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Abstract

Non-Native Small Molecules that Modulate Quorum Sensing in Gram-

Negative Bacteria

Daniel E. Manson
Under the supervision of Professor Helen E. Blackwell

At The University of Wisconsin—-Madison

ABSTRACT

Research in the burgeoning field of chemical ecology has made it clear that chemically-
mediated communication is common in Nature. This Ph.D. thesis examines bacterial quorum
sensing (QS), a signaling process that involves the production and sensing of discrete signaling
molecules, termed “autoinducers.” Autoinducers are produced in proportion to bacterial growth,
so at a certain stage of population density (i.e., a quorum) productive binding will occur between
an autoinducer molecule and a target receptor protein. Receptor binding leads to changes in gene
expression and, ultimately, bacterial phenotypes, which include behaviors that impact the
environment, industry, agriculture, and human health.

Gram negative bacteria primarily utilize N-acylated L-homoserine lactones (AHLs) as
their QS signals. These small molecules are recognized by cytoplasmic LuxR-type receptors.
AHL-mediated QS is widespread; over 200 LuxR type receptors have been identified thus far.
Multiple common human pathogens, including Pseudomonas aeruginosa, and
enterohemorrhagic Escherichia coli, regulate their virulence (i.e., ability to initiate infection) via
QS. Small molecules that can strongly block QS in these pathogens would be extremely

valuable, especially as the antibiotic resistance crisis intensifies.
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The majority of compounds designed to block QS in Gram-negative pathogens are based
on the AHL scaffold. This scaffold has several inherent chemical liabilities that limit its
usefulness as a chemical probe, chiefly its hydrolytic instability and high lipophilicity. This
Ph.D. thesis focuses primarily on non-AHL scaffolds that could be useful as chemical probes of
QS in Gram-negative bacteria, with an emphasis on P. aeruginosa.

Studies in this thesis include (1) the rational design of the most potent known antagonists
of LasR, an important LuxR-type protein in P. aeruginosa; (2) the discovery of structurally
distinct and potent LasR modulators via high throughput screening; (3) structural studies of LasR
in complex with non-native ligands; (4) a survey of the AHL-binding ‘preferences’ of a group of
LuxR-type proteins; and (5) a study of the molecular features that drive ligand specificity
between LasR and its homologue QscR. Collectively, these studies provide several new paths
forward for the development of non-AHL ligands that can strongly modulate LuxR-type

receptors.

Helen E. Blackwell, Ph.D.
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Chapter 1: Introduction

Daniel E. Manson and Helen E. Blackwell
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1.1.1 Some consequences of living in a microbial world

The number of different of microbial species on earth is estimated to be larger than the
total number of human beings by a factor of 103.! Microbes live in essentially all environments,
including within and on the bodies of all human beings (and all other animals). We are only
beginning to appreciate the health implications of our microbiomes.?

One consequence of the omnipresence of bacteria—i.e., infection—has been known since
the middle of the nineteenth century. Despite the advent and distribution of antibiotics in the
twentieth century, infection remains a major cause of death globally.? As the antibiotic resistance
crisis intensifies,* alternate strategies for managing infection must be explored.® The discovery
that the ability of many common human pathogens to infect their hosts is dependent on their
ability to communicate, made at the very end of the twentieth century, offers one potential

“alternative” avenue forward to mitigate bacterial infection.

1.1.2 Quorum sensing: chemical communication between bacteria

Bacteria use chemical signals to communicate with each other in a process now known as
quorum sensing (QS). The dependence of bacterial phenotypes on the synthesis and exchange of
an external signal—e.g., genetic competence in Streptococcus pnemoniae® and bioluminescence
in Vibrio species’—was first noted in the 1960s and 1970s, respectively. The discovery of the
genes responsible for signal generation and reception,® and the subsequent elucidation of signal,
or autoinducer, structure’ followed in the 1980s. Synthesizing these and other studies, the term
“quorum sensing” was first coined in 1994 by E. Peter Greenberg, Clay Fuqua, and coworkers. '

In the past 25 years, the QS field has flourished, with the discovery of many new

chemical “languages”,'!"! and the structural elucidation of the key biomolecules that mediate



this signaling process.'*!® The discovery of the intimate link between QS and virulence in many
pathogenic bacteria!” has motivated the development of strategies to apply these discoveries with
the eventual goal of blocking infection.'® ! This Ph.D. thesis, focusing on QS in Gram-negative
pathogens and primarily in Pseudomonas aeruginosa, offers a chemist’s description of and
perspective on small molecules that are not produced by Nature but could be useful as tools to

intercept QS.

1.1.3 LuxI/LuxR-type quorum sensing in Gram-negative bacteria

The prototypical QS system in Gram-negative bacteria is the LuxI/LuxR circuit. This
system involves a LuxI-type enzyme, which catalyzes the formation of an N-acylated
homoserine lactone (AHL) signal from S-adenosyl methionine and an acyl carrier protein (ACP)-
conjugated fatty acid,?® and an intracellular LuxR-type receptor. The LuxR-type receptor is a
transcription factor, which binds to DNA in an AHL-dependent fashion (Figure 1.1). 2! The
advent of modern genomic technologies has enabled the discovery of several hundred LuxR
homologues.?? Certain bacteria also have LuxR “solos” or “orphans” — LuxR-type receptors
without a corresponding LuxI-type synthase. Bacteria harboring only “orphan” LuxRs produce
no AHL signal of their own, raising the intriguing possibility that their function may be
eavesdropping on AHL signaling by other species,? or that they recognize non-AHL type signals

produced by themselves, other bacteria, or the host.
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Figure 1.1. General schematic depicting LuxI/LuxR-type quorum sensing in Gram-negative
bacteria. AHLs are synthesized by LuxI-type enzymes at a basal rate. At sufficiently high cell
density (a “quorum”), AHLs bind to LuxR-type receptors, which are then activated and initiate
gene transcription.

LuxR-type proteins contain two domains, an N-terminal ligand-binding domain and a C-
terminal helix-turn-helix DNA binding domain (Figure 1.2). The ligand-binding domain is
comprised of two three-a-helix bundles sandwiching a five-stranded anti-parallel a-sheet. AHL
(and other) ligands bind in a pocket between the outermost B-helix bundle and the B-sheet. The

DNA binding domain is smaller than the ligand binding domain, consisting almost entirely of a

helix-turn-helix motif.

