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A series of inhibitors related to the benzoyl-norleucine-lysine-arginine-arginine (Bz-nKRR) tetrapeptide
aldehyde was synthesized. When evaluated against the West Nile virus (WNV) NS3 protease, the measured
IC50 ranges from∼1 to 200µM. Concurrently, a modeling study using the recently published crystal structure
of the West Nile NS3/NS2B protease complex (pdb code 2FP7) was conducted. We found that the crystal
structure is relevant in explaining the observed SAR for this series of tetrapeptides, with the S1 and S2
pockets being the key peptide recognition sites. In general, a residue capable of bothπ-stacking and hydrogen
bonding is favored in the S1 pocket, while a positively charged residue is preferred in the S2 pocket. This
study not only confirms the importance of the NS2B domain in substrate-based inhibitor binding of WNV,
it also suggests that the crystal structure would provide useful guidance in the drug discovery process of
relatedFlaViVirus proteases, given the high degree of homology.

Introduction

West Nile virus (WNV) was first identified in 1937 in the
West Nile district of Uganda and was subsequently characterized
in the 1950s.1 Since then, the virus has spread to the different
continents, with outbreaks in Algeria, Romania, Russia, etc.2

The virus was first found in North America in 1999 and the
subsequent spread in the United States is an important milestone
in the evolving history of this virus.3 Like many other viruses
in theFlaViVirdae family, WNV is transmitted by the bite from
infected mosquitoes.4,5 While 80% of the infected human
population shows no symptoms, the remaining population may
develop mild symptoms and in severe cases the disease may
be fatal.6

WNV contains single-stranded, positive-sense RNA genome,
which encodes three structural (C, prM, E) and seven nonstruc-
tural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
proteins.7 At present, there is no specific treatment for WNV
infection. An attractive target identified for drug development
is the WNV NS3 protease. Apart from being essential for viral
replication, success has been demonstrated with the closely
related hepatitis C virus (HCV) protease.8-11 For flavivirus NS3
protease activity, it has been demonstrated that the NS2B
cofactor is essential for catalytic activity.12,13 With the lack of
crystal structure, rationale-based drug design of WNV protease
inhibitors has been guided by homology models: the NS3
domain either alone14,15 or together with the NS2B domain,
based on the crystal structure of HCV NS3 with NS4A
cofactor.16,17 However, the protease activity of HCV only
requires a short 14 amino acid segment of the NS4A, as opposed
to a 40 amino acid segment in other flaviviruses like WNV.18,19

This throws into question whether these homology models are
appropriate representations of the active WNV protease.

However, very recently a high-quality crystal structure of the
WNV NS2B/NS3 cocrystallized with the substrate-based inhibi-
tor benzoyl-norleucine-lysine-arginine-arginine (Bz-nKRR) al-
dehyde has become available from our group.20 This structure
revealed that the WNV NS2B cofactor differs substantially from
other cofactor activated proteases such as HCV NS4A/NS3 and

is actively involved in substrate binding. Motivated by the
availability of this interesting structure, we conducted a model-
ing study in order to better understand the interactions between
the WNV NS2B/NS3 and peptide-based inhibitors. By compar-
ing the models with the in vitro activities of these inhibitors,
we found that the crystal structure is relevant in explaining the
observed SAR for this series of tetrapeptide inhibitors. This not
only confirms the importance of the NS2B domain in substrate-
based inhibitor binding of WNV, it also suggests that the crystal
structure would provide useful guidance in the drug discovery
process for relatedFlaViVirus proteases.

Methods

To probe the binding characteristics of the WNV protease active
site, a series of tetrapeptide aldehydes was synthesized (see our
previously published work for synthetic details)21,22 and tested for
activity. Inhibitors were assayed in a 96-well plate format using
50 mM Tris, pH 8.5, 1 mM CHAPS in a final volume of 50µL.
Typically enzyme conjugate WNV CF40-gly-NS3pro187 (50 nM)
was preincubated with various concentrations of test compounds
at 37°C for 30 min. The reaction was then initiated by the addition
of substrate Bz-nKRR-AMC at 20µM. Reaction progress was
monitored continuously by following the increase in fluorescence
(excitation 385 nm, emission 465 nm) on a TECAN Safire plate
reader. IC50 values were derived for inhibitors by fitting the
calculated initial velocities to a nonlinear regression curve fit using
GraphPad Prism software (San Diego, CA). Each point of the IC50

