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West Nile virus (WNV) NS2B-NS3 protease is an important drug target since it is an essential protein for the
replication of the virus. In order to determine the minimum pharmacophore for protease inhibition, a series
of dipeptide aldehydes were synthesized. The 50% inhibitory concentration (ICsg) measurements revealed
that a simple acetyl-KR-aldehyde was only threefold less active than 4-phenyl-phenylacetyl-KKR-aldehyde
(1) (Stoermer et al., 2008) that was used as the reference compound. The ligand efficiency of 0.40 kcal/mol/
HA (HA = heavy atom) for acetyl-KR-aldehyde is much improved compared to the reference compound 1
(0.23 kcal/mol/HA). The binding of the inhibitors was examined using 'H-'>N-HSQC experiments and
differential chemical shifts were used to map the ligand binding sites. The biophysical studies show that
the conformational mobility of WNV protease has a major impact on the design of novel inhibitors, since

Induced fit the protein conformation changes profoundly depending on the structure of the bound ligand.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

West Nile virus (WNV), a member of the flavivirus genus, is an
arthropod-borne human pathogen first isolated from a febrile
patient in the West Nile district of Uganda in 1937, and recognized
in the mid 1950s to be the cause of severe meningitis and enceph-
alitis in elderly patients in Israel. The virus was first introduced to
the USA in 1999 and has seen an astounding proliferation to most
of the states causing thousands of human infections (Gubler, 2007).
Since neither a safe human vaccine nor a drug is available, the
treatment of WNV infections is symptomatic, aimed at preventing
clinical complications and reducing patient discomfort.

WNV is a small enveloped virus with a single-stranded, 11 kb
RNA genome encoding a polyprotein processed by host and viral
proteases (Robin et al., 2009). This polyprotein is cleaved into three
structural proteins and seven nonstructural (NS) proteins including
NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Lindenbach et al.,
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2007). The multifunctional NS3 protein that contains the protease
activity needed for polyprotein processing is one of the most prom-
ising targets for drug discovery against flaviviral infections because
of its important role in the replication process (Chambers et al.,
1990). In addition the successful development of inhibitors against
Hepatitis C virus protease (Perni et al., 2006), a member of the
flaviviridae family, has further encouraged the search for protease
inhibitors of WNV and dengue virus (DENV) serotypes.

The proteases of WNV and DENV have proven to be very chal-
lenging for drug discovery, due to the nature of the binding site
that consists of shallow grooves on the protein surface. Although
a number of potent peptide inhibitors have been described
(Stoermer et al., 2008), all attempts to progress these chemical
starting points towards high affinity peptidomimetics with accept-
able pharmaceutical characteristics for oral delivery have not been
successful. Similarly, the optimization of small molecular weight
hits from high throughput screening (e.g. Su et al., 2009a,b;
Ezgimen et al., 2012) has so far not provided any compounds with
adequate potency for in vivo studies.

The active protease of WNV is formed by the interaction of NS3
and NS2B, both proteins contributing residues to the active site of
the enzyme (Erbel et al., 2006; Chappell et al., 2008). In order to pro-
duce an active, stable protein for inhibition studies, 40 residues of
NS2B have been tethered to the protease domain of NS3 by a flexi-
ble linker (WNV NS2B-NS3pro) (Nall et al., 2004). This artificial
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WNV protease construct has proven to be a satisfactory mimic of
the natural protein and has become the de facto standard for drug
discovery (Nall et al., 2004). X-ray crystal structures have shown
that this protein exhibits a very different protein fold in the
apo-form than in complex with a peptide inhibitor (Benzoyl-
Nle-KRR-aldehyde) (Erbel et al., 2006). NMR studies have confirmed
the existence of an open and closed conformation and it has been
shown that low molecular weight inhibitors shift the
conformational exchange equilibrium towards the closed confor-
mation (Su et al., 2009a,b). Only the closed conformation of
NS2B-NS3pro is catalytically competent while in the open confor-
mation the C-terminal region of NS2B detaches from NS3.