Figure 1.2. Representative X-ray crystal structures of LuxR-type QS receptors. (A) TraR, from
Agrobacterium tumefaciens, bound to 30C8 HSL and in complex with DNA (PDB ID 1HOM),¢ (B)
QscR, from P. aeruginosa, bound to 30C12 HSL (PDB ID 3SZT),** (C) the ligand binding domain of
LasR, from P. aeruginosa, bound to 30C12 HSL (PDB ID 2UV0),'* and (D) CviR, from
Chromobacterium violaceum, bound to synthetic antagonist chlorolactone (CL) (PDB ID 3QP5).%



LuxR-type proteins typically require a stabilizing ligand to be isolated in vitro.2® As
ligand binding typically promotes dimerization,?” all X-ray crystal structures of LuxR-proteins
(either full-length or just the ligand-binding domain) are of ligand-bound dimers.?® Only one
LuxR-type protein has been crystalized in complex with a small molecule antagonist (a
chlorolactone AHL analog; CL): CviR from Chromobacterium violaceum.* In that structure, the
CviR:CL dimer adopts a “crossed” conformation dissimilar to that of other LuxR-type receptors
bound to agonists. This complex is presumably incapable of binding to DNA, as in vitro
transcription experiments demonstrated that the CviR:CL complex is incapable of initiating
transcription. The isolation and structural characterization of other LuxR-type proteins
complexed with antagonists has been challenging; attempts to express LasR from P. aeruginosa
along with non-native antagonists have yielded no soluble protein.?’ The possibility that certain
antagonists function by causing the LuxR-type protein to misfold may explain this difficulty.
Studies exploring whether the CviR:CL-type “crossed” conformation is unique to CviR or a
more general mechanism of antagonism are ongoing, including work being pursued in our
laboratory.

1.1.4 QS controls virulence in Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative opportunistic pathogen that regulates much of its
virulence via QS.>° This bacterium’s QS system involves two complete LuxI/LuxR circuits, a
third orphan LuxR-type receptor, and a fourth QS receptor that utilizes a quinolone signal
(Figure 1.3). Briefly, Lasl synthesizes N-(3-oxo0)-dodecanoyl L-homoserine lactone (OdDHL),
which is recognized by both LasR and QscR (the Quorum Sensing Control Repressor), the
orphan LuxR.! Intriguingly, LasR upregulates virulence phenotypes controlled by QS, while

QscR represses them, yet they share a preferred native ligand.*? Rhll synthesizes N-butyrl L-



homoserine lactone (BHL), which binds to RhIR. The Pseudomonas quinolone signal (PQS) is
synthesized by a dedicated biosynthetic operon, and is sensed by the Pseudomonas quinolone
signal receptor (PqsR).>* These four receptors and three ligands work in an inter-regulated

fashion to finely tune P. aeruginosa QS in response to its environment.>*
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Figure 1.3. Simplified view of QS in P. aeruginosa. LasR, QscR, PqsR, and RhIR control
transcription of distinct regulons in response to chemical signals.

Most likely to respond to rapidly changing environments, the QS system in P. aeruginosa
is hierarchical. For example, under standard laboratory conditions, LasR expression is required
to activate the Rhl and PQS systems.>* Each of these receptors control its own regulon: among
other products, LasR controls the production of elastase B and exotoxin A,*® PqsR controls the

production of pyocyanin and various phenazines,*” and RhIR controls the production of



rhamnolipid and hydrogen cyanide.*® Owing to its position at the top of the hierarchy, LasR has
received significant attention as a target for antagonist development; indeed, that is the subject of
two chapters of this thesis (Chapters 2 and 3). However, recent studies have demonstrated the
importance of the RhIR,* particularly in chronic infections when LasR may be nonfunctional, 4°
and a successful QS-based intervention will likely need to take RhIR into account as well.
1.2.1 Naturally-occurring small molecules that modulate LuxR type receptors
Naturally-occurring AHLSs vary in the composition of their acyl tail (Figure 1.4).*! Acyl
tails vary in length from four to 20 carbons,*? and in the oxidation state of the third carbon
(methylene, hydroxyl, or ketone). AHLs may also contain one or more units of unsaturation.
Typically, the acyl tail is derived from the pool of fatty acids available in the cell; however, in
certain instances, the acid component can be derived from the environment. Rhodopseudomonas
palustris, a photosynthetic bacterium, derives its “fatty” acid building block—p-coumaric acid—
from its environment, rather than producing it itself.** In rarer cases, LuxR-type proteins may
sense non-AHL ligands that are produced in their environment. Pseudomonas species GM79, a
bacterium associated with the roots of the Populus plant, was recently shown to respond to a

plant-produced ethanolamine derivative via its LuxR QS circuitry.** This is an intriguing

example of cross-kingdom signaling mediated by LuxR-type QS machinery.
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Figure 1.4. Selected naturally occurring N-acylated homoserine lactone QS signals. (A) N-
Hexanoyl L-homoserine lactone (HHL), synthesized by Cvil from Chromobacterium violaceum,
native signal of CviR,* (B) N-(2E, 112)-2,11-octadecadienoyl L-homoserine lactone produced
by a LuxI enzyme in Dinoroseobacter shibae,*® (C) N-(3-oxo)-decanoyl L-homoserine lactone,
synthesized by Lasl from Pseudomonas aeruginosa, native ligand of LasR,*’ (D) N-(3R, 72)-3-
hydroxy-7-tetradecenoyl homoserine lactone, synthesized by Cinl from Rhizobium
leguminosarum, native signal of CinR,*-% (E) p-coumaroyl homoserine lactone, synthesized by
Rpal from Rhodopseudomonas palustris, native ligand of RpaR  * (F) Isovaleryl homoserine
lactone, synthesized by Bjal from Bradyrhizobium japonicum, native ligand of BjaR.*

1.2.2 Chemical strategies for modulating LuxR type receptors with non-native ligands
Elucidation of the native AHL signal scaffold was closely followed by attempts to alter
its structure through chemical synthesis to determine the features that are essential for its
function.*’- 3! 32 These initial efforts in the 1990s produced molecules that largely resemble
naturally occurring AHLSs (i.e., analogues with conserved homoserine lactone “head groups” and
unbranched acyl “tail groups” that varied in the length of their carbon chains). These studies
clarified the optimal chain length for various receptors and demonstrated that synthetic, non-self
AHLs could repress the activity of (i.e., antagonize) LuxR-type receptors. These past studies also
showed that AHLs could activate LuxR-type receptors at low (nanomolar) concentrations, but

only antagonize them at high concentrations (micromolar).



