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Abstract

Nontypeable Haemophilus influenzae (NTHI) are clinically important Gram-negative bacteria that
are responsible for various human mucosal diseases, including otitis media (OM). Recurrent
OM caused by NTHi is common and infections which recur less than two weeks following
antimicrobial therapy are largely attributable to recurrence of the same strain of bacteria. Toxin-
antitoxin (TA) modules encoded by bacteria enable rapid responses to environmental stresses
and are thought to facilitate growth arrest, persistence, and tolerance to antibiotics. The vapBC-1
locus of NTHi encodes a type Il TA system, comprising the ribonuclease toxin VapC1 and

its cognate antitoxin VapB1. The activity of VapC1 has been linked to the survival of NTHi
during antibiotic treatment both /n vivoand ex vivo. Therefore, inhibitors of VapC1 might

serve as adjuvants to antibiotics, preventing NTHi from entering growth arrest and surviving;
however, none have been reported to date. A truncated VapB1 peptide from a crystal structure

of the VapBC-1 complex was used to generate pharmacophore queries to facilitate a scaffold
hopping approach for the identification of small molecule VapC1 inhibitors. The National Center
for Advancing Translational Sciences small molecule library was virtually screened using the
shape-based method Rapid Overlay of Chemical Structures (ROCS) and the top-ranking hits
were docked into the VapB1 binding pocket of VapC1. Two hundred virtual screening hits with
the best docking scores were selected and tested in a biochemical VapC1 activity assay, which
confirmed eight compounds as VapC1 inhibitors. An additional sixty compounds were selected
with structural similarities to the confirmed VapC1 inhibitors, of which twenty inhibited VapC1
activity. Intracellular target engagement of five inhibitors was indicated by the destabilization of
VapC1 within bacterial cells from a cellular thermal shift assay; however, no impact on bacterial
growth was observed. Thus, this virtual screening and scaffold hopping approach enabled the
discovery of VapCL1 ribonuclease inhibitors that might serve as starting points for preclinical
development.

“Contact information for the corresponding author: Min Shen, PhD, shenmin@mail.nih.gov.
Supporting information: 1D, structure and 1C5q of the 28 virtual screening hits.
Conflicts of Interest: The authors declare no conflicts of interest.
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Introduction

The pleomorphic Gram-negative bacteria nontypeable Haemophilus influenzae (NTHi) are
human-adapted commensals residing in the upper respiratory tract that cause multiple
mucosal infections, including sinusitis, conjunctivitis, persistent bacterial bronchitis as well
as acute and chronic otitis media (OM).1 In the United States, OM is a major cause of visits
to primary care physicians, with socioeconomic direct costs measured in billions of dollars
per year.2 NTHi is frequently linked to recurrent OM infections, and infections recurring less
than two weeks after the completion of antibiotic therapy have largely been attributed to the
same bacterial strain.3~4 This suggests that a subpopulation of NTHi can survive antibiotic
therapy and reseed the middle ear.

Toxin-Antitoxin (TA) systems are widely encoded by bacteria to enable a rapid response
to environmental stressors, including antibiotics and the host immune system, and are
implicated in facilitating a state of induced dormancy.? These systems are comprised of a
toxin that can arrest bacterial growth and an antitoxin that inhibits the toxin during normal
growth conditions. Upon induction, toxins rapidly arrest growth by affecting membrane
integrity and inhibiting cellular processes, including cell division, DNA replication and
protein translation.5-10 The relevance of TA systems to pathogenicity is supported by a
positive correlation between the virulence capacity of a bacterial species and the number
of TA systems in its genome.1! As an example, virulent Mycobacterium tuberculosis
strains encode at least seventy-nine TA modules; however, the non-pathogenic species
Mycobacterium smegmatis encodes only four.12 Six types of TA systems have been
described and are classified according to the nature of the antitoxin and the mechanism

