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ABSTRACT: The pivotal role of viral proteases in virus replication has already been successfully exploited in several antiviral drug
design campaigns. However, no efficient antivirals are currently available against flaviviral infections. In this study, we present lead-
like small molecule inhibitors of the Zika Virus (ZIKV) NS2B-NS3 protease. Since only few non-peptide competitive ligands are
known, we take advantage of the high structural similarity with the West Nile Virus (WNV) NS2B-NS3 protease. A comparative
modeling approach involving our in-house software PyRod was employed to systematically analyze the binding sites and develop
molecular dynamics-based 3D pharmacophores for virtual screening. The identified compounds were biochemically characterized
revealing low micromolar affinity for both ZIKV and WNV proteases. Their lead-like properties together with rationalized binding
modes represent valuable starting points for future lead optimization. Since the NS2B-NS3 protease is highly conserved among

flaviviruses, these compounds may also drive the development of pan-flaviviral antiviral drugs.

Flaviviruses cause millions of infections and thousands of
fatalities annually.' Despite a high medicinal need, no approved
anti-flaviviral treatment is currently available.> Vaccines
preventing infections with frequently prevalent viruses like
yellow fever virus,® Japanese encephalitis virus, tick-borne
encephalitis virus® or dengue virus,® are approved, but not
against emerging species like West Nile virus (WNV) or Zika
virus (ZIKV).>7 Due to the high conservation of all flaviviral
non-structural (NS) proteins,® designing broad-spectrum
antivirals is a viable strategy for the treatment of recently
emerged species.

Flaviviruses encode for seven NS proteins,” whose functions
are only understood well for the NS2B-NS3 and NS5.'° The
NS2B-NS3 protease complex is essential for the flaviviral
replication cycle by processing the viral polyprotein into
functional units of the virion. The non-structural protein 3
(NS3) forms the catalytically active domain of the protease
complex.!! NS2B acts as a co-factor for the protease domain,
supporting substrate binding.!> '* NS2B-NS3 is a serine
protease showing substrate specificity and catalytic triad (S135,
H51 and D75, Figure 1) similar to trypsin.'* This enzyme
recognizes dibasic peptide sequences with a cleavage site
between an arginine or lysine and amino acids with small
sidechains (alanine or serine).'*!’

NS2B-NS3 represents a promising drug target, since
blocking proteases in other virus species, e.g. human
immunodeficiency virus'® or hepatitis C virus,"” leads to
disruption of the replication cycle, which has already yielded
several antiviral drugs. Despite high scientific efforts, only few

small molecule Zika virus protease (ZIKV®™) inhibitors?*-?
have been reported to date. Several reported non-peptide
compounds targeting the active site of the protease show
undesirable properties for lead optimization, like instability in
aqueous solution®” or high molecular weight*"?® (> 500 Da). As
random findings in high-throughput screening campaigns, most
active small-molecular competitive inhibitors have poorly
characterized binding modes,*' rendering further development
even more challenging. Allosteric inhibitors may lead to fast
resistance development.”® Hence, we strive for the development
of drug-like NS2B-NS3 protease inhibitors targeting the
substrate-binding site by combining in-silico design and
biochemical experiments. Our novel, rationally discovered
inhibitors with validated binding modes and low molecular
weight represent promising starting points for future hit
optimization.

Literature research revealed a lack of high-quality bio-
activity data for ZIKV®™. Reported competitive ligands show
either low potency, high molecular weight or low stability in
aqueous solutions.”* 2" 2 The substrate binding site of WNV
protease (WNV™™) and ZIKV™ show a sequence identity of
83% (Figure 1) and several non-peptidomimetic ligands for
WNVP™ were reported with activity below 50 uM® (supporting
information Table S1). Hence, WNV™™ was used as a starting
point for the identification of novel drug-like ZIKV®™
inhibitors.



Figure 1. Comparison of ZIKV™™® (top, PDB-ID: 5YOF?’) and
WNVPr (bottom, PDB-ID: 5IDK?’) binding pockets. The key-res-
idues 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.%!