These synthetic studies required the concomitant development of screening assays for
quantifying compound bioactivity. Researchers turned to reporter gene assays, in which a gene
that can be easily measured (i.e., gfp) is placed under the control of a promoter recognized by the
LuxR-type receptor of interest. Phenotypic assays, which measure the ability of chemical probes
to modulate QS phenotypes of interest (commonly associated with virulence) were also
developed. Together, these assay strategies allowed for the delineation of structure-activity
relationship (SAR) trends and the development of compounds that can modulate QS in the wild-

type organism.

Exploration of the structure-activity relationships (SARs) of AHLs for LuxR-type
receptor modulation continued after this early work.>*-® Given that potent activators already
existed (the native signals), these studies were largely motivated by the need for compounds that
could turn QS off (i.e., antagonists). Briefly, these studies involved (i) the replacement of the
homoserine lactone head with a variety of lactones, thiolactones, and carbocycles, and (ii) the
substitution of the unbranched acy] tail for diverse carboxylic acid coupling partners (Figure
1.5). These ligands were designed with the reasoning that they can bind competitively with
native AHLSs in the same site on the receptor. Efforts were also made to take advantage of
nucleophilic residues in the AHL binding site (i.e., Cys 79 in LasR) by designing irreversible
antagonists that incorporate electrophilic groups at the appropriate position to form a covalent
bond with the protein.>®! These latter studies on irreversible ligands were met with mixed
results—success depends heavily on which scaffold the researchers chose—but nonetheless

represent intellectually novel approaches.
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[Rationally Designed from Native AHLs|

Figure 1.5. Selected non-native small molecules that modulate LuxR type proteins. (A) B7, a
pan-active antagonist, designed by the Blackwell lab;** (B) BHL analogue with modified
headgroup, designed by the Spring group, with activity in phenotypic assays in P. aeruginosa;
(C) mBTL, pan-active agonist, designed by the Bassler group;>® (D) RN42, RhIR antagonist
designed by the Blackwell group;** (E) 3-oxo0-C12-aniline, LasR antagonist designed by the
Blackwell group;*® (F) ITC-12- covalent LasR partial agonist designed by the Meijler group;>’
(G) V-06-018, potent LasR antagonist discovered by the Greenberg group and Vertex
Pharmaceuticals;®* (H) TP1-R, discovered by the Greenberg group and Vertex Pharmaceuticals,
structure revised by the Janda group.®*

55

These past efforts, focused primarily (but not exclusively) on LasR from P. aeruginosa,
yielded a set of antagonists capable of modulating phenotypes in the wild-type organism, albeit
at relatively high concentrations. In addition, the potency with which they antagonize (as
measured in cell-based reporter assays in the wild-type organism) were modest (<10 pM, vide
infra).

To accelerate the search for new scaffolds and compounds with higher
efficacies/potencies, high throughput screening (HTS) campaigns have been conducted to
identify LuxR-type receptor modulators in parallel with these rational design efforts. HTS is a

proven strategy for discovering probe or drug-like molecules that are structurally unrelated to
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known ligands.®® As with the rational design projects, LasR became a prime target for screening
campaigns.®’ Intelligent choice of libraries for screening can pay dividends; for example, the
Meijler group discovered ligands that inhibit TraR from plant pathogen Agrobacterium
tumafaciens after screening only 3,800 plant-produced natural products.®® Additionally, ligands
discovered in screens for one LuxR-type receptor may be useful in modulating another QS
receptor. Chlorolactone (i.e., CL), best known for placing CviR in a non-DNA-binding, ‘crossed’
conformation (vide supra),” is a minimally-modified analogue of a hit from a screen conducted
by the Bassler group targeting LuxN, a membrane-bound, AHL-sensing, QS receptor from
Vibrio harveyi.”’

From the perspective of discovering ligands to modulate QS in P. aeruginosa, the most
successful HTS studies were conducted collaboratively by the Greenberg lab and Vertex
Pharmaceuticals. These studies identified V-06-018, a potent LasR antagonist, and the triphenyl
(TP) family of LasR agonists (Figure 1.4).5% % At the time of their discovery (2006), these
scaffolds represented the most promising reported non-AHL LasR antagonists and agonists,

respectively.

1.2.3. Challenges applying chemical strategies to block QS signaling in P. aeruginosa
Despite the advances described above, many challenges remain in developing “ideal”
chemical probes of the LuxR-type proteins in P. aeruginosa. It is useful at this juncture to
describe an ideal probe. This compound should be (1) highly potent and efficacious in both
reporter gene assays conducted in a P. aeruginosa background and phenotypic assays in wild-
type P. aeruginosa; (2) soluble in aqueous media; (3) non-toxic; (4) specific for its target

receptor; (5) chemically stable (i.e.,. free of any labile bonds); and (6) composed of a structure
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that is amenable to functional probe or translational applications (i.e., allowing for structural
diversification and potentially not overly lipophilic, unlike OdDHL and V-06-018).

All existing AHL-based antagonists fail to satisfy these criteria. AHL-based antagonists
are of low potency; none have an ICsoin a P. aeruginosa based gene reporter experiment of < 10
uM. The lack of potent AHL-based antagonists is unlikely to be due to an insufficient
exploration of the chemical space surrounding the scaffold; the Blackwell lab alone has
synthesized and screened more than 200 synthetic AHLs. Instead, the scaffold itself suffers from
inherent chemical and biological liabilities.

Lactones are hydrolytically unstable, particularly in P. aeruginosa culture, which
becomes basic over time. The half-lives of AHLs are highly pH dependent; while at neutral
conditions (pH = 7) their half-lives are on the order or days, in basic media (pH = 9.2) they are
approximately one hour.®® Additionally, both the lactone and amide bonds in AHLs are subject to
enzymatic hydrolysis by acylases and amidases present in P. aeruginosa and other organisms.”
Further limiting their utility is the fact that both native and synthetic AHLs are actively effluxed
from P. aeruginosa by the MexAB-OprM multidrug efflux pump.’! These factors mean that even
a synthetic AHL that binds tightly to a LuxR-type receptor and interferes with its ability to
initiate transcription, it will have limited effectiveness in the wild-type organism.

Structurally unrelated compounds found via HTS studies could have several advantages
in P. aeruginosa relative to AHLs. First and foremost is the improvement in stability afforded by
the removal of the lactone. Secondly, they may not be effluxed by the MexAB-OprM pump. The
MexAB-OprM pump is not specific for AHLs; however, our lab has found that the non-AHL
ligands V-06-018 and TP-1 are not subject to efflux.”! Additionally, new antagonists discovered

through screening may lack the long aliphatic tails that may reduce their in vivo utility. Lastly,
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our group has found that V-06-018 and TP-1 are highly specific for LasR over QscR and RhIR
(unpublished results), suggestive that non-AHL type compounds could exhibit higher receptor
selectivities in P. aeruginosa relative to AHLs. All LuxR-type receptors can bind to the HSL
head; selectivity is determined by the tail group. Screening a sufficient number of compounds
from diversity libraries may allow for the discovery of ligands that are finely tuned to the subtle
differences in each part of the LuxR-type receptor binding cavity, or potentially even target other

sites on these receptors.