One of the reasons for the slow progress towards clinically useful
WNV protease inhibitors is the lack of detailed structural informa-
tion for a structure-guided drug discovery campaign. Although crys-
tal structures are available with peptide aldehyde inhibitors (Erbel
et al., 2006; Robin et al., 2009) and with aprotinin (Aleshin et al.,
2007), attempts to use crystallography for the development and
rationalization of structure activity relationships (SAR), as demon-
strated during the discovery of HCV and HIV protease inhibitors
(Tsantrizos, 2008), have encountered difficulties because the WNV
NS2B-NS3pro is not amenable to high throughput crystallization.

We have been searching for an alternative to X-ray crystallogra-
phy in order to study the interaction of inhibitors with WNV pro-
tease and here we demonstrate the use of NMR spectroscopy to
gain insight into the SAR of such compounds.

2. Methods and materials
2.1. Protein expression

The cDNA encoding the two-component WNV protease that con-
tains 47 residues from NS2B, a G4SG4 linker and 184 residues from
NS3 was cloned into the pET21d vector to generate pET21-WNV
(Supplementary Fig. 1). pET21-WNV was chemically transformed
into Escherichia coli BL21 (DE3) RILP codon plus competent cells
and the cells were grown on a LB agar plate containing kanamycin
(30 pg/ml). Two to three colonies were incubated in 30 ml of M9
medium with 30 pg/ml kanamycin. The overnight culture was fur-
ther transferred into 1 L of M9 medium containing the antibiotic.
When the ODggo reached 0.6-0.8 induction was performed by add-
ing B-b-1-thiogalactopyranoside (IPTG) to 1 mM final concentra-
tion, followed by incubation for 2 h at 25°C. E. coli cells were
harvested by centrifugation at 8000g for 10 min at 4 °C. The cell pel-
let was resuspended in a lysis buffer containing 20 mM sodium
phosphate, pH 7.8, 500 mM NaCl, and 2 mM B-mercaptoethanol.
Cells were lysed by sonication in an ice bath and the cell lysate
was cleared by centrifugation at 40,000g for 20 min. The superna-
tant was passed though a gravity column containing Ni?*-NTA resin.
Resin was washed with at least 10 column volumes of washing buf-
fer containing 20 mM sodium phosphate, pH 7.8, 1 M NaCl, 10 mM
imidazole and 2 mM B-mercaptoethanol to remove nonspecific
binding proteins from the resin. Protein was eluted with an elution
buffer containing 500 mM imidazole, pH 6.5, 500 mM NaCl and
2mM B-mercaptoethanol. The purified protein was buffer ex-
changed to one containing 20 mM Tris-HCI, pH 7.8, 10 mM Na(l,
1 mM dithiothreitol (DTT) using a PD10 column. The protein was
further purified using ion-exchange chromatography and then con-
centrated to 0.2-0.5 mM in an NMR buffer consisting of 20 mM
HEPES, pH 7.3, 1 mM DTT and 10% D-,0.

2.2. NMR experiments

For NMR studies, protein samples in an NMR buffer were trans-
ferred into 3 mm or 5 mm NMR tubes. All NMR spectra were ac-

quired at 298 K on a Bruker Avance Il 700 MHz spectrometer
equipped with a triple-resonance cryoprobe. The spectra were pro-
cessed with Topspin 2.1 (Bruker) and NMRPipe (Delaglio et al.,
1995), and visualized with NMRView (Johnson, 2004) or Sparky
(http://[www.cgl.ucsf.edu/home/sparky/). For backbone assign-
ment of WNV, protease inhibitor 1 was added to a final concentra-
tion of 2 mM, by adding a 30 mM stock solution prepared in NMR
buffer or dg-DMSO to 0.8 mM triple-labeled WNV protease. The
backbone 'HN, '°N and 3Co resonances were assigned using two
dimensional (2D) and Transverse Relaxation Optimized Spectros-
copy (TROSY) (Pervushin et al., 1997)-based three dimensional
(3D) experiments including 'H-'>N-HSQC (heteronuclear single
quantum coherence), 3D-HNCACB, CBCA(CO)NH, and HNCA exper-
iments. All the pulse programs were from the Bruker standard li-
brary. Protein secondary structure was analyzed using Talos+
(Shen et al., 2009) and chemical shift index analysis was performed
by comparing the deviation of the Ca values from the random coil
values (Wishart et al., 1992).