curve was carried out in duplicate during a single experiment.
The synthesized peptide aldehydes (Table 1) were modeled using

the crystal structure of WNV NS2B-NS3pro cocrystallized with
the tetrapeptide aldehyde Bz-nKRR-H (PDB ID 2FP7) that was
recently published by our group.20 Preparation of the protein prior
to modeling included adding hydrogen via the “Add Hydrogen”
utility in Sybyl 6.9.23 Without perturbing the protein structure, the
Bz-nKRR tetrapeptide template was mutated to the corresponding
peptide aldehydes in Table 1 using Sybyl 6.9.23 These mutated
inhibitor-protein complexes were then imported into Maestro 7.0
for optimization.24 The prepared geometries corresponded to the
protease tetrahedral transition structure with the aldehyde oxygen
of the inhibitor given a formal charge of-1 and assumed to be
singly bonded to the carbonyl carbon. For the catalytic triad S135-
H51-D75 of the WNV protease, the charge on H51 is assumed to
be positive with the addition of the proton from S135 to the
imidazole ring while the D75 side chain is negatively charged. All
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water molecules, except O22, which probably plays an important
role in the conformation adopted by the Bz-nKRR tetrapeptide
aldehyde (see discussion below), were removed. The complexes
were optimized using default parameters in Macromodel 9.0,25

except relaxation was allowed to continue for at most 5000 cycles
using the MMFFs26,27 force field with the PRCG28 optimization
scheme. In all calculations, the tetrapeptide inhibitors and any amino
acid residue having an atom within 8 Å of the inhibitor were
allowed to relax while the remainder of the protein was kept frozen.
When the procedure outlined above was benchmarked against the
structure of the Bz-nKRR-WNV NS2B-NS3pro complex (2FP7),
the original crystal structure was closely reproduced, thus suggesting
that the procedure is suitable for the modeling study conducted
here.

Discussion

Detailed analysis of the folds adopted in the Bz-nKRR-WNV
NS2B/NS3 complex (2FP7) has been presented previously, with
the inhibitor-protein interaction briefly discussed.20 Further
inspection of the X-ray crystal structure revealed important
information about the nature of the binding pockets (Table 2).
The S1 pocket is the most well-defined binding pocket in the
crystal structure. With the carbonyl carbon of the P1 arginine
bonded covalently to the catalytic S135 (C-O ) 1.36 Å), the
S1 pocket is predominantly hydrophobic due to the presence

of two tyrosine side chains (NS3: Y150, Y161) forming the
bottom and the edge of the pocket, with opportunities for
substrate/inhibitor-enzyme hydrogen bonding via the protein
backbone atoms of NS3 (Y130, P131, S135 and G151) and the
side chain of NS3 (D129 and Y151) (Figure 1). Even though
the S2 pocket is also well-defined, it is much narrower when
compared to S1. Lined with hydrogen-bond donors and accep-
tors, the S2 pocket is defined by the NS2B (G83, N84, and
F85) and NS3 (H51, E74, D75, and N152) residues (Figure 1).
In contrast to S1 and S2, the S3 pocket is relatively wide and
shallow, with one side of the pocket lined with hydrophobic
side chains (NS3: V154, I155), and the other side comprised
of hydrogen-bond donor/acceptor atoms from the backbone of
NS2B (F85, Q86, L87) and NS3 (G153) (Figure 1). The vague
shape and contrasting binding environment on the sides of the
pocket lead to a rather undiscriminating S3 pocket. The binding
region of S4, made up entirely of the solvent-exposed hydro-
phobic residue I155, might be better described as a “patch”,
since the shape of the pocket is ill-defined. Overall, the crystal
structure suggests that the S1 and S2 pockets would be the
dominant peptide recognition sites, which is in agreement with
the homology model of the WNV NS2B/NS3 recently published
by Young et al.16 However, the importance of the NS2B cofactor
contribution to the S2 and S3 pockets was not predicted in their
work. Interestingly, while their homology model suggested that
V115 forms part of the S1 pocket, in the crystal structure 2FP7,
the residue is located some 18 Å from the pocket. Given this
observation, it is unlikely that the inactivation of the WNV
protease by V115 mutation is a consequence ofdirect perturba-
tion of the S1 pocket as originally proposed.16 In the crystal
structure, this valine is located in the B2b region of the NS3
domain, with the backbone of the residue interacting with E73
and V75 of the NS2Bâ3 strand. Even though the backbone-
backbone interaction would be retained with V115A and V115F
mutation, it is plausible that changes in the side chain may
perturb the region sufficiently to disturb the essential interface
between NS2B and NS3. With V115 located within 4 Å of
NS2B R74, Vf F mutation creates an opportunity for cation-π
interaction between the side chains. This would lead to changes
in the protein, which provides an alternative rationale for the
inactivation of the protease upon V115F mutation.

