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ABSTRACT: Dengue virus protease is a promising target for the
development of antiviral drugs. We describe here a two-step rational
optimization that led to the discovery of the potent inhibitor 35 with
nanomolar binding affinity at dengue protease serotype 2 (ICs, = 0.6
UM, K; = 04 uM). First, a large number of natural and non-natural
amino acids were screened at the C-terminal position of the previously
reported, canonical peptide sequence (Cap-Arg-Lys-Nle-NH,). Com-
pared to the reference compound 1 (Bz-Arg-Lys-Nle-NH,, IC,, = 13.3
uM), a 4-fold higher inhibitory potential was observed with the
incorporation of a C-terminal phenylglycine (compound 9, ICy, = 3.3
uM). Second, we applied fragment merging of 9 with the previously
reported thiazolidinedione peptide hybrid 33 (ICs, = 2.5 uM). This
approach led to the fusion of two inhibitor-fragments with micromolar
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affinity into a 20-fold more potent, competitive inhibitor of dengue protease.
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engue virus (DENV), with its four common serotypes

(DENV 1—4), is considered the most important disease-
causing arbovirus in tropical and subtropical regions and a
major public health concern. A recent study estimates a global
infection burden of 390 million cases in 2010, a more than 3-
fold higher number than reported previously by the World
Health Organization."”

Increasing prevalence of dengue infections worldwide has
been associated with the geographical spread of Aedes
mosquitoes, the primary transmitting vector, probably as a
result of global warming and climate changes.’> Currently,
vaccines or antiviral agents against DENV remain unavailable.

Viral proteases are extremely relevant for the development of
antiviral drugs.* Highly successful examples are the hepatitis C
virus (HCV) NS3 protease inhibitors, such as boceprevir and
telaprevir,® and the HIV protease inhibitors." DENV protease is
regarded as a similarly promising target for drug discovery
efforts against dengue virus infections.” The enzyme is critical
for the viral replication cycle. It posttranslationally cleaves the
viral polyprotein, encoded by a single stranded RNA, into three
structural and seven nonstructural (NS) proteins. The
proteolytically competent NS3-NS2B complex consists of the
NS3 serine protease domain and the hydrophilic core sequence
of NS2B as cofactor.*” Published inhibitors against DENV
protease range from small molecule nonpeptidic inhibi-
tors,'*™"> so far not capable of achieving sufficient target
inhibition, to substrate-mimicking peptidic inhibitors.'*~"® The
latter class benefits from improved molecular recognition
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because of its similarity to the natural substrate, which offers
higher selectivity and activity, reaching the low micromolar
range and even the nanomolar range when combined with an
electrophilic warhead.'® However, the promising in vitro
binding affinities come at the expense of pharmacokinetic
properties, such as membrane permeability and metabolic
stability, which is challenged by the increased polarity through
the incorporation of highly basic residues and the peptidic
character of the compounds.'® The first reported small peptidic
inhibitors against DENV protease were N-benzoyl-capped di-,
tri-, and tetrapeptides linked to C-terminal electrophilic
warheads that bind covalently to the catalytic serine. The
most active derivatives incorporated trifluoromethyl ketone and
boronic acid as electrophiles, and reached nanomolar binding
affinities of 850 and 43 nM, respectively.'”'® The substrate-
based peptide sequence used in these inhibitors relied on the
amino acid preference for the subsites S;—S, in the protease
binding cavity to achieve high affinity. These were two basic
residues, particularly two arginines, as P, and P,,*° lysine as Ps,
and norleucine as P,.>' Against this background, we
investigated the activity of different retro, retro-inverse,
semiretro-inverse, and nonretro dipeptides and tripeptides.**
The retro tetrapeptide Arg-Arg-Lys-Nle-NH, was found to be
less active than the tripeptide Arg-Lys-Nle-NH, with only one
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arginine residue. Considering the added value on the
pharmacokinetic profile of having one basic residue less in
the sequence, we proceeded with the Arg-Lys-Nle sequence as
the basis for our following work. Alternative arrangements or
modifications of the basic amino acids resulted in lower activity.
Our group reported two generations of peptide-hybrid dengue
protease inhibitors. In these molecules, an N-terminal capping
group is combined to a short peptide sequence with the aim to
extend the interactions toward additional binding subsites. This
cap was altered from an arylcyanoacrylamide in the first
generation”” to N-substituted S-arylidenethiazolidinone (thia-
zolidinediones and rhodanines) in the second generation.23
The modification was associated with increased membrane
permeability, in vitro binding affinity, and in cellulo antiviral
activity.