To obtain distance restraints between WNV protease and inhib-
itor 1, 3D '>N(F1)-edited/'>N(F3)-filtered NOESY was acquired. A
0.5 mM '>N/'3C/?H-labeled WNV protease solution in NMR buffer
was mixed with a 2 mM solution of inhibitor 1 in NMR buffer
and data was acquired with a mixing time of 100 ms (Iwahara
et al., 2001). The unambiguous NOEs between protease and inhib-
itor 1 were used to analyze the models from a docking study. To
compare the chemical shift difference from different inhibitors,
'H-1>N-HSQC spectra of 0.2 mM WNV protease in the presence
and absence of 1 mM inhibitors were collected and superimposed.
All the inhibitors were dissolved in the NMR buffer, except for
some inhibitors with lower solubility were dissolved in dg-DMSO.

Table 1
Inhibition of WNV protease by X-KR-aldehyde inhibitors.

Inhibitor X ICs0 (ULM)? Ligand efficiency (LE)>¢
2 (@] 0.17 £0.04 0.40
3 (@] 0.34+0.10 0.37
4 (@] 0.43 £0.09 0.35
5 O 1.84+0.18 0.28
6 (@] 1.53£0.08 0.31
7 O 5.84+0.76 0.30
HN L y
8 (@] 0.25+0.02 0.38
Ho y
9 (@] 0.22 +0.02 0.34
N
N ¥
N\
10 H (@] 0.12+£0.01 0.35

N
Y
N
¢ Average of three independent determinations.

b Calculated as described in Hopkins et al., 2004.
¢ kcal/mol/HA (HA = heavy atom).
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Fig. 1. Structures of tripeptide 1 and dipeptides 11, 12 and 13 with the respective ICsq’s. *Ligand efficiency (Hopkins et al., 2004) is given in kcal/mol/HA (HA = heavy atom).
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Fig. 2. Secondary structure analysis of WNV protease. Chemical shift index analysis of the protease/inhibitor complex was conducted based on the backbone assignment
(inhibitor = compound 1). Positive ACo indicate the existence of alpha helical structures, while negative values indicate the existence of a beta sheet. Secondary structure
assignment from the NMR experiments is shown in light blue, and in black the secondary structure from the X-ray crystal structure (PDB: 3E90) (Robin et al., 2009) is
included. The secondary structure nomenclature shown in yellow was adapted from the literature (Aleshin et al., 2007). (For interpretation of color in Fig. 2, the reader is

referred to the web version of this article.)

2.3. WNV protease assay

The WNV protease enzyme activity assay was performed in a fi-
nal volume of 30 pl in a 384 well black microtiter plate. The com-

pounds dissolved in 100% DMSO were tested at different
concentrations. 1 pul compound and 19 pl of 10 nM of enzyme in
50 mM Tris-HCl, pH 8.5, 20% glycerol and 1 mM CHAPS were
added to 384 well plate and pre-incubated at 30 °C for 15 min.
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The reaction was initiated by the addition of 10 pl of Benzoyl-Nle-
KRR-AMC to a final concentration of 20 uM to each well and the
plate was incubated at 30 °C for another 30 min. Release of AMC,
which indicates the proteolytic cleavage was monitored by mea-
suring the fluorescence at 380 nm (excitation) and 450 nm (emis-
sion) wavelength in a Tecan Infinite M200 Microplate Reader.
The assay was performed in triplicate. Benzoyl-Nle-KRR-aldehyde
was included as a positive control. A control reaction was per-
formed with all the components except the enzyme. Percentage
inhibition was calculated using a negative control (0% activity)
and enzyme reaction (100% activity).