In the crystal structure 2FP7, the P1 arginine in Bz-nKRR
aldehyde is stabilized by interaction between the carbonyl
oxygen and H51, hydrogen bonding with side chain interactions
with D129 and Y130, and a backbone interaction with G151
(Figure 1). On the basis of a homology model, Young et al.16

predicted that P1-R would interact with S160 and S163 in the
S1 pocket. However, in the crystal structure, these two serine
residues are not found in the S1 pocket. Thus, the observed
decrease in substrate affinity upon S160A and S163A mutation
may not be due to the perturbation of hydrogen bonds to the
P1-R as originally suggested. Here we noted that the side chain
oxygen of S163 and S160 are hydrogen bonded to G151 and
N158, respectively. As G151 forms part of the S1 pocket,
adjacent to the important residue Y150, disruption of hydrogen
bonding upon Sf A mutation will change the shape/size of
the S1 pocket directly. Previously, it has been noted that one
of the key differences between theliganded WNV and the
unligandedDengue virus crystal structure lies in the NS2B folds
beneath theâ-loop E2b-F2.20 With the N158 residue located
at the loop between E2b and F2â-sheets, S160A mutation is
very likely to change the shape/size of the S1 pocket indirectly.
In other words, even though S160 and S163 are not in the S1
pocket and hence not interacting with P1-R as proposed,16 the

Table 1. Inhibition of West Nile Virus NS3 Protease by Tetrapeptide
Aldehyde Inhibitorsa

compd aldehyde inhibitors IC50 (mM)

1 Bz-Nle-Lys-Arg-Arg-H 4.1
2 Bz-Nle-Pro-Arg-Arg-H 14.3
3 Bz-Nle-Lys-N-Me-Arg -Arg-H 57.8
4 Bz-Nle-N-Me-Lys-Arg-Arg-H 73.6
5 Bz-N-Me-Nle-Lys-Arg-Arg-H 9.3
6 Bz-Nle-Lys-Arg-D-Arg -H 14.0
7 Bz-Nle-Lys-D-Arg -Arg-H 128.6
8 Bz-Nle-D-Lys-Arg-Arg-H 23.8
9 Bz-D-Nle-Lys-Arg-Arg-H 2.6

10 Bz-Nle-Lys-Arg-Ala-H 4.6
11 Bz-Nle-Lys-Ala-Arg-H 262.0
12 Bz-Nle-Ala-Arg-Arg-H 3.8
13 Bz-Ala-Lys-Arg-Arg-H 0.7
14 Bz-Nle-Lys-Arg-Phe-H 109.8
15 Bz-Nle-Lys-Phe-Arg-H 108.0
16 Bz-Nle-Phe-Arg-Arg-H 4.2
17 Bz-Phe-Lys-Arg-Arg-H 1.2
18 Bz-Nle-Lys-Arg-Phg-H 90.9
19 Bz-Nle-Lys-Arg-(p-Ph)-Phe-H 22.7
20 Bz-Nle-Lys-Arg-(p-CN)-Phe-H 62.0
21 Bz-Nle-Lys-Arg-Tyr -H 41.5
22 Bz-Nle-Lys-Arg-His-H 43.1
23 Bz-Nle-Lys-Arg-Lys-H 57.7
24 Bz-Nle-Lys-Arg-Trp -H 10.0
25 Bz-Nle-Lys-Arg-(p-guanidinyl)-Phe-H 11.8
26 Bz-Nle-Lys-Arg-(p-Cl)-Phe-H 202.8
27 Bz-Nle-Lys-Lys(Z)-Arg-H 99.5
28 Bz-Nle-Lys-Lys-Arg-H 1.9

a Bold residues highlight difference with respect to the reference
tetrapeptide 1.

