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West Nile virus (WNV) has spread rapidly around the globe, efficiently crossing species from migrating
birds into humans and other mammals. The viral protease NS2B-NS3 is important for WNV replication and
recognizes dibasic substrate sequences common to other flaviviral proteases but different from most
mammalian proteases. Potent inhibitors of WNV protease with antiviral activity have been elusive to date.
We report the smallest and most potent inhibitors known for this enzyme, cationic tripeptides with nonpeptidic
caps at the N-terminus and aldehyde at the C-terminus. One of these, compound 3 (K; = 9 nM) is stable in
serum (>90% intact after 3 h, 37 °C), cell permeable, and shows antiviral activity (ICsy 1.6 uM) without
cytotoxicity (ICsp >400 M), thereby validating the approach of inhibiting WNV protease to suppress WNV

replication.

Introduction

Viruses with the capacity to cross species and cause fatalities
are of major importance to human health and mankind is not
well prepared to deal with such emerging threats.' In particular,
the threat of rapid viral transmission to humans from birds has
been seriously underestimated, as highlighted by the speed with
which the epidemic of West Nile virus (WNV“) has penetrated
even developed countries in North America during the past 8
years,>* and by current concerns about the imminent danger
posed by avian influenza.*

WNYV is endemic in the Middle East and parts of Africa but
had been associated with relatively unusual infection in humans
until recently.” Infections are characterized by debilitating
illness, severe neurological pathology and fatalities, particularly
in the elderly. In the USA alone since 1999, an estimated 280000
illnesses have been attributed to WNV, over 23000 people have
presented clinically with WNV infection, and there have been
over 900 fatalities.> About one-third of patients presenting with
infection had encephalitis or meningitis. WNV infection has
also killed over 15000 horses and hundreds of thousands of wild
and domestic birds. No human vaccine has progressed beyond
clinical trials, and there is no effective treatment available for
WNV infections.

WNV is one of more than 70 members of the Flavivirus
genus® that all possess a viral-encoded NS2B/NS3 protease
thought to be important for viral replication.” It recognizes
cleavage sites to the C-terminus of two consecutive basic amino
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acids in the viral polyprotein precursor and effects post-
translational cleavage of this substrate in the cytoplasm of
infected host cells to form both structural and nonstructural
proteins.>” The WNV NS2B-NS3 enzyme is a serine-like
protease that shares structural similarities and substrate prefer-
ences with other flavivirus proteases. Inhibitors of proteases in
general are proving to be successful treatments for infection by
HIV, and inhibitors of serine proteases in particular look
promising for treating hepatitis C infections, diabetes, and
cardiovascular conditions.*® The WNV NS2B-NS3 serine
protease is similarly a possible target for anti-WNV chemo-
therapy.'® Importantly, the substrate preferences for two basic
residues to the N-terminal side of the putative cleavage site
makes this viral serine protease different to most mammalian
serine proteases, and this could be a key difference to exploit
in designing inhibitors that are selective for this viral protease.
Highlighting this point is the fact that WNV NS2B-NS3 is not
inhibited by small molecules (e.g., no inhibition by 100 uM
PMSF, TLCK, leupeptin, benzamidine, or FUT-175)"" that are
known to be general inhibitors of most human serine proteases.
However, the discovery and development of inhibitors for WNV
protease has posed significant challenges that have so far not
been conquered. Chief among these is the highly anionic nature
of the active site substrate-binding groove of the protease
resulting in strong preferences for cationic ligands.

Previously, we reported the first catalytically active WNV
protease (recombinant NS3 protein fragment tethered at the
N-terminus to an essential NS2B cofactor fragment via a
nonapeptide linker), developed a valuable functional assay for
profiling the enzyme kinetics, and created the first substrate-
based inhibitors using a homology model.'" This led to our
investigations of the importance of substrate/cofactor residues
using site-directed mutagenesis of the protease and extensive
panels of substrates incorporating unnatural amino acids.'>"?
Others have highlighted additional structural features important
for function in a crystal structure of the same truncated NS2B-
NS3 WNV protease'* and also reported tetrapeptide inhibitors
of micromolar potency against West Nile NS3/NS2B protease.'”
These and other studies on the WNV NS3 protease have
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provided valuable information on substrate processing,''™'®
enzyme/cofactor mutagenesis,'>'>'"'® enzyme structure/
function,'>'31° catalytic mechanism,”° and enzyme inhibition' 122
that could potentially help lead to an effective treatment of WNV
infection. In particular, information from our previous substrate
processing and modeling studies'' ™' has now enabled us to
create the first potent peptide-based inhibitors of WNV protease
that also display antiviral activity in cells. This study, which
includes novel observations of serum stability and cell perme-
ability for cationic peptides containing as few as 2—3 charged
amino acids, validates the importance of WNV protease as a
putative antiviral drug target. It may also encourage development
of NS3 protease inhibitors for combating other members of the
Flaviviridae (e.g., dengue fever, yellow fever, hepatitis C, and
Japanese/St. Louis/tick-borne/Australian encephalitis) that to-
gether place up to three billion people at risk of viral infection.”