Docking studies of the peptide-hybrid inhibitors conducted
on the crystal structural of DENV 3 serotype suggested that the
lysine and arginine residues bind to the S, and S, pockets,
respectively, the C-terminal norleucine to S," and the N-
terminal cap to S;.** The suggested positioning of the C-
terminal norleucine in S’ stands in contrast to the previously
reported substrate preferences of S,’. We therefore decided to
perform an extensive investigation of this position, and to
explore a large variety of alternative C-terminal residues. A
fragment merging strategy was subsequently applied, where the
most active and two moderately active sequences were merged
with two peptide-hybrid inhibitors with optimized N-capping
moiety.

To explore the C-terminal position, a total of 30 N-benzoyl-
capped tripeptides with the sequence Bz-Arg-Lys-X-NH,,
where X is the variable C-terminal residue, were synthesized.
Benzoate was initially chosen as a small, commercially available
N-terminal cap to allow straightforward synthesis. All target
sequences were evaluated by homogeneous fluorimetric assays
for their inhibitory potential against DENV and WNV
proteases and thrombin. Additionally, a HPLC-based DENV
protease assay was performed for all sequences to confirm the
results and exclude false-positive values.** The reference
inhibitor with a C-terminal norleucine 1 was included for
comparison.

The selection of alternative C-terminal residues focused
mostly on hydrophobic amino acids, in addition to the
substrate-mimicking serine and the structurally related
threonine. One reason is that we expected hydrophobic groups
to balance the otherwise relatively pronounced hydrophilicity of
the molecule. The second reason is related to the previously
reported docking structure, which suggested that norleucine
can be positioned in the S,’ binding pocket.”> Prime side
substrate specificity has been regorted to favor small polar
residues, particularly serine at P,’,”"** with hydrophobic amino
acids lacking flexibility being not advantageous for proteolytic
activity.

All tripeptides in Table 1 show lower percentage inhibition
to WNV protease in comparison to DENV protease.
Furthermore, all sequences have only negligible activity against
thrombin. The selectivity of the compounds between the two
closely related viral targets, and particularly between the dengue
protease and thrombin, indicates a highly specific target—ligand
recognition and low promiscuity.

Both p- and L-norleucine sequences showed similar activity,
indicating that amino acid configuration plays no role in activity
at this position. The phenylglycine-containing sequence 9 was
identified as the most active, with 4-fold higher inhibitory
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Table 1. Inhibitory Activity of N-Benzoyl-Capped
Tripeptides with Various C-Terminal Amino Acids,
Possessing the General Structure (Bz-Arg-Lys-X-NH,)
against DENV and WNV Proteases and Thrombin®

DENV WNV THR
X %° ICy, (uM)° % %°
1 Nle 68.1> 13.3% 7.7% 5.5%2
2 Ser 57.9 30.1 21.9 62
3 Phe 80.7 11.9 18.2 72
4 Ala 46.6 35.6 26.0 72
5 Gly 70.4 21.0 44.6 3.5
6 Met 45.0 47.5 11.8 62
7 Nrv 62.0 25.2 8.5 ni
8 Tle 18.8 137.2 11.7 ni
9 Phg 95.0 3.3 39.3 ni
10 Tic 41.6 65.8 17.8 ni
11 p-Nle 72.7 14.1 16.1 4.9
12 2-Abz 62.0 15.8 8.7 6.4
13 Trp 74.1 17.6 328 ni
14 Tyr 82.3 7.4 12.9 7.9
15 p-Ala 32.9 109.3 19.8 ni
16 Aib 55.0 46.7 13.7 ni.
17 Pro 20.0 191.9 3.6 n.i.
18 3-Abz 27.0 96.6 23.0 5.6
19 4-Abz 27.5 92.2 17.9 9.2
20 Pra 72.5 17.5 143 52
21 Pip 13.7 159.2 12.1 ni
22 3-Pal 61.3 30.1 12.5 ni
23 2-Pal 53.0 44.3 9.8 ni.
24 (4-NO,)Phe 66.6 17.5 213 ni
25 (4-CN)Phe 71.7 14.4 15.9 ni.
26 Cha 80.0 8.2 19.1 ni
27 Chg 71.7 17.4 12.1 ni
28 Leu 632 227 18.4 5.9
29 Ile 56.6 28.2 14.9 4.6
30 Thr 32.1 98.6 16.5 ni
31 Val 60.0 28.8 183 4.9

