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Abstract An in silico fragment-based drug design
approach was devised and applied towards the identifica-
tion of small molecule inhibitors of the dengue virus
(DENV) NS2B-NS3 protease. Currently, no DENV prote-
ase co-crystal structure with bound inhibitor and fully
formed substrate binding site is available. Therefore a
homology model of DENV NS2B-NS3 protease was gen-
erated employing a multiple template spatial restraints
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method and used for structure-based design. A library of
molecular fragments was derived from the ZINC screening
database with help of the retrosynthetic combinatorial
analysis procedure (RECAP). 150,000 molecular fragments
were docked to the DENV protease homology model and
the docking poses were rescored using a target-specific
scoring function. High scoring fragments were assembled
to small molecule candidates by an implicit linking cas-
cade. The cascade included substructure searching and
structural filters focusing on interactions with the S1 and
S2 pockets of the protease. The chemical space adjacent to
the promising candidates was further explored by neigh-
borhood searching. A total of 23 compounds were tested
experimentally and two compounds were discovered to
inhibit dengue protease (ICs5o = 7.7 uM and 37.9 pM,
respectively) and the related West Nile virus protease
(ICs50 = 6.3 pM and 39.0 uM, respectively). This study
demonstrates the successful application of a structure-gui-
ded fragment-based in silico drug design approach for
dengue protease inhibitors providing straightforward hit
generation using a combination of homology modeling,
fragment docking, chemical similarity and structural filters.

Keywords Dengue virus - NS2B-NS3 protease - West
Nile virus - Protease inhibitor - Fragment-based drug
design (FBDD) - Homology modeling

Introduction

The incidence of dengue has grown dramatically around
the world in recent decades. Some 2.5 billion people—two
fifths of the world’s population—are now at risk from
dengue [1]. The WHO currently estimates that 50 million
dengue virus (DENV) infections occur worldwide every
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year, including 500,000 cases of the more severe dengue
hemorrhagic fever (DHF) and 22,000 deaths, mostly
among children [2]. DENV belongs to the genus Flavivirus
within the Flaviviridae family [3]. There are four closely
related DENV serotypes that spread with its most common
vector Aedes aegypti, an urban, diurnal mosquito species.
So far there are no vaccines or an effective chemotherapy
available against dengue.

The genome of DENV is organized in a ~ 11 kb sin-
gle-strand plus-sense RNA which encodes three structural
proteins (capsid protein C, membrane protein M, and
envelope protein E) and seven non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NSS5). The
DENV genome is translated into a single polyprotein
which is post-translationally processed via host proteases
and the virus-encoded two-component protease NS2B-
NS3pro. The NS3 protein contains an N-terminal protease
domain (NS3pro, residues 1-179) and a C-terminal helicase
domain (NS3hel). NS3pro is a classic trypsin-like serine
endo-peptidase with a catalytic triad formed by His51,
Asp75 and Serl135 [3]. The protease requires the hydro-
philic part of the integral membrane protein NS2B (resi-
dues 49 to 95) for full enzymatic activity [4].

DENV protease shows high sequence (49% identity) and
structural similarity (Table 1) to the protease from West
Nile virus (WNV), a closely related flavivirus member.
Several crystal structures of DENV/WNV NS2B-NS3pro
have been determined either co-crystallized with an
inhibitor (PDB ids: 2ijo [5]; 2fp7 [6]; 3¢90 [7]; all WNV)
or in absence of an inhibitor (PDB ids: 2ggv (WNV) [5];
316p, 3lkw (DENV1) [8]; 2fom (DENV2) [6]; 2vbc
(DENV4) [9]; 2whx (DENV4) [4]. According to these
three-dimensional (3D) structures, the conformation of
NS2B-NS3pro can assume an “open form” or a “closed
form”. In the closed conformation the NS2B peptide wraps

Table 1 RMSD matrix of WNV and DENV protease template
structures used for homology modeling

2fp7 3¢90 2ijo 2fom 2vbc Wichapong

et. al
Model 0.330 0.388 0.380 0.820 0.650 0.350
2fp7 (WNV) 0.380 0.300 0.760 0.720 0.003
3¢90 (WNV) 0.400 0.780 0.760 0.381
2ijo (WNV) 0.650 0.790 0.280
2fom (DENV2) 0.770  0.800
2vbc (DENV4) 0.754

Pair-wise root mean squared deviations (RMSD) of equivalent non-
hydrogen atoms (in A) of the generated homology model, the tem-
plate structures (denoted by their PDB id), and a previously published
homology model by Wichapong et al. [51]. The particularly low
RMSD of Wichapong’s homology model with the WNV struc-
ture 2fp7 [6] is likely due to their single template approach. In con-
trary, our model was based on five separate template structures

@ Springer

around NS3pro like a belt and its C-terminal f-strand is
associated with the C-terminal f-barrel of NS3pro forming
part of the substrate binding site [3, 6]. In the open con-
formation, in contrast, this C-terminal f5-strand of NS2B is
dissociated from NS3 [3, 6]. A closed-form DENV prote-
ase structure has not yet been determined experimentally.
Solution-phase NMR analyses indicated that the closed
form is predominant in WNYV regardless of the presence of
an inhibitor while in DENV the open form is predominant
when no inhibitor is present [10].