1.3 Dissertation Scope

1.3.1 Chapter 2: Design, synthesis, and biochemical characterization of non-native
antagonists of the Pseudomonas aeruginosa quorum sensing receptor LasR with nanomolar
ICso values

As indicated above, the QS field lacks highly potent inhibitors (ICso < 1 uM) of LasR. In Chapter
2, I describe my study of the SAR of V-06-018, the most potent LasR antagonist known at the
outset of my Ph.D. research, for LasR antagonism. After developing an efficient synthetic route
that enabled diversification of the V-06-018 scaffold, I systematically evaluated the effect of
changes to the headgroup, linker, and tailgroup portions of the molecule. These experiments
revealed strict SAR requirements for LasR activity, which I used to design antagonists that were
found to be >10 fold more potent than V-06-018. Follow-up biochemical experiments indicate
that these compounds function at least in part by allowing LasR to adopt a conformation that is

unable to bind DNA. The lead compounds from this study represent, to our knowledge, the most

potent known LasR antagonists to be reported.
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1.3.2 Chapter 3: Abiotic antagonists of the Pseudomonas aeruginosa quorum sensing
receptor LasR discovered from high-throughput screening

Only a limited number of chemical scaffolds are known to interact with LuxR-type proteins, and
the most abundant class—AHLs—suffers from inherent chemical and biological liabilities (see
above). This Chapter describes the implementation of a high-throughput screen to identify new
LasR antagonist scaffolds. I screened a 25,000-compound library in a LasR gene reporter assay
in P. aeruginosa and discovered four new LasR antagonist scaffolds. These compounds are
potent (ICso values >1 uM for lead compounds), efficacious (>50% maximum inhibition), and
may have significantly improved physicochemical properties as chemical probes relative to

AHLs.

1.3.3 Chapter 4: Structural basis for partial agonism of the Pseudomonas aeruginosa
quorum sensing receptor LasR

Limited 3D structural data (i.e., X-ray crystal s or NMR structures) are available for LuxR-type
receptors, especially in complex with non-native ligands. This lack of data has hindered the
development of mechanistic hypothesis for the both the agonism and antagonism of LuxR-type
proteins by non-native molecules and represents one of the most significant challenges in the QS
field. This Chapter describes a series of co-crystal structures of the LasR ligand binding domain
complexed with non-native agonists and partial agonists discovered in a high throughput screen.
These structures highlight the correlation between the position of the L3 loop—? a flexible
portion of LasR flanking the ligand binding site hypothesized to transmit information between
the ligand binding domain and DNA binding domain—and the activity of the ligand. As in

previous studies, we observe that more-potent ligands cause the loop to pack closer to LasR,
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sealing the ligand binding channel, while less-potent ligands position the loop away from LasR.

These results serve to underscore the importance of the L3 loop for ligand activity in LasR.

1.3.4 Chapter 5: Profiling the specificity and promiscuity of LuxR-type receptors with a
library of N-acylated homoserine lactones that vary in acyl tail length

Many species of bacteria that utilize LuxI/LuxR-type QS are known to coinhabit the same
environments, raising the intriguing possibility of inter-species crosstalk via AHL signals. Such
inter-species sensing requires the activity of LuxR-type receptors to be modulated by non-self
AHLs. In this study, we systematically examined the ability of a family of AHLs with varying
acyl tail lengths to activate and inhibit LuxR-type proteins from bacteria that are known to live
together in the environment (e.g., soil, water, and plant and animal hosts). Our synthetic
approach also allowed us to examine AHLs that are not found in Nature, and revealed ligands
that could be useful in selectively manipulating QS in mixed cultures, including the two Gram-

negative pathogens P. aeruginosa and B. cepacia that are known to coinfect humans.

1.3.5 Chapter 6: A comparative study of non-native N-acyl-L-homoserine lactone analogs
in two P. aeruginosa QS receptors that share a common native ligand yet inversely regulate
virulence

P. aeruginosa possess three LuxR-type proteins, two of which bind the same native ligand.
Intriguingly, one of these proteins, LasR, promotes QS-associated virulence phenotypes, while
the other, QscR, represses them. Identifying compounds that could selectively modulate each of
these receptors would therefore be useful to interrogate their seemingly opposing roles in P.

aeruginosa QS biology. In this study, we sought to examine the “preferences” of each receptor

for a series of headgroup-modified OdDHL analogues. Our combined synthetic work and
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reporter gene assays revealed structural features that bias ligands towards preferential activation

of one receptor over the other.

1.3.6. Chapter 7: Future Directions
Various extensions of the work described in this thesis are proposed and their potential

