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Peptide inhibitors of dengue virus NS3 protease. Part 2:
SAR study of tetrapeptide aldehyde inhibitors
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Abstract—With the aim of discovering potent and selective dengue NS3 protease inhibitors, we systematically synthesized and eval-
uated a series of tetrapeptide aldehydes based on lead aldehyde 1 (Bz-Nle-Lys-Arg-Arg-H, K; = 5.8 uM). In general, we observe that
interactions of P, side chain are more important than P, followed by P; and P,4. Tripeptide and dipeptide aldehyde inhibitors also
show low micromolar activity. Additionally, an effective non-basic, uncharged replacement of P; Arg is identified.

© 2005 Elsevier Ltd. All rights reserved.

Dengue virus is a member of the Flaviviridae family
which causes dengue fever and dengue hemorrhagic fe-
ver in millions of people each year in tropical and sub-
tropical regions of the world. Currently, there is no
vaccine or effective antiviral therapy for the four known
serologically related virus types (dengue 1-4).! Dengue
virus genome is a 11-kb single positive-stranded RNA
that encodes three structural (C, prM, and E) and seven
non-structural proteins (NSI, NS2A, NS2B, NS3,
NS4A and NS4B, and NS5).2 NS3 protein is essential
for viral replication and maturation of virions, hence it
serves as an attractive therapeutic target for the dengue
virus infections.?

Dengue NS3 protein is a multifunctional protein com-
posed of protease, nucleoside triphosphatase, 5-RNA
triphosphatase, and helicase activities.’®* The amino
terminal 618 amino acid residues contain a trypsin-like
serine protease (NS3-pro) that has preferences for the
dibasic residues at P; and P, (Arg and Lys) positions.3?
Protease activity is enhanced by NS2B protein, which
acts as an essential cofactor for NS3 protease.”> Two
high affinity non-prime substrates [Bz-Nle-Lys-Arg-
Arg (K, 12.42puM) and Bz-Nle-Lys-Thr-Arg (K,
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33.9 uM)] were identified recently through substrate
profiling of dengue protease using tetrapeptides.® Based
on these peptide substrates, we synthesized and evaluat-
ed several dengue protease inhibitors using both ionic
and covalent warheads (see preceding paper!®). We
found only peptides containing electrophilic covalent
warheads such as aldehydes, trifluoromethyl ketones,
and boronic acids to be effective in inhibiting the enzyme
activity. The structure of DEN2 NS3-pro with the
mung-bean Bowman-Birk inhibitor (MbBBI) has been
reported (pdb code: 1DF9), but NS3-pro (without the
NS2B cofactor) can only hydrolyze the substrate Arg-
p-nitrophenylanilide efficiently and is essentially inactive
on tri- and tetrapeptide substrates.” As a consequence,
the available structural information is only of limited
use for drug discovery and in the absence of active
NS3/NS2B structure, rational improvements of selectiv-
ity and inhibitory activity of lead compounds can be dif-
ficult. We chose therefore to use classical structure—
activity relationship (SAR) techniques to probe the spec-
ificity of the enzyme binding pockets of NS2B/NS3-pro
complex.

In our warheads study, aldehyde 1 showed reversible,
competitive binding with a K; value of 5.8 uM and was
also active in full-length dengue NS3 protein
(K; = 7.0 uM).? Even though, aldehyde inhibitors were
not the most potent inhibitors, they were chosen to
examine the SAR as they are readily amenable to
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high-throughput synthesis. Aldehyde 1 served as the
starting lead molecule to understand the essential phar-
macophore and inhibitor-enzyme interactions. In this
paper, we will communicate a systematic SAR study
within the aldehyde class of inhibitors.

HN NH,

(K; —SBuM NH2

There are various methods available for the solution-
phase synthesis of peptide aldehydes, but the solid-phase
synthesis using Weinreb amide was chosen due to fast
work-up and availability to perform parallel synthesis.’
In this method, the aldehyde functionality is liberated in
the last step after the acidic removal of side-chain pro-
tecting group. This sequence of events minimizes the
condensation between the side-chain guanidine of argi-
nine and the aldehyde to an inactive cyclic dehydro
compound.'?