Drug discovery efforts have so far yielded several pep-
tide and small molecules inhibitors with activities in the
sub- to low micromolar ranges [11-26]. Tri- and tetra-
peptide aldehyde inhibitors have been reported for WNV
protease in the submicromolar range and for DENV pro-
tease in the low micromolar range [12—-15]. The preferred
amino acids in positions Pl and P2 (nomenclature of
Schechter and Berger, 1967 [27]) are arginine and lysine
indicating the role of electrostatics in the inhibitor-protease
interaction. Only a few small molecule inhibitors have so
far been identified utilizing both HTS and rational drug
design approaches. These can be grouped into charged
[17-19] and uncharged compounds [11, 16, 22, 24].

Here, we demonstrate the successful application of a
structure-guided fragment-based in silico drug design
approach of DENV?2 protease inhibitors. Our approach
provides straightforward hit generation using a combina-
tion of homology modeling, fragment docking, chemical
similarity and structural filters. Ekonomiuk et al. reported
the discovery of three cationic small molecule inhibitors
for WNV protease by structure-guided fragment-based
approaches [17, 18]. However, in the absence of any
published closed-form DENV protease crystal structure
and in contrast to related studies in the literature, the
structure-based design of this study is based on a DENV2
NS2B-NS3pro homology model.

Materials and methods
Sequence alignment and homology modeling

All homology models were generated with the software
MODELLER (version 9.7; Andrej Sali Laboratories, Uni-
versity of California, San Fransisco, CA, USA) [28]. The
sequence alignment was performed in MODELLER with
the SALIGN routine [29]. NS2B and NS3 template
sequences were aligned separately and subsequently
merged manually to yield the final NS2B-NS3pro sequence
alignment (Fig. la, PDB ids: 2fom (DEN2) [6]; 2vbc
(DEN4) [9]; 3¢90 (WNV) [7]; 2fp7 (WNV) [6]; 2ijo
(WNV) [5]). The model was based on the sequence of
2fom and spatial restraints were derived from all five
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a
3E90_NS28 48 ----MGTDMY IERTADISWE
21J0_NS28 48 ----M3IDMW IERTADISWE
2FP7_NS28 44 GSHMLEIOMY IERTADITWE
2VBC_NS2B 44 GSAM--ADLS  LEKAANVOWD
2FOM_NS28 43 LERAADVRWE
- LR T T

3E90_NS3 1 GOVIWOTPSP  KEYKKGDTTT
21JO_NS3 1 GGVIWDTPSP  KEYKKGDTTT
2FP7_NS3 LT GDTIT

2FOM_NS3 1 AGVLWDVPSP  PPVGKAELED

2VBC_NS3 1 SGALWDVPSP  AATQKATLSE

3E90_NS3 71 SVKEDRLCYG  GPWKLQHKHN

21J0_NS3 71 SVKEDRLCYG  GPWQLOQHKWN

2FP7_NS3 71 SVKEDRLCYG  GPWKLQHKKN

2FOM_NS3 71 DVKKOLISYG GGHKL EGEWK

2VBC_NS3 71 DVRNOMISYG GGWRLGDKWD

- - :_.t - .:. - -n

3E90_NS3 141 DKNGDVIGLY YISATVQGKR
21J0_NS3 141 DENGOVIGLY YISAIVOGER
2FP7_NS3 141 DKNGDVIGLY YISATVQGER
2FOM_NS3 141 DKKGKVVGLY YVSATANTEK
2VBC_NS3 141 MKKGKVIGLY

b

Fig. 1 a Multiple sequence alignment of template structures (PDB
ids: 2ijo [5]; 2fp7 [6]; 3¢90 [7]; all WNV, 2vbc (DEN4) [9]) and the
DENV?2 target sequence (PDB id: 2fom [6]) used for homology
modeling. Underlined residues provide resolved 3D structural infor-
mation from which restraints could be derived. Residues of the S1,
S2, S3 and S4 pocket in cyan, yellow, green and magenta. Stars
denote identical residues, dots indicate similarity. Catalytic triad in
bold red color. b Structural alignment of WNV NS2B-NS3pro (PDB
id: 3e90 [7]) in cyan and the DENV2 homology model in orange.
¢ Superposition of the substrate binding site of the DENV2 homology