2.4. Molecular modeling

The WNYV protease X-ray structure PDB entry 3E90 (Robin et al.,
2009) was downloaded from the Protein Data Bank [www.pdb.org]
and prepared with the protein preparation wizard in Maestro 9.3
(Schrodinger et al., 2012) using standard settings. This included
the addition of hydrogen atoms, bond assignments, removal of
water molecules further than 7 A from the ligand, protonation
state assignment, optimization of the hydrogen bond network
and restrained minimization using the OPLS2005 force field
(Kaminski et al.,, 2001). The co-crystallized, covalently bound
inhibitor was replaced with the dipeptide inhibitors by using the
conformation of the co-crystallized ligand as a template. The cova-
lently bound inhibitor-protein complex was finally minimized
using Macromodel 9.9 (Schrédinger et al., 2012). All residues more
than 7 A from the ligand were constrained before the complex was
subjected to 500 steps of Polak-Ribiere-Conjugate-Gradient (Polak
and Ribiere, 1969) minimization using the OPLS2005 force field
and GB/SA continuum solvation model (Hasel et al., 1988).

2.5. Peptide aldehyde synthesis

Dipeptide aldehydes were synthesized, purified and character-
ized according to procedures reported in a recent paper (Schiiller
et al, 2011).

3. Results and discussion

As a first step towards peptidomimetic inhibitors, we have at-
tempted to reduce the size of the high affinity peptides reported
by Stoermer and co-workers (e.g. 1) (Stoermer et al., 2008) in order
to better understand the minimum requirements for tight binding.
The identification of a chemical starting point with high ligand effi-
ciency (small molecular weight and high potency; Hopkins et al.,
2004) is especially important in this case, since the aldehyde and
one of the highly basic groups need to be replaced to obtain a sta-
ble inhibitor with oral activity. Table 1 summarizes the inhibition
of WNV protease by nine novel dipeptides with the general struc-
ture X-KR-aldehyde, where X denotes different cap groups. When
these results are compared with the reference peptide 4-phenyl-
phenylacetyl-KKR-aldehyde (1) (Stoermer et al., 2008) (Fig. 1),
which in our hands had an ICsq of 56 nM, it is clear that the P3 ly-
sine and the hydrophobic cap group in 1 contribute very little to
the observed inhibition constant. The simple dipeptide 2 is only
threefold less active but has a much improved ligand efficiency
of 0.40 kcal/mol/HA (HA =heavy atom) as compared to the
0.23 kcal/mol/HA for 1. Overall small capping groups are clearly
preferred while the bulky pivaloyl but also the phenyl cap leads
to a more than 10-fold reduction in ICsg.

While the inhibitory activity of peptides with different caps can
be rationalized (Table 1), the SAR resulting from changes in other
parts of the inhibitors is more difficult to understand. For example
compounds 11 and 12 were synthesized to study the molecular

recognition in the S1 and S2 pockets, and compound 13 (Fig. 1)
was designed to investigate the contribution of the aldehyde war-
head toward the potency of the dipeptide (Lim et al., 2011). All of
these changes lead to a total loss of activity in the enzymatic assay.
Such modifications also lead to a reduction in activity for tripeptide
aldehydes (Knox et al., 2006; Stoermer et al., 2008) however our
dipeptides seem to be more sensitive toward changes in the S1
or S2 pocket.

Since SAR is an important tool for the optimization of com-
pounds, the binary nature of changes (active-inactive) in the P1
or P2 site is quite discouraging. It is clear that a useful replacement
for arginine and lysine can only be found if a tool can be identified
that allows the medicinal chemists to distinguish between differ-
ent isosteric replacements. Clearly the enzymatic assay alone is
not sensitive enough for this task. When all attempts to obtain
X-ray crystal structures with the dipeptides were unsuccessful,
we turned our attention to NMR based methods, which are known
to be especially useful for the study of weak binding ligands (Shu-
ker et al., 1996). In addition, NMR spectroscopy can be useful for
tracking conformational changes of proteins resulting from ligand
binding (Pellecchia et al., 2002).