Table 2. Amino Acid Residues Forming the S1-S4 Pockets of the
West Nile Virus (WNV) in the Bz-nKRR-WNV NS2B/NS3 Crystal
Structure (2FP7)

pocket NS2B NS3

S1a n/a D129, Y130, P131, T132, S135, Y150, G151, Y161
S2b G83,N84, F85 H51, E74, D75, N152
S3c F85, Q86, L87 G153, V154, I155
S4 n/a I155

a Residues predicted to be in the S1 pocket by Fairlie et al.:17 V115,
D129, Y150, S163, I165. Those predicted by Young et al.:16 V115, D129,
Y150, S160, S163.b Residues predicted to be in the S2 pocket by Fairlie
et al.:17 H51, D75, G151, N152. Those predicted by Young et al.:16 N152.
c Residues predicted to be in the S3 pocket by Fairlie et al.:17 G153, I155.
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shape/size of the S1 pocket would be perturbed upon Sf A
mutation, thus providing an alternative rationale to the observed
decreased in substrate affinity. The P2-S2 interaction comprises
two hydrogen bonds, with the arginine interacting with NS3
N152 and NS2B G83 (Figure 1), while the P3-K makes four
hydrogen bonds: two from the lysine side chain to NS2B F85
and Q86 and another two between the backbone carbonyl
oxygen of lysine with the backbone amide of G153 and the
side chain of Y161. No hydrogen bonding is observed between
the P4-norleucine and the S4 binding region.

Interestingly, the Bz-nKRR peptide inhibitor (1) adopts a
rather unusual “cyclic” conformation, in which the phenyl ring
of the P4-Bz cap lies almost parallel to the positively charged
P1-R side chain so that the guanidine is sandwiched between
the phenyl rings of the Bz cap and Y150. This conformation is
stabilized by three factors: cation-π interaction between Bz
cap and the guanidine side chain (∼3.49 Å from the centroid
of the phenyl-π ring to the guanidine carbon); the presence of
a bridging water between P1-R (carboxyl O‚‚‚O22) 3.39 Å),
P2-R (amide N‚‚‚O22 ) 2.96 Å), and P4-Bz cap (carboxyl
O‚‚‚O22 ) 3.12 Å); and an intramolecular hydrogen bond
between the P1-R side chain and the P2 carbonyl oxygen (N‚
‚‚O ) 3.10 Å). A proline mutation was performed in the P3
position to assess the characteristics of the inhibitor conforma-
tion. Despite losing the side chain hydrogen bonds (to F85 and
Q86), as the peptide Bz-nPRR (2) retains the backbone
conformation of Bz-nKRR (1) (Figure 2), the peptide remains
moderately potent. This thus suggests an opportunity for adding
rigidity to the design of potent inhibitors.

One of the characteristics of the serine protease molecular
recognition mechanism is the backbone-backbone hydrogen
bonds made with the substrate. Thus, a methyl scan of the
backbone amide nitrogen was performed to probe this aspect.
Methylation of the amide nitrogen of P4 (5) had little effect on
the IC50, which is expected, as the NH was not interacting with
the enzyme in the crystal structure. The only notable geometrical
change is a slight shift of the P4-Bz cap, which probably leads
to a diminished cation-π interaction with the P1-R and may
account for the 2-fold decrease in IC50. Methylating the P3
amide nitrogen (4) led to an 18-fold loss of potency of the

tetrapeptide. Our model suggests that this peptide binds to WNV
protease in an identical fashion as Bz-nKRR, so this drastic
loss of potency may be related to some dynamic process of
molecular recognition. Last, methylating the P2 amide nitrogen
(3) decreased the peptide inhibitor activity by nearly 14-fold.
This may be due to the displacement of the bridging water (O22)
in the crystal structure (arising from the loss of the amide NH‚
‚‚O22 interaction), which was postulated to be partly responsible
for stabilizing the tetrapeptide in the “cyclic” conformation.

A stereoscan of the reference tetrapeptide Bz-nKRR was also
performed to gain a better understanding of the stereoselectivity
of the binding pockets. Given the nature of the S4 binding
region, substituting the P4-norleucineL with norleucineD (9) as
expected did little to change the activity of the peptide.
Surprisingly, the P1-RL to RD substitution (6) also had little
effect. Overlapping our model for6 with the crystal structure,
we found that the side chain guanidinyl group at P1 was in a
similar position for both peptides (Figure 3a), thus not disrupting

Figure 1. (a) A two-dimensional plot of the key interactions between Bz-nKRR and WNV protease in 2FP7, with the contributions from NS2B
and NS3 domain labeled as A and B, respectively. (b) Connelly surface of the WNV active site with the Bz-nKRR inhibitor shown in stick format
with hydrogen removed for clarity; residues contributing to the S1, S2, S3, and S4 pockets colored as cyan, red, orange, and green, respectively.
The NS2B contributions to the active site (S2 and S3) are colored purple. Note the phenyl ring of the P4-Bz cap lies almost parallel to the positively
charged P1-R side chain.

