any. In turn, the closed conformation is a characteristic of the functionally potent enzyme. The
unfortunate consequence is that the protease can be activated by low concentrations of the
active site-targeting inhibitors, a phenomenon recently reported with the structurally and
functionally similar NS3 protease from HCV [101]. As a result, there is a challenging
opportunity for the design of the highly selective antagonists that target the NS2B and NS4A
cofactor functions, and which, through targeting the cofactor functions, would affect the
activity of the viral NS3pro–hel enzymes. The recent development of the NS4A HCV
antagonists (ACH-806 and ACH-1095, Achillion Pharmaceuticals, CT, USA), the activity of
which is synergistic with NS3pro and NS5B RNA polymerase inhibitors, supports this
suggestion [102,103].

Similarly, it is possible to identify the NS2B–NS3pro inhibitors that would affect the NS2B/
NS3pro interface and would stimulate the conformation transition leading to the inactivation
of the proteolytic activity of NS2B–NS3. Recent attempts by several groups suggest that this
opportunity is now well recognized and appreciated [31,39,41,104–112]. Other researchers
have been on a quest to identify the active site-targeting NS3pro antagonists, including the
small molecule- and the peptide-based inhibitors [31,113–119] and, more recently, the highly
selective human recombinant antibodies [120].

However, the focused drug optimization efforts, are still in their infancy, suggesting,
optimistically, that the more potent, optimized small-molecule inhibitors of the flaviviral
proteases will be available in the near future. Coordinated efforts similar to the EU Vizier
Project [121], which covers topics from viral genomics to structural biology and inhibition
mechanisms, are required to shed light on the design and development of antiviral drug leads.

Future perspective
The current structural studies of NS2B–NS3pro and NS2B–NS3pro–hel provided a start-up
based on which structure-based drug design could be initiated. However, the realworld
knowledge of how the protease and the helicase function in the virus lifecycle requires the
precise biochemical and structural analysis of the multicomponent membrane-embedded
complexes, which involve the full-length NS2B, NS3 and NS4A rather than their individual
hydrophilic domains. Much work remains to be completed in order to unravel the structural–
functional parameters of these enzyme complexes in a molecular detail. This structural analysis
represents the next hurdle that virologists, enzymologists, structural biologists and medicinal
chemists have to overcome jointly in order to design novel, potent and safe antivirals that will
be effective in human patients.
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Executive summary

West Nile virus is an emerging pathogen

• Owing to climate change, there is a significant probability for further outbreaks of
flaviviral infections, including West Nile virus worldwide and, especially, dengue
virus in the Americas.

• There is no specific and effective therapy available for flavivirus infections,
including West Nile virus.

• Novel, potent and safe antivirals are urgently required.

Flaviviral NS3 protease is required for the proteolytic processing of the viral
polyprotein precursor

• The flaviviral NS3 is a multifunctional enzyme.

• The serine protease domain represents the N-terminal portion of NS3.

• The ATP-dependent RNA helicase domain represents the C-terminal portion of
NS3.

• NS3 protease cleaves the polyprotein at the NS2A/NS2B, NS2B/NS3, NS3/NS4A,
NS4A/NS4B (probably) and NS4B/NS5 boundaries and in the capsid protein C.

To exhibit the proteolytic activity, the NS3pro requires the NS2B cofactor

• NS2B is encoded by the upstream gene in the flaviviral genome.

• The cofactor activity of the hydrophilic central portion is approximately equivalent
to that of the entire NS2B sequence.

• There are alternating structural folds of the NS2B–NS3 protease constructs.

• The NS4A protein is a likely cofactor of the NS3 helicase.

NS4A is encoded by the downstream gene in the flaviviral genome

• It is likely that NS4A helps the helicase to sustain the unwinding rate of the viral
RNA under the conditions of ATP deficiency.

• This effect was mediated by residues in the C-terminal acidic domain of NS4A.

NS3 is a promising drug target in the Flaviviridae family

• The multicomponent membrane-embedded NS2B–NS3–NS4A complexes, which
involve the full-length viral proteins, should be analyzed in the near future.