by which it inhibits the activity of the toxin.13 For type Il TA systems, both the antitoxin
and toxin components are proteins, the latter of which is often a ribonuclease enzyme.14-15
The largest subfamily of type Il TA systems is VapBC (virulence associated proteins B
and C) of which the toxins contain a highly-conserved PIN (PilT N-terminus) domain with
magnesium- or manganese-dependent ribonuclease activity.16 Within a small genome of
approximately 2 Mbp, NTHi maintains two vapBC modules designated as vapBC-1 and
vapBC-2. The vapBC-1 locus was shown to be critical for NTHi survival during infections
both in vivoand ex vivol” and the VapC1 toxin functions as a potent ribonuclease that
degrades both NTHi and Escherichia colitotal RNA, including ribosomal RNA,18 tRNA1S,
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and has significant activity against the commercial RnaseAlert substrate (Integrated DNA
Technologies). Low sequence homology was observed between vapBC-1 and vapBC-2.
VapC-2 lacks two of the four conserved aspartic acid residues implicated in ribonuclease
activity and is not predicted to contribute significantly to NTHi persistence /n vitroor in
vivo. In a primary human respiratory tissue model at the air-liquid interface, survival of the
86-028NP AvapBC-1 strain was significantly reduced compared to the wild-type strain.17: 20
An NTHi AvapBC-1 strain complemented in ¢/s with a TA module at an ectopic site on the
chromosome enabled functional characterizations of toxin point mutations in tandem with
the wild-type antitoxin under control of the native vapBC-1 promoter and in single copy.
Point mutations to conserved PIN domain residues resulted in significantly reduced NTHi
survival compared to the wild-type toxin in a primary human respiratory tissue model.20
This data directly links the ribonuclease activity of VapC1 to the survival of NTHi in ex
vivo models of infection. In the chinchilla model of acute OM, NTHi AvapBC-1 mutants
survived at 3% of wild-type parent strain levels.}” Therefore, in the context of OM, the
pharmacological inhibition of VapC1 ribonuclease activity might prevent the induction of
NTHi growth arrest, persistence and survival during antibiotic therapy. More broadly, the
PIN domain is highly conserved,16: 21 suggesting that inhibitors of VapC1 might show
activity against the VapC toxins of other bacteria.

To our knowledge, no inhibitors of VapC1 have been reported; however, a crystal structure
of the VapBC-1 complex from NTHi was determined recently.20 This structure provides
atomic-resolution details of the intermolecular interactions enabling inhibition of VapC1

by VapB1. Furthermore, the structure enables structure-based approaches to discover small
molecule inhibitors, including virtual screening. However, the lack of a known VapC1 small
molecule inhibitor posed a substantial challenge to typical rational design approaches. In
this study, we successfully leveraged scaffold hopping?2 by building pharmacophore models
from structural features of a VapB1 fragment to identify potential inhibitors of VapC1
through virtual screening. Many of the small molecules identified by this virtual screen were
confirmed to inhibit VapC1 ribonuclease activity /in vitro.

Materials and Methods

VapBC-1 structure preparation:

The crystal structure coordinates of VapBC-1 from nontypeable Haemophilus influenzae
were downloaded from the Protein Data Bank (www.rcsb.org, PDB ID: 6NKL). Structure
preparation was carried out using MOE (version 2019.0102) from the Chemical Computing
Group (CCGQG) to correct structural issues and protonate the structure with optimized
positions. The protonated structure was energy minimized using the force field of
Amber12EHT (https://www.chemcomp.com/).

Pharmacophore generation and ROCS shape-based mapping:

The structure of VapB1 was truncated such that only the residues in helix a2 interacting
with VapC1 were maintained. The pharmacophore query was generated using vVROCS
(version 3.4.0) from OpenEye Inc. and the primary chemical features contributing to the
VapC1:helix a2 interaction were selected. The NCATS small molecule conformational
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library was enumerated using OMEGAZ2 from OpenEye Inc., with an energy window
(eWindow) of 5 kcal, root mean square (RMS) Cartesian distance of 0.6 A, and maximum
conformers of 50. ROCS screening was carried out on a Linux cluster with 37 CPUs.

Molecular docking:

The small molecule hits from ROCS screening were subjected to molecular docking. The
binding mode of each input molecule was predicted using the Triangle Matcher method

in MOE and the thirty best poses were selected according to London dG scores, which
estimated the free energy of each pose. The thirty poses were further refined with the
Induced Fit method, allowing limited flexibility for the sidechains of VapC1 at the ligand
binding site. Finally, the three refined poses with the best Generalized-Born Volume
Integral/Weighted Surface Area (GBVI/WSA) dG scores, where solvation energy was taken
into consideration, were output and rank-ordered for cherry-picking.

SplitLuc cellular thermal shift assay:

E. coli HSTO8 Stellar cells (Takara Bio) containing an arabinose-inducible VapC1 plasmid
encoding a carboxy-terminal SplitLuc tag (86b, Gly-Ser-HiBiT-Gly-Ser) were selected
using chloramphenicol at 20 mg/mL (Teknova, cat#C0312). A culture was inoculated 24

h prior to the assay from glycerol stocks and incubated at 37 °C with shaking (at 250

rpm) overnight. After 16 h, the cultures were diluted to 0.1 ODggg and grown to 0.2 —

0.3 ODgqp with shaking at 37 °C. An equal volume of LB broth containing 20 mg/mL
chloramphenicol was added with either a vehicle control (DMSO) or arabinose for a final
concentration of 0.05% to induce VapC1 expression. VapC1 inhibitor stock solutions were
added for a final concentration of 30 uM, and the samples were incubated at 37 °C with
shaking for 3 h. Cell culture aliquots of 30 pL were transferred to PCR tubes and heated
for 3.5 min to 37 — 75 °C using an Applied Biosystems Veriti 96 well thermal cycler
(ThermoFisher Scientific cat#447907). Cells were lysed by adding 30 uL of B-PER 11
(ThermoFisher Scientific cat#78260)and the samples were incubated at room temperature
for 15 min. Cell lysates were transferred to a white, low volume 384-well plate (Corning
cat#3826) and an equal volume of luciferase substrate was added for final concentrations
of 0.5X furimazine (Promega NanoGlo substrate, cat#N113A and 100 nM recombinant
11S (Genscript). Luminescence was measured using a ViewLux uHTS microplate imager
(PerkinElmer) equipped with clear filters.

Bacterial growth assay:

E. coliHSTO08 Stellar cells (Takara Bio) containing VapC1 or VapC1 and VapB1 expression
vectors were cultured in LB broth containing 20 mg/mL chloramphenicol (Teknova C0312)
or 20 mg/mL chloramphenicol with 100 mg/mL carbenicillin (Teknova C8001), respectively.
Cultures were inoculated 24 h prior to the assay from glycerol stocks and incubated at

37 °C with shaking at 250 rpm overnight. After 16 h, the cultures were diluted to 0.1

ODgqg and then grown to 0.2 — 0.3 ODgqg with shaking at 37 °C. An equal volume

of LB broth containing antibiotic was added with either vehicle (DMSQ) or arabinose

to a final concentration of 0.05%. For co-expression of the antitoxin VapB1, isopropyl
B-D-thiogalactoside (IPTG, Sigma cat#16758) was added to a final concentration of 0.5 mM.
VapC1 inhibitor stock solutions were added for a final concentration of 30 uM, and the
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samples were incubated at 37 °C with shaking at 250 rpm for 3 h. The ODggg Was measured
using a spectrophotometer (DeNovix, DS-11 model).

Biochemical VapC1 ribonuclease activity assay:

The VapCl1 ribonuclease activity assay was performed in black, medium binding, solid
bottom 1,536-well plates (Greiner, Catalog 789176-F). First, 13 nL of test compounds,
positive control aurintricarboxylic acid (Sigma, Catalog A1895-25G) or vehicle control
DMSO were either transferred by pin tool (Kalypsis) or acoustic dispensing (Labcyte Inc.,
Echo 655) into 3 uL of 1X RNaseAlert reaction buffer (Integrated DNA Technologies,

Lot 238712) prepared from a 10X stock solution using Nuclease Free Water (Integrated
DNA Technologies, Catalog 11-05-01-04) with 494 nM purified VapC1 [296 nM, final
concentration]. The assay plates were incubated for 30 min at room temperature with the
controls and test compounds. The VapC1 reaction was initiated by the addition of 2 uL
containing 250 nM [100 nM, final concentration] RNaseAlert (a custom version of the
commercial product with a 5” Cy5 fluorophore and a 3’ lowa Black RQ quencher, Integrated
DNA Technologies) in 1X RNaseAlert reaction buffer. Fluorescence measurements were
made (AEx 618 nm, AEm 671 nm) with a ViewLux uHTS microplate imager (PerkinElmer).
The exposure time was 4 s with an excitation energy of 45,396.0, readout speed of 2 s,
readout gain of 6.6X, 2X image binning, flat field correction, bias correction, bias structure
correction, and cosmic ray detection. The narrow band interference filter for excitation was
618 nm = 4 nm (618/8) and the emission filter was 671 nm + 4 nm (671/8). Fluorescence
was measured immediately following the addition of substrate and at 75 min. VapC1 activity
was measured as the change between initial and final relative fluorescence values.

Results and Discussion

Analysis of a VapBC-1 complex structure:

A recently reported crystal structure of a NTHi VapBC-1 hetero-tetramer complex

revealed the interfaces between both the VapC1-VapC1 homodimer and the VapC1-VapB1
heterodimer (Figure 1a).29 The homodimer interface is flat and lipophilic with an area
greater than 1,000 A2 (Figure 1b). In contrast, the interface between VapC1 and VapB1
appears to be more amenable to disruption by small molecules, as two a-helices from
VapBLl lie in a long cleft on the surface of VapC1 (Figure 1b and 1c). Both VapB1 a—
helices are amphipathic (Figure 2), which is a feature commonly observed in protein-protein
interactions, for example the interactions between MDM2-p5323 and BCLxI-BAK.24 The
lipophilic faces are buried in a cleft on the surface of VapC1, forming a vast interface area
of 1,662 A2.20 Both pockets on the surface of VapC1 that accommodate each of the two
VapB1 a-helices are potential allosteric binding sites for small molecules to interfere with
the VapC1 ribonuclease activity. However, we selected helix a2 (FP°°DETFIQALES®) near
the C-terminal tail as the target, because this region is proximal to the VapC1 catalytic site
(the red patch in Figure 1d). The catalytic core of VapC1, also known as the “catalytic triad”,
is composed of three strictly conserved acidic residues, D6, E43, and D99. The VapBC-1
complex crystal structure clearly reveals that binding of VapB1 blocks substrate access to
the “catalytic triad” site (Figure 1a), thereby inhibiting the ribonuclease activity of VapC1.

J Chem Inf Model. Author manuscript; available in PMC 2023 March 27.
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Therefore, a small molecule occupying the helix a2 binding site is hypothesized to mimic
the antitoxin function of VapB1 to inhibit VapC1.

A pharmacophore model generated from the VapB1 peptide structure:

Pharmacophore-based virtual screening provides a highly efficient tool,2> which is

capable of screening a trillion compounds in a time frame of hours using FastROCS.26
Pharmacophore-based virtual screening also enables scaffold hopping from peptide or
protein structures to small molecules.?2 27 The goal of this research was to discover small
molecules based on the VapB1 helix a2 peptide structure that bind VapC1 and mimic the
hydrophobic interactions of helix a2 with VapC1. Because helix a2 is a large polypeptide of
10 amino acids, with a molecular weight exceeding 1,300 Daltons, a pharmacophore model
based on the entire VapB1 helix a2 structure is inappropriate for the discovery of small
molecules. Instead, a truncated structure of helix a.2, which captures the key intermolecular
interactions, was adopted for pharmacophore construction. The VapBC-1 complex crystal
structure shows that the hydrophobic face of the helix a.2 peptide primarily contributes

to the intermolecular interactions. Therefore, the four VapB1 hydrophobic residues whose
side chains are buried in the hydrophobic cleft on the VapC1 surface (F56, F60, 161,

and L64, Figure 3a) were selected as key functional groups for query construction. The
pharmacophore query was comprised of the shape feature defined by the hydrophobic face
of VapB1 helix a2, together with four chemical features—two hydrophobes for 161 and L64
and two hydrophobes with rings for F56 and F60, as shown in Figure 3b.

Novel inhibitors identified by ROCS shape-based mapping and structure-based virtual
screening:

The National Center for Advancing Translational Sciences (NCATS) collection of nearly

a halfmillion small molecules was pre-prepared using Pipeline Pilot (https://www.3ds.com/
products-services/biovia/products/data-science/pipeline-pilot/) to remove salts and redundant
molecules as well as to standardize stereochemistry and formal charges. The conformational
library was enumerated for the resulting 404,592 small molecules using OMEGA?2

from OpenEye Inc. (https://docs.eyesopen.com/applications/omega/index.html), with energy
window (eWindow) set to 5 kcal, root mean square (RMS) Cartesian distance set to 0.6 A,
and maximum conformers set to 50. The Rapid Overlay of Chemical Structures (ROCS) is

a virtual screening tool to score and rank-order a compound library based on the alignment
of shape similarities and chemical features defined in a query.28 Screening with ROCS was
carried out on a Linux cluster and finished in 977 seconds with 37 CPUs. The best 1,500

hit molecules were then docked into the VapC1:helix a2 interface using an induced fit
algorithm installed in MOE (http://www.chemcomp.com/). Dock solutions of the top 200
compounds with the best predicted binding energies were then prepared and tested in a
biochemical assay.

Confirmation of virtual screening hits with a biochemical VapC1 ribonuclease activity
assay:

A biochemical VapC1 ribonuclease activity assay was used to evaluate hits from the virtual
screen. This sensitive assay leverages a custom RNaseAlert substrate containing a 5° Cy5
fluorophore and a 3’ lowa Black® RQ quencher (Integrated DNA Technologies, Coralville,

J Chem Inf Model. Author manuscript; available in PMC 2023 March 27.
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IA). Enzymatic cleavage of the custom RNA substrate by VapC1 separates the fluorophore
from the quencher, resulting in a real-time kinetic red-fluorescence readout of ribonuclease
activity. The assay is robust with a Z’-factor value of 0.92. Eight of 200 selected compounds
from the virtual screen inhibited VapC1 ribonuclease activity with 1Csq values ranging
between 1.3 uM and 20 uM, which is a 4% confirmation rate (Figure 4, Table S1).

The active compounds can be classified into two chemotypes, the majority of which are
phenylpyridiones. These phenylpyridiones were developed internally as part of a project

to target isocitrate dehydrogenase type 1 (IDH1).2%-30 Therefore the biochemical testing
was extended to include all phenylpyridiones from the IDH1 project, and identified twenty
additional VapC1 inhibitors.

Characterization of confirmed VapC1 ribonuclease inhibitors in cell-based assays:

Given the structure activity relationships among members of the phenylpyridone chemotype
in the biochemical VapC1 ribonuclease activity assay data (Figure 4a), seven were advanced
for evaluation in cell-based assays (Figure 4c). The compounds were selected based on
their potency and structural diversity within the chemotype. The capacity of these seven
biochemical inhibitors to engage VapC1 within bacterial cells was assessed using a SplitLuc
cellular thermal shift assay (CETSA). All compounds decreased the thermal stability of the
enzyme to some extent, suggesting intracellular target engagement (Figure 4c). To examine
whether the VapC1 biochemical inhibitors also demonstrate activity within bacteria, an

E. coli growth assay was used. As expected, the induced expression of VapCLl in E. coli
inhibited bacterial growth, whereas co-expression of the antitoxin VapB1 rescued growth.

In this cell-based activity assay, none of the compounds rescued the growth inhibition
associated with VapC1 expression (Figure 4d). These results suggested that the compounds
did not inhibit VapC1 enzymatic activity to a level that is sufficient to reverse the growth
phenotype.

In silico evaluation of VapC1 ribonuclease inhibitors:

The docking models of hit compounds indicated that shape complementarity and
hydrophobic interactions are the major contributors to ligand binding affinities, while
contributions from electrostatic interactions are very limited (Figure 5). An analysis of
intermolecular interaction energies confirmed this observation— Van der Waals energy
accounts for over 90% of the non-covalent binding energy. Intermolecular recognition
dominated by Van der Waals force is the hallmark of protein-protein interactions (PPI)
where amphipathic helical structures are involved in the PPI interfaces, as exemplified by
p53-MDM2 and the MDM2 inhibitor Nutlin-3.31-32 |n the current study, the backbone
amides form hydrogen bonds with each other, while the hydrophobic side chains of VapB1
helix a2 make the major contributions to the PPI (Figure 3). The biochemically confirmed
small molecule inhibitors of VapC1 are predicted to imitate the VapB1 helix a2 interactions
by burying hydrophobic moieties into hydrophobic pockets on the surface of VapC1 and
allowing hydrophilic moieties to be solvent exposed (Figure 5b and 5d). In summary, by
converting key peptide functional groups involved in the PPI to a pharmacophore query,
multiple small molecule inhibitors were successfully identified which might mimic the
native peptide-protein interactions (Figure 6).

J Chem Inf Model. Author manuscript; available in PMC 2023 March 27.
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Conclusion

In this report, scaffold hopping from a peptide structure to a pharmacophore query enabled
a virtual screen that identified inhibitors of the ribonuclease VapC1 from NTHi without

any prior structural knowledge of small molecule inhibitors. Nontypeable Haemophilus
influenzae are clinically important bacteria that cause a range of mucosal infections

and exacerbations of chronic obstructive pulmonary disease. Drug resistant NTHi strains
are increasingly isolated from difficult-to-treat respiratory infections and a heightened
surveillance of NTHi as an emerging pathogen has been proposed.! Bacterial TA systems
have been implicated in persistence and non-specific tolerance to antibiotics, enabling
bacterial survival of human infections and antibiotic therapy.> 32 In this context, TA
systems have been identified as a potential therapeutic target.34-37 NTHi is an ideal
organism for testing this therapeutic hypothesis because the VapBC-1 module has been
shown to significantly increase survival during infections /7 vivol’. To our knowledge,

no small molecule inhibitors of VapC1 have been described; however, structural studies
were reported of VVapC1 bound to its native inhibitor, antitoxin VapB1.20 Scaffold hopping
from a VapB1 peptide structure to small molecules was successfully achieved through
extracting key chemical features from the VapB1 helix a2 peptide together with shape
complementarity requirements to generate a pharmacophore query. Virtual screening was
performed with the NCATS compound library of over 400,000 compounds using ROCS
and molecular docking. This approach enabled the discovery of small molecule VapC1
ribonuclease inhibitors for the first time, with 8 of the top 200 hits demonstrating activity in
a biochemical assay. Following a structural analysis of the experimentally confirmed hits, 20
additional inhibitors were identified from the phenylpyridione chemotype. Seven validated
inhibitors were selected for further evaluation in cell-based assays due to their structure
activity relationships and biochemical potencies. All seven compounds destabilized VapC1
in a Splitluc CETSA performed with £. coli. These data indicated that the compounds both
enter bacteria and engage their intracellular target. The £. coli growth inhibition assay did
not detect any ability of the seven compounds to rescue the growth inhibition resulting from
VapCL1 expression. However, this result might be anticipated for compounds that have not
been optimized by medicinal chemistry for intracellular VapC1 inhibition. Despite entering
bacteria, the compounds likely did not achieve a sufficient intracellular concentration or
inhibition of VapCL1 to rescue the growth arrest to the level of the VapB1 control. Therefore,
these VapC1 inhibitors might serve as a starting point for the preclinical development of an
adjuvant therapeutic for use against NTHi. More broadly, these inhibitors might be further
developed to target the VapC toxins of other pathogenic bacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ftware Availability:

The PDB files were downloaded from the RCSB protein data bank (https://www.rcsb.org).

Al
an
to

| the output data and structures of the hit compounds have been provided in the article
d Supporting Information. The software package of PyMOL (https://pymol.org) was used
prepare Figure 1, 3 and 5. Preparation of the compound library for virtual screening

was carried out by using Pipeline Pilot (https://www.3ds.com/products-services/biovia/
products/data-science/pipeline-pilot/). Virtual screening was performed using ROCS3.4.0,
VROCS3.4.0, and OMEGAZ2 by OpenEye Inc. (https://www.eyesopen.com). Molecular
docking was performed using MOE (https://www.chemcomp.com). All the software were
purchased and licensed to the NCATS.
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Figure 1.
Structural features of the VapBC-1 complex (PDB ID: 6NKL). (a - ¢) The VapBC-1 complex

is shown from different viewpoints to highlight the homodimeric interactions between
VapC1 monomers (shown as a ribbon diagram, cyan, and a surface projection colored as a
heatmap according to the electrostatic potential, respectively) and heterodimeric interactions
with VapB1 helixes a1 and a2 (green, ribbon diagram). (d) The helix a2 of VapB1 is
adjacent to the catalytic site of VapC1, which is marked by a red circle. All diagrams were
generated with the program PyMOL. The scale for the electrostatic potential heatmap is
shown at the top of the figure.
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Helix al: KKTDDFLALF (a) Helix a2: FDETFIQALE (b)

Figure 2.
The amphipathic features of (a) helix a1l and (b) helix a2 shown as wheel diagrams.
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(b)

Figure 3.
A space-filling model showing the side chains of the four hydrophobic residues from the

amphipathic helix a2 of VapBL1. (a) The VapB1 residues F56, F60, 161, and L64 (green)
primarily contribute to the intermolecular interactions with VapC1 (gray, ribbon diagram).
(b) The pharmacophore query was defined by the shape of VapB1 helix a.2 as well as
hydrophobes for 161 and L64 and hydrophobes with rings for F56 and F60.
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Figure 4.

Evaluation of hit compounds from the virtual screen using biochemical and cell-based
assays. (a - b) Dose-dependent inhibition of VapC1 ribonuclease activity is shown for
twelve active compounds from (a) The highly enriched 2-pyridone chemotype and (b)

Page 16

Singleton hits. The concentration-response curves span eleven concentrations and maximal
VapCl1 inhibition ranges between 52% and 100%. (c) The thermal stability of VapC1 was

examined in E. colifollowing treatment with seven confirmed VapC1 inhibitors using

a SplitLuc Cellular Thermal Shift Assay. Compared to treatment with vehicle (DMSQ)
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treatment with the VapC1 inhibitors destabilized VapC1 as indicated by their reduced Tagq
values. (d) Bacterial growth was measured by absorbance (ODgqg) after 3 hours of VapC1
expression (by an arabinose inducible promoter) + treatment with vehicle or confirmed
VapCl1 inhibitors. Growth was normalized to control groups without VapC1 induction
(100%) and with VapC1 induction (0%).
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(c) NCGC00015233 (d) NCGC00356189

Figure5.
The predicted conformations of two confirmed VapCL1 inhibtors NCGC00015233 (a and c)

and NCGC00356189 (b and d) bound to the helix a2 pocket on the surface of VapC1. The
ribbon diagrams pictured in (a) and (b) (cyan) show the backbone position of the helix a2
polypeptide. The protein surface of VapC1 in (a) and (b) is colored according to eletrostactic
potential, while in (c) and (d) it is shown as a mesh surface with space-filling ligands to
illustrate the shape complementarity.
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404,592

ROCS Screening:

Pharmacophore query was

created from the truncated
1 ; 5 OO peptide structure of VapB-1
Molecular Docking:

| The top 1,500 ROCS hits were docked
2 OO to the pocket of VapC-1 using Induced

Fit method

Functional Assay:
The top 200 docking hits were assayed to
measure inhibition of VapC-1 ribonuclease
activity, among which 8 were confirmed

Hitlist Expansion:
Analysis of structual features of the confirmed
hits led to assay of 60 more structurally similar
compounds and 20 of which were confirmed

Figure®6.
A workflow to combine two virtual screening methods, shape-based Rapid Overlay of

Chemical Structures (ROCS) and energy-based molecular docking, to facilitate scaffold
hopping from a peptide structure to small molecule inhibitors. Notably, a post-virtual
screening analysis led to an expansion of the hit list.
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