Results and Discussion

From Substrates to Inhibitors. Previous studies on recom-
binant NS2B/NS3 proteases of WNV'' ™! and Dengue virus*~*
suggested that tetrapeptide sequences with para-nitroanilide
(pNA) or aminomethyl coumarin (AMC) at their C-termini were
effective substrates for monitoring protease activity. While the
cleavage sites (NS2A-NS2B, NS2B-NS3, NS3-NS4A, NS4A-
NS5) in native polypeptide substrates for WNV NS2B-NS3
protease show an invariance of residues at P1 (Arg) and P2
(Lys), a variety of residues are present at P3 (Arg, Thr, Gly,
Leu) and P4 (Asn, Tyr, Ser, Gly). A combination of molecular
modeling of peptide substrates in the active site of WNV NS2B-
NS3 protease, site-directed mutagenesis of protease/cofactor
residues, and kinetic data for processing of short peptide
substrates featuring unnatural amino acids'*>'? provided us with
a better understanding of the importance of S1, S2, S3, and S4
enzyme residues for substrate binding in solution. Thus while
Dengue NS2B-NS3 protease prefers Arg at P2, the correspond-
ing WNV protease has a preference for Lys at P2.'> Those
studies resulted in tripeptides such as 2-naphthoyl-KKR-pNA
(Km 20 uM) being identified as effective substrates for the
WNV protease.'?

On the basis of those previous studies and some modeling
predictions reported here, a range of tripeptide substrates have
now been converted into aldehyde derivatives (X-KKR-alde-
hyde; Figure 1, Table 1) to prospectively inhibit the protease.
In particular, we decided to focus on mapping the space at the
N-terminus of these peptides (X) in order to test whether
substituents at this position could enhance interaction with
enzyme. Initial results are shown in Figure 1 for a panel of
compounds tested as potential inhibitors of the processing of
tetrapeptide substrate AcCLKKR-pNA by WNV protease at a
single concentration (10 uM).

Several compounds were found to inhibit WNV protease
activity by >80% (e.g., 1-3, 10, 20, 21, 23) at this concentra-
tion, and they were subsequently examined in dose-dependent
experiments to obtain ICsy values (Table 1). The structures of
the N-terminal capping motifs (see Supporting Information) in
compounds 1—28 suggest that some degree of flexibility rather
than rigidity at this position confers more potent inhibition. Thus
compounds 3, 10, 20, and 21 with flexible phenacetyl substi-
tutents were most effective, while urea (23) and carbamate (24)
linkages were well tolerated in inhibitors. We also prepared four
derivatives (25—28) with more and less flexibility in the chain
connecting the aromatic residue to the P3 lysine while incor-
porating an oxygen atom at the benzylic position.

To ascertain whether aldehyde inhibitor potency absolutely
required the three basic residues, a small panel of inhibitors
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Figure 1. Inhibition (%) of WNV NS2B-NS3 protease by 10 uM
tripeptide aldehydes (X-KKR-aldehyde), bearing an N-terminal cap X
= 2-naphthoyl, 1; cinnamoyl, 2; phenacetyl, 3; 2-pyrazinoyl, 4;
2-indolyl, S; 1-naphthalenesulfonyl, 6; 1-naphthoyl, 7; biphenyl-4-
carbonyl, 8; 4-phenylcinnamoyl, 9; 4-phenylphenylacetyl, 10; 2-qui-
noxalinecarbonyl, 11; 7-hydroxy-2-naphthoyl, 12; chromone-2-carbonyl,
13; 4-chlorocinnamoyl, 14; 3,4-dimethoxycinnamoyl, 15; 3-hydroxy-
cinnamoyl, 16; 4-dimethylaminocinnamoyl, 17; 3-pyridylacryloyl, 18;
4-pyridylacryloyl, 19; 2-(7-methoxynaphyl)-propanoyl, 20; 3-methox-
yphenylacetyl, 21; diphenylacetyl, 22; 2-(3-benzylureido), 23; benzy-
loxycarbonyl, 24. Negative = no inhibitor.