• The allosteric inhibitors that target the cofactors of the NS3 protease and helicase
may lead to the development of selective and safe antivirals.
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Figure 1. Organization of the capsid–membrane–envelope–NS1–NS2A–NS2B–NS3–NS4A–NS4B–
NS5 polyprotein precursor, showing cleavage sites by the viral NS2B–NS3pro (gray arrows) and
host cell secretase and furin (black arrows), with detail of the NS2B and NS3 sequences
The hydrophilic central region of the NS2B cofactor is gray. The West Nile virus residue
numbering is shown above the polyprotein structure.
C: Capsid; E: Envelope; M: Membrane; NS: Nonstructural; TM: Transmembrane domain.
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Figure 2. NS3 sequences of the flaviviruses
(A) Sequence alignment of the NS3pro domain. Sections highlighted in red indicate identity;
red letters indicate homology. Secondary structure elements above the sequences are for the
WNV NS2B–NS3pro; those below are for the HCV NS3pro–NS4A (PDB entry 1JXP). Gray
rectangles highlight regions where the folds of the WNV NS2B–NS3pro and the HCV NS3pro-
NS4A differ. The residues of the Asp-His-Ser catalytic triad are indicated by green asterisks.
(B) Sequence alignment of flaviviral NS2B and HCV NS4A. Boxes indicate minimal cofactor
segments required for activation of NS3pro in vitro. TM1–TM4 are predicted transmembrane
regions. Hydrophobic and aromatic residues are green, polar are black, acidic in red and basic
in blue. Secondary structure elements are for the WNV NS2B–NS3pro–aprotinin complex; the
alternate elements (α1 and β19) found in the inhibitor-free WNV and DV NS2B–NS3pro are
drawn with dotted lines.
DV: Dengue virus; JEV: Japanese encephalitis virus; KV: Kunjin virus; TM: Transmembrane;
WNV: West Nile virus; YFV: Yellow fever virus.
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Figure 3. Sequence alignment of the flaviviral NS4A
The acidic C-terminal motif is in a frame. The 44–53 acidic motif of HCV NS4A is shown
below the alignment. Homologous residues are in gray. Dots indicate identical residues.
DV: Dengue virus; JEV: Japanese encephalitis virus; KV: Kunjin virus; WNV: West Nile
virus; YFV: Yellow fever virus.
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Figure 4. Structure of the West Nile virus NS2B–NS3pro
(A) Aprotinin-bound NS2B–NS3pro with secondary structural elements and N- and C-termini
indicated. The N- and C-terminal lobes of NS3 are green and gray, respectively. NS2B and
aprotinin are purple and yellow, respectively. The linker between the two lobes is orange. The
catalytic triad is shown as black balls. The localization of the structural elements in the peptide
sequence is shown in Figure 2. (B) Two conformations of the NS2B cofactor. Superposition
of WNV NS2B–NS3 proteases: substrate-free (green and blue) and aprotinin-bound (gray and
red). The secondary elements of NS2B unique to the substrate-free (α1 and β1′) and the
substrate-bound (β2 and β3) structures, as well as the alternative C-termini are indicated. The
point of departure (Trp62) for the two NS2B elements is labeled and shown as a stick model.
The elements β2′ and β3′ in the substrate-free structure are stabilized by crystal contacts.

Shiryaev and Strongin Page 20

Future Virol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Shiryaev and Strongin Page 21

Ta
bl

e 
1

K
no

w
n 

cl
ea

va
ge

 si
te

s o
f N

S3
 p

ro
te

as
e 

in
 th

e 
fla

vi
vi

ra
l p

ol
yp

ro
te

in
 p

re
cu

rs
or

.

C
ap

si
d 

C
N

S2
A

/N
S2

B
N

S2
B

–N
S3

N
S3

/N
S4

A
N

S4
B

/N
S5

W
N

V
Q

10
1 K

K
R
↓G

G
TA

10
8

N
13

67
R

K
R
↓G

W
PA

13
74

Y
14

98
TK

R
↓G

G
V

L15
05

S21
17

G
K

R
↓S

Q
IG

21
24

G
25

22
LK

R
↓G

G
A

K
25

29

JE
V

Q
10

2 N
K

R
↓G

G
N

E10
9

N
13

70
K

K
R
↓G

W
PA

13
77

T15
01

TK
R
↓G

G
V

F15
08

A
21

20
G

K
R
↓S

A
V

S21
27

S25
64

LK
R
↓G

R
PG

25
71

Y
FV

R
98

 K
R

R
↓S

H
D

V
10

5
F13

51
G

R
R
↓S

IP
V

13
58

G
14

81
A

R
R
↓S

G
D

V
14

88
E21

04
G

R
R
↓G

A
A

E21
11

T25
03

G
R

R
↓G

SA
N

25
10

D
V

1
R

97
 R

K
R
↓S

V
TM

10
4

W
13

41
G

R
K
↓S

W
PL

13
48

K
14

71
K

Q
R
↓S

G
V

L14
78

A
20

90
G

R
R
↓S

V
SG

20
97

G
24

89
G

R
R
↓G

TG
A

24
96

D
V

2
R

97
 R

R
R
↓T

A
G

V
10

4
S13

42
K

K
R
↓S

W
PL

13
49

K
14

72
K

Q
R
↓A

G
V

L14
79

A
20

90
G

R
K
↓S

LT
L20

97
N

24
88

TR
R
↓G

TG
N

24
95

D
V

3
K

97
 R

K
K
↓T

SL
C

10
4

L13
40

K
R

R
↓S

W
PL

13
47

Q
14

70
TQ

R
↓S

G
V

L14
77

A
20

89
G

R
K
↓S

IA
L20

96
T24

87
G

K
R
↓G

TG
S24

94

D
V

4
G

96
 R

K
R
↓S

TI
T10

3
A

13
41

SR
R
↓S

W
PL

13
48

K
14

71
TQ

R
↓S

G
A

L14
78

S20
89

G
R

K
↓S

IT
L20

96
T24

84
PR

R
↓G

TG
T24

91

Th
e 

na
tu

ra
l c

le
av

ag
e 

si
te

s e
xi

st
 in

 th
e 

ca
ps

id
 p

ro
te

in
 C

 a
nd

 a
t t

he
 N

S2
A

/N
S2

B
, N

S2
B

/N
S3

, N
S3

/N
S4

A
 a

nd
 N

S4
B

/N
S5

 b
ou

nd
ar

ie
s o

f t
he

 p
ol

yp
ro

te
in

 p
re

cu
rs

or
.

Th
e 

P1
′ a

nd
 P

2′
 G

ly
 re

si
du

es
 a

re
 in

 b
ol

d.
 A

rr
ow

s i
nd

ic
at

es
 th

e 
sc

is
si

le
 b

on
d.

D
V

: D
en

gu
e 

vi
ru

s;
 JE

V
: J

ap
an

es
e 

en
ce

ph
al

iti
s v

iru
s;

 W
N

V
: W

es
t N

ile
 v

iru
s;

 Y
FV

: Y
el

lo
w

 fe
ve

r v
iru

s.

Future Virol. Author manuscript; available in PMC 2011 September 1.