implications are expounded upon.
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Quorum sensing (QS), a bacterial cell-to-cell communication system mediated by small
molecules and peptides, has received significant interest as a potential target to block infection.
The common pathogen Pseudomonas aeruginosa uses QS to regulate many of its virulence
phenotypes at high cell densities, and the LasR QS receptor plays a critical role in this process.
Small molecule tools that inhibit LasR activity would serve to illuminate its role in P. aeruginosa
virulence, but we currently lack highly potent and selective LasR antagonists, despite
considerable research in this area. V-06-018, an abiotic small molecule discovered in a high-
throughput screen, represents one of the most potent known LasR antagonists, but has seen little
study since its initial report. Herein, we report a systematic study of the structure-activity
relationships (SARs) that govern LasR antagonism by V-06-018. We synthesized a focused
library of V-06-018 derivatives and evaluated the library for bioactivity using a variety of cell-
based LasR reporter systems. The SAR trends revealed by these experiments allowed us to
design probes with 10-fold greater potency than V-06-018 and 100-fold greater potency than
other commonly used N-acyl L-homoserine lactone (AHL)-based LasR antagonists, along with
high selectivities for LasR. Biochemical experiments to probe the mechanism of antagonism by
V-06-018 and its analogs support these compounds interacting with the native ligand-binding site
in LasR and, at least in part, stabilizing an inactive form of the protein. The compounds
described herein are the most potent and efficacious antagonists of LasR known and represent
robust probes both for characterizing the mechanisms of LuxR-type QS and for chemical biology
research in general in the growing QS field.
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Quorum sensing (QS), a bacterial cell-to-cell communication system mediated by small
molecules and peptides, has received significant interest as a potential target to block infection.
The common pathogen Pseudomonas aeruginosa uses QS to regulate many of its virulence
phenotypes at high cell densities, and the LasR QS receptor plays a critical role in this process.
Small molecule tools that inhibit LasR activity would serve to illuminate its role in P. aeruginosa
virulence, but we currently lack highly potent and selective LasR antagonists, despite
considerable research in this area. V-06-018, an abiotic small molecule discovered in a high-
throughput screen, represents one of the most potent known LasR antagonists, but has seen little
study since its initial report. Herein, we report a systematic study of the structure-activity
relationships (SARs) that govern LasR antagonism by V-06-018. We synthesized a focused
library of V-06-018 derivatives and evaluated the library for bioactivity using a variety of cell-
based LasR reporter systems. The SAR trends revealed by these experiments allowed us to
design probes with 10-fold greater potency than V-06-018 and 100-fold greater potency than
other commonly used N-acyl L-homoserine lactone (AHL)-based LasR antagonists, along with
high selectivities for LasR. Biochemical experiments to probe the mechanism of antagonism by
V-06-018 and its analogs support these compounds interacting with the native ligand-binding site
in LasR and, at least in part, stabilizing an inactive form of the protein. The compounds
described herein are the most potent and efficacious antagonists of LasR known and represent
robust probes both for characterizing the mechanisms of LuxR-type QS and for chemical biology

research in general in the growing QS field.
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Microbial resistance to antibiotics is emerging faster than new treatments are being developed,
setting the stage for a public health crisis.!? As traditional antibiotics become less effective,
interest has arisen in attenuating virulence via interference with nonessential pathways.?
Inhibition of quorum sensing (QS), a mode of bacterial communication dependent on the
exchange of chemical signals, has been shown to reduce virulence phenotypes in multiple human
pathogens without affecting cell viability.*® Accordingly, it has attracted significant interest as a
potential anti-virulence strategy for combatting bacterial infections.”® Our laboratory®!! and

others!?13

are interested in the development of small molecule and peptide probes to dissect the
mechanisms of QS and their roles in infection.

The prototypical QS circuit in Gram-negative bacteria is the LuxI/LuxR
synthase/receptor pair, first discovered in the marine symbiont Vibrio fischeri.® At low cell
density, a LuxI-type enzyme synthesizes the QS signal, an N-acyl L-homoserine lactone (AHL),
at a low basal rate. These low-molecular weight molecules can freely diffuse out of the cell,
although in certain cases they are also actively exported.'® The concentration of AHL signal is
largely proportional to cell density (and this correlation is highly dependent on the environment),
but as a bacterial community grows, the level of AHL signal in the local environment likewise
increases (Figure 1A). At high cell densities, the intracellular AHL concentration is sufficient for
productive binding of the AHL to its cognate LuxR-type receptor, a transcription factor. The
activated receptor:ligand complex then typically dimerizes and binds to DNA, which
subsequently alters gene expression levels to promote group-beneficial behaviors. In pathogenic
bacteria, these behaviors can include the production of toxic virulence factors and biofilm.

Typically, once a “quorum” is achieved, expression of the LuxI-type synthase is also increased,

amplifying AHL production in a positive “autoinduction” feedback loop.'”
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Pseudomonas aeruginosa is an opportunistic pathogen that regulates many aspects of virulence
using QS. This bacterium has a high rate of resistance to traditional antibiotics and causes
infections that are especially dangerous for individuals with cystic fibrosis (CF), burn victims,
and AIDS patients. The QS system in P. aeruginosa is relatively complex (Figure 1B),'8
consisting of two LuxI/LuxR pairs (Lasl/LasR and RhlI/RhIR) along with an orphan LuxR-type
receptor (QscR), which lacks a related synthase and native AHL signal. Lasl synthesizes N-(3-
oxo-dodecanoyl)-L-homoserine lactone (OdDHL), which targets LasR but also strongly activates
QscR. Rhll synthesizes N-butyryl-L-homoserine lactone (BHL), which targets RhIR.
Additionally, P. aeruginosa has a LysR-type receptor, PqsR, which is unrelated to LuxR-type
receptors and uses 2-heptyl-3-hydroxy-4-(1 H)-quinolone (i.e., the Pseudomonas quinolone signal
(PQY)) as its ligand. These four QS systems are intimately linked and control different aspects of
P. aeruginosa virulence that are highly dependent on the environment (Figure 1B).” LasR plays a
central role in the QS hierarchy. For instance, LasR directly regulates the production of virulence
factors such as elastase, alkaline protease, and exotoxin, and regulates rhamnolipid, HCN, and
pyocyanin production via control of the 74/ and pgs systems.'® Biofilm, a major virulence
phenotype in P. aeruginosa, is also regulated by LasR via the 7Al and pgs systems.'” In turn,
LasR and RhIR are repressed by QscR, which again is strongly activated via LasR’s native

signal, OdDHL.
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Figure 2.1: (A) General schematic of LuxI/LuxR-type quorum sensing (QS) in Gram-negative bacteria.
(B) Simplified view of QS in P. aeruginosa. Lasl/R and RhlI/R are LuxI/R homologues. QscR is an
“orphan” LuxR-type receptor and responds to OdDHL. PqsR is a LysR-type receptor that responds to the
Pseudomonas quinolone signal (PQS). AHL synthases are omitted for clarity. (C) Structures of native
agonist OdDHL (ECso = 139 nM), non-AHL antagonist V-06-018 (ICso = 5.2 uM), non-AHL agonist
TP1-P (ECso = 71 nM), and representative, synthetic AHL antagonist 4-bromo PHL (ICso = 116 uM);
potency values all obtained in the same P. aeruginosa LasR reporter (from ref. 30).2°