Peptide aldehydes 1-22 were assembled by stepwise sol-
id-phase synthesis using Fmoc-protected Weinreb resin
(Scheme 1). Acid labile protecting groups (Boc, Pbf)
were utilized on the side chain of individual amino acids.
Deprotection of the Fmoc was achieved with 20% piper-
idine solution in DMF. All amino acids were activated
with HATU and DIEA in DMF. All peptides were ben-
zoylated using benzoyl chloride and DIEA after the final
Fmoc removal. Aldehyde inhibitors were deprotected
using 10% TMS-OTT followed by cleavage from the sol-
id support using LiAlH4. Synthesis of peptide aldehydes
24-30 was achieved by directly coupling previously syn-
thesized tripeptide [Bz-Nle-Lys(Boc)-Arg(Pbf)-OH] to
corresponding intermediate A, followed by deprotection
and cleavage. Synthesis of rigid arginine mimetic tetra-
peptide aldehyde 23 was achieved using standard solu-
tion-phase peptide chemistry as shown in Scheme 2.
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Scheme 1. Solid-phase synthesis of aldehyde inhibitors using Weinreb
resin (SPPS, solid-phase peptide synthesis). Reagents: (a) 20% piper-
idine, DMF; (b) Fmoc-AA'-OH, HATU, DIEA, DMF; (c) 20%
piperidine, DMF; (d) BzCl, DIEA; (¢) TMS-OTf, CH,Cly; (f) LiAlH,.
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Scheme 2. Solution-phase synthesis of aldehyde inhibitor 23.
Reagents: (a) HNMe(OMe), EDC, HOBt, DIEA, DMF; (b) 10%
TFA, CH,Cl,; (c) bis-Boc-pyrazole-1-carboxamidine, DMAP, THF;
(d) 20% piperidine, DMF; (e) Bz-Nle-Lys(Boc)-Arg(Pbf)-OH, EDC,
HOBt, DIEA, DMF; (f) LiAlHy; (g) 10% TMS-OTf, CH,Cl,.

All tetrapeptide aldehyde inhibitors were evaluated in an
enzyme inhibition assay against truncated dengue 2 NS3
enzyme fused via a flexible linker to a 47 amino acid re-
gion of NS2B.!!

The inhibition data from the substitution of each side
chain residue in tetrapeptide aldehyde 1 with alanine,
phenylalanine, lysine, proline, and p- and N-Me amino
acid scans are summarized in Table 1. The alanine scan
suggested that the side chain of P,(Arg) made the stron-
gest contributions to enzyme binding. While substitu-
tion of P,(Arg) led to a peptide without measurable
inhibition (3), replacement of P;(Arg) with alanine
resulted in a weak inhibitor (2). Results from phenylal-
anine scan were analogous to those observed during ala-
nine scan. Replacement of P,(Arg) with phenylalanine
had the most detrimental effect (7). Variations at P; were
tolerated without significant reduction in potency (4 and
8). Substitutions at P, with either alanine or phenylala-
nine resulted in equipotent inhibitors (5 and 9), implying
minimal contribution of P, in the enzyme binding.

Table 1. Results from different scans (alanine, phenylalanine, lysine,
and proline, p- and N-Me amino acids) and varying the inhibitor
length

Compound  Aldehyde inhibitors K (uM)
1 Bz-Nle-Lys-Arg-Arg-H 5.8
2 Bz-Nle-Lys-Arg-Ala-H 193.0
3 Bz-Nle-Lys-Ala-Arg-H >500
4 Bz-Nle-Ala-Arg-Arg-H 22.1
5 Bz-Ala-Lys-Arg-Arg-H 5.3
6 Bz-Nle-Lys-Arg-Phe-H 15.9
7 Bz-Nle-Lys-Phe-Arg-H 40.7
8 Bz-Nle-Phe-Arg-Arg-H 15.8
9 Bz-Phe-Lys-Arg-Arg-H 6.8