“ni. = no inhibition. All measurements were carried out in triplicate.
Standard deviations were below 10%. “Percent inhibition of DENV
NS2B-NS3 protease serotype 2 (enzyme 100 nM, inhibitor SO uM,
substrate SO uM, K, = 105 uM). “ICs, values against DENV NS2B-
NS3 protease serotype 2 were determined for a substrate
concentration of 50 uM. “Percent inhibition of WNV NS2B-NS3
protease (enzyme 150 nM, inhibitor SO M, substrate S0 uM, K, =
212 uM). “Percent inhibition of thrombin (enzyme 10 nM, inhibitor
25 uM, substrate 50 uM, K,, = 16 uM).

potential (IC, = 3.3 uM, K; = 2.1 uM) than 1 (IC,, = 13.3 uM,
K; = 11.2 yM). Extending the side chain by one carbon atom in
phenylalanine 3 and its substituted derivatives 14, 24, and 25
caused a drop in the inhibitory activity, which was most
noticeable in the case of the bioisosteric pyridine analogues of
phenylalanine 22 and 23. A moderate decrease in activity was
seen for the cyclohexylglycine (27) and 2-amino benzoic acid
derivatives (12). The loss of activity was more pronounced in
the cases of 3- and 4-amino benzoic acid, 18 and 19,
respectively. Branched leucine 28 and isoleucine 29 showed
lower inhibition in comparison to linear norleucine, with tert-
leucine (8) being least active. Nearly all affinity is lost with
cyclic amino acids such as proline 17 (IC5, = 191.9 uM) and
pipecolic acid 21 (ICs, = 159.2 uM). Combining the cyclic
amino acid to an aromatic ring (10) restored a part of the
activity. The peptide sequence incorporating serine 2 had an
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Table 2. Inhibitory Activity of Peptide Hybrids against DENV and WNV Proteases

and Thrombin”

R-Arg-Lys-Nle-NH> R-Arg-Lys-Phg-NH> R-Arg-Lys-Tic-NH> R-Arg-Lys-Tle-NH>
N-terminal Cap R
No. 1 9¢ 10 8
o)
©)kOH DENV* 68.1 %2 95.0% 41.6% 18.8%
ICso® 13.3 uyM? 3.3uM 65.8 uM 137.2 yM
No. 32 34 36 38
N DENV® 88.5 %23 98.6 % 59.2% 32.5%
Il OH
R L ICso® 5.3 M 1.3uM 24.9 uM 57.6 uM
v e}
. WNV* 28.0 % 90.2 % 38.3% 26.7%
THR¢ 13.4 %3 5.6 % n.i. 5.0 %
No. 33 35 37 39
o DENV? 98.2 % 99.6 % 85.7 % 60.6 %
Mg OH
N I ICso® 2.5 uM> 0.6 uM 10.5 uM 29.8 uM
o}
- WNV* 51.8 %3 98.4 % 49.4 % 28.0 %
THR! 16.0 %% 9.2% 7.6 % 10.2 %

“Percent inhibition of DENV NS2B-NS3 protease serotype 2 (enzyme 100 nM, inhibitor 50 M, substrate 50 uM, K, = 105 uM). bICSO values
against DENV NS2B-NS3 protease serotype 2 were determined for a substrate concentration of S0 yM. “Percent inhibition of WNV NS2B-NS3
protease (enzyme 150 nM, inhibitor SO M, substrate S0 uM, K, = 212 uM). “Percent inhibition of thrombin (enzyme 10 nM, inhibitor 25 uM,
substrate S0 uM, K, = 16 uM). “Compound 9 K; at WNV NS2B-NS3 protease: 49 uM, IC, 58 uM. No inhibition of thrombin. /ni. = no inhibition.
All measurements were carried out in triplicate. Standard deviations were below 10%.