templates. Based on preliminary analyses the first seven
residues at the N-terminus and the last nine residues at the
C-terminus of NS2B were removed to avoid unfavorable
high energy scores. To conserve the oxyanion hole in the
homology modeling, the following distance restraints
were derived from WNV protease (PDB id: 3e90);
d[N:Gly133:NS3 «— OAX:NKK(inhibitor)] = 2.8 £ 0.1 A;
d[N:Thr134:NS3 < OAX:NKK(inhibitor)] = 3.2 + 0.1
A; d[OG:Ser135:NS3 « CAW:NKK(inhibitor)] = 1.5 +
0.1 A; d[N:Ser135:NS3 «— OAX:NKK(inhibitor)] = 2.8 +
0.1. Five models were generated in MODELLER by
employing the variable target function method (VTFM)
with conjugate gradients (CG) and were refined using

L
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model (vdW surface in gray, residues in orange) and the WNV
template structure (PDB id: 3¢90 [7]) in cyan. NS2B residues are in
italics. Arrows indicate residue exchanges in going from the WNV
3e90 sequence to the DENV2 homology model. Residues in bold
three-letter code constitute the catalytic triad. The subpockets are
labeled S1, S1’, S2, S3 and S4 (in red letters). The peptide aldehyde
inhibitor Naphtoyl-KKR-H is shown in magenta. A green sphere
indicates the center of the binding site selected for docking. Figures
generated with PyMol

molecular dynamics (MD) combined with simulated
annealing (SA) optimizing the objective function until the
molecular probability density function (mol pdf) exceeded
a value of 10° [28].

Model evaluation

The five generated models were evaluated using the dis-
crete optimized protein energy (DOPE) score, DOPE-per-
residue score (DPRS) and by visual inspection. DOPE is a
statistical potential employed here to assess the quality of a
structure model as a whole [30]. The generated models
were first ranked by their DOPE score for evaluation. Next,
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calculation and comparison of DPRS profiles of the model
and the template structures allowed for a more fine-grained
evaluation. Finally, structural alignments of models and
templates were performed using PyMol (version 0.99;
DeLano Scientific, Palo Alto, CA, USA) [31] and structural
variances were correlated with DPRS curves. The model
showing the most similar DPRS curve to 390 was selec-
ted. Additionally, a Ramachandran map was generated
with the Molecular Operating Environment (MOE, version
2009.10; Chemical Computing Group, Montreal, Canada)
[32, 33]. This analysis revealed overall correct backbone ¢
and  angles with the exception of a single amino acid
(Leu31) that was projected into the disallowed region of
the map. As this amino acid is part of a flexible extended
loop region (Ela-D1 loop [6]) located 21.1 A away from
the catalytic Ser135, this minor deviation from optimality
is considered to be acceptable. A PDB file of the homology
model is provided in Online Resource 2.

Fragment generation

Fragments were derived from the all-purchasable subset of
the ZINC database version 9 containing ca. 14 million
compounds [34]. The ZINC database compounds were
loaded into MOE, hydrogens were added and strong acids
or bases were deprotonated or protonated assuming pH 7.
Next, the database was filtered by the Lipinski Rule-of-
Five (Molecular weight (MW) < 500 Da, number of
hydrogen bond (H-bond) donors < 5, number of H-bond
acceptors < 10, ClogP < 5) [35]. For fragment generation
the retrosynthetic combinatorial analysis procedure
(RECAP) as implemented in MOE was applied to all ZINC
molecules [36]. Duplicate fragments were removed and a
Rule-of-Three  filter  for  fragment-based  design
(MW < 300, number of H-bond donors < 3, number of
H-bond acceptors < 3, ClogP < 3) was applied [37]. The
final fragment library contained 149,151 unique molecular
fragments with the number of rotatable bonds ranging from
0 to 13, the number of rings from O to 6 and within the
confines of the filters described above.