Table 1. In Vitro Inhibition of WNV NS2B-NS3 Protease by
Tripeptides (X-KKR-Aldehyde) Bearing an N-Terminal Cap, X

no. X ICso (nM)  Ki (nM)
1 2-naphthoyl- 231 41
2 cinnamoyl- 580 104
3 phenacetyl- 51 9
10 4-phenyl-phenacetyl- 32 6
20 2-(7-methoxy-naphthyl)-propanoyl- 112 20
21 3-methoxy-phenacetyl- 60 11
23 2-(3-benzylureido)- 146 26
24 benzyloxycarbonyl- 222 40
25 benzoyl- 271 49
26 phenylpropanoyl- 454 81
27 phenoxyacetyl- 107 19
28 2-aminobenzoyl - 891 160

Table 2. In Vitro Inhibition of WNV NS2B-NS3 Protease by
[Phenacetyl-P3-P2-P1-aldehyde] Compounds (P3-1 = Amino Acid)

no. P3 P2 Pl ICsp (nM) K (nM)
29 R K R 154 28
30 Om K R 255 46
31 Cit K R 619 111
32 hR K R 245 44
33 K R R 325 58
34 K Orn R 73 13
35 K Cit R 11565 2073
36 K hArg R 297 53
37 K K w 25684 4604

containing arginine and lysine analogues were examined
(compounds 29—36; Table 2). The results suggest that a positive
charge is required at P2 and P3 because citrulline (which is
uncharged but isosteric with arginine) caused dramatic reduc-
tions in potency (230-fold at P2, compound 35; 12-fold at P3,
compound 31). Also, there was a clear preference for lysine
(3) at both P3 and P2 over either arginine (29, 33) or
homoarginine (32, 36). Ornithine was well tolerated at P2 (34)
but less so at P3 (30), while substitution of arginine at P1 by
tryptophan was unfavorable (37). By comparison, the known
(14) N-terminal capped tetrapeptide inhibitor, [Bz-(Nle)KRR-
aldehyde], was much less potent in this work (ICsyp 1.1 uM).
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Enzyme Modeling Versus Crystal Structures. In early work
on substrate/inhibitor binding to WNV NS2B/NS3 protease, we
had used a homology model of this protease to guide site-
directed mutagenesis studies.'"'* In that work, we identified a
small hydrophobic patch on the surface of the enzyme at Val-
154 and Ile-155 in an otherwise polar and solvent-exposed
substrate-binding cleft. We proposed that those residues con-
tributed to an S4 pocket and were responsible for the observed
preference of the protease for hydrophobic amino acids at P4
in substrates'' ' and inhibitors.’> A subsequently published
crystal structure for WNV NS2B/NS3 protease'* (PDB: 2fp7)
supported the presence of this patch and also other residues
(Leu87, Phe-85) contributed by the NS2B cofactor. However,
the inhibitor in that crystal structure was bound in an unusual
turn-like conformation, which was at odds with our observed
structure—activity data and our site-directed mutagenesis.

The P4 norleucine residue for that inhibitor in the crystal
structure was directed toward solvent, yet both literature'® and
our results have suggested that a bulky hydrophobic residue at
the P4 position can substantially influence both substrate
processing'® and enzyme inhibition (Figure 1 and Table 1
above). We attributed this discrepancy to the fact that the crystal
structure was determined for the protease crystallized at pH 7.5,
rather than at pH 9.5 where catalysis is optimal, and thus might
not reflect the relevant active conformation of the enzyme, which
is virtually inactive at pH 7.5. While the higher pH might change
the enzyme conformation to a more active form, it may also
promote inhibitor/substrate binding perhaps by altering the
electronic nature of the catalytic histidine, which should not be
protonated above pH 7.5.

Alternatively, the binding mode of the inhibitor may be an
artifact of crystallization. A third possibility is suggested by
the finding of high B-factors in the crystal structure for a region
of the NS2B cofactor that was reported'* to bind both P2 and
P3 substituents and that we had postulated to bind at the S4
subsite. This suggested to us that this putative S4 subsite may
be flexible enough to accommodate larger residues and that the
static crystal structure did not reflect this capacity. A subsequent
pair of crystal structures for WNV NS2B/NS3 protease,'® one
of the H51A mutant (PDB code 2ggv) and one of the protease
bound to a proteinaceous inhibitor (PDB: 2ijo), support this
theory. The H51A mutant enzyme is misfolded and the NS2B
cofactor was no longer in contact with the postulated S2—S4
region, but rather folded back onto itself on the other side of
the enzyme, deviating from 2fp7 after residue W62. By contrast,
the second inhibitor-bound structure (2ijo), despite minor
differences, contains the same overall fold of NS2B and NS3
displayed in 2fp7.