As a first step we investigated the 'H-!>N-HSQC (heteronuclear
single quantum coherence) spectra of WNV NS2B-NS3pro in the
presence or absence of the peptide inhibitor 1 (Supplementary

A

Fig. 3. Inhibitor 1 (light green) docked into the WNV protease (NS3 in light brown;
NS2B in light blue). (A) Ribbon diagram showing the amino acids involved in the
NOE signals in turquoise and filtered NOE as dashed black lines; (B) Same view of
the active site as A but as solvent accessible surface; dashed black lines illustrate
intramolecular hydrogen bonding.
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Fig. 4. (A) Ribbon diagram of WNV protease with docked dipeptide 10 (NS3 = light brown; NS2B = light blue); Red spheres depict amino acid residues (aa) which show
a> 0.1 ppm shift when the HSQC spectra of 1 and 10 are compared; blue spheres denote aa which are visible in the spectrum of 1, but absent in 10. (B) Same representation as
in A, but with a solvent accessible surface showing the conformational flexibility in the active site; red surface depicts aa’s that show a shift of >0.1 ppm and blue areas
represent aa that disappear from the HSQC spectrum of 10. The comparison between A and B allows one to distinguish between internal and aa’s on the enzyme surface.

Fig. 2). The backbone resonances in the presence of 1 were as-
signed using conventional NMR experiments (Fig. 2, Supplemen-
tary Fig. 3). We obtained approximately 80% assignment for the
backbone resonances of WNV protease and the assignment was
deposited in the Biological Magnetic Resonance Bank (BMRB) with
accession number 18730. Secondary structure analysis from chem-
ical shift index (CSI) of the Ca backbone atoms indicated that the
NMR structure of WNV protease is similar to the crystal structure
(Robin et al., 2009) (Fig. 2). In order to obtain the tertiary structure
of the protein in complex with 1, we performed a docking study
based on restraints between inhibitor 1 and the protease from fil-

tered NOE experiments (Fig. 3, Supplementary Fig. 4). In order to
differentiate the numbering of the sequences of NS2B and NS3, a
prefix of * was added to the sequence numbers for NS2B (see also
Supplementary Fig. 1).

With the NMR structural information in hand, we decided to
use differential chemical shifts (Pellecchia et al., 2002) to map
the ligand binding sites of selected dipeptides (Table 1). As previ-
ously reported by Otting and co-workers (Su et al., 2009a) the
NMR signals of WNV NS2B-NS3pro can be broadened beyond
detection by conformational dynamics in the absence an inhibitor.
The spectra improve dramatically through the formation of com-
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Fig. 5. Interaction map of inhibitor 10 with WNV protease. Hydrogen bonds are
depicted as dashed lines. The illustration represents the docked dipeptide 10 in the
active site of WNV protease, and is in agreement with all of the NMR findings.

plexes with inhibitors, depending on the ability of compounds to
shift the conformational exchange equilibria towards a single con-
former. Through the observation of chemical shifts or line broaden-
ing (disappearing peaks), we can study the conformational changes
of the protein as a result of its interaction with a peptide aldehyde
inhibitor.

When the result of the binding studies for the most potent
dipeptide inhibitor 10 was compared with the results of our
NMR study with 1, chemical shift perturbations were observed in
residues Q*86, N*84, T*57, A164, 1162, Y161, V154, D129, W89
while the signal of F¥*85 and G153 had disappeared (Fig. 4, Supple-
mentary Figs. 5 and 6). Since the major difference between 1 and
10 is the missing lysine in the S3 pocket, it is not surprising that
the major chemical shift perturbations are seen in that region
(Fig. 4). The changes observed in the S1 pocket (D129, Y161) were
somewhat unexpected, but can be explained by molecular model-
ing. As can be seen in the interaction map (Fig. 5), dipeptide 10
forms an internal hydrogen bond between arginine and the car-
bonyl of the P2 lysine, which leads to a reorientation of the P1 ami-
no acid relative to 1 (compare Figs. 3 and 4B), causing the observed
perturbation in the chemical shift in D129 and Y161.