Fragment docking

All fragments were exported in the PDB format, non-polar
hydrogen atoms were merged and Gasteiger charges [38]
were calculated with help of the software AutoDockTools
(version 4; Molecular Graphics Laboratory, La Jolla, CA,
USA) [39]. To make the homology model suitable for the
docking exercise, the model was further refined using MOE
as follows: Hydrogen atoms were added and the ionization
state of His51 (catalytic triad) was set manually to neutral
according to Markley and Westler [40]. The orientation of
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Asn152 which does not correspond to the reference orien-
tation in either the DENV 2fom or WNV 3e90 template
structure was corrected in MOE. Then, the homology model
was subjected to a restrained energy minimization in MOE
with the AMBERY9 force field and a Born solvation term
until the RMS gradient fell below 0.05 kcal/(mol A) [41].
Finally, non-polar hydrogen atoms were merged with their
bound carbons and Gasteiger charges were calculated with
AutoDockTools 4. The fragment docking was conducted
with the software Autodock Vina (version 1.1.0; Molecular
Graphics Laboratory, La Jolla, CA, USA) with the following
parameters for the selected binding site center x = 17,
y =155 z=4 (Fig. lc, green sphere), the dimension
parameters x-size = 22, y-size = 22, z-size = 24, aterm for
thoroughness exhaustiveness = 8, and the number of best
scored binding poses to store Number of modes = 20 [42].
The coordinates of the binding site center (in 10\) refer to the
generated homology model provided in Online Resource 2.
The docking procedure for 149,151 molecular fragments
required 72 h on a HP Xeon two socket Dual-Core-64bit
Linux cluster using 10 nodes.

Rescoring

The top-ranked binding pose of each fragment was
rescored with the scoring function (Eq. 1):

Sk:ZZCij+[ij (1)

i=1 j=1

Where S, is the score for subpocket k, i is an atom of the
residues delineating subpocket k, and j is an atom of a
docked fragment. C;; assumes a value of 1 if an
hydrophobic interaction was identified between i and
J and O otherwise, and I; assumes a value of 1 if an
hydrophilic interaction between i and j was identified and O
otherwise. Potential molecular interactions were calculated
with the help of MOE’s Protein Ligand Interaction
Fingerprint (PLIF). Eq. 1 was applied to subpockets S1,
S2, S3, S1” and the oxyanion hole to establish a subpocket
assignment for each fragment.

Fragment linking

The linking of fragments was performed implicitly to avoid
chemically unfeasible molecules and to restrict the chemical
space to the commercially available compounds of the ZINC
database. The updated ZINC database version 10 was
downloaded in the SMILES format containing 20,878,779
molecules [43]. Next, molecules and fragments were
chemically standardized, two dimensional (2D) coordinates
were calculated, hydrogens were removed, and a substruc-
ture search was performed with the software Pipeline Pilot
(version 6.2; Accelrys Inc., San Diego, CA, USA) [44].
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Substructure searching for preferred S1 and S2 fragments
was based on the SciTegic fingerprints FCFP_4 and
ECFP_4 [45]. The search hits were required to contain at
least one fragment (either S1 or S2). The substructure
screening hits were triaged by a number of structural and
physicochemical property filters. Briefly, spiro-compounds,
compounds with a diameter > 19 bonds, with more than 5
rings and with fused ring systems consisting of > 3 rings
were removed. In addition, all molecules were required to
contain a terminal cationic or basic moiety expected to be
protonated under assay conditions for favorable interactions
with the S2 pocket. 18,803 filtered compounds were subse-
quently clustered into 300 clusters based on maximum fin-
gerprint dissimilarity with help of Pipeline Pilot. Promising
clusters were chosen by manual inspection of their cluster
representatives selecting for primarily linear molecules
containing favorable S1 and S2 fragments at opposite ends.
This topology was motivated by molecular docking results.
Next, a neighborhood search was conducted based on the
ECFP_4 and FCFP_4 fingerprints with a Tanimoto coeffi-
cient cut-off of 0.7 [46]. Results of the neighborhood search
were once again subjected to the structure and property filters
leaving 7,915 molecules for re-clustering and selection as
described above. Finally, the remaining 815 compounds
were docked to the substrate binding site of the NS2B-
NS3pro homology model and the final selection of test
compounds for experimental validation was manually
picked after visual inspection.

Molecular docking

Molecular fragments were linked to complete molecules
(superstructures), which were docked with the software
GOLD (version 4.1; The Cambridge Crystallographic Data
Centre, Cambridge, UK) [47]. The protease structure was
again refined in MOE for docking as described above
omitting the final AutoDockTools step. Ligands were pre-
pared in MOE by adding hydrogens followed by energy
minimization (MMFF94x force field, 0.1 kcal/(mol 10\)
RMS gradient limit) and finally saving them in SD format.
GOLDscore and ChemScore fitness functions were selec-
ted and early termination was allowed [48]. The genetic
algorithm (GA) settings were set to automatic with a search
efficiency of 100%. The binding site center of the homol-
ogy model was set to x = 17,y = 55, z = 4 with a radius
of 16 A. The molecular docking of 815 molecules took
36.6 h on an Intel Core 2 Quad (2.8 GHz) Linux desktop
computer. GOLD was selected for docking of linked
molecules due to its known reliability. However, Autodock
Vina was utilized for fragment docking due to its multi-
threading capabilities and free availability allowing for
straightforward parallel and distributed docking of a large
number of molecules.