Inhibitor-Enzyme Docking. Using ligand docking, we
investigated how short tripeptide aldehydes may bind in the
active site of the protease, using both the inhibitor-bound (2fp7)
and partially unfolded (2ggv) forms of the protease, reasoning
that these reflected two different conformational states of the
S4 region of the enzyme. Figure 2 shows four of the molecular
modeling results obtained when moderately large P4 (phen-
acetyl) and very large P4 (4-phenyl-phenacetyl) substitutents
were added to the N-terminus of the optimal KKR-aldehyde
inhibitor sequence. Phenacetyl-KKR-H fitted neatly into the
enzyme active site defined by the 2fp7 crystal structure, with
extensive hydrophobic contacts between the N-terminal capping
residue and S4 (Figure 2A). In contrast, the same peptide
aldehyde, while easily fitting into the enlarged S4 pocket of
2ggv, docks with unfavorable steric clashes in the S1 pocket,
which in the crystal structure is greatly reduced in size (Figure
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2B) due to movement of one wall of S1 defined by residues
L149-1155. As observed previously for substrates,'* some of
the larger N-terminal substituents that had been predicted by
enzyme activity and mutagenesis data to bind in an extended
strand conformation, preferred to dock in turn-like conformations
reminiscent of the crystal structure. For example, 4-phenylphen-
acetyl-KKR-H (Figure 2C) could not be docked easily in a
strand-like conformation (typical of other proteases® 2’) with-
out significant steric clashes. Because the docking protocol in
GOLD uses a rigid protein model, enforced inhibitor/protease
complexes were subsequently relaxed via dynamics and mini-
mization.'? Relatively minor adjustments in the positions of the
NS2B hairpin loop region sidechains allows the S4 subsite
(Figure 2D) to “breathe” and accommodate larger P4 inhibitor
groups.

These modeling results had suggested to us that neither of
the two published crystal structures adequately describe the
potential for ligand binding at S4 in the protease in solution.
The structure—activity results (Figure 1, Table 1) observed
herein reveal a capacity for the protease to accommodate quite
large hydrophobic residues at the P4 position of substrates'>
and inhibitors. This is not predicted by the static crystal
structures, which do not appear to reflect protein flexibility that
can explain the importance of residues at P4 in ligand binding
to the protease. This capacity, predicted by our modeling studies,
could however be probed chemically with a panel of inhibitors
X-KKR-H, where X was a hydrophobic capping residue of
varying size and flexibility.

All the most potent inhibitors (Table 1, Figure 1) possessed
slightly more flexible linker regions between the P4 carbonyl
group and the terminal aromatic groups (e.g., phenacetyl) that
most likely require less protein movement for optimal binding.
All of the rigid naphthoyl-like N-terminal substituents had lower
affinity than 2-naphthoyl-KKR-aldehyde, indicating that these
generally bulkier analogues were approaching the limits of the
allowable induced-fit space at S4. The genuine outliers were
compounds with low inhibitor potency (e.g., 6, 9, 11, 12, 15)
that were either too bulky or too constrained to fit well at S4 or
possessed unfavorable polar groups with poor complementarity
for the protein surface.

Inhibitor Internalization In Living Cells. Cellular uptake
was investigated using an analogue of aldehyde inhibitor 3,
where the phenacetyl group was substituted by the ortho-
aminobenzoyl (2-Abz) fluorophore to give 28 (2-Abz-KKR-
aldehyde, K; 160 nM). Cos-1 cells were examined as these were
of the same lineage as those used for the viral infectivity studies
described ahead. Cultured cells were incubated with 28 for 1.5 h
prior to examining uptake by live cell confocal microscopy
(Figure 3B). Intracellular localization of 28 was seen as punctate
vesicular fluorescence, indicating that the intact inhibitor had
been taken up by cells. No fluorescence was observed in
untreated cells (Figure 3A).

This surprising observation of cell permeability for the highly
charged peptide inhibitor 28, containing three side chains (Lys,
Lys, Arg) that would all be positively charged at physiological
pH, is counter-intuitive in that highly charged peptides do not
normally cross the hydrophobic lipid bilayer membrane of a
eukaryotic cell. However, the cellular entry of longer, much
more highly charged, cationic peptides, such as in Tat, pen-
etratin, or polyarginines, is now well-known to be an efficient
method for promoting the cellular uptake of a wide range of
molecular cargoes including drugs, peptides, proteins, and
oligonucleotides,”® >* reviewed elsewhere.*® In those cases, the
peptides featured between 5—12 positively charged amino acids
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Figure 2. Inhibitors docked in protease crystal structures. Electrostatic surface of protease (Pymol) highlights acidic (red), basic (blue), and hydrophobic
(white) regions with inhibitor as a stick model. For (3) in 2fp7 (A), the phenacetyl fits into the S4 pocket, whereas in 2ggv (B), the S1 pocket is
partially occluded with S2—S4 enlarged due to absence of NS2B cofactor in this region. The bulkier (10) in 2fp7 (C) suggests ligand docking as
a nonstandard turn conformation when no constraints on P3 and P4 were applied, and the S4 pocket is reduced in size; whereas docking in -strand
conformation (D) with subsequent simulated annealing enables some reorganization and enlarging of S4.

for efficient transport29 unlike the observation here that three,
and even two (Figure 3), cationic residues are sufficient to
promote cellular uptake.