The exquisite sensitivity of the NMR can be seen when 2 and 10
are compared (Supplementary Fig. 7). These two dipeptides have
slightly different caps (acetyl vs. 2-imidazoyl) and very similar
ICs0 values (0.17 uM vs. 0.12 uM), however chemical shift pertur-
bations > 0.1 ppm are observed for 1162, Y161, M156 and N152
(Supplementary Fig. 7). Since all of these amino acids are located
in the same E2B-F2 loop (see Fig. 7 for naming convention), the
data suggests that the change in cap residues leads to a conforma-
tional change between N152 and 1162 (Fig. 6A, Supplementary
Fig. 7). This can be easily rationalized since molecular modeling
suggests that the 2-imidazoyl cap (compound 10) forms a hydro-
gen bond with G153 (Fig. 5), which is absent in 2.

With a good understanding of the binding of the potent inhibi-
tors 2 and 10, we turned our attention to the derivatives that were
shown to be inactive in the enzymatic assay. In accordance with
the assay result, dipeptide 11 did not show any interaction with
the WNV protease in the NMR experiment (Supplementary
Fig. 8). This finding is in agreement with the literature (Knox
et al., 2006; Stoermer et al., 2008), and it again demonstrates the
importance of the cationic functional group in the S1 pocket. The
single atom change (N in 2; O in 11) abrogates any binding of
the peptide to the protease, suggesting that electrostatic interac-
tions play a crucial role in protease binding.

A

Fig. 6. Peptides (light green) docked into the WNV protease depicted as a ribbon
diagram (NS3 in light brown; NS2B in light blue). (A) Differential chemical shifts
when comparing the HSQC spectra of 10 and 2; Red spheres depict amino acids (aa)
which show a > 0.1 ppm shift when the HSQC spectra of 10 and 2 are compared. (B)
Differential chemical shifts when comparing the HSQC spectra of 10 and 12; Red
spheres depict amino acids which show a > 0.1 ppm shift when the HSQC spectra of
10 and 12 are compared; blue spheres denote aa’s which are visible in the spectrum
of 10, but absent in 12. (C) Differential chemical shifts when comparing the HSQC
spectra of 10 and 13; Red spheres depict aa which show a > 0.1 ppm shift when the
HSQC spectra of 10 and 13 are compared; blue spheres denote aa’s which are visible
in the spectrum of 10, but absent in 13.
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Fig. 7. The structure of WNV protease in complex with inhibitor 10. Secondary
structure elements are named according to Aleshin et al., 2007.

In contrast to 11, dipeptides 12 and 13 show clear binding in the
HSQC-experiments even though they are not able to inhibit the
WNV protease in the assay (Supplementary Figs. 9 and 10). In order
to better understand the molecular recognition of 12, we compared
its NMR spectra with the closely related analogue 10. Even though
the only difference between these two molecules is the absence of
the basic NH, group in the S2 pocket (Table 1; Fig. 5) there is a
1000-fold difference in their ICsq values. The differential shifts in
T*57, R*78, G*83, N*84, W50, T52, E74, N152, 1162, A164, and
V166 from the NMR experiments (Fig. 6B) clearly show that the re-
moval of the amine causes a major conformational change, not
only in the NS2B loop (B2-B3) between R*78 and N*84, which is
in direct contact with 10 in the S2-pocket (Fig. 5), but also in parts
of the NS3 protein that are adjacent to the binding site (Fig. 6B). For
example N152 of NS3 are within hydrogen bonding distance of the
P2 residue in 10 (P2-lysine) but not so in 12 (P2-norleucine), which
explains the absence of the N152 NMR signal in the spectrum of 12.

The conformational mobility of WNV NS2B-NS3pro is further
illustrated by dipeptide 13, which differs from the potent inhibitor
10 by the absence of the aldehyde, which is thought to be a major
contributor to inhibitor binding by forming a transition state ana-
logue with S135 of the catalytic triad (Leung et al., 2000). The ab-
sence of this group in 13 leads to a total loss of activity in the
enzymatic assay (ICso> 100 uM vs. 0.17 uM for compound 10).
The chemical shift perturbations (comparing 10 and 13; involving
amino acids D*80, G37, A38, W50, T52, D75, R76, G103, K104,
D129, F130, G136 and Y161) again suggest that the loss of activity
is accompanied by significant conformational changes in the pep-
tide binding site of the NS3 protein (Fig. 6C, Supplementary Ta-
ble 1). This conformational mobility affects the S1 pocket (absent
NMR signals of F130 and Y161, and chemical shift perturbation
of D129), partly the S2 pocket (absent signals of D75, differential
chemical shift of D*80, p2-B3 loop) and the region of the catalytic
triad. The signal of G136, the amino acid just next to S135 of the
catalytic triad, disappears in the spectra of 13. The three-dimen-
sional structure of NS3pro adopts a chymotrypsin-like fold with
two B-barrels and G136 sits at the interface of the C-terminal B-
barrel facing two amino acids with differential chemical shifts
(G37 and A38, B-sheet B1) on the N-terminal B-barrel within van
der Waals contact distance. Differential chemical shifts of W50