In vitro protease inhibition assay

Small molecules were assayed in 384-well microplates in
protease buffer (50 mM Tris, pH 8.5, 1 mM Chaps, 20%
glycerol) in a final volume of 30 pL as described by Li
et al. [49]. Briefly, protease DENV2 NS2B4(-G4-S-Gy-
NS3prol85 (10 nM) was pre-incubated with various con-
centrations of test compounds at room temperature for
30 min. The final DMSO concentration was kept constant
at 3%. The reaction was then initiated by the addition of
competitive, protease specific, fluorophore-tagged substrate
Bz-nKRR-AMC at 20 pM. Reaction progress was moni-
tored continuously by following the increase in fluores-
cence (excitation 380 nm, emission 450 nm) on a Tecan
Infinite®M200 microplate reader at room temperature.
Relative fluorescence values were determined after 30 min
for 8 consecutive compound concentrations and the 1Csq
was derived from the dose—response curve by a non-linear
regression using GraphPad prism (version 5.0; GraphPad
Software, La Jolla, CA, USA) [50]. All ICsy values
reported are derived from at least two experiments.

Enzyme kinetics

5 different compound concentrations (0, 10, 20, 30, and
40 pM) and 3 different substrate concentrations (40, 60, and
80 uM) were tested. Enzyme kinetics was performed in
384-well microplates in protease buffer (50 mM Tris, pH
8.5, 1 mM Chaps, 20% glycerol) in a final volume of 30 pL.
Protease (10 nM) was pre-incubated with the indicated
concentrations of test compounds (3% DMSO) at room
temperature (RT) for 30 min. The reaction was then initiated
by the addition of substrate Bz-nKRR-AMC at indicated
concentrations. Reaction progress was monitored continu-
ously by following the increase in fluorescence (excitation
380 nm, emission 450 nm) on a Tecan Infinite®M200
microplate reader at RT and relative fluorescence values
were determined after 60 min. The data was analysed using a
Dixon Plot and the K; was derived from a linear regression of
the reciprocal reaction rate (1/v) against inhibitor concen-
tration by taking the average of the pairwise regression line
intersection points using GraphPad prism (version 5.0, La
Jolla, CA, USA). Experiments were performed in triplicates.

Results and discussion

Homology model

The structure-based design of DENV protease inhibitors is
currently impeded by the lack of a closed-form DENV

NS2B-NS3pro structure with fully formed substrate bind-
ing site despite extensive effort. We therefore generated a
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DENV protease homology model (Fig. 1) based on five
WNV and DENV protease template structures (Table 1).
The model was validated by its DOPE score, DOPE-per-
residue profile, and Ramachandran plots, and found to be
of acceptable overall accuracy (c.f. Materials and Meth-
ods). Figure 1b shows the structural alignment of the
homology model with a WNV protease template structure
(PDB 1id: 3e90 [7]). The alignment has a low root mean
squared deviation (RMSD) of non-hydrogen atoms of
0.388 A. Recently, a DENV protease homology model was
published by Wichapong et al. (2009) [51] that agrees well
with our present work (RMSD 0.350 A Table 1). How-
ever, a major structural difference of our model from
Wichapong’s is the conformation of the oxyanion hole
(residues Gly133, Thr134, and Ser135). Our dengue pro-
tease homology model features a functionally competent
oxyanion hole [5-7]. Distance restrains of atoms partici-
pating in the oxyanion hole were derived from WNV
protease structure 3¢90 and explicitly included in our
modeling. A close-up inspection of the model published by
Wichapong et al. revealed that the oxyanion hole assumed
an inactive conformation: Thr134 is “flipped” by 180
degrees causing the backbone nitrogen atom of Gly133 to
point away from the oxyanion hole [5, 7]. In our model the
backbone nitrogen atoms of Gly133 and Ser135 are ori-
ented to stabilize a potential negative charge on the car-
bonyl oxygen of the scissile peptide bond by H-bonding.
We hypothesized that the oxyanion hole could provide
additional interactions for potential protease inhibitors.