Previous studies have shown that highly charged cationic
peptides such as polyarginine gain entry into cells via charged
interactions with cell surface heparin sulfate (HS) followed by
endocytosis of the cationic peptide/HS complexes.*® Multiple
steps are thought to be involved, including initial binding
through hydrogen bond and charged interactions with cell
surface heparin sulfate (HS), followed by endocytosis of the
polyarginine/HS complex.*' Glycosidase digestion of the HS
within endocytic compartments is believed to release the peptide,
which can then leak across the endocytic membrane into the
cytosol.*! The latter process is thought to be an active one, the
polyarginine forming neutral complexes with phospholipids of
the endocytic membrane and then crossing the membrane via a
chemical gradient.?®>'-3

The vesicular fluorescence seen in Figure 3B most likely
represents inhibitor accumulation within endosomal compart-
ments. To assess whether entry of inhibitor 28 into cells is
dependent on positive charged side chain interactions with cell
surface HS, we quantified its uptake by FACS analysis in the
presence or absence of heparin (Figure 3C). Heparin treatment
resulted in a 70% reduction in uptake of the inhibitor, supporting
an important role for charged interactions in facilitating cell
entry. In addition, we examined the effect of specific charge
modifications to the inhibitor (Figure 3C) on cellular uptake.

Ablation of a single positive charge at the P3 position was
sufficient to reduce cellular uptake by as much as 80%
(AbzK(Ac)KR-aldehyde), similar to the reduction seen following
heparin treatment. A reduction of 80% was also seen for an
inhibitor retaining only a single positive charge at the P1 position
(AbzK(Ac)K(Ac)R-aldehyde), but only a 40% reduction in
uptake was seen for the inhibitor in which the charge at the P2
position was removed (AbzKK(Ac)R-aldehyde). These results
confirm an essential role of the charged side chains for efficient
cellular uptake but also suggest that a specific topography of
charge display may be necessary for efficient cellular entry.
Serum Stability Of Inhibitor. Because compound 28 was
capable of entering cells, we sought to test such compounds
for antiviral activity in cell culture. These assays involve the
use of serum to culture cells, so we evaluated one of the potent
aldehyde inhibitors (phenacetyl-KKR-aldehyde, 3) for chemical
stability in serum. This compound was found to be considerably
more stable than the corresponding acid (phenacetyl-KKR-acid)
in fetal calf serum, with no more than 10% degradation after
1—3 h at 37 °C compared to 100% degradation of its acidic
counterpart (Figure 4). To our knowledge, mammalian proteases
in blood do not readily recognize consecutive tri- (or di-) basic
residues, although there are many enzymes that recognize a P1
basic residue. We found that 4uM concentrations of 3 either do
not inhibit (e.g., factor Xa, urokinase) or inhibit only weakly
(e.g., trypsin, plasmin) serine proteases that recognize a P1 basic
residue (Supporting Information Table S1). We have previously
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Figure 4. Serum stability of phenacetyl-KKR-aldehyde 3 (H) vs
phenacetyl-KKR-OH (A). Vertical axis: normalized % peptide relative
to concentration in supernatant at zero time.

shown that classic serine protease inhibitors (e.g., 100 uM
PMSF, TLCK, leupeptin, benzamidine, FUT-175) that inhibit
most mammalian serine proteases do not inhibit WNV NS2B-
NS3pro.'" The N-capping aromatic substituent and the C-
terminal aldehyde in compounds like 3 limit endogenous
proteases from truncating these compounds in blood, suggesting
that the protease inhibitors could be used in antiviral studies
with virus infected cells cultured in serum.

Antiviral Activity Of Phenacetyl-KKR-aldehyde (3)
Against WNV (Kunjin Strain). Compound 3 was tested for
antiviral activity in a plaque reduction assay. The inhibitor was
assayed at concentrations ranging from 100 nM to 200 uM
against WNVgyn. Cells were infected with WNVgyy in the
presence of the compound and incubated at 37 °C with
compound in the medium overlay. Plaque formation 48 h post
infection (p.i.) was visualized by detection of viral antigen
production by On Cell Western (Figure 5). Inhibitor activity
was evidenced by a significant reduction in plaque size (Figure
5B) compared to control WNVkuyn plaques (Figure 5A),
indicating inhibition of viral replication and consequent cell-
to-cell spread of the virus. Quantification of plaque size was
conducted in the presence of variable inhibitor concentrations
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Figure 5. Antiviral activity of PhAc-KKR-aldehyde, 3. Representative
wells from inhibitor screen showing On Cell Western detection of
plaque formation of WNVkyy in Vero cells in the absence (A) versus
presence (B) of 12.5 uM inhibitor.

and revealed an ICso 1.6 uM. Plaque size reduction was not
due to cytotoxicity because full cell viability measured in MTT
assays was retained at inhibitor concentrations up to at least
400 uM.