The connection between QS and virulence in P. aeruginosa, and in other Gram-negative

bacterial pathogens, has motivated the development of small molecules and macromolecules
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capable of inhibiting LuxI-type synthases,?! destroying or sequestering AHL signals,?? or
blocking the binding of AHL signal to LuxR-type receptor.?® The latter competitive inhibition
strategy has seen the most study to date, with significant contributions by the Spring,” Bassler,**
Greenberg,? and Meijler!® labs, as well as our lab.?® Due to its prominent position in the P.
aeruginosa QS system (vide supra), much of the effort devoted to identifying small molecule
modulators of QS in P. aeruginosa has focused on LasR. The majority of the known synthetic
ligands that modulate LasR were identified by making systematic changes to the lactone “head
group” and acyl “tail group” of OdDHL (e.g., 4-bromo PHL; Figure 1C).?’-?® However, these
past efforts have failed to yield compounds that antagonize LasR with both high efficacies and
potencies.?’ To our knowledge, none of these AHL analogs have lower than double-digit
micromolar ([JM) ICso values in reporter gene assays of LasR activity in P. aeruginosa.>® These
ICso values contrast with the nanomolar (nM) ECso value of LasR’s native ligand, OdDHL, and
those of other non-native agonists (e.g., the triphenyl derivative TP-1; Figure 1C).?>"?6 The poor
antagonism potencies for AHL analogs may be due, at least in part, to reliance on the AHL
scaffold, which has several major liabilities for probe molecules. AHLs are susceptible to lactone
hydrolysis, enzymatic degradation, and active efflux by P. aeruginosa.'®3'*? These drawbacks
make the development of non-AHL antagonists of LasR, and other LuxR-type receptors, highly
desirable.*® That said, conversion of non-AHL scaffolds known to strongly agonize LasR (e.g.,
TP-1) into antagonists (i.e., “mode switching”) has also not provided sub-['M LasR antagonists
so far,?® underscoring the challenges of this process.

High-throughput screens of small molecule libraries provide another pathway to identify
non-AHL LasR antagonists.*> One such screen by Greenberg and coworkers in 2006 revealed the

compound V-06-018, a B-keto amide with a phenyl head group and a nine carbon tail (Figure
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1C).3* V-06-018 is a relatively potent LasR antagonist in both E. coli and P. aeruginosa LasR
reporter strains (single digit micromolar ICso) and has been shown to inhibit genes and
phenotypes related to virulence in P. aeruginosa.” 3 The phenyl head group and aliphatic acyl
tail of V-06-018 resemble that of the homoserine lactone head group and acyl tail of LasR’s
native ligand, OdDHL (Figure 1C). However, as V-06-018 lacks a lactone moiety, it is not
susceptible to hydrolysis or enzymatic cleavage by AHL lactonases.>!"*? A prior study of ours
also revealed that V-06-018 is not actively effluxed from P. aeruginosa by the promiscuous
MexAB-OprM efflux pump, which is known to efflux both native and non-native AHLs with
long acyl tails.'® Despite these desirable qualities, V-06-018 has seen practically no scrutiny
from a structure—function perspective and no substantive use as a chemical probe since its initial
report over a decade ago.° We reasoned that the V-06-018 scaffold could provide entry into
LasR antagonists with improved potencies along with robust physical properties, and in the
current study we report our findings with regard to the first structure-function analysis of this
scaffold. Our combined cell-based assays, synthesis, and iterative compound design revealed a
set of new LasR antagonists based on V-06-018 with potencies, efficacies, and receptor
selectivities in P. aeruginosa that, to our knowledge, surpass all known compounds reported to
date. Follow on biochemical experiments on these compounds and V-06-018 support a
mechanism of antagonism by which they interact with the OdDHL-binding site in LasR and, at

least in part, stabilize an inactive form of the protein.
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RESULTS AND DISCUSSION

V-06-018 is selective for LasR over RhIR and QscR in P. aeruginosa

We began our study by exploring the selectivity of V-06-018 for LasR over the other two LuxR-
type receptors (RhIR and QscR) in P. aeruginosa, as other than its antagonistic activity in
LasR,* this profile was unknown. In view of the overlapping activities of these three receptors in
P. aeruginosa (see Figure 1B), small molecule tools that are selective for LasR (or indeed any of
these receptors) are of significant interest for use as mechanistic probes in this pathogen. We
submitted V-06-018 to reporter gene assays in E. coli to examine its antagonistic activity (in
competition with the receptors’ native or preferred ligand) and agonistic activity (alone) in LasR,
RhIR, and QscR, using our previously reported methods (see Experimental Section). In these
reporter assays in a heterologous background (i.e., E. coli), each of the receptors was examined
in isolation from the others, allowing for clearer selectivity profiles to be defined relative to
using analogous P. aeruginosa reporter systems. Receptor activity was monitored via [-
galactosidase production. These experiments revealed V-06-018 was only an antagonist of LasR,
displayed no activity (as either an antagonist or agonist) in RhIR, and was only a very weak
antagonist QscR at the highest concentrations tested (see Figure S1). This high receptor
selectivity profile rendered the V-06-018 scaffold even more compelling for new LasR

antagonist development in P. aeruginosa.

An efficient synthesis of V-06-018 and analogs
We next sought to devise a synthetic route to V-06-018 that was scalable and adaptable to analog
synthesis. The only previously reported synthesis of V-06-018 gave the molecule in 5% yield,

albeit in one step.?* That synthesis involved refluxing ethyl benzoyl acetate and nonylamine in
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ethanol. We reasoned the low yield for this reaction could be due to imine formation; therefore,
we decided to protect the ketone in ethyl benzoyl acetate as a ketal (e.g., 2 = 3; Scheme 1), and
then saponified the ester to access the carboxylic acid (4). Standard carbodiimide-mediated
amide bond coupling (via EDC) of the acid with nonylamine proceeded smoothly to yield amide
5. Deprotection of the ketone furnished V-06-018 in 44% yield over four steps, in quantities
typically greater than 100 mg. This synthetic route was advantageous as it could be easily
modified to generate V-06-018 analogs with alternate tail groups (R’ in Scheme 1) through the
coupling of different amines. In turn, alternate head groups could be incorporated by coupling
different carboxylic acid building blocks (4), many of which are readily accessible from
acylation reactions of substituted acetophenones using diethyl carbonate as an electrophile (e.g.,
1 = 2; Scheme 1).>* We introduced both modifications in our subsequent synthesis of a focused

library of V-06-018 analogs
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Scheme 2.1: Synthesis of V-06-018 and related analogs. Reagents over arrows: a = NaH,
(C2H5)2CO3, THF, A; b = C2HgO2, p-TsOH, benzene, A, Dean-Stark trap; ¢ = 1:1 LiOH (1M,
aq.), THF; d = EDC-HCI, DMAP, H,NR’, CH2Clp; e = p-TsOH, acetone. See Experimental
Section and SI for additional details.