Substrate binding sites of WNV™ and ZIKV*™ only differ at
three residue positions (Figure 1). The S1 and S2 sub-pockets
(Schechter-Berger nomenclature®?) are highly conserved in
flaviviral species' and accept lysine and arginine.'* S3 and S4
sub-pockets show sequence-variability and accept various
residues. Both substrate binding sites are highly flexible,"
hydrophilic and shallow,* rendering the NS2B-NS3 protease a
challenging target for drug discovery.

In order to address binding pocket flexibility of WNV™™, we
employed our novel application PyRod.>* In this tool, the
protein environment of water molecules is analyzed over the
course of an MD simulation. Pharmacophoric binding site

Figure 2. (A) Dynamic molecular interaction fields (dMIFs) and
(B) focused (B1) 3D-pharmacophore model obtained from WNVP®
MD simulations and PyRod analysis. Pink letters and numbers in-
dicate protease sub-pockets. Color code: yellow spheres and
clouds- lipophilic contacts, purple rings and blue clouds- aromatic
interactions, red arrows and clouds- hydrogen bond acceptors, pur-
ple stars and clouds- cationic interactions.

characteristics can subsequently be visualized with dynamic
molecular interaction fields (dMIFs, Figure 2A). Features
outside the highly conserved S1 and S2 sub-pockets were
removed and dMIFs were used to prioritize features inside the
binding pocket to generate a focused 3D pharmacophore model
consisting of 16 independent features (B1, Figure 2B).

Identified cationic interactions exploit contacts in the S1 sub-
pocket to D129 and in the S2 sub-pocket to D75 and H51, while
aromatic interactions are present facing Y161 and H51 in the
S1 and S2 sub-pockets, respectively. Hydrogen bond acceptors
are preserved in the essential oxyanion hole (S135, T134, G133)
and in the backbone-binding region (G153, Y161). Lipophilic
contacts are placed in the conserved regions of the S1 sub-
pocket in proximity to Y161 and Y150. The resulting focused
pharmacophore was used for combinatorial model library
generation with PyRod. Since the interaction with residue D129
of NS3 is crucial for substrate recognition,'*!” we decided that
the cationic chemical feature detected by PyRod in the S1 sub-
pocket (Figure 2B) should be present in each pharmacophore
model to enhance the likelihood of finding an active inhibitor.
All other pharmacophore features were systematically
combined and merged with the cationic feature to generate 3D
pharmacophores with three to six independent pharmacophore



features. This procedure resulted in a combinatorial library of
3022 different 3D pharmacophore models. The final
pharmacophore ensemble was retrospectively evaluated by
screening a collection of 17 small molecular WNV®™ inhibitors
reported in the literature™>* and 667 decoy molecules derived
from the active ligands by the DUD-E server (Database of
Useful Decoys: Enhanced).*

We compared the obtained early enrichment factors (EFis)
and absolute number of recovered active inhibitors for picking
best performing pharmacophores (supporting information
Figure S1). The three best performing models (C1_65, C1_397
and C1_427, Figure 3) were used for an extensive virtual
screening (VS) campaign with more than 7.6 million
commercially available compounds. In total 1079 virtual hits
were detected (10 for C1_65, 712 for C1_397 and 357 for
C1_427).
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Figure 3. Best performing pharmacophore models obtained from
combinatorial model library (yellow spheres- lipophilic contacts,
purple rings- aromatic interactions, red arrow- hydrogen bond ac-
ceptor, purple star- cationic interaction).

We docked obtained hits into the WNV*™ substrate-binding
pocket to explore plausible binding hypotheses. Subsequently,
we minimized the energy of docking poses in the binding
pocket using LigandScout*: ** and scored the ligand
conformations based on their fit to the C1-pharmacophores
(Figure 4).

All compounds were visually inspected to exclude
unfavorable virtual hit orientations, such as lipophilic groups
pointing towards the solvent, or non-drug like moieties® (e.g.
quinones) yielding 15 compounds. To ensure that the hits can
bind to the highly flexible NS2B-NS3, we performed MD
simulations with the best-scoring ligand conformations in
complex with the protease. In total, five hits showed no
conformational change in the binding pocket throughout 20 ns
of MD simulation (Figure 5).