The capacity of inhibitor 3, PhAc-KKR-aldehyde, to inhibit
viral replication suggests that the inhibitor is not only able to
enter cells but is also able to leak across the endocytic membrane
and localize in the infected cell within the viral induced
convoluted membranes known to comprise the viral proteolytic
compartment. The higher potency of the inhibitor 3 in vitro
against the protease (Ki 9 nM) versus the cell based antiviral
assay (ICso 1.6 #uM) most likely reflects the relative inefficiencies
of inhibitor trafficking across multiple cellular membranes.
Peptides can also trigger immunological responses, although
peptides of this size tend not to be particularly immunogenic.
Despite these additional challenges for further inhibitor opti-
mization, these findings suggest that even substrate-based
analogues may be useful antiviral probes for monitoring WNV
replication and, due to substrate similarity, also the replication
of other flaviviruses.

Conclusions

There is no effective treatment for WNV or other flavivirus
infections, and attempts to develop inhibitors of flavivirus
proteases with antiviral activity have so far been unsuccessful.
This paper has described rationally designed small molecules
that potently inhibit WNV protease. Even a tripeptide sequence,
capped at the C-terminus by aldehyde and at the N-terminus
by a flexible hydrophobic group, was sufficient to confer potent
inhibition of the protease (Tables 1 and 2). The compounds were
inhibitors at nM concentrations and exhibited reversible com-
petitive kinetics, indicating that they target the substrate-binding
active site of the protease. They were significantly more potent
inhibitors of WNV protease than hexa- and tetra-peptide
aldehydes examined previously by us and others.'"'> The
protease had a preference for inhibitors with Arg at P1, Lys at
P2, and Lys at P3 (Table 2), the same as that observed for
corresponding tripeptide substrates.'® This supports a common
binding mode for inhibitor and substrate with the same amino
acids. The preference for Lys over Arg at P2 is a feature of
substrate recognition by WNV protease, whereas the Dengue
protease prefers Arg over Lys at P2."?

Structure—activity data show an important influence of P4
in the inhibitors, variations to the nonpeptidic N-terminal cap
resulting in a 200-fold range of inhibitor potencies (Table 1,
Figure 1, and unpublished). This suggests that the N-terminal
cap interacts with protease residues in solution, and this is
supported by a requirement of at least some flexibility at this
position in order to obtain maximal inhibitory potency. Modeling
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studies predicted that the N-terminal capping group might
exploit space and hydrogen-bonding partners at the S4 position
in the solution conformation of the protease. This contrasts with
solid state crystal structure data,'* which infers that capping
groups would only protrude into surrounding solvent. Modeling
also suggested that nonpeptidic fragments at P1 can potentially
fit into the deep hydrophobic S1 groove of the enzyme, although
tryptophan at P1 led to inactive inhibitors. A more fruitful
direction might be to replace Arg/Lys residues with hydrophobic
amino acid mimetics’” and then remove the electrophilic
(aldehyde) isostere. This has been the trend for other serine
protease inhibitors where electrophilic isosteres are no longer
needed for potent inhibition.®’

Our finding that fluorescent inhibitor 28 (Abz-KKR-alde-
hyde), containing three positively charged residues, was taken
up by cells and that this uptake was inhibited by heparin or by
reducing the inhibitor charged state through acetylating either
lysine side chain, strongly supports an endocytic uptake mech-
anism. The cell permeability of peptides with just two or three
cationic side chains is surprising given previous findings that
suggest poor cellular uptake of cationic peptides with less than
five residues and of peptides with cationic residues other than
arginine.?® Its accumulation in vesicular compartments (Figure
3B) and long-term stability at 37 °C in serum (Figure 4)
prompted us to evaluate antiviral activity for the more potent
inhibitor analogue 3 in a plaque formation assay. The resulting
antiviral activity (Figure 5) despite substantial peptide character
suggests that such substrate analogues may be valuable probes
for studying WNYV replication and WNV protease action in
living cells.

The finding that potent, competitive substrate-based inhibitors
of this protease in vitro can penetrate cell membranes, despite
being highly charged, and also inhibit replication of West Nile
virus, is one of the first inhibitor-based validations of WNV
protease as a prospective target for anti-WNV therapy. The
results may signal a new means of transporting drugs/agents of
low bioavailability across membranes and presented a new
approach that may be useful for inhibiting other flavivirus
proteases (dengue, yellow fever, Japanese encephalitis, tick-
borne encephalitis, etc) which currently place up to three billion
people worldwide at risk of infection.