Comparing the binding sites of DENV2 and WNV

A detailed comparison of the modeled DENV2 substrate
binding site with the WNV binding site revealed overall
high similarity (Fig. 1a). Eight amino acids differences at
the substrate binding site distinguish WNV from DENV2
(Fig. 1c). These are DS1E, N84S, F85 M, Q86S, and L871
in NS2B (WNV amino acid numbering); and P131S,
T132P, and 1155 V in NS3. D8I1E is a conservative change
that is not likely to have a large impact on the substrate
binding site. N84S replaces the polar amide moiety of the
side chain by a polar and smaller hydroxyl group. Asn84 is
within hydrogen bonding distance of the P2 residue and
was shown to be responsible for S2 pocket specificity
differences between WNV and DENV (WNV protease
prefers a P2-lysine while DENV prefers a P2-arginine) [52,
53]. For F85 M the hydrophobic side chains of both amino
acids are buried within the protease and their exchange is
unlikely to impact the binding properties. At position 86
the Gln in WNV is engaged in hydrogen bonding with the
P3 residue whilst the shorter side-chained Ser residue in
DENYV might influence the binding properties of the S3
pocket. However, mutagenesis and peptide substrate/
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inhibitor data indicate that binding to the S3 pocket is less
specific [13, 14, 49, 53]. Lastly, L87I is a conservative
hydrophobic exchange unlikely to impact the binding
behavior significantly. In NS3pro the amino acid substitu-
tions P131S and T132P occur in a loop connecting the
oxyanion hole with the S1 pocket. Interestingly, the posi-
tion of proline is shifted by one amino acid position
without altering the loop conformation (“proline shift”).
T132P increases the van der Waals (vdW) surface of the S1
pocket by 18 A? and removes the hydrogen bond donor
side chain of Thr132. Figure lc and our docking results
indicate that Prol132 increases the hydrophobicity of the
DENV?2 S1 pocket compared to WNV. This is supported
by peptide inhibition studies where hydrophobic aromatic
residues in the S1 pocket are more readily tolerated by
DENV?2 than by WNYV protease [13, 14]. The proline shift
from position 131 to 132 was further implicated in modi-
fying the binding specificity of the S1° pocket of DENV
and WNYV protease [54]. Finally, 1155 V is a conservative
substitution occurring in the S4 pocket that is not expected
to have a significant impact on the binding properties of
this pocket. In summary, the substrate binding sites of
WNV protease and our DENV2 protease model are overall
similar with a number of mostly conservative sequence
differences. This is in line with the very similar substrate
specificity of both proteases [14, 49].

Fragment generation and docking

The DENV protease model subsequently served as the
basis of our fragment-based drug design approach.
Molecular fragments were generated by retrosynthetically
cleaving 14 million compounds of the ZINC screening
database version 9. The ZINC compounds were filtered by
the Lipinski Rule-of-Five to provide molecules from a
drug-like chemical space. 149,151 fragments were gener-
ated by application of the RECAP rules [36] and sub-
sequent filtering by the Rule-of-Three for fragment-based
drug design (Fig. 2) [37]. In the next step, fragments
displaying high in silico binding affinity for the DENV
protease binding site were identified by parallel high-
throughput docking with the software Autodock Vina (see
Materials and Methods for details). Scoring of binding
poses proved to be difficult as the AutoDock docking score
correlated with the molecular weight of the fragments, that
is, larger fragments were scored higher on average. We
therefore devised our own scoring function which provided
a separate score for the S1-S3, S1° subpockets and the
oxyanion hole by summarizing polar and hydrophobic
interactions. 41,902 fragments (29%) were docked into the
S1 and S2 pocket and 1,446 fragments (1%) were docked
exclusively into the S2 pocket. Preferred fragment scaf-
folds of the S1 pocket were indole and other bicyclic
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compounds in derived databases size of chemical space

ZINC - 14,000,000 107
druglike filter

-

druglike - 11,000,000 107

fragmentation
Rule of Three

-

fragments — 149,151 105

fragment docking
fragment linking

-

linked molecules — 815 102
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cherry picking
screening candidates — 23 10!
@ in vitro assay
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DEN2: ICso =7.7 uM DENZ2: ICso =37.9uM
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Fig. 2 Schematic of the applied virtual screening cascade. (1) The
ZINC database contained 14 million commercially available screen-
ing compounds and was filtered for drug-like molecules. (2) 149,151
fragments were generated by a RECAP analysis and filtering by the
Rule-of-Three. (3) The fragments were docked to the modeled
DENV?2 substrate binding site and 220 high-scoring fragments were
identified and subsequently linked by our implicit linking approach.
(4) 815 linked molecules were docked and 23 compounds were
selected for experimental evaluation by visual inspection. (5)
Experimental validation by an in vitro protease inhibition assay
determined two bioactive molecules with ICs, values in the micro-
molar range

systems. This is supported by data from a tetrapeptide
inhibitor study indicating that the indole-containing amino
acid tryptophan is tolerated at the P1 position [13]. Pre-
ferred fragments of the S2 pocket were exclusively posi-
tively charged molecular fragments (pH 7). Two sets of
high-scoring fragments, each containing 110 fragments,
were chosen based on the S1 and S2 binding scores.