Figure 2. Model of Bz-nPRR (2, coral) in WNV protease and Bz-
nKRR (1 from 2FP7, cyan), with nonpolar hydrogens and side chains
removed for clarity. Note the backbone conformation of the peptide
found in 2FP7 is well-retained when the P3 lysine is replaced by proline.
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the important interactions found in the Bz-nKRR (1). Our model
suggests that regardless of the stereochemistry for the P1
arginine, the interaction with D129 in the S1 pocket is retained.
Changing the stereocenter of P3 (lysineL to lysineD, 8) led to a
7-fold decrease in potency. The root cause of the potency loss
is not clear from our current model. Converting P2-RL to RD

(7) led to a loss in potency of more than 30-fold. Our model
suggests that such substitution may lead to the disruption of
backbone hydrogen bonds between the tetrapeptide and the
protein, with the distance between P1-R amide nitrogen with
G151 and P3 carbonyl oxygen with G153 increasing by over
1.5 Å when compared to that of 2FP7 (Figure 3b).

To gain insight into the WNV protease substrate binding
characteristics, an alanine scan of the reference compound Bz-
nKRR (1) was performed. The IC50s suggests that potency of
the tetrapeptide is unaffected with substitution at the P3 (12)
position. This is to be expected for the P3 position, as the
backbone hydrogen-bonding interaction is retained when the K
is substituted with A. Replacing the P1- or P2-Arg by alanine
(10, 11) led to a dramatic loss of potency. This is also expected
given the importance of the S1 and S2 pockets in substrate
recognition, and the loss of side chain interactions (D129, T130
for 10 and N152 for11). Interestingly, alanine substitution at
the P4 position (Bz-AKRR,13) yielded a slightly more potent
peptide. Given the general lack of interaction between S4 and
P4, this change in potency is probably driven by solvent entropy
when the longer hydrophobic norleucine is being replaced by
the shorter alanine side chain.

We further probed the importance ofπ residues in the binding
pockets with a phenylalanine scan of the reference compound.
Results from the substitution of P2 (15), P3 (16), and P4 (17)
are consistent with our discussions presented above. Substitution

at the P1 position with a phenylalanine (Bz-nRKF,14) resulted
in a much less potent inhibitor when compared to1. This was
rather surprising given that the WNV S1 pocket is lined with
aromatic residues. Our model suggests that the P1 phenyl ring
of Bz-nRKF may not be extending far enough into the S1 pocket
to take advantage of theπ stacking environment presented by
the Bz cap (Figure 4). In addition, the hydrogen bonding
between the guanidinyl group and D129 was lost upon phenyl-
alanine substitution, so the loss of potency of Bz-nKRF (14)
may be due to a combination of both factors.

In an effort to exploit the aromatic character and hydrogen
bonding available in the S1 pocket, a series of peptides was
synthesized and evaluated (18-26). Replacing the P1 phenyl-
alanine with phenylglycine (18) led to a similarly inactive
tetrapeptide. On the other hand, adding a phenyl ring (19) or
cyano group (20) at the para-position of phenylalanine increased
the activity over Bz-nKRF (14). These results are consistent
with our hypothesis that the phenyl group in Bz-nKRF (and
hence also in18) is too far from Y161 to take advantage of the
π stacking environment present in the S1 pocket, which can be
improved by extending theπ system in the case of19 and20.
Tyrosine (21), which has aπ ring at the same location as
phenylalanine in14, had a 2-fold improvement in activity,
presumably due to hydrogen bonding via the phenol OH to the
side chain of D129. Similarly, the NH3+ group of lysine in Bz-
nKRK (23) also forms a hydrogen bond with the side chain of
D129, thus yielding a comparable IC50 to 21. However, Bz-
nKRY [likewise Bz-nKRH (22) and Bz-nRKK (23)] was still
10-fold less active than Bz-nKRR due to either the loss of the
π-π interactions or hydrogen bonds. Both criteria are met in
Bz-nKRW (24): with the combined effect ofπ-π interaction
(the indole ring with Y161 and Bz capping group) and hydrogen