Experimental Methods

Chemical Synthesis. Protected amino acids and resins were
obtained from Auspep, Novabiochem, and PepChem. TFA, pip-
eridine, DIPEA, DCM, and DMF (peptide synthesis grade) were
purchased from Auspep. All other materials were reagent grade
unless otherwise stated. Crude peptides were purified by reverse-
phase HPLC on a Vydac C18, 10—15 mm, 300 A, 50 mm x 250
mm) column, using a gradient mixture of solvent (A) 0.1%TFA/
water and (B) 0.1%TFA/10%water/90%acetonitrile. Analytical
HPLC was performed on a Waters system equipped with a 717
Plus autosampler, 660 controller and a 996 photodiode array
detector, using a reverse-phase Phenomenex Luna C18, 5 mm, 100
A, 250 mm x 4.6 mm column. Purified peptides were characterized
by analytical HPLC (linear gradient 0—100% B over 30 min), mass
spectrometry, and NMR (Supporting Information). The molecular
weight of the peptides (1 mg/mL) was determined by electrospray
mass spectrometry on a Micromass LCT mass spectrometer. 'H
NMR spectra were recorded on samples containing 4 mM peptide
in DMSO-d; (550 uL) on Bruker Avance 600 spectrometer at 298
K.

The chromogenic substrate Ac-LKKR-pNA was prepared by the
method of Abbenante et al.*® Aldehyde inhibitors were prepared
by the method of Siev et al. using Fmoc protocols,®® and were
rechecked for racemization by 'H NMR spectroscopy immediately
prior to assay.
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Modeling Inhibitor-NS2B/NS3 Interactions. The original
crystal structure'* of West Nile virus NS2B/NS3 protease (PDB
code: 2fp7), the H51A mutant (PDB code: 2ggv),'® and the BPTI-
complexed protein (PDB code: 2ijo)'® were prepared for docking
by removing the bound ligands and water molecules and adding
protons using InsightIl (Version 2000; Accelrys Inc.). Aldehyde
inhibitors were assembled using the Biopolymer and Sketcher
modules in Insightll and minimized using Discover. All docking
experiments were performed using GOLD v3.1*° on Red Hat
Enterprise 4 Linux workstations, and docked conformations of
ligands were analyzed using Pymol*' or InsightIl. Electrostatic
surfaces were generated using the APBS plugin in Pymol.***?
Docking runs were performed with the aldehyde carbonyl carbon
converted from sp2 to sp3 geometry and covalently linked to the
protease. A hydrogen bonding and distance constraint protocol
previously described'? to allow the inhibitors to adequately sample
[-strand conformations was used to align the inhibitors within the
active site. No constraints on the position of P3 and P4 side chains
were used. For the inhibitors with larger N-terminal capping residues
(e.g., 2-naphthoyl, 4-phenylphenacetyl), docking poses with the cap
directed out of the active site toward solvent were sometimes
observed. In these cases, dockings were repeated with soft distance
constraints restricting the substituents to the vicinity of S4. The
initial high energy docked poses were subsequently optimized using
a molecular dynamics and minimization protocol using Discover
(Accelrys) as described.'?

In Vitro Enzyme Inhibition. Inhibition of recombinant WNV
protease activity was measured at pH 9.5 as described.'" The
recombinant WNYV protease consisted of the essential 40 amino
acid cofactor domain of NS2B linked to the N-terminal 184 amino
acids of NS3 by a flexible nonapeptide (Gly4-Ser-Gly4) generated
as reported.’" The assay was conducted in 96-well plates with a
final volume of 200 uL. Recombinant WNYV protease and aldehyde
inhibitors were mixed with assay buffer (50 mM glycine-NaOH, 1
mM CHAPs, 30% glycerol) to give a final enzyme concentration
of 25 nM and eight concentrations of inhibitor, each in triplicate,
ranging from 20 uM to 1 nM. After preincubation of enzyme with
inhibitor in separate wells (10 min at 37 °C), catalysis was initiated
by adding substrate AcCLKKR-pNA to a final concentration of 250
uM. Cleavage of the pNA chromophore from substrate produced a
color change monitored at 405 nm. Optical density was measured
every 30 s for 10 min by a Spectromax 250 reader, and K; values
were determined by Graphpad Prism.*'

Serum Stability of Inhibitor. A stock solution (250 uL) of
aldehyde inhibitor (Phenacetyl-KKR-aldehyde, 37 mM) or control
peptide acid (Phenacetyl-KKR-acid, 33 mM) was added to 4750
uL of either water (negative control) or filtered fetal calf serum
(Invitrogen). The serum was not heat-inactivated. Immediately after
addition (7= 0) and at 5 min, 30 min, 1 h, 2 h, and 3 h time
intervals, 500 uL. was removed and protein precipitated with
acetonitrile (1500 uL). Samples were centrifuged (2500 rpm, 5 min)
and supernatant was analyzed by mass spectrometry and analytical
HPLC for the peptide.

Cells and Virus Preparation. Vero and Cos-1 cells were
maintained in Dulbecco’s modified Eagle media (DMEM) supple-
mented with 4% fetal bovine serum (FBS) in 5% CO, at 37 °C.
Working stocks of West Nile virus, Kunjin strain (WNVgyn) were
prepared as media harvests from infected Vero cells and stored at
—80 °C. Compounds were dissolved in distilled water and stocks
stored at —80 °C. Inhibitors were freshly prepared from stocks and
filter sterilized before testing.