31

Structure-informed design of a V-06-018 analog library

We approached our design of V-06-018 analogs by first considering the binding mode of
OdDHL to LasR (Figure 2). The reported X-ray structure of OdDHL bound to the LasR ligand-
binding domain (LBD) indicates that the lactone, amide, and keto functionality in OdDHL can
make several hydrogen bonds with residues in the LasR ligand-binding site (e.g., Tyr 56, Trp 60,
Asp 73, and Ser 129).% In view of their structural similarity (see Figure 1C), it is not
unreasonable to assume that V-06-018 could target the same binding site on LasR as OdDHL.
We therefore were interested in synthesizing analogs that could either gain or lose the ability to
make the same hydrogen bonding contacts as OdDHL, to examine their effects on V-06-018
activity. As the phenyl head group of V-06-018 cannot engage in a hydrogen bond with LasR,
we synthesized a series of analogs via Scheme 1 with alternate head groups (8, 12, 13, and 17—
21; Figure 3) that either place a heteroatom in a position to potentially accept, or in the case of

phenols 17 and 18, accept and/or donate a hydrogen bond.
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Asp73

Figure 2.2: Three-dimensional (A) and two-dimensional (B) images of the OdDHL-binding site
in the [LasR LBD:OdDHL]> co-crystal structure (PDB ID: 2UV0).%® Dashed lines indicate
putative hydrogen bonds between the labeled residues or water (shown as a red ball in part A)
and OdDHL. OdDHL in part A is shown with carbon in grey, oxygen in red, and nitrogen in
blue.
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Figure 2.3: Library of V-06-018 analogs. Systematic changes were made to the head, tail, and
linker regions of V-06-018 (see text). Compound 26 in this series, comprised of a phenyl head
and nine carbon tail, is V-06-018.

To examine LasR’s tolerance for increased steric bulk on V-06-018’s headgroup, we
synthesized napthyl derivative 10 (Figure 3). We also synthesized a variety of analogs with

halogenated aryl headgroups (7, 9, 11, and 14-16) to explore electronic effects on activity.
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Within this set, compounds 9, 12, and 13 were also inspired by work reported by Spring and
coworkers, who found that related molecules with these head groups were efficacious inhibitors
of the production of QS-regulated virulence factors in P. aeruginosa.'* To alter the electronics
and hydrogen-bonding ability of the V-06-018 headgroup without significantly increasing its
size, we constructed a set of analogs with heterocyclic, aromatic headgroups (19-21).

Turning to the tail group of V-06-018, we again looked to OdDHL for guidance. The
importance of hydrophobic contacts between ligands and the OdDHL acyl tail binding pocket in
LasR has been noted (i.e., at residues Ala 127 and Leu 130),7*® and AHL-based LasR agonists
decrease in potency as their tails decrease from 12 carbons in length.? To examine the
importance of tail length for V-06-018’s antagonistic activity, we introduced five to twelve
carbon tails via the amine coupling in Scheme 1, yielding compounds 22-29 (Figure 3;
compound 26 is V-06-018). To mimic the molecular architecture of known AHL?*® and TP-type?®
antagonists of LasR, we included several derivatives with cyclic tail groups (30-32, 34 and 35).
In addition, we examined an analog with a sec-butyl tail (33, racemic) to evaluate LasR’s
tolerance for bulk at the position vicinal to the V-06-018 amide nitrogen. Lastly, to evaluate the
importance of the heteroatoms in the “linker” region between the headgroup and tail, we
synthesized diketone 36 and amide 37. Compound 38, a constitutional isomer of V-06-018, was
reported previously by our lab;*® we included it here for comparison and to further expand our

SAR analyses.
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Evaluation of the V-06-018 library for LasR antagonism

We examined the activity of the V-06-018 library for LasR antagonism using a P. aeruginosa
mutant strain (PAO-JP2, Alaslrhll) that lacks the ability to synthesize OdDHL (or BHL) and
contains a green fluorescent protein (GFP) reporter plasmid to examine LasR activity.'® 4! We
used a P. aeruginosa LasR reporter as opposed to the E. coli LasR reporter introduced above, as
we were most interested in the activity of the compounds (and their eventual use as probes) in
the native organism. Further, as we previously showed that V-06-018 is not subject to active
efflux by the MexAB-OprM pump in P. aeruginosa,'® we wanted to examine if these close
analogs were also active in the presence of this pump. In this P. aeruginosa reporter system,
compounds capable of LasR antagonism should reduce GFP production, and this loss can be
quantitated by fluorescence (see Experimental Section). To start, we screened the library for
LasR antagonism at a concentration of 10 [1M in competition against 150 nM OdDHL. Analogs
with substituents on the head group were found to be generally less efficacious as LasR
antagonists relative to V-06-018 (compounds 7—18, Figure 4A), suggestive that bulkier V-06-018
analogs may not be as well accommodated in the AHL binding site, regardless of their hydrogen
bonding ability. Decreasing the size of the headgroup and including a polar atom was more
fruitful. Two of the analogs based on five-membered heterocycles, furan 19 and thiophene 20,
had equivalent efficacy to V-06-018 (~90% LasR antagonism). Not all heterocycles were

effective as headgroups, however; thiazole 21 lost efficacy relative to V-06-018.
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Figure 2.4: Primary LasR antagonism screening data in P. aeruginosa reporter PAO-JP2 for the
(A) head group and (B) tail group and linker modified V-06-018 analogs. Compounds were
screened at 10 [IM in the presence of 150 nM OdDHL. Bacteria treated with 150 nM OdDHL
only was defined as 100% LasR activity/0% LasR antagonism; conversely, bacteria treated with
DMSO only (i.e., vehicle) was defined as 0% LasR activation/100% LasR antagonism. Error

bars indicate SD of n > 3 trials.

Turning to the tail group modified V-06-018 analogs, we found that only compounds
with unbranched, acyclic alkyl tails were efficacious LasR antagonists (e.g., 27-29, Figure 4B).
No compounds with cyclic moieties or branching (i.e., 30-35) in their tails were capable of
antagonizing LasR by more than 50%. The length of the tail was also important; analogs 27-29,
with 10- to 12-carbon tails, were equally as efficacious as V-06-018. The shorter tail analogs 22-
25, however, antagonized LasR by less than 50%. These data suggest that binding interactions
between LasR and these truncated V-06-018 analogs may have been reduced due to the lack of
hydrophobic contacts (again, shown to be important for LasR:OdDHL binding).7-*

Modifications to the linker region also resulted in less active analogs. All three linker-modified
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compounds (36-38) lost efficacy relative to V-06-018, implicating the presence and position of
the amide in V-06-018 as critical to LasR antagonism. Overall, these primary screening data
indicated that only subtle alterations to the head and tail groups of V-06-018, and not the linker

group, were tolerated for strong LasR antagonism.