In the next step, we investigated if the five compounds
obtained by WNV'®-modeling can also bind the ZIKV™™
binding pocket. Therefore, we generated a focused 3D
pharmacophore (B2) for the ZIKV®™ applying PyRod, which

was compared with the WNV™ pharmacophore B1. Both
models showed analogous interaction patterns (Figure 6).
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Figure 4. Virtual screening protocol applied for screening of Zika
and West Nile virus protease inhibitors.

Moreover, the ZIKV'™ structure exposes aspartic acid at
position 83 (homologous to the N84 of WNV™) in the NS2B
part of the S2 sub-pocket (Figure 1). This polymorphism is
proposed to be responsible for higher affinity of ZIKV™™
towards the substrate allowing for salt-bridge formation to
lysine or arginine.* Due to pharmacophoric properties of
selected compounds with conserved cationic interaction in the
S2 sub-pocket, we suspected that the hits might be even better
ZIK VP than WNV®™ inhibitors. After performing docking and
MD simulations of the WNV-hits at ZIKV™™, we observed
stable binding to the protein, which supported our hypothesis.
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Figure 5. Virtual hits selected for biochemical testing in the ZIK-
VP and WNVP assays. Pink letters and numbers indicate as-
sumed arrangement of the compounds towards the protease-sub-
pockets.



Table 1. Inhibitory activity of selected hits against ZIKV, WNV, and DENV2 protease.

Compound ZIKV™™ K; [uM] WNVP K [uM] DENV2P® K; [uM]
397 2 11.5+0.5 74+13 n.d.

397 6 n.d. n.d. n.d.

397 12 n.d. n.d. n.d.

427 1 23+04 25.5+11.8 0.09£0.03

427 2 n.d. n.d. n.d.

Ki values were determined for the ligands with inhibition cut-off below S0 pM. n.d.: not determined.

Figure 6. Comparison between focused pharmacophores Bl
(WNVP™© based) and B2 (ZIKV™™ based) obtained from PyRod
analysis of MD simulations (yellow spheres- lipophilic contacts,
purple rings- aromatic interactions, red arrow- hydrogen bond ac-
ceptor, purple star- cationic interaction).

Finally, the five virtual screening hits were evaluated
biochemically for inhibition of ZIKV™™ and WNV™™®. Five
selected compounds were tested on ZIKV™ and WNVF®
systems using fluorescence-based assays. Two ligands showed
inhibition of both proteases below a 50 pM cut-off. For these
compounds, K; values were determined (Table 1, supporting
information Figure S2).

Since molecular modeling was only performed on R-
enantiomers found in the virtual screening campaign, but the
protease assays were carried out with the commercially
available racemic mixtures, we assume that the activity of
enantiomer-pure compounds would be even higher. Positive
testing results encouraged us additionally to evaluate the
inhibitory activity of our compounds on closely related Dengue
virus 2 (DENV2) protease (for details see Supporting
Information). Compound 397 2 showed slightly lower
inhibition in the ZIKV'™ than WNV®™ assay, however, as
predicted in the same range. Compound 427 1 displayed the
highest activity against ZIKV™® with an unexpected
pronounced difference to WNV™™ of one order of magnitude.

We surmise that this effect is unrelated to the slightly different
pH value in the two the assays (see Supporting Information,
page 5). In the next step we established binding hypotheses for
the active inhibitors. The suggested binding mode of compound
397_2 is shown in Figure 7. Subsequently, we analyzed why
compound 427_1 shows an order of magnitude affinity
difference between WNVP™ and ZIKV'™. To investigate this,
we performed 50 ns MD simulations in five replicates and
analyzed the trajectories with regard to the ligand-protein
interactions using our in-house dynamic pharmacophore
analysis method Dynophore®> “ We observed recurring
comparable interaction patterns indicating two distinct binding
modes for the 427_1-ZIKV*™ complex. The first binding mode
is matching our PyRod pharmacophore C1_427 (Figure 7C,
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Figure 8A).

The second one shows preserved interactions in the S2 sub-
pocket and additional features between the S3 and S4 sub-
pockets _ (

introduced by a movement of the

Figure 8B)
aminoethoxyphenyl moiety from the S1 sub-pocket towards
D83 of NS2B. The ability to adapt two binding modes could
represent an entropic gain resulting in a lower K value, even if
the crucial S1 sub-pocket is not occupied. Moreover, frequent
lipophilic contacts to V155 of the NS3 domain were detected,
which potentially contributes to the entropic benefit of the



second binding mode. The simulation-analysis of 427 1-
WNVP™ complex shows the same interaction pattern as for
ZIKVPr (Figure
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Figure 8C).

According to the simulation, the second binding mode
(dynamic pharmacophore not shown) is less stable and
potentially leads to an unbinding event contributing to lower

activity of compound 427 1 on the WNV™™®, These findings
correspond to the previously hypothesized importance of D83
for ligand binding to the ZIKV'™® as indicated by x-ray crystal
structures of peptidomimetic inhibitor-protease complexes.** +7
The visual inspection of simulation trajectories of 427 1-
ZIKVP™* complexes shows that the side chain of D83 can adapt
two conformations: one pointing towards the S2 sub-pocket and
another pointing towards the S3 sub-pocket. The alternative
binding hypothesis might be used directly for the optimization
of the compound 427_1. Since WNV"™ expresses an asparagine
at position 84 of NS2B, including a cationic moiety pointing
towards S3/S4 sub-pockets would not be beneficial, despite
reported favorable ionic interaction with D90 in NS2B of
WNVP™ * The aminoethoxy-moiety of inhibitor 427_1 is too
short to reach this protease region as shown for variety of
substrates by Chappell et al.* An additional lipophilic moiety
and a hydrogen bond donor (as replacement for the amino-
moiety of ligand 427_1) could rather be introduced creating a
T-shaped molecule preventing
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Figure 7. Proposed binding modes for the active inhibitors; compound 397 2 in complex with ZIKV™® (A) and WNV*™ (B); compound
427 1 in complex with ZIKV™® (C, according to the PyRod pharmacophore) and WNV®™® (D). Color code: blue lines- ionic contacts, red
lines- hydrogen bonds.



Figure 8. Dynamic pharmacophores generated from MD simulations of compound 427 _1; interaction patterns detected for 427 1-ZIKVPr
complex (A: dynamic pharmacophore fulfilling the initial binding hypothesis obtained from PyRod, B: alternative binding mode supported
by the ionic interaction with D83), (C) interaction patterns generated for 427 _1-WNV™™® complex (dynamic pharmacophore fulfilling the
initial binding hypothesis obtained from PyRod). Color code: yellow points- lipophilic contacts, red and green points- hydrogen bond accep-

tors and donors, respectively, purple points- cationic interactions.

the ligand from flipping and preserving ionic interactions with
crucial D129. We surmise that this ligand design might equalize
the activity of inhibitors between WNV'™ and ZIKV'™We
inspected the structures of all ligands tested biochemically to
find a suitable descriptor discriminating between active and
inactive structures. We put our focus on the flexibility of
compounds described as number of rotatable bonds. We
surmised that rigid structures cannot adapt to the highly flexible
NS2B-NS3 protease. Indeed, the active inhibitors of ZIKV®™
and WNV™™ show more than seven rotatable bonds. This
finding indicates that proteases prefer flexible ligands that can
adjust to the binding pocket.

In this report, we present two novel, highly active, non-
covalent and competitive inhibitors of WNV and ZIKV
proteases. To our knowledge, this is the first study performing
a successful pharmacophore-based virtual screening campaign
against these targets. The identification of the hits was possible
by applying the novel software called PyRod. It enabled us to
overcome challenging features of NS2B-NS3 substrate-binding
pockets, such as high flexibility, hydrophilicity and
shallowness. The reported compounds represent good starting
points for further optimization with established in silico binding
hypothesis and their drug-like properties, such as low molecular
weight and absence of reactive moieties. Moreover, the 3D
pharmacophore properties and inhibitory activity of our hits on
two different proteases suggests the possibility to develop pan-
flaviviral NS2B-NS3 inhibitors.
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