ICq, of 30.1 uM, and the one with branched threonine 30 was
approximately three times less active.

In the context of norleucine modifications as P, residue,
other researchers'” reported equipotent inhibitors in the case of
substitutions at P, with either alanine or phenylalanine, which
implied minimal contribution of P, in the enzyme binding.
Inversion of configuration into p-norleucine resulted in a nearly
2-fold lower binding affinity.'” The contradiction of our data
with these findings lends further support to the notion that the
C-terminal residue does not bind to the S, pocket.

Fragment-based drug design is a tool for drug discovery that
witnessed considerable advances in recent years.”® The basic
concept is to optimize interactions of smaller building blocks,
or fragments, with the target protein and to subsequently
integrate these fragments into a single molecular entity that is
expected to have a higher binding affinity, which corresponds to
the sum of the individual interactions.”” The technique
encompasses different strategies: fragment evolution, merging,
or linking. Proteases usually possess extended binding sites
spanning multiple amino acid-specific subsites and are hence
ideally suited for fragment-based drug discovery.”® To apply
this approach, we chose three sequences displaying different
levels of activity (9, 8, and 10) and merged the C-terminal
residues with the N-terminal caps of the optimized peptide
hybrids 32 and 33 (Table 2). The overlapping basic residues
were not modified.
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In comparison to 1, C-terminal residue optimization from
norleucine to phenylglycine provided a 4-fold improvement in
the inhibitory potential, while the N-terminal-cap optimization
resulted in more than 2-fold improvement with the N-
cyclopropyl cyanoacrylamide cap I and S-fold improvement
with the N-cyclopentyl thiazolidinedione cap IL These groups
were chosen as the most promising caps characterized in our
previous work in terms of potency and selectivity.””**** The
thiazolidinedione cap was preferred over the rhodanine cap
because the latter is often considered as a fragment with
promiscuous binding properties,®® although the generality of
this view has been challenged.*’

Merging the subpocket-specific fragments, associated with
the enhancement in inhibitory potency for our most active
peptide hybrids 9 (optimized C-terminus) and 33 (optimized
N-terminus), resulted in the 20-fold more potent inhibitor 35
(ICs = 0.6 uM, K; = 0.4 uM). This indicates that the generated
molecule inherited the most relevant target interactions of the
parent sequences. The other merged peptide hybrids displayed
a similar tendency with enzymatic inhibitory potential (ICy()
being proportional to that of the corresponding N-benzoyl-
capped tripeptide and the similarly capped norleucine-
containing sequence. The increased affinity is in accordance
with the concept of fragment-merging, in that the activity of
composite compounds depends on that of the parent molecules
or fragments. Using the aprotinin competition assay,”> specific
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binding of 35 to the DENV protease active site was
demonstrated through a concentration-dependent nonlinear
decrease of the fluorescence, which was significantly restored
following addition of aprotinin (data not shown). The same
was shown for our previously reported peptide hybrids.®
Altogether, 35 is the first reported peptidic DENV protease
inhibitor without incorporation of highly electrophilic target
binding moiety that reaches a binding affinity in the nanomolar
range.

Using a homology model of the DENV 2 protease based on
the published X-ray structure of the DENV 3 protease in
complex with a substrate-based inhibitor (3U1I),>* we
performed docking studies to predict the binding mode of
our most active compound 35 using AD Vina®* (cf. Supporting
Information for details). The proposed binding mode is
presented in Figure 1 with the electrostatic potential mapped

B

Asp183

Figure 1. Close-up view of the docked complex. The binding mode of
the ligand 35 obtained using AD Vina is shown in green.34 (a)
Electrostatic potential calculated using the program APBS with the
linear Poisson—Boltzmann equation, contoured at +11.0 kT/e and
mapped on the solvent-accessible surface.>® Negatively charged surface
areas are shown in red. The positions of the binding pockets S}, S,, S,
and S, and the catalytic triad are indicated. The protein is presented in
the serine protease standard orientation, i.e., looking into the active
site cleft. (b) Detailed view of the main interactions presented in the
proposed binding mode. Labels of the NS2B and NS3 residues are
shown in blue and red, respectively, labels for the catalytic triad are
black, distances of intermolecular hydrogen bonds are labeled in green,
ligand intramolecular hydrogen bonds are in magenta, and the
centroids of the aromatic rings, involved in 7—7 stacking interactions,
are colored in orange with respective distances labeled in black. The
graphic was generated using Chimera.*®

on the solvent-accessible surface of the protein. The most
important interactions between protein and ligand are high-
lighted. There was a total number of 18 protein residues
involved in interactions with the ligand within 3.9 A, including
the catalytic triad (see Table Sl in the Supporting
Information). Contrary to our expectations, the phenylglycine
of the ligand is placed in the S; pocket, arginine is in S,, lysine is
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in the region between S, S,, and S,, and the N-terminal cap is
in the S; and S, pockets. Phenylglycine is located in a region
where it is able to make a parallel 7—7 stacking interaction with
Tyr215 and a T-shape n— stacking interaction with Tyr204 of
the NS3 domain. Replacing phenylglycine by tert-leucine has a
very detrimental effect on the activity. The docking study for 39
showed that fert-leucine occupied the same binding pocket as
phenylglycine. Since tert-leucine is not able to participate in
m—n stacking interactions and is more bulky, this could explain
the significant decrease in the observed activity. Moreover,
phenylglycine can form two intermolecular hydrogen bonding
interactions with the side-chain of Ser189 and with the
backbone of Gly205 as an acceptor and as a donor, respectively.
As expected, the arginine residue of the ligand interacts strongly
with Asp129 via charge—charge interaction. The side-chain of
Lys is close enough to the backbone of the ligand to form an
intramolecular hydrogen bond with the oxygen of the benzoyl
group in cap IL In addition, the oxygen of the backbone of
lysine participates in a hydrogen bond as an acceptor with the
Gly207 backbone (S,). The N-terminal cap II interacts with
several residues from the cofactor and also with a hydrophobic
region formed by Val208 and Val209 from the protease
domain.

Docking experiments on the cyanoacrylamide derivatives
presented here indicated that a pose can be adopted in which
the nitrile group could react with the catalytic serine to form
reactive intermediates and thus inhibit the dengue protease
irreversibly (see Figure S2 in the Supporting Information).
However, as yet, we did not find experimental evidence for such
a binding mode.

In the present work, we extensively investigated and
optimized the C-terminal residue of peptide-hybrid inhibitors
of dengue protease. Using a fragment merging approach, we
combined the activity-enhancing fragments from two peptide-
hybrid inhibitors with inhibitory potential in the micromolar
range and achieved a significant improvement of activity into
the upper nanomolar range. This molecule is the first reported
nanomolar active peptide-based DENV protease inhibitor that
does not incorporate a highly electrophilic warhead. A
competitive and specific binding mode of 35 with the DENV
protease binding site was confirmed. Docking studies suggest
that 7—n stacking and hydrogen bonding interactions with
phenylglycine can be responsible for the high affinity of the
ligand. The N-terminal cap moiety appears to be anchored at a
hydrophobic region formed by cofactor residues and two
valines from the protease domain. The applied strategy opens
broad perspectives toward the development of highly affine
DENV protease inhibitors through the merging of structural
fragments that target different protease subsites.
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Chemical reagents and synthesis of peptide hybrids, HRMS,
NMR, GSH reactivity and HPLC data for all synthesized
compounds, sequence alignment and homology modeling,
quality of the homology model and docking procedures. This
material is available free of charge via the Internet at http://
pubs.acs.org. For details regarding expression and purification
of viral proteases, fluorimetric protease assays, ICsy, and K;
determination, please refer to our previous publications.
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