Dose-response antagonism analysis of primary screening hits

To obtain a quantitative measure of compound potency, we performed dose-response analyses on
the compounds that antagonized LasR >90% at 10 uM (19, 20, and 27-29) using the same P.
aeruginosa LasR reporter strain and calculated their ICso values (Table 1). We were excited to
observe that each of these analogs was more potent than V-06-018. Increasing the length of the
V-06-018 tail from 10 to 12 carbons (i.e., as in 27-29) led to a ~3-4-fold increase in potency. The
heterocyclic analogs were also stronger LasR antagonists than V-06-018; furan 19 was

approximately two-fold more potent than V-06-018, and thiophene 20 was closer to five-fold.
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Table 2.1. Potency and maximum LasR inhibition (efficacy) data for selected compounds in P.
aeruginosa

compound ICso —95% Cl Maximum Inhibition
(uM)* (uM) (%)
V-06-018 (26) 23  (1.7-3.1) 39
19 1.2 (0.8-1.8) 96
20 05  (03-0.6) 84
27 0.7 (0.5-0.9) 93
28 0.5  (0.4-0.7) 92
29 0.7  (0.5-1.0) 91
39 02  (0.2-03) 83
40 02  (02-03) 85
41 38 (2.0-7.1) 89
42 02¢  (0.1-02) 91
43 024 (0.1-02) 93
44 0.6  (0.5-0.8) 84

aFor details of PAO-JP2 reporter strain, see Experimental Section. *Antagonism experiments performed by
competing the compounds against OdDHL (1) at its approximate ECs (150 nM for PAO-JP2) and inhibitory
activity was measured relative to receptor activation at this ECso. ICso values determined by testing compounds over
a range of concentrations (0.64 nM — 50 [JM). All assays performed in triplicate. *CI = confidence interval. 95%
ClIs calculated from the SEM of n > 3 trials. “Denotes the best-fit value for the bottom of the computed dose-
response curve. YCompound exhibited non-monotonic dose-response behavior. Reported ICso corresponds to the
antagonism portion of the curve. Full antagonism dose response curves are shown in Figure S2.

Second-generation V-06-108 analogs and LasR agonism profiles

Encouraged by the antagonistic activity profiles of our initial set of compounds, we designed and
synthesized a set of “hybrid” second-generation V-06-018 analogs that combined features of the
most active compounds. These compounds were comprised of a furan or thiophene head group
united with 10, 11, or 12 carbon tails (compounds 39-44; see Figure 2), and were synthesized
and evaluated for LasR antagonism in P. aeruginosa as described above. The second-generation
compounds displayed a variety of activities in the LasR antagonism assay (listed in Table 1).

Notably, furan derivatives 39 and 40, containing 10 or 11 carbon tails, respectively, were more
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potent than their parent compounds and were each 10-fold more potent than V-06-018. The 12-
carbon furan analog 41, however, lost activity relative to its parent compounds.
We note that the thiophene analogs of 39 and 40, compounds 42 and 43, displayed non-

monotonic partial agonism behavior in the LasR dose-response assays; 2° 3022

namely, at
concentrations below 2 uM these compounds antagonized LasR, while at concentrations above 2
uM they agonized LasR. We have reported this activity profile for a series of ligands in reporter
assays of LuxR-type proteins to date.?’?% 3° The antagonist portions of their dose-response
curves indicated that 42 and 43 were each highly potent at lower concentrations, with ICso values
10-fold lower than that of V-06-018. Interestingly, thiophene analog 44, differing by only one
methylene unit than 43, lacked observable non-monotonic activity.

The discovery that two of the hybrid compounds were non-monotonic partial LasR
agonists prompted us to measure dose-response agonism curves for all our most potent
compounds (Figure S3). V-06-018 and compounds 27-29, comprised of phenyl headgroups, did
not activate LasR. We also screened our first-generation library for LasR agonism at a single
concentration (100 [1M) and found that none of the analogs with phenyl headgroups activated
LasR; however, thiophene 20 weakly agonized LasR (to 20%; Figure S4). We found that furans
39 and 40 could very weakly agonize LasR (7% and 4%, respectively) at the highest
concentration screened (50 uM). Relative to 39 and 40, thiophenes 42 and 43 were stronger LasR
agonists at 50 uM (30% and 22%, respectively), which matched their activity profile at this
concentration in the dose-response antagonism analysis (as described above).

Activation in this cell-based reporter assay requires LasR to initiate transcription of gfp.

This process requires LasR to adopt a conformation capable of homodimerization and productive

DNA binding. Our results suggest that, at sufficiently high compound concentration, these furan
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and thiophene ligands can make contacts with LasR (either directly or indirectly via some other
target) that promotes this process. However, contacts with just the head groups of 39, 40, 42, and
43 are presumably insufficient, as compounds 41 and 44, comprised of the same furan and
thiophene head groups, respectively, yet linked to a twelve-carbon tail, failed to activate LasR
even at high concentrations. These results suggest that contacts with the tail—specifically, a tail
of 9-11 carbons—along with the head group are necessary for LasR agonism by this ligand class
at high concentrations. Whether these ligands target the OdDHL binding site or another site on
LasR, or another factor altogether, to promote LasR activation at these concentrations remains to

be determined.

E. coli reporter assays indicate V-06-018 and analogs act directly via LasR

We next examined if our improved V-06-018 analogs elicit their antagonistic activity via acting
directly on LasR using an E. coli LasR reporter system (see Experimental Section).*>** As
highlighted above, LasR is directly and indirectly regulated by other QS systems in P.
aeruginosa, and thus activity profiles in the P. aeruginosa LasR reporter are a measure of this
inter-regulated network. To address this question, we obtained dose-response curves for all of the
compounds in Table 1 in an E. coli LasR reporter strain, and found that their relative efficacies
and potencies largely tracked between the E. coli and P. aeruginosa reporters (Figure S5, Table
S2). This alignment between the P. aeruginosa and E. coli reporter data suggests that these
compounds elicit their effects via direct interactions with LasR. We note that all of our
antagonists were less efficacious and potent against LasR in the E. coli reporter relative to P.
aeruginosa. For example, the lead compound 40 was only four-fold more potent than V-06-018

in E. coli vs. being 10-fold more potent in P. aeruginosa. This reduction in potency also
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obscured the non-monotonic effects observed above for compounds 42 and 43. We postulate that
this reduction in potency in E. coli is an artifact of differences in LasR expression levels between
the two reporter systems (non-native level in E. coli vs. native level in P. aeruