1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Infect Dis. Author manuscript; available in PMC 2024 April 13.

-, HHS Public Access
«

Published in final edited form as:
ACS Infect Dis. 2024 April 12; 10(4): 1212-1221. doi:10.1021/acsinfecdis.3c00593.

Abiotic small molecule inhibitors and activators of the

LasR quorum sensing receptor in Pseudomonas aeruginosa
with potencies comparable or surpassing N-acyl homoserine
lactones

Daniel E. Manson®T, Gene E. Ananiev?, Song Guo?, Spencer S. Ericksen?, Emma E. Santa?,
Helen E. Blackwelll

1Department of Chemistry, University of Wisconsin—Madison, 1101 University Ave., Madison, WI
53706, USA

2Small Molecule Screening & Synthesis Facility, University of Wisconsin Carbone Cancer Center,
600 Highland Ave., Madison, WI 53792, USA

Abstract

The opportunistic pathogen Pseudomonas aeruginosa controls almost 10% of its genome,
including myriad virulence genes, via a cell-to-cell chemical communication system called
quorum sensing (QS). Small molecules that either inhibit or activate QS in A2 aeruginosa represent
useful research tools to study the role of this signaling pathway in infection and interrogate its
viability of as an anti-virulence approach. However, despite active research in this area over

the past 20+ years, there are relatively few synthetic compounds known to strongly inhibit or
activate QS in £ aeruginosa. Most reported QS modulators in this pathogen are of low potency

or have structural liabilities that limit their application in biologically relevant environments, such
as mimics of the native A-acyl homoserine lactone (AHL) signals. Here, we report the results

of a high-throughput screen for abiotic small molecules that target LasR, a key QS regulator

in P, aeruginosa. \We screened a 25,000-compound library and discovered four new structural
classes of abiotic LasR modulators. These compounds include antagonists that surpass the potency
of all known AHL-type compounds and mimetics thereof, along with an agonist with potency
approaching that of LasR’s native ligand. The novel structures of this compound set, along

with their anticipated robust physicochemical profiles, underscore their potential value as probe
molecules to interrogate the roles of QS in this formidable pathogen.
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Many common bacteria communicate using low molecular weight molecules, or
“autoinducers,” in a phenomenon known as quorum sensing (QS). This cell-to-cell
signaling process allows populations of bacteria to gauge their local densities and at high
cell number engage in group-beneficial behaviors, some of which are relevant to human
health, agriculture, and industrial processes.? 3 The chemical nature of QS, dependent

on the concentration of a signal in the local bacterial environment, has attracted many
researchers to develop chemical strategies to divert or alter the sensing of these signals.* ®
Our research group and others have been actively involved in the development of non-native
small molecules and peptides capable of competing with native QS signals pathways.*
6-10 Such compounds have utility as tools to delineate the roles of this complex signaling
mechanism in infection and host-microbe interactions.? 11

The archetypal QS circuit in Gram-negative bacteria is the LuxI/LuxR-type receptor/
synthase pair, first characterized in the bioluminescent marine symbiont Vibrio fischeril2
LuxI-type synthase enzymes catalyze the formation of A~acyl L-homoserine lactone (AHLS),
which are produced at low basal levels at low cell density. At a sufficient bacterial cell
number (and thus AHL concentration), these low molecular weight ligands bind to and
activate their target intracellular receptors, i.e., LuxR-type proteins. Once complexed with
their AHL signal, LuxR-type proteins act as transcription factors that most commonly
dimerize and bind to DNA (in an associative mechanism), altering QS-controlled gene
expression.l: 2

P, aeruginosa is a common Gram-negative pathogen that regulates many of its virulent
behaviors (i.e., ability to infect) via QS.12 It has a high rate of antibiotic resistance

and is dangerous to immunocompromised populations, particularly cystic fibrosis (CF)
patients. The intimate relationship between virulence and QS in 2. aeruginosa has motivated
considerable research toward the discovery of chemical and biological strategies capable of
blocking QS in this pathogen, and thereby, potential infections.8-10. 14-19
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The QS circuity in P, aeruginosais comprised of at least two complete Luxl/LuxR-type
pairs (Lasl/LasR and RhlII/RhIR), QscR (an “orphan” LuxR type receptor without an
associated Luxl-type synthase), and PgsR (a LysR-type receptor, unrelated to the LuxR-
type family).13 A simple schematic of these circuits is shown in Figure 1. Lasl produces
N-(3-oxo0)-dodecanoyl L-homoserine lactone (OdDHL), which is recognized by both LasR
and QscR. Rhll produces A-butyryl L-homoserine lactone (BHL), which is recognized by
RhIR. PgsR binds the Pseudomonas Quinolone Signal (PQS), 2-heptyl-3-hydroxy-4-(1H)-
quinolone, which is synthesized by a dedicated biosynthetic gene cluster (via the HHQ
signal intermediate).20 These four receptors and signals work together to finely tune 2
aeruginosa QS in response to different environmental cues.?!

Among these interconnected QS systems, LasR plays a prominent role in 2 aeruginosa.??
This receptor regulates the production of virulence factors such as elastase B and alkaline
protease.?3 It also upregulates production of rhamnolipid, HCN, and pyocyanin via control
of the RhlI/RhIR and PgsR systems. Accordingly, significant effort has been devoted to
the identification of small molecules that can attenuate the activity of LasR, the most
common mechanism blocking its native AHL signal, OdDHL, from binding (although few
studies have demonstrated this pathway definitively).13 To find such ligands, the OdDHL
scaffold, along with other native AHLs, have been studied and derivatized extensively.*
19,24 However, these efforts focused on AHL-type ligands have failed to produce a

LasR antagonist with an ICsq value under 10 uM in P, aeruginosa, as based on in-cell
transcriptional reporter gene assays.® This failure is at least in part due to chemical and
biological liabilities inherent to the AHL scaffold. AHLs, both naturally occurring and
non-native, are actively effluxed from £ aeruginosa by the MexAB-OprM multidrug efflux
pump.25 Additionally, the lactone ring is prone to hydrolysis in aqueous media,25: 27 and

P, aeruginosa (along with other bacteria and hosts) contains enzymes that can hydrolyze
either the lactone or amide bonds, rendering the compounds inactive.28 These liabilities have
motivated our laboratory2® 30 and others31: 32 to develop QS modulators of 2 aeruginosa
and other Gram-negative bacteria that are not based on the AHL scaffold.2?

Past work has shown that high-throughput screening (HTS) of small molecule libraries

can provide a strategy to discover non-AHL-type QS modulators. Selected compounds
uncovered in these screens are shown in Figure 2. LasR has been the focus of past HTS
efforts to uncover antagonists and agonists of LuxR-type receptors in 2. aeruginosa. The
Greenberg lab made notable contributions in this area using a reporter gene assay strategy, 1%
33 discovering V-06-018, the most potent LasR antagonist known at the time of its discovery
in 2006 (LasR 1Cso = 5.2 uM; all potency values reported here from Moore et al., 2015),1°
PD-12 (later shown to inhibit LasR indirectly),1® and the triphenyl (TP) series of ligands.
This latter series includes the agonist TP-1, which surpasses LasR’s native ligand OdDHL

in terms of potency (ECsg = 71 nM vs. 139 nM), and TP-5, a LasR antagonist with modest
potency (ICsq = 69 uM).10. 34 Rahme and co-workers have applied HTS very successfully

to develop small molecule inhibitors of PgsR, such as M64.16 Virtual screening also has
been applied to identify QS modulators in P aeruginosa. For example, 8-azaguanine (Figure
2), identified /n sificoto bind LasR, was found to antagonize LasR in cell-based gene
reporter assays and abrogate QS-controlled phenotypes in £ aeruginosa, albeit at high uM
concentrations.3® Compound C1 was identified in a similar manner by Vetrivel et a/. and,
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along with two other related compounds, could inhibit LasR activity in an £. colireporter
strain at high nM concentrations;38 the effects of these molecules on cell growth, however,
was not reported. Many other compounds have been predicted /7 sifico to bind LasR, but
very few have been validated experimentally.37- 38 While not arising from HTS efforts

per se, smaller scale screening efforts have identified plant-derived natural products (e.g.,
phenols and flavonoids) and extracts that modulate LasR; these compounds/extracts have
seen limited mechanistic study and many are active at numerous targets beyond LasR.3%: 40

Synthetic modulators of LasR discovered via HTS have served as starting points for the
development compounds with improved activities or altered properties, including the TP
series3%: 4243 and V-06-018. In 2020, our laboratory reported a LasR antagonist with a
submicromolar ICsq (V-40, Figure 2) that arose through our study of the structure-activity
relationships (SARs) surrounding V-06-018’s activity profile in LasR.** However, improved
potency is not the only desired characteristic; the lead compounds from that past study are
highly lipophilic (e.g., V-40) and cannot be readily diversified further, which will limit their
application as probes in certain biological settings. In order to develop more versatile probe
molecules, we remain interested in the development of novel non-AHL scaffolds that are (1)
highly potent and selective at modulating LasR in 2. aeruginosa based assays (ICsq values in
the single-digit UM or lower in AP aeruginosa), (2) free of hydrolytically and enzymatically
labile bonds, (3) readily soluble in aqueous media, and (4) comprised of a structure that is
amenable to further chemical diversification. Identifying such compounds was the goal of
the current study.

Herein, we report the discovery of nine small molecule LasR modulators that resulted

from the screening a 25,000-compound library in a 2. aeruginosa reporter strain. The small
molecules can be divided into four broad structural classes that, to our knowledge, have

not been reported previously to modulate LuxR-type proteins in bacteria. Several of these
compounds were capable of strong LasR antagonism, with 1Cgq values below 1 pM, and one
compound exhibited LasR agonism with potency and efficacy levels approaching LasR’s
native ligand, OdDHL. Moreover, these molecules are highly soluble and physically robust
in biological media, and readily amendable to synthetic derivatization. Follow-on biological
screens indicate that these compounds can modulate LasR via direct interactions; insights
into the possible binding modes of these compounds with the LasR ligand-binding site

were provided by molecular docking experiments. These compounds represent robust new
chemical tools to study QS pathways in P, aeruginosa and their roles in infection, and should
advance future probe design.

RESULTS & DISCUSSION

Implementation and execution of a high-throughput screen.

We selected the commonly used P, geruginosa-based LasR reporter strain PAO-JP2

(A lasirhll)?3 for our HTS experiments. This 2 aeruginosa mutant lacks the ability to
synthesize its OdDHL and BHL signals, but retains the LasR and RhIR receptors, and LasR
activity is reported via a plasmid encoding GFP (p/as/-LVVAGFP). The strain contains the
MexAB-OprM efflux pump mentioned above;25 we reasoned its presence would facilitate
the identification of chemical scaffolds that are not readily effluxed from P aeruginosa. To
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start, we miniaturized our standard reporter gene assay protocol4! for LasR from a 96-well
microtiter plate format to a 384-well plate format. The principal challenge in this process
was the accumulation of 2. aeruginosabiofilm in the low volume wells, which was overcome
by starting the assay at a low cell density (see Methods for full details).

Using the miniaturized assay, we screened a 25,000-compound library (from Life Chemicals
Inc.) at a concentration of 10 uM. These compounds are structurally diverse and satisfy
Lipinski’s Rule-of-5, Veber conditions, and Lilly Med Chem Rules.** The library was
pre-filtered to remove pan-assay interference compounds (PAINS),45 46 known reagents,
and potentially chemically unstable molecules. As a positive control for LasR agonism, we
used the native agonist OdDHL (at 300 nM), and as a control for LasR antagonism, we used
the known inhibitor V-06-018 (at 10 uM). We also used a known antibiotic, ciprofloxacin, as
a control for cell death. Each screening well constituted a competitive inhibition experiment
and contained OdDHL at 300 nM (to activate LasR) and a screening candidate molecule.
We identified 172 compounds (~0.7% hit rate) from the library that either inhibited or
increased LasR activity =215% relative to our controls. These compounds were selected for
secondary screening in the P, aeruginosa reporter strain over a range of concentrations to
obtain dose-response activity profiles. We removed any suspect PAINS and compounds with
enzymatic liabilities/chemical instabilities not caught in the initial pre-filtering as we triaged
the hit compounds. Ultimately, we focused on a set of the most potent compounds, along
with several of their commercially available analogues; we purchased samples of these nine
compounds and characterized their LasR activity profiles in more detail, as described below.

Structures and activities of hit compounds.

The structures of the nine compounds and related analogs uncovered in the HTS study are
shown in Figure 3, and their antagonism and agonism activity profiles in LasR are listed
in Table 1 (see Figures S1 and S2 for dose response curves). None effected bacterial cell
growth over the concentrations tested (Figure S3) and all were readily soluble in aqueous
solutions (with 1% DMSO). To the best of our knowledge, none of these compounds have
been previously reported to modulate LuxR-type proteins or any other biological targets.

We found three classes (I-111) of LasR antagonists and one class (IV) of LasR agonist in the
set of HTS hits (Figure 3). The clustering of the hits into a small set of structural classes
underscores the fidelity of the HTS assay and indicates that various pharmacophores capable
of inhibiting LasR may be discovered via HTS. Each of these four classes presented a
chemical scaffold that was modular in nature (e.g., a plurality of cyclic moieties connected
by linker(s)), a feature that should enable further synthetic modifications. Amongst the eight
LasR antagonists identified, seven (1-7) have higher potencies in the P, aeruginosa reporter
assay relative to all known AHL-based antagonists,*’ and two compounds (3 and 7) have
potencies comparable to the most potent known non-AHL antagonist. For comparison, we
have included £ aeruginosa reporter assay data for the most potent known AHL-based LasR
agonist and antagonist (OdDHL and CL [chlorolactone],8 respectively), the most potent
known non-AHL LasR agonist and antagonist (TP-1 and V-40, respectively),* and the
non-AHL LasR antagonist related to TP-1 (TP-5) in Table 1.
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The compounds in class | (1 and 2), comprised of a benzamide joined to a 2-phenyl-indole
moiety by way of a two-carbon thioether moiety, had indistinguishable efficacies (~50%)
and potencies (approximately 3 uM), suggesting a variety of ortho substituents on the
benzamide moiety can be tolerated (Table 1). Class Il (3-6), which we term “tris-aryl” based
on their moderate resemblance to the TP series of ligands, had indistinguishable ICsg values
between 1 and 3 uM. These compounds differed, however, in maximum LasR inhibition;
compound 6 had a higher efficacy than compounds 3 and 4. We note the structural similarity
between compounds 3—-6 and TP-5 (Figures 2 and 3).19 As in compounds 3-6, the central
ring of TP-5 is unsubstituted apart from the linkers to the other rings. In contrast, the central
ring of TP-1 (and related analogs TP-2-4),10 all of which are LasR agonists, are brominated
at positions 2 and 4. Additionally, the terminal rings of compounds 3-6, like TP-5, are
linked to the central ring by two-atom functional groups (an amide and a sulfonamide for
3-6 vs. two amides for TP-5). The agonists TP-1-4, however, have an extra methylene unit
in the linker between the first and second ring, and an ester linking the second and third ring.
Perhaps most notably, the tris-aryl compounds we report here (3-6) are approximately 30
times more potent than TP-5 in 2 aeruginosa (TP-5 ICgy = 69 UM, Table 1). Indeed, despite
its lower efficacy (38%), compound 3 has a sub-micromolar potency (0.8 pM) comparable
to V-40, which is the most potent and efficacious LasR non-AHL type antagonist known,
underscoring the potential utility of this new tris-aryl ligand scaffold for LasR modulation.
Further synthetic studies on this scaffold can clarify whether this improvement in potency is
a function of the different ring identity (phenyl vs. benzothiazole), substituents on the rings,
the functional groups that link them (i.e., ester vs. sulfonamide), or a combination thereof.

The class 111 compound set (Figure 3), comprised of an alpha-benzisoxazole-acetamide
linked at the 3 position of the benzisoxazole to a phenol derivative by way of an internal
alkyne, contained the second of the two most potent LasR antagonists (7) and the most
efficacious LasR antagonist in this study (8, Table 1). Compound 7, like 3, has a potency
(IC50 = 0.4 uM) that is comparable to V-40, yet is two-fold more efficacious than 3. In
turn, compound 8 has similar efficacy (84%) as V-40, yet was the least potent antagonist
of the hit compounds we evaluated (ICsq = 18 uM). These results for 7 and 8 indicate that
substitution on the aryl ether moiety plays a large role in determining the activity profile of
this compound class in LasR.

Class 1V contained a single compound, 9 (Figure 3), which shares the benzamide

group with the class | compounds yet has an alternate one-atom linkage to a thiophene-
substituted triazolopyridazine moiety. Interestingly, when 9 was screened for competitive
LasR antagonism assay in the HTS format, it was found to /ncrease GFP production relative
to controls (Figure S1). We therefore characterized its LasR agonism profile, along with
those of compounds 1-8 to complete their activity assessment (Figure S2). Only compound
9 was active in the LasR agonism assay, and it was found to be a relatively potent LasR
agonist (ECsg = 0.7 uM). To our knowledge, only OdDHL, very closely related AHL
analogues, and TP-1 have sub-micromolar agonism potencies in £ aeruginosa reporter
systems.1> Compound 9 therefore represents a new and abiotic LasR agonist scaffold.
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Screening in E. coli supports compounds can target LasR.

We conducted our HTS and follow-up assays in P, aeruginosa because we are most
interested in the application of these compounds as probes to study LasR in its native
organism. To investigate whether these compounds can target LasR directly, however, and
not some other part of the P aeruginosa QS circuitry (or another non-QS target), we used a
heterologous reporter system (i.e., the £. coli JLD271 strain; see Methods), which produces
LasR and contains a reporter plasmid (B-gal) to measure LasR activity.*® Our compounds
retained activity in this reporter strain, supporting that they can target LasR directly (see
Figures S4 and S5, Table S2).4° However, we found that the potencies and efficacies of
antagonists 1-8 were reduced in the £. coli LasR reporter relative to in the P aeruginosa
LasR reporter system; for example, we could not determine 1Cs values for compounds 3
and 6 in the £. coli system. We ascribe this phenomenon of reduced apparent IC5q in £.
coli (which we have observed previously)!®: 41 to the increased amount of LasR produced
in the heterologous system relative to native production from the bacterial genome.41 50 |n
turn, receptor overexpression has been shown previously to /ncrease the apparent potency
of agonists.?? Accordingly, agonist 9 was two orders of magnitude more potent in £,
colirelative to P, aeruginosa (ECsg values of 8 vs. 700 nM, respectively). Additionally,
compounds 6-8, which were incapable of agonizing LasR in the £ aeruginosa system, were
found to moderately agonize LasR in the £. coli system (Figure S5). These compounds are
therefore best characterized as partial LasR agonists, with agonism profiles too weak to be
measured in the 2. aeruginosa background. This latter activity profile does not impact the
viability of 6-8 as probes to block LasR activity in P, aeruginosa, however, because the
agonist activity was so minor as to not be measurable in experiments conducted in the native
organism.

Molecular docking provides insights into protein-ligand interactions.

To investigate potential interactions of these compounds with LasR, we performed
computational docking studies on selected hit compounds from each structural class (1, 6,
7, and 9) into the OdDHL-binding site of LasR (selected 3D views shown in Figure 4). We
used a composite LasR ligand-binding domain (LBD):agonist complex structure based on
those reported by the Bottomley, Bassler, Nair, and our own groups (for AHL and TP-type
agonists; see Methods).#2 5153 Gjven that all reported structures of LuxR-type proteins
complexed with either AHL and non-AHL ligands show the small molecule bound to the
AHL-binding site,>1: 54 55 we believed it was reasonable to consider our new modulators
binding in this site as well. For comparison, views of OdDHL and TP-1 bound to the
composite LasR structure (Figures 4A and 4B) and overlays of these ligands with each
composite docked structure for 1, 6, 7, and 9 are provided (Figures 4C-F).

Prior structural studies have shown the LasR LBD:OdDHL interaction to be mediated in
part by a network of hydrogen bonds to the lactone headgroup, the most critical of which
is between the OdDHL amide N-H and Asp 73 (Figure 4A).56: 57 Our docking experiments
indicate that hydrogen bonds could exist between the amide N-H protons in compounds 1,
7, and 9 (and the sulfonamide N-H proton in 6) and the LasR residues Asp 73, Thr 115,
and Ser 129 (Figures 4C-F, /eft panels). At least Asp 73 and Ser 129 are also known to
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form hydrogen bonds to other heteroatoms on OdDHL in LasR LBD:OdDHL structures.>%:
53 This result suggests that the aryl amide groups in 1, 7, and 9 and aryl sulfonamide group
in 6 mimic an AHL head group. The other portions of compounds 1, 6, 7, and 9 then extend
into the binding cavity of LasR filled by the aliphatic acyl tail of OdDHL and abut the
hydrophobic residues that seal the binding site (i.e., Leu 40, Leu 125, and Ala 50), and can
be considered AHL tail group mimics.

The reported crystallographic data for the LasR LBD:TP-1 complex indicate that the nitro-
substituted benzamide moiety of TP-1 (docked view in Figure 4B) occupies a position in

the LasR binding pocket analogous to that of the homoserine lactone and amide moiety in
OdDHL and forms hydrogen bonds with at least Asp 73, Tyr 56, Trp 60, and Ser 129 (albeit
the Ser 129 hydrogen bond is water-mediated),> and the ester-linked chloro-substituted

aryl group in TP-1 fills the space in LasR “natively” occupied by the OdDHL acyl tail.
Collectively, our docking data indicate that LasR can bind 1, 6, 7, and 9 in a manner

that is broadly similar to TP-1 and OdDHL (i.e., mediated by the same residues and
analogous hydrogen bonds), and that these compounds are comprised of structural motifs
that correspond to AHL head and tail groups. This hypothesis is supported by overlaying
the docked poses of 1, 6, 7, and 9 with either OdDHL or TP-1 (Figures 4C-F, center
panels) in LasR; the compounds occupy the same space and are readily accommodated

in the ligand-binding pocket. These overlaid structures do not reveal, however, obvious
differences between the antagonists (1, 6, and 7) and the agonists (9, OdDHL, and TP-1)
that could explain their opposite activities on LasR. As the structures used for docking
originate from LasR LBD:agonist structures (no LasR:small molecule antagonist structure
has been reported), neither the contacts necessary for LasR antagonism nor interactions
between the LasR LBD and DNA binding domain could be considered in these docking
experiments. Further characterization of these ligand:receptor binding interactions, including
structural experiments, LasR mutagenesis, and new ligand design, are necessary to delineate
the agonism and antagonism mechanisms of 1, 6, 7, and 9 and are ongoing in our laboratory.

SUMMARY & CONCLUSIONS

This study was motivated by the need for potent and efficacious tool compounds that
modulate the key QS regulator LasR in the opportunistic pathogen £ aeruginosa. AHL-
based antagonists are poorly active in P aeruginosa-based assays, and few non-AHL
antagonists are known. Here, we report the discovery of eight new LasR antagonists and
one new LasR agonist that are each structurally distinct from the AHL compound class.
Each of the antagonists exceeds the potency of known AHL-based LasR antagonists in

a R, aeruginosa cell-based gene reporter experiment, and two have potencies comparable

to the most potent known non-AHL LasR antagonist. These new compounds should have
physicochemical profiles superior to AHLs and close analogs (e.g., these compounds lack
readily hydrolysable groups or a multi-carbon acyl “tail”, and have high aqueous solubility),
underscoring their potential value as probe scaffolds. Further, the modular structures of these
compounds provide a straightforward path to the synthesis of analogs and structure-function
studies. As such, we believe that the activity profiles of these molecules can likely be
enhanced further by focused synthetic chemistry efforts.
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The similarity between the Class Il compounds reported here and the previously reported
TP series of ligands is striking;1° the reoccurrence of this chemotype in two different
high-throughput screens provides compelling evidence of its utility as a chemical modulator
of LasR activity. Our computational docking data indicate that the ligands from classes

I-1V likely can adopt binding poses that are analogous to AHLs and the TP series, with a
carbocyclic or heterocyclic “head group” packed into the same residues that surround the
native homoserine lactone, an amide bond (or sulfonamide) making polar contacts with polar
residues that mimic the hydrogen bond of the AHL amide (i.e., Asp 73, Ser 129, and Thr
115), and the remaining portion of the molecule occupying the hydrophobic acy! binding
pocket. Additional experiments are required to elucidate specific ligand:LasR interactions
and the mechanisms by which these may engender LasR antagonism or agonism. LasR
mutagenesis experiments, in concert with probing additional structural analogs of these
compound classes, will be particularly revealing in this context. Our results of course do not
discount the possibility for additional pathways or targets for these compounds that result in
LasR modulation.

To close, the discovery of the LasR probes reported herein represents an opportunity for
researchers in the QS field to pivot from the historic use of AHL-based ligands to new,
chemically robust modulator scaffolds for application as probes to study signaling in Gram-
negative bacteria. Experiments to this end in 2 aeruginosa and other related pathogens are
ongoing and will be reported in due course.

MATERIALS & METHODS

Chemistry

The chemical library used in the HTS assay was a 25,000-compound subset of the LifeChem
Pre-Plated Diversity library purchased from Life Chemicals Inc. The native ligand for LasR,
OdDHL, was purchased from Sigma Aldrich. Compounds V-40 and CL were obtained

from our in-house stocks and synthesized according to reported methods.18: 41 Samples of
1-9 were obtained from Life Chemicals Inc. Compound stocks solution were prepared at
appropriate concentrations in DMSO and stored at —20 °C until use.

Bacteriology

A list of bacterial strains and plasmids used in this study is provided in Table S1. All
antibiotics (ampicillin, carbenicillin, and gentamicin), arabinose, and Luria-Bertani (LB)
medium were purchased from Goldbio and used as received. Bacteria were cultured in LB
medium and grown at 37 °C (with shaking at 200 RPM). Cell growth was measured by
absorbance at 600 nm (ODgqg). Absorbance and fluorescence measurements were made on
a ThermoFisher Nanodrop 2000, a CLARIOstar® plate reader running MARS data analysis
software, or a PerkinEImer EnVision plate reader running Envision Manger software. Dose
response curves were prepared using GraphPad Prism software (version 8.3.1).

P. aeruginosa assay protocol

A 2-mL volume of LB medium with 300 pg/mL carbenicillin was inoculated with a single
colony of P, aeruginosa reporter strain PAO-JP2 and grown overnight. The next morning,
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the overnight culture was diluted 1:100 into fresh LB medium and grown until ODggg

= 0.3 (measured on a Nanodrop). While the subculture grew, 2 uL of compound stocks

at appropriate concentrations were manually dispensed into the interior wells of a black
96-well microtiter plate. Once the subculture reached the appropriate density, 198 uL of
culture were dispensed into the interior wells. Plates were incubated for 6 h at 37 °C, at
which point fluorescence and absorbance were read. See SI for modified HTS assay protocol
using this strain and additional experimental details.

E. coli assay protocol

A 10-mL volume of LB medium with 100 pg/mL ampicillin and 10 pg/mL gentamicin was
inoculated with a single colony of E. coli reporter strain JLD271 (pJN105-L, pSC11-L)
and grown overnight. The next morning, the overnight culture was diluted 1:10 into fresh
LB medium and supplemented with fresh antibiotics. Subculture was grown until ODggq =
0.5 (measured on a Nanodrop), at which point 0.4% wi/v arabinose was added. While the
subculture grew, 2 uL of compound stocks in DMSO at the appropriate concentration was
added to the interior wells of a clear 96-well microtiter plate. Once the subculture reached
the appropriate density, 198 pL of culture were dispensed into the interior wells, and plate
was incubated for 4 h. After incubation, a Miller-type absorbance assay was performed as
described previously.4!

Ensemble and pose consensus docking methods

Target preparation.—Sixteen LasR LBD crystal structure representations were obtained
from RCSB (PDB accession codes: 2UV0, 31X3, 31X4, 31X8, 3JPU, 6D6A, 6D6B, 6D6C,
6D6D, 6D6L, 6D6M, 6D6N, 6D60, 6D6P, 6MWH, 6MWL, and 6MWW). For structural
comparison, given that the LasR crystal structures were typically in homooligomeric
arrangements, all individual LasR LBD chains (with accompanying ligands) were isolated
and aligned on an arbitrary reference domain, chain A from PDB accession 2UV0, using
the built-in cealign function in PyMOL (the PyMOL Molecular Graphics System, Version
1.7.6.0 Schrédinger, LLC). Crystallographic waters and ions were removed. A single

chain was selected from each crystal structure to comprise 16 target representations for
docking based on the first chain identifier order in alphabetic sequence. After alignment, all
crystallographic ligands in the orthosteric ligand-binding pocket were extracted and saved
in SD format, and the apo protein chains were saved in PDB format. The 16 apo protein
structure files were then processed in Chimera®8 using the Dock Prep function to protonate,
assign MMFF partial charges, and output in mol2 format.

Ligand preparation.—Crystallographic ligands were protonated and assigned partial
charges using pkatyper and molcharge (AM1BCC) utilities from OpenEye suite (QUACPAC
2.0.2.2: OpenEye Scientific Software, Santa Fe, NM). The nine compounds (1-9) uncovered
in the current study were exported from ChemDraw in 2D SD format. The SD files were
converted to SMILES using babel-3.3 (OpenEye Scientific), converted to 3D conformations
in SD format with Omega2 (OMEGA 3.1.2.2: OpenEye Scientific), and converted to mol2
format with partial charges assigned by molcharge (AM1BCC).
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Ensemble docking.—Each of the nine compounds (1-9) was docked to each of the 16

LasR target representations using Smina,>® a fork of AutoDock Vina v1.1.260 in a typical

ensemble approach.51: 62 Smina’s autobox_ligand feature was used to specify the docking
search space based on the co-crystallized ligand identified for each LasR structure using 5
Angstrom padding.

Pose consensus analysis.—Output poses in SD format were processed using RDKit
(RDKit: Open-source cheminformatics) to include docking scores, pose rank, compound ID,
and target ID appended as molecular property fields. For each compound, only the top 3
scoring poses were saved when docking to each LasR target representation. This provided
16 targets * 3 poses/target = 48 total poses for each compound. Using a pose consensus
approach,53 we selected the most likely binding configurations for each compound based
on the largest pose cluster observed among the compound’s 48 total poses. The poses were
clustered by the Butina-Taylor method® using pairwise RMSD as distance matrix and 2.5
Angstrom cutoff. A medoid pose is defined as that most central within a cluster based on
lowest mean RMSD with respect to cluster cohorts. The individual docking scores for the
top 3 poses for each compound:target pair are included in the SI.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of P aeruginosa QS system. P aeruginosa QS receptors interregulate each other

and various QS controlled genes at high cell densities. Positive regulation is shown by green
arrows (—) and negative regulation is shown by red blunt arrows (_L). QS signal structures
are shown on the right.
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Figure 2.

Seg:ected abiotic small molecules discovered in high throughput screens and follow-on
studies and reported to modulate the activity of quorum sensing receptors in P, aeruginosa.
V-06-018,33 \-40,41 PD12,33 TP-5,10 8-azaguanine,3® and C136 antagonize LasR; TP-110
agonizes LasR. M6416 antagonizes PgsR. The revised structure of TP-1, i.e., TP-1-R,34 is
shown.
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Figure 3.

Compounds identified via HTS that modulate LasR activity. These compounds can be
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divided into four structural classes: classes I-111 (compounds 1-8) antagonize LasR, while

class 1V (9) agonizes LasR. Colors highlight differences in structure in each class.

ACS Infect Dis. Author manuscript; available in PMC 2024 April 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Manson et al.

“!‘ QIEEBVVBB
0

L125
OdDHL

Figure 4.

Page 19

g

Views of representative compounds from each structure class (I-1V) computationally docked
into an ensemble of structurally aligned LasR LBD structures (PDB IDs: 2UV0, 31X3, 31X4,
31X8, 3JPU, 6D6A, 6D6B, 6D6C, 6D6D, 6D6L, 6D6M, 6D6N, 6D60O, 6D6P, 6MWH,
6MWL, and 6MWW). (A) Two-dimensional (left) and three-dimensional (right) views of
OdDHL from the [LasR LBD:OdDHL], crystal structure.?! (B) A view of TP-1 from the
[LasR LBD:TP-1], crystal structure>3 (left) and two-dimensional view (right). (C-F, left —
right for each panel) Three-dimensional views of docked structure for compounds 1, 6, 7,
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and 9 with hydrogen bonding interactions — structure overlay with OdDHL — structure
overlay with TP-1 — two-dimensional compound views; residues that flank the compound
match those labeled in panel (A). Putative hydrogen-bonding interactions are indicated by
yellow dashes. These poses represent the medoid poses for each ligand. See Methods for
details of docking experiments.
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Table 1.

Potency and maximum LasR antagonism and agonism activity (efficacy) for HTS compounds and selected
control compounds in the P, aeruginosa reporter strain.?

Compound | I1C/ECs, (uM)P | 95% CI (uM)C | Maximum Inhibition / Activation (%)d | Structural Class
Antagonism
1 35 2.5-4.9 51
2 2.7 1.6-4.6 55 !

3 08 0.3-2.1 38
4 2.8 1.2-4.7 38

5 1.0 0.6-1.6 54 !
6 18 14-2.4 72
7 0.4 0.3-0.6 62

o 178 ~ o 11l

9 -f - - v
cLY 21 11-39 55

v-40 1 0.2 0.2-0.3 85 n/a
TP-59 69 61-78 100

Agonism
1-8 - - - =1

9 0.7 0.6-1.0 100 v
OdDHL 9 0.1 0.1-0.2 100

n/a
TP-19 0.07 0.04-0.1 100

aSee Methods for details of the reporter assay and data work-up.
b . .

Compounds 1-8 screened over a range of concentrations (46 nM — 100 pM); compound 9 screened for agonism over an expanded range (0.01
nM — 100 pM). Antagonism experiments conducted in competition against a fixed concentration of OdDHL (100 nM) and reported relative to

activation by that concentration of OdDHL. Agonism data is reported relative to the activity of a saturating concentration of OdDHL (100 pM).
IC50 and EC5( values calculated from three independent biological replicates (each a technical triplicate).

€c1 = 95% confidence interval.

dMaximum agonism and antagonism values represent the top and bottom values of the fitted curves.
eDose response curve did not fully level off over concentration range tested; see Figure S1.
flnactive.

gData from Moore et al. 2015 in the same strain and using analogous assay conditions.15

h . . . .
Data from Manson et a/. 2020 in the same strain and using analogous assay conditions.41
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