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Computational Methods

Homology Modeling

Due to the lack of a high quality crystal structure of Dengue virus serotype 2 protease
(DENV2P) in the closed conformation, a homology model was prepared using MOE 20182
The model was constructed using GB/V1 scoring? with a maximum of ten main chain models
based on the closed conformation of DENV3P™ x-ray crystal structure with the best resolution
(PDB ID: 3U1J3).

Protein Preparation

Protein structure data was obtained from the Protein Data Bank* (PDB). We chose closed
conformation x-ray crystal structures of NS2B-NS3 Zika Virus (ZIKVP®, PDB-ID: 5YOF®)
and West Nile Virus protease (WNVP™® PDB-ID: 5IDK®) with best resolution and PDB
validation scores. The crystal structures were prepared using MOE 2018! by deleting not
resolved residues, co-crystalized ligands and water molecules, capping termini and
protonating the system at pH of 7 and temperature of 300 K.

Active and Decoy Molecules for Model Development and Validation

A manually curated library of ligands active against flaviviral NS2B-NS3 was generated by
selecting compounds from literature with 1Cso or Kp values lower than 50 pM.” Based on the
observation that D129 plays a crucial role for ligand recognition,® we included only ligands
with cationic structures. The library contains 17 small-molecular active ligands with reported
inhibition of WNVP™ (supporting information, Table S1). No ligands matching our selection
criteria were targeting ZIKV"™. All peptides and derivatives were excluded from the
validation of the combinatorial 3D pharmacophore library due to lacking drug-likeness. 667
decoy molecules (assumed as inactive on the target) were generated with the DUD-E web
service® based on the structures of the 17 active compounds. The ligands were protonated
using MOE 2018 and starting conformations were generated using Corina 3.° Conformations
for active and decoy set were generated with iCon (iCon best settings: maximal 200
conformations, root mean square threshold of 0.8 and energy window of 20.0) implemented in
LigandScout 4.2.10- 11

Molecular Dynamics Simulations

MD simulations of DENV2", WNV®™, and ZIKV"™ were prepared using Maestro 11.7*2
and performed with ten replicates for each system with Desmond 5.5'% on Nvidia GeForce
GTX 1080Ti graphics cards. The prepared proteins were solvated in a cubic box with 15 A
padding using TIP4P water model** and neutralized with sodium ions. The osmolarity of the
system was adjusted using 0.15 M sodium chloride. The system was equilibrated on default
settings. The dynamics of the system were observed over 10 ns resulting in 2000 time-steps.
The trajectories were wrapped and aligned on heavy atoms of the protein backbone with
VMD 1.9.3.5°



Pharmacophore Generation with PyRod

PyRod*® describes pharmacophoric binding pocket characteristics with dynamic molecular
interaction fields (dMIFs) holding information about the protein environment of water
molecules throughout MD simulations which are further processed to yield pharmacophore
features for virtual screening. Pharmacophore models were generated using PyRod 0.7.1 by
analyzing the last 5 ns (or 1000 time-steps) of the ten MD replicates for each system. The first
5 ns were retained for conformational equilibration of the protein. A rectangular grid of size
22 x 17 x 30 A centering around the catalytic serine 135 covered the binding pocket of both
proteins sufficiently and was used in PyRod settings for trajectory analysis. The grid-point
distance was set to 0.5 A. The characteristics of exclusion volume features mimicking the
protein surface were set to default. The dMIFs were transformed into an unrefined
pharmacophore model with up to 20 interaction points per feature type.

Subsequently, features of the unrefined pharmacophore model placed outside the conserved
binding sub-pockets S1 and S2 were removed and remaining features were prioritized
according to dMIFs for each feature type. Based on this focused pharmacophore, a
combinatorial pharmacophore library was created. The number of independent features
combined to a pharmacophore was set to minimal 3 and maximal 6 (including up to 4
hydrogen bonds, 3 hydrophobic contacts, 3 aromatic and 3 ionic interactions). The cationic
interaction with D129 was selected to be present in each generated pharmacophore. The
combinatorial pharmacophore library for WNV"™ was validated using the above-mentioned
ligand sets. The pharmacophore models were prioritized for early enrichment factor (EF1%)
and absolute number of recovered active inhibitors. The three best performing
pharmacophores were used for virtual screening of commercially available compound
libraries.