Figure 3. (a) Model of Bz-nKRRD (6, coral) in WNV protease and Bz-nKRRL (1 from 2FP7, cyan). Note the very good overlap between the two
tetrapeptides, except for the minor deviation for Câ and Cγ. The P4-Bz cap, nonpolar hydrogens of the peptides, and all protein atoms are not shown
for clarity. (b) Model of Bz-nKRDR (7, coral) in WNV protease and Bz-nKRLR (1 from 2FP7, cyan), showing only the backbone atoms and polar
hydrogens of P1-P3 along with G151 and G153 of WNV NS3. The distance, in Å, for the pairs of backbone hydrogen bonds found in 2FP7, 1.86
Å (2.76 Å O-N) and 2.03 Å (2.97 Å N-O), with the corresponding distance in the model for Bz-nKRDR (7)-WNV, 3.53 Å (4.43 Å O-N) and
3.48 Å (3.94 Å O-N), included in parentheses.

Figure 4. Stereoview for the model of Bz-nKRF (14, coral) in WNV protease and Bz-nKRRL (1 from 2FP7, cyan): note that in Bz-nKRF, the
P4-Bz cap and the P1-F are not stacked.
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bonding (with D129) (Figure 5), substitution of the P1 with
tryptophan afforded a substantial (nearly 10-fold) increase in
activity over that of Bz-nKRF (14). Interestingly, a guanidinyl
group at the para-position of the phenyl ring (25) afforded an
activity comparable to the P1 substitution of tryptophan (24).
Our model suggests that even though the phenyl group of25
contributes very little to the binding to the enzyme, the
guanidinyl group is interacting with the side chain of D129,
via a pair of hydrogen bonds, thus explaining the potency of
25. Last, the chloro substitution at the para-position of the
phenylalanine (26) decreased the activity 2-fold over that of
Bz-nKRF, which could be explained by the unfavorable
electrostatic repulsion between the bulky and electronegative
chlorine atom with the carboxylate group on D129. In fact, the
change in the protein structure caused by the chlorine atom is
quite significant, with the carboxylate group of D129 shifted
by ∼0.8 Å when the model of26 is compared to that of14.

Finally, we turned our attention to the SAR of the P2-S2
interaction probed by our tetrapeptide inhibitors. When the P2
arginine was replaced by Lys(Z) (27), a 25-fold reduction in
potency was observed. This is consistent with the fact that the
S2 pocket is relatively shallow and thus would have difficulty
accommodating the rather large Lys(Z) moiety. On the other
hand, the activity of Bz-nKKR (28) was comparable to that of
1, as the key hydrogen bonding with D75 is retained, and the
lysine terminal NH3

+ makes a comparable interaction with the
WNV NS2B domain (G83) to the P2-R in 2FP7. On the basis
of homology models and apparently supported by a mutagenesis
study (N152A), it has been suggested that hexapeptide substrates/
inhibitors with lysine at the P2 position would be hydrogen
bonded to the N152 residue in the S2 pocket.16,17 Given the
flexibility of lysine, it is plausible that it could interact with
N152. However, it is of interest to note that the interaction
between the P2 lysine and G83 would not have been predicted
without the recent crystal structure, given that the location of
the NS2B domain would be predicted differently in a homology
model. Furthermore, as the crystal structure suggests that the
side chain of N152 is hydrogen bonded to G83, the result of
the mutagenesis study of N152A could be due to a change in
size/shape of the S2 pocket, rather than to the direct interaction
between N152 and P2-K.

Conclusion

For the first time, a modeling study has been conducted using
the crystal structure of a catalytically active form of WNV NS3
protease for a series of substrate-based tetrapeptide aldehydes.
We found that the crystal structure is relevant in explaining the
observed SAR for this series of tetrapeptides, confirming the
importance of the NS2B domain in substrate-based inhibitor
binding of WNV. In agreement with previous studies based on
homology models of the WNV protease, we found that the S1
and S2 pockets are the key peptide recognition sites. However,
some residues (e.g., V115, S160, S163) that were suggested to
form part of these pockets in the homology models were found
to be distant from these two sites in the crystal structure. To
explain the loss of substrate activity arising from mutating these
residues, we have proposed alternative rationales in this study.
In general, a residue with an opportunity for hydrogen bonding
andπ-stacking is favored in the S1 pocket, while a positively
charged residue is preferred in the S2 pocket. With the success
of the present study, it also suggests that the WNV NS2B/NS3
protease crystal structure employed here would provide useful
guidance in the drug discovery process for relatedFlaViVirus
proteases, given the large degree of homology within the
family.15
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