and T52 are explained by their proximity to H51, the second amino
acid of the catalytic triad. The signal of D75, the third amino acid of
the catalytic triad, and R76, next in the sequence, are absent in the
spectra of 13, as well.

4. Conclusion

Despite the available structural information, the optimization of
both peptidic and small-molecule inhibitors of WNV protease has
been challenging because the observed structure activity relation-
ships are difficult to rationalize. In this study we have used NMR
techniques to gain insights into the changes in protein conforma-
tion in response to inhibitor binding. These biophysical studies
suggest that inhibitors play a major role in maintaining the integ-
rity of the active site of the enzyme. Furthermore, changes to the
inhibitor structures can promote conformational rearrangement
of the protein loops defining the enzyme active site, abrogating
inhibitory activities (Fig. 7).

Our results show that P3 residues are not necessary for potent
inhibition of the enzyme, even though chemical shift perturbations
indicative of conformational change (Fig. 4) are observed in the
E2B-F2 loop of NS3 (Fig. 7; purple) and the B2-B3 loop of NS2B
(Fig. 7; red) when the P3 residue is removed. The latter finding is
not surprising since the E2B-F2 loop is known to be an area of gen-
eral structural mobility of flaviviral NS2B-NS3 proteases (Erbel
et al.,, 2006; Robin et al., 2009; Aleshin et al., 2007). The most po-
tent dipeptide inhibitors (e.g. 2 and 10) seem to retain the key rec-
ognition elements for effective inhibition of the protease. However,
further manipulation of the remaining basic amino acids is not tol-
erated, as illustrated by compound 11, where the mutation of a sin-
gle atom (N-0) leads to the loss of a salt bridge between 11 and the
C2-D2 loop, resulting in a compound that does not show any affin-
ity for the protein. The sensitivity of the WNV protease to small
changes in the active site is also demonstrated by compound 12,
where the amine responsible for hydrogen bonding in the S2 pock-
et has been removed. The absence of this amine has a major impact
on the conformation of the substrate binding site with reorganiza-
tion of the B2-pB3 and the E1B-F1 loop which form part of the S2
pocket, but also of the C1-D1 loop which points to a perturbation
of the catalytic triad. Low-affinity dipeptide 13 with an absent
aldehyde warhead further underlines this tendency. Comparing
its NMR spectra with a high-affinity dipeptide indicates significant
conformational mobility in the loops forming the S1 and S2 pock-
ets, and in the formation of the catalytic triad. Furthermore, confor-
mational plasticity here also spreads to areas not directly in
contact with the substrate binding site (e.g. B-sheet B1).

Overall these findings are in agreement with the induced-fit
mechanism of substrate/inhibitor binding as proposed by Strongin
and coworkers (Aleshin et al., 2007) for the WNV protease. The
conformational mobility of the protein has a major impact on
inhibitor design, since compounds that do not interact with the rel-
evant loops (Fig. 7) cannot compete in a meaningful way with the
substrate peptides. Until the conformational behavior of the pro-
tein is better understood, the development of potent non-peptidic
inhibitors either by structure-based design or traditional SAR-dri-
ven optimization will be difficult. Since the active site is stabilized
by the substrates, it may be a better strategy to aim for allosteric
inhibitors, which lock the protease in a conformation(s) that can-
not be used for the processing of the viral polyprotein.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.antiviral.2012.
11.008.
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