Virtual Screening and Hit Selection

The virtual screening (VS) of commercially available compound libraries (Asinex,
Chembridge, Chemdiv, Enamine, Key Organics, LifeChemicals, Maybridge, SPECS, VitasM
each in version from year 2018) containing in total ~7.6 million ligands was performed using
LigandScout 4.2. To further filter pharmacophore screening hits and to obtain plausible
binding hypotheses, virtual screening hits were docked into the WNVP® and ZIKVP™ x-ray
crystal structures (respective PDB-IDs are listed above) using GOLD 5.6.3'7 with 10 docking
poses per ligand generating diverse solutions (ligand root mean square deviation more than
1.5 A) with search efficiency set to 100% and ASP*® as scoring function and Chemscore?® for
rescoring. The binding cavity was set as a sphere with 10 A around the side-chain oxygen
atom of catalytic S135. The generated binding hypotheses were energy minimized with
MMPFF94 force field?®?* and filtered employing the pharmacophores used for screening and
scored by the pharmacophore fit in LigandScout 4.2. The remaining compounds were
simulated in a 20 ns MD on settings described above. The hits showing stable positions in the
binding pocket over the course of the simulation were selected for the biochemical testing.

Dynamic Pharmacophores (Dynophores)

We used our in-house developed dynamic pharmacophore application (dynophores)? 2 for
the analysis of binding modes of the active inhibitor 427_1. The Dynophore framework
automatically generates interaction density clouds via creation of 3D pharmacophores with
LigandScout® ! for each time-step of a MD simulation. The statistical characterization of
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such interaction patterns is automatically implemented in Dynophore application including
feature occurrence-frequency and distance plots. A series of MD simulations was performed
to compare binding hypotheses of ligand — protease complexes. Each ligand — protease system
was simulated on setting described above in five replicates over 50 ns generating in total
25,000 conformations.

Experimental Methods

Compound Availability and Purity

The selected hit compounds were purchased from Chembridge, USA (397_2: 72768922,
397 _6: 38579749, 427 1. 79134560, 427 2: 59734232) and Enamine, Ukraine (397_12:
Z2440305346). The purity (> 94%) of all assayed compounds was confirmed in-house with
HPLC.

ZIKVPr® Expression and Assay

The unlinked construct (bZiPro) is available at Addgene, USA (plasmid #86846) and was
expressed and purified as described previously.?” All assay measurements were performed in
triplicate in 10 mM Tris-HCI, pH 8.5, 20% (v/v) glycerol, and 1 mM CHAPS as described
previously.?® Various concentrations of test compounds (10 mM DMSO stocks) were pipetted
into a 96-well plate (black U-bottom, Greiner Bio-One, Austria). Zika virus NS2B-NS3
protease (bZiPro) was added to a final concentration of 1 nM and the mixture was incubated
for 10 min. Subsequently, the enzymatic reaction was initiated by adding the substrate Bz-
Nle-Lys-Lys-Arg-AMC (Biosyntan, Germany) to three final concentrations (ranging from 2.5
to 20 uM). The gradual release of fluorescent 7-amino-4-methylcoumarin (AMC) was
monitored for 70s at 460 nm with excitation at 360 nm, using a fluorophotometer
(Spectramax M2e plate reader, Molecular Devices, USA). Initial velocities were derived from
the linear curves as variation of relative fluorescence intensity per unit time. ICso-values were
calculated from at least seven different inhibitor concentrations using Prism 8.2.2° Assuming a
competitive inhibition model (Cheng-Prusoff equation)®® ICso values were plotted against the
substrate concentrations, followed by linear regression to determine K; values with
coefficients of determinations (R?) of 0.999 and 0.980 for compounds 397 2 and 427_1,
respectively.