10 Bz-Nle-Lys-Arg-Lys-H 20.5

11 Bz-Nle-Lys-Lys-Arg-H 41.3

12 Bz-Nle-Lys-Pro-Arg-H 109.0

13 Bz-Nle-Pro-Arg-Arg-H 61.4

14 Bz-Nle-Lys-/V-Me-Arg-Arg-H 47.4

15 Bz-Nle-V-Me-Lys-Arg-Arg-H 113.3

16 Bz-N-Me-Nle-Lys-Arg-Arg-H 43.7

17 Bz-Nle-Lys-Arg-p-Arg-H 51.0

18 Bz-Nle-Lys-D-Arg-Arg-H 115.0

19 Bz-Nle-p-Lys-Arg-Arg-H 28.6

20 Bz-p-Nle-Lys-Arg-Arg-H 9.4

21 Bz-Lys-Arg-Arg-H 1.5

22 Bz-Arg-Arg-H 12.0

23 Bz-Nle-Lys-Arg-(p-guanidinyl)Phe-H 2.8

#Each K; value is the mean of at least two independent experiments.
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We also investigated the replacement of charged and ba-
sic Py, P, arginine with the basic-amino acid lysine. Ly-
sine substitution at P; showed a 4-fold decrease in
activity, while the same change at P, showed a 8-fold de-
crease (10 and 11). Hence, besides P, interactions of
charged arginine at P, position seemed crucial in enzyme
binding. These results are surprising since the crystal
structure of a complex of NS3-pro and Bowman-—Birk
inhibitor suggests that the most extensive interactions
are in the P, sites.”® However, they are in agreement
with our recently published substrate studies, which
showed that the P, side chain was a very important
determinant for substrate binding (substrate Bz-
nKRR-ACMC showed a significantly higher K, than
Bz-nKTR-ACMC) and is consistent with the prediction
that side chains lining the S, pocket, especially Q35, may
hydrogen bond with the guanidine group of arginine.®

Loss of activity during the exchange of P, and P; resi-
dues with proline indicated that turn geometry was not
favorable for inhibitor binding (12 and 13). Introduction
of N-Me amino acids caused a major loss of potency
(14-16), indicating once again the importance of back-
bonding hydrogen bonds in enzyme binding. Switching
of the L-amino acids at positions 1-3 with isomeric D-
amino acids was not well tolerated (17-19). However,
replacement of L-Nle at P, with p-Nle resulted in only
a slight decrease in potency (20).

Encouraged by repeated observations that diverse substi-
tutions were permitted at P4 position (Phe, Ala, and p-
Nle), we examined the effect of inhibitor length on the
activity. Truncating the aldehyde 1 to tripeptide aldehyde
21 afforded a slightly improved activity (K; = 1.5 uM).
These results match our substrate studies in which a sub-
optimal substitution at P, maintained K, but displayed
7-fold decrease in k., [substrates Bz-nKRR-ACMC
(kear =1.3957")  and  Bz-TKRR-ACMC (ke =
0.20 s~ 1)]. Moreover, they are in agreement with the
recently published data that pointed out marked destabi-
lization of the enzyme-inhibitor interactions in the pres-
ence of a small chain residue such as Ala or Ser at P,.!?
Of even greater significance is that dipeptide aldehyde
22 also exhibited a comparatively higher inhibitory poten-
cy (K; = 12 uM). This finding is in agreement with a strong
preference for dibasic residues at the Py and P, positions.

During our studies of different warheads, we observed
that some of the inhibitors containing arginine at P, po-
sition were unstable and could easily cyclize to inactive
derivatives (see, a-ketoamide data in the preceding pa-
per'®). Fairlie and co-workers have reasoned that alde-
hyde inhibitors containing arginine residue at P; show
only modest activity against flavivirus NS3 proteases,
because they are in equilibrium with their hydrate and
cyclic forms, with only about 5% of the active aldehyde
functionality exposed for the interaction with the active
site serine hydroxyl group.'> However, in our hands rig-
id arginine-mimetic derivative at P; [23 (p-guanidi-
nyl)Phe] only slightly improved inhibitory activity
(K;=2.8 uM). This experiment implies that aldehyde
inhibitors with arginine at P; are in a fast equilibrium
with their hydrate and cyclic forms.

Table 2. Effect of modifications in the P position of the tetrapeptide
aldehydes (Bz-Nle-Lys-Arg-P,-H)

Compound P, K (uM)
6 Phe 15.9
24 Phg 33.0
25 homoPhe >500
26 (p-Cl)Phe 138.0
27 (p-CN)Phe 18.6
28 (p-Me)Phe 6.0
29 (p-Ph)Phe 11.6
30 Trp 7.5

#Each K; value is the mean of at least two independent experiments.

We also investigated whether the basic, charged P; Arg
residue can be replaced with neutral, uncharged side
chains. During our phenylalanine scan, we had observed
that removal of P; Arg with Phe afforded modest activ-
ity (aldehyde 6, K; = 15.9 uM). A bifurcated, redundant
recognition mode for Py arginine is observed in the pub-
lished structure of DEN2 NS3-pro:MbBBI (1DF9). In
one mode, P; Arg makes electrostatic interactions with
Y150 and S163, while in the other mode, it makes two
H-bonding interactions with D129.7 Even though, the
significance of this discovery is unclear in the absence
of NS2B cofactor, we hypothesized that n—m interactions
may exist between Y150 in the S; pocket and phenylal-
anine at P;. We wanted to capitalize on this information
and decided to examine other aromatic amino acid
derivatives at P; position (Table 2).

Surprisingly, Phg at P reduced the activity by 2-fold but
homoPhe gave completely inactive inhibitor (24 and 25).
We suspect that an extra methylene unit of homoPhe
causes a disruption of the stabilizing electrostatic inter-
actions in the S; pocket. Electron-withdrawing aromatic
substitution on phenylalanine, such as p-chloro (26) and
p-CN (27), proved less desirable. Nevertheless, installa-
tion of (p-methyl)Phe (28) at P; afforded equipotent
inhibitor to the lead aldehyde 1. In addition, (p-phen-
yl)Phe (29) and Trp (30) also exhibited low micromolar

Figure 1. Putative interactions of aldehyde 1 with NS3-pro, with
hydrogen bond interactions between the P; Arg and residues in the S;
pocket highlighted by dotted line. For simplicity, the hydrogen-
bonding interactions between P, Arg and Q35/H51 are not shown here.
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activity. Thus, we were able to identify at least two good
replacements of P, arginine residue with uncharged and
neutral aromatic amino acid derivatives.

Furthermore, in our preliminary modeling study'# of
aldehyde 1, we observed the retention of the key hydro-
gen bonds formed by MDbBBI with Y150 and S163
(Fig. 1), and additional interactions of P; Arg with
V154 and V162. When P; Arg was replaced by Phe
(inhibitor 6), the hydrogen bonding interactions with
Y150 and S163 were lost; however, our model suggests
that there are possible n—m interactions between P phen-
ylalanine and Y150.'3 This stabilizing force might be the
reason for the comparable activity of aldehydes 1 and 6.

In conclusion, we have described a systematic SAR
study based on substrate-based aldehyde inhibitor 1.
During various scans, we observed that P, Arg residue
was more important for enzyme interactions than P,
Arg, and tri- and dipeptide aldehyde inhibitors afforded
low micromolar activity. Furthermore, successful non-
basic and uncharged replacements of P; arginine were
identified. Even though we were unable to enhance the
potency of aldehyde inhibitors, this systematic study
has significantly enhanced the pharmacophore knowl-
edge of dengue NS3 protease inhibitors and future
investigations are in progress toward more potent inhib-
itors of dengue protease.
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