Implicit fragment linking

High-scoring fragments were linked to generate potential
DENYV protease inhibitors. In order to restrict the chemical
space of designed molecules to commercially available
compounds and to avoid chemically infeasible molecules
fragment linking was performed implicitly. The general
concept is outlined as follows: (i) Compounds containing
high-scoring fragments were identified in the ZINC data-
base by substructure searches. (ii) Structural and

physicochemical property filters were applied forcing
potentially favorable interactions with the S1 and S2
pockets. (iii) The compounds were clustered and promising
clusters were selected by manual inspection. (iv) A
neighborhood search based on chemical similarity was
performed around promising candidate molecules.

A substructure search of 220 high-scoring fragments in
the ZINC database version 10 (20,878,779 molecules)
retrieved 352,758 hits (1.7%). The search hits were
required to contain at least one preferred fragment (either
S1 or S2). The number of hits was reduced to 18,803 by
applying a number of structural and physicochemical
property filters (see Materials and Methods). Filtered
molecules were required to contain a terminal cationic or
basic moiety expected to be protonated under assay con-
ditions to meet our observations for preferred S2 pocket
fragments. This requirement effectively linked preferred S1
fragments with an S2 pocket feature. The filtered molecules
were clustered and promising clusters were selected by
manual inspection of their cluster representatives. This
manual selection step ensured that the (largely linear)
compounds contained both a favorable S1 and S2 binding
fragment at opposite ends. Then, 554 promising com-
pounds were docked with GOLD to the DENV protease
model for further analysis [47].

These molecules were subjected to a neighborhood
search (similarity search) to explore the chemical space
around the selected molecules. A similar filtering cascade
as described above was applied to focus the set of mole-
cules resulting in 261 additional compounds. Finally, 23
compounds were selected based on their docking pose
(“cherry picking”) for experimental evaluation. Of these,
17 originated from the substructure search and 6 from the
neighborhood search. The concept of implicit linking is
illustrated in Fig. 3 for a preferred indole amide scaffold.

Experimental evaluation

20 small molecules were purchased from ENAMINE Ltd.
(Kiev, Ukraine) and 3 compounds were provided free of
charge by the National Cancer Institute (NCI, Develop-
mental Therapeutics Program, Bethesda, MD, USA). Of
these, compounds 1 and 2 were found to inhibit both
DENV2 and WNV protease in the low to moderate
micromolar range (Fig. 4). In an in vitro protease inhibition
assay, compound 1 exhibited an ICsq of 7.5 uM for
DENV2 and 6.3 pM for WNV while compound 2 dis-
played an ICso of 37.9 uM for DENV and 39.0 pM for
WNV. In vitro analysis of the remaining 21 compounds can
be found in Online Resource 1, Fig. S1. Compounds 1 and
2 are close analogs of a small molecule recently published
by Caflisch and colleagues which was shown to inhibit
WNV protease (ICso = 34.2 uM, Ky = 16 uM) [17].
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fragment docking

[0)

Fig. 3 Compound evolution of compound 1 and compound 2. a The
indole amide was identified as a preferred binding fragment of the S1
pocket. b Application of an implicit linking approach identified
compound 3 (ICso ~ 300 M) containing an indole amide moiety

Caflisch’s group devised a structure-guided fragment-based
in silico drug discovery strategy which is similar to our
approach. In their studies fragments were derived either
from the ZINC database (Sept. 2006) or the iResearch
database (ChemNavigator Inc., 2006) with the software
DAIM, docked and scored with the software SEED, fol-
lowed by docking of screening molecules using the posi-
tion and orientation of their fragments as anchors by the
program FFLD, and finally followed by pose filtering [55—
57]. Despite some differences in the implementation of
FBDD and the computer programs used, the principle
difference to the present study is the choice of biological
target molecule. Caflisch’s studies were based on a WNV
protease structure (PBD id: 2fp7 [6]) and molecular
dynamics (MD) snapshots thereof, whereas we used a
model of closed-form DENV2 protease derived by a multi-
template homology modeling approach. Interestingly, their
WNV-targeted study and our DENV-targeted study resul-
ted in very similar compounds. In our protease assay
compounds 1 and 2 exhibited almost identical ICs, values
against DENV2 and WNV protease. This could provide
another indication that the substrate binding sites of both
proteases are in fact very similar. However, it should be
considered that compounds 1 and 2 are carboxyl esters. The
ester bond is readily cleaved by proteases (protease acyl-
ation reaction), however, the deacylation reaction is much
slower [49]. Thus, compounds 1 and 2 may act as covalent
inhibitors. The ester bond might also react with nucleo-
philic groups outside the active site opening the possibility
for unspecific or allosteric binding. However, enzyme
kinetics analysis of compounds 1 and 2 indicated a com-
petitive mode of inhibition as expected by active site-
directed inhibitors (Fig. 4b). In this analysis compound 1
exhibited an inhibition constant K; of 2.0 pM for DENV2
and 4.6 uM for WNV, and compound 2 showed a K; of
31.1 uM for DENV2 and 16.0 pM for WNV.
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neighborhood search (chemical similarity search) and subsequent
chemical focusing (clustering, docking, visual inspection)

A binding mode of compound 1 was predicted by
molecular docking (Fig. 5). The compound was predicted
to interact with Aspl129 of the S1 pocket via hydrogen
bonding and electrostatic interactions. The phenylguani-
dine moiety might be engaged in a stacked arene-arene
interaction with Tyr161. This n-7 stacking could be further
supported by hydrophobic interactions with Pro132 where
Tyr161 and Pro132 form a “hydrophobic clamp” in the S1
pocket. The opposite phenyl moiety of compound 1 was
predicted to interact with His51 of the catalytic triad by
arene-arene interactions and the S2 residue Asnl52 was
predicted to be engaged in hydrogen bonding with the
opposite guanidinium group. Its positive charge is likely
stabilized by the overall negatively charged environment of
the S2 pocket.

Conclusions

We demonstrated the successful application of a structure-
guided fragment-based in silico drug design approach of
DENYV protease inhibitors. Due to the lack of a closed-form
DENV protease structure with fully formed substrate
binding site we generated a model of such a structure by
homology modeling. FBDD was driven by fragment
docking and implicit linking (fragment-focused virtual
screening cascade). The concept of implicit linking
allowed for the straightforward discovery of commercially
available compounds containing preferred fragments.
Scoring of docking poses was a general issue which was
circumvented by the development of a target-specific
scoring function based on counts of potential interactions
per protease subpocket. The development of accurate
scoring functions should be a focus of future research in
this area. Fragments were generated by performing a
RECAP analysis on drug-like ZINC compounds. Our
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results show that the ZINC database generally provides a
diverse pool of molecular fragments useful for FBDD;
however, fragmentation by RECAP was incomplete.
Alternative approaches have been suggested in the litera-
ture and should be explored in the future [58-61]. Two
compounds with micromolar activity against DENV2 and
WNV protease were discovered. The compounds have
favorable ligand efficiency > 0.30 kcal/mol but are likely
to be positively charged under physiological pH [62]. As

carboxyl esters compounds 1 and 2 potentially observe
suboptimal properties such as aqueous instability and
unspecific reactivity restricting their usefulness. Replace-
ment of the ester moiety should be the target of further
research. The presented approach has several advantages
over regular high-throughput docking: (i) It is faster.
Instead of docking millions of compounds only a much
smaller set of fragments has to be docked. (ii) Additional
chemical knowledge is derived during the process. This
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Fig. 5 Predicted binding pose of compound 1. The compound
(shown in magenta sticks) was docked into the modeled DENV2
substrate binding site (vdW surface in gray, residues orange sticks) by
GOLD version 4.1 yielding a favorable Goldscore of 50.3. Hydrogen
bonding and electrostatic interactions were predicted between the
guanidinium groups and Asp129, F130 (S1 pocket) and Asn152 (S2
pocket). The binding pose suggested the presence of a stacked arene-
arene interaction of one phenylguanidine moiety with Tyrl61
possibly supported by hydrophobic interactions with Prol32 in a
“hydrophobic clamp” conformation. The docking pose of compound
2 was similar but two possible binding modes rotated by 180 degrees
were observed (data not shown). NS2B residues in italics. Figure
generated with PyMol

includes, for instance, information about preferred frag-
ments, binding modes, and interaction “hotspots” in the
binding pocket. Nonetheless, high-throughput docking
could have potentially identified similar hit compounds. In
summary, our combined approach of homology modeling,
fragment docking and implicit linking offers a promising
avenue for structure-based drug design of DENV protease
inhibitors.
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