WNVPre and DENV2P™ Expression and Assay

The WNVP™ was expressed in the E. coli strain BL21 (DE3) / pWNV NS2B-NS3
transfected with a pQE-60-based expression-plasmid carrying the cDNA of the fusion protein
NS2B-NS3. In this fusion protein two functional subunits, amino acids 52-96 of cofactor
NS2B and amino acids 1-184 of NS3 serine protease were connected via a G4SGa linker
peptide. At the carboxy terminus the fusion protein carried a six-fold histidine tag. Cells were
incubated at 37°C and shaken with 120 rpm in the presence of ampicillin (100 pg/ml) until
the optical density at 600 nm (ODeoo) had reached 0.4. Subsequently, the cell suspension was
cooled to 20°C and further incubated until the optical density reached 0.6. Protein expression
was started by adding isopropylthiogalactoside (IPTG, 1 mM), and incubation was continued
at 20°C for 16 h. The cell culture was centrifuged at 1500 g, and the pellet was lysed in
25 mM Tris-HCI pH 7.5, 50 mM NaCl, 1% (v/v) Triton X-100, 10% (v/v) glycerol in an
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ultrasonic bath under cooling with ice. The suspension was clarified by centrifugation, and the
NS2B-NS3 fusion protein was purified from the supernatant by NiNTA-agarose
chromatography followed by gel filtration on a Superdex 75 HiLoad 16/60 column in 25 mM
HEPES-NaOH pH 8.0, 50 mM NaCl, 5% (v/v) glycerol. The Expression of DENV2P™ started
from an analogous construct in the vector pET-15b (Novagen) resulting in a NS2B fusion
protein with amino terminal six-fold histidine tag.

All assay measurements were performed in triplicate in either 10 mM MOPS buffer, pH 8,
20% (v/v) glycerol (WNVP™ 31) or in 50 mM Tris-HCI pH 8.5 / 20% (v/v) glycerol (for
DENV2™™ 32) Various concentrations of test compounds (15 mM DMSO stocks) were
pipetted into a 384-well plate (Corning 3766, black, with clear flat bottom and non-binding
surface). WNV protease was added to a final concentration of 20 nM or 800 nM for DENV2.
Subsequently, the enzymatic reaction was initiated by adding the substrate Boc-Gly-Lys-Arg-
AMC?*® (Bachem, Switzerland) to three final substrate concentrations (ranging from 50 to
833 uM for WNV or 18.75 to 75 uM for DENV2). The gradual increase of fluorescence due
to the release of 7-amino-4-methylcoumarin (AMC) was monitored for 600 s at 465 nm with
excitation at 360 nm, using an Infinite M1000 plate-reader (Tecan, Switzerland). Initial
velocities were derived from the linear curves and expressed as variation of relative
fluorescence intensity per unit time. 1Csp values were calculated from at least seven different
inhibitor concentrations using Prism 6.8.2° Assuming a competitive inhibition model (Cheng-
Prusoff equation)® ICso-values were plotted against the substrate concentrations, followed by
linear regression to determine K; values with coefficients of determinations (R?) of 0.951 and
0.961 for compounds 397_2 and 427_1 on WNV®™, respectively and 0.931 for compound
427 1 on DENV2™™,

The pH-value of 8.0 used for the WNV™ assay is slightly different from pH-optimum for
this protease. However, the difference should not influence the protease activity dramatically.
Nall et al.®* has shown that the reaction rate for the hydrolysis of a substrate at pH 8.0 reaches
75% of the reaction rate value at pH 8.5.

DENV2P™ Modeling

Comparison of DENV2P™ and WNVP" Binding Pockets

All available DENV2P™ structures show the open conformation, which is hypothesized to
be catalytically inactive.®® Therefore, we built a homology model of the closed conformation
of DENV2 NS2B-NS3 based on related crystalized DENV3P°.2 The binding pockets of
WNVP® and DENV2P™® show high homology (Figure S3). The homology model retained
stable backbone root mean square deviation (RMSD) value upon ten MD simulations used in
the next step for the PyRod analysis. The focused DENV2P™ pharmacophore (B3, Figure S4)
comprises of similar interaction patterns in homologous binding sub-pockets as in the
substrate binding pocket of WNV NS2B-NS3.

Subsequently, we generated binding hypotheses for active inhibitors 397 _2 and 427 1 via
molecular docking (Figure S5). Both ligands showed interaction patterns predicted by PyRod.

Comparison of Inhibitor-Binding Modes with ZIKVP™ and WNVP"©

The active inhibitor 427 _1 shows on DENV2”™® nearly an order of magnitude higher
activity than on ZIKVP™, To investigate this gain in activity, we performed MD simulations
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of the protease-inhibitor complex and created dynamic pharmacophores (Dynophores). The
dynamic interaction patterns of 427_1 in complex with DENV2P are comparable with other
proteases (A, Figure S6). Noticeable is an aromatic pi stacking between phenyl moiety of
427 1 and Y161 appearing more frequently (37.4% +7.7%) in comparison to ZIKV"™
(3.1% + 1.8%) and WNV™ (2.0% + 1.5%). We assume that this interaction contributes to the
stronger inhibitor binding. Additionally, we observed upon visual inspection of Dynophores
that interaction density clouds in the S2 sub-pocket were less scattered than in other both
427 _1-protease complexes. We inspected the trajectories of MD simulations and observed the
opening of a cleft between NS3 and NS2B of DENV2P™ allowing good alignment of the
inhibitor in the S2 sub-pocket. In order to quantify the cationic key interaction, we measured
the distance between positively ionizable pyrrolidine moiety of 427_1 and carboxylate of D75
for all inhibitor-protease complexes using the Dynophore application. The distance of salt
bridge in DENV2P" is lower with narrower distribution compared to the other two flaviviral
species (B-D, Figure S6). To rationalize the cleft opening, we used the methodology and
findings of Christiane Schuler’s master thesis carried out in the group of Prof. Wolber
(personal communication). In this in-silico study, Christiane Schiler showed that
polymorphic mutations of flaviviral proteases have a strong influence on inhibitor binding and
activity. She identified the F85M mutation of NS2B as the driving force for the opening of the
NS3-NS2B-cleft allowing for additional interactions between inhibitor and protease. As a
descriptor for this effect, distance between the Ca-atoms of residue 85 (or homologue 84) in
NS2B and G153 in NS3 was applied successfully. We measured this distance for DENV2™,
ZIKVP™® and WNVP™ in complex with 427_1 (Figure S7). The distance distribution indicates
that the probability of NS2B-NS3-cleft opening is higher in DENV2P™ than for the two other
species, which supports our hypothesis of optimized conformational fit of the protease to
427 1.

In the next step, we investigated, why 397 _2 is less potent in DENV2P™ (inhibition cut-off
> 50 uM) compared to the other proteases (Kiwnv= 7.4 UM, Kizikv= 11.5 pM). We surmise
that the S1 sub-pocket of DENV2P™ is more lipophilic than in ZIKVP® and WNVF™ as
indicated by PyRod-derived pharmacophores (Figure S4). Inhibitor 397_2 exposes a methoxy-
moiety in this protein region, which is more polar compared to an analogue methyl-moiety in
inhibitor 427 _1, contributing to activity-loss. Additionally, the ether-moiety of inhibitor
397_2 establishes hydrogen bond to the OH group of Y161. This is only a weak hydrogen
bond®®, compared to the hydrogen bond established via a carbonyl group of inhibitor 427 _1
(Figure S5), contributing to the destabilization of 397_2-binding in the S1 sub-pocket.



Supplemental Tables

Table S1. The library of active WNV"™ inhibitors for the validation of 3D pharmacophores.
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Supplemental Figures
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Figure S1. Receiver Operating Characteristic (ROC) Curves for West-Nile virus protease
pharmacophores C1_65, C1_397 and C1_427.
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A: ZIKV
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B: WNV
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C: DENV2
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Figure S2. Concentration-response curves used for K; values calculations. A Zika virus
protease assay, B West Nile virus protease assay, C Dengue virus serotype 2 protease assay.
RFU: Relative fluorescence units.
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Figure S3. Comparison of DENV2P™ (top, homology model) and WNV®™ (bottom, PDB-ID:
51DK®) binding pockets. The key-residues are highlighted with black letters and numbers.
Pink letters and numbers indicate protease-sub-pockets. Gray backbone- NS2B, green
backbone- NS3. This figure was generated using UCSF Chimera 1.13.1.%
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B3

Figure S4. Comparison between focused pharmacophores B1 (WNVP™® based) and B3
(DENV2P™® based) obtained from PyRod analysis of MD simulations (yellow spheres-
lipophilic contacts, purple rings- aromatic interactions, red arrow- hydrogen bond acceptor,
purple star- cationic interaction).

Figure S5. Proposed binding modes for the active inhibitors; compound 397_2 (A) and 427_1
(B) in complex with DENV2P® homology model. Color code: blue lines- ionic contacts, red
lines- hydrogen bonds.
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Figure S6. Dynamic pharmacophores generated from MD simulations of compound 427 _1 in
complex with DENV2P™ (A): color code: yellow points- lipophilic contacts, red and green
points- hydrogen bond acceptors and donors, respectively, purple points- cationic interactions,
blue points- aromatic interactions. Distribution of distances between positively ionizable
pyrrolidine moiety in inhibitor 427_1 and carboxylate of D75 in the S2 binding pocket for
DENV?2 (B, green bars), WNV (C, pink bars) and ZIKV (D, blue bars); different color-shades

indicate replicates of MD simulations.
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