MTT Cell Viability Assay. MTT [3-(4,5-dimethylthiazol-2-
y1)2,5-diphenyl tetrazolium bromide] cell viability assays were
performed to determine cytotoxicity of compounds. Vero cells (4
x 10* in 100 uL media) were seeded in a 96-well plate and
incubated to 90% confluency for ~12 h. Culture media was
substituted by fresh media containing compounds at concentrations
from 5 nM to 400 uM or control media with or without DMSO.
At 72 h post incubation, 10 uL of MTT (5 mg/mL PBS) was added
and cells incubated at 37 °C. After 3.5 h, 100 uL of 0.04 M HCl
in isopropanol was added and plates kept in the dark and gently
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swirled for 4 h at room temperature (RT). A microtiter plate reader
(Molecular Devices SpectraMax250) was used to record absorbance
at 550 nm, from which CCs, values were estimated. Assays were
performed in duplicate.

Confocal Microscopy. Cos-1 cells were grown on coverslips
in 24 well-plates overnight at a density of 5 x 10°/mL. Inhibitor
28 (2Abz-KKR-aldehyde), containing a 2-aminobenzoyl fluorophore
(Abz), was diluted in phosphate-buffered saline (PBS) or Hank’s
buffered salt solution (HBSS), applied to cells and incubated for
1.5 h in the dark in a humid chamber at 37 °C/5%CO,. Mock cells
were treated with PBS or HBSS only. Nuclear counterstaining by
Hoechst 33342 (0.4 mg/mL) was performed for 15 min at 37 °C/
5%CO, followed by two washes with PBS. Coverslips were then
mounted on slides using CyGEL (Biostatus) to allow cell sustain-
ability but reduce cell movement, and cells were immediately
imaged using a Zeiss LSM 510 Meta confocal microscope and Zeiss
software.

FACS Analysis of Cellular Uptake of Inhibitors. Cellular
uptake of aldehyde inhibitors was quantified by fluorescent-activated
cell sorting (FACS). BHK cells (1 x 10°) in 1 mL of OPTI-MEM
(Gibco) containing 3% FCS was added to each well of a 6-well
plate and incubated at 37 °C for 2 h to allow cells to attach.
Fluorescent aldehyde inhibitors £ 1000 units/mL Heparin were then
added to give a final concentration of 1 mM and the same volume
of filter sterilized H,O was added to the negative control. Cells
were incubated at 37 °C for 1.5 h to allow entry of fluorescent
aldehyde inhibitors. Media was removed and cells were washed
with Hanks’ solution (Sigma) and then harvested using 250 uL of
0.05% trypsin-versene for 5 min at 37 °C. One mL of media was
added before placing cells in 1.5 mL microfuge tubes. Cells were
pelleted by centrifugation at 2000 rpm for 2 min and washed three
times by resuspension in 1 mL of Hanks’ solution. Fluorescence
was measured for 10000 cells (excitation 315 nm, emission 450
nm) in the BD LDSR II analyzer. Mean fluorescence and standard
error were calculated.

Immuno-Plaque Assay. The antiviral effects of compounds were
assayed by On Cell Westerns as described below. Vero cells (4 x
10% in 100 uL media) were seeded in a 96-well plate and incubated
until 90% confluent (approximately 12 h). Media was removed,
and monolayers were washed once with PBS and then with serum-
free (SF) media. Virus and compounds were separately diluted in
SF media. Cells were coincubated with compound concentrations
ranging from 100 nM to 200 uM with WNVgyy at a multiplicity
of infection (moi) of 0.04 at 37 °C/5% CO,. Mock-infected cells
were incubated with SF media only. After 2 h, the media was
overlaid with M199-media containing 3% FBS and 1.2% car-
boxymethyl cellulose (final concentration), followed by further
incubation for 48 h. Cells were fixed with 4% para-formaldehyde
for 20 min at RT and permeabilized with three washes in PBS
containing 0.1% Triton-X100 for 5 min. Skim milk powder blocking
solution (5% MP in PBS) was added and incubated at 4 °C for
4 h. An anti-WNVgun NS1 mouse monoclonal antibody (0.24 mg/
well) was substituted and further incubated at 4 °C overnight. The
monolayer was washed 5 x 5 min with PBS containing 0.1%
Tween 20. AlexaFluor680 conjugated rabbit antimouse IgG (0.2
mg/well) was added and incubated at RT in the dark for 1 h. The
plates were washed as described above and then briefly dried in
the dark. 96-well plates were scanned and analyzed using the LI-
COR Biosciences Odyssey Infrared Imaging System and application
software. Plaque sizes were measured as infrared signals in counts
per mm?. Ten plaques per well were averaged, ICs, values derived
from dose—response curves, and compounds tested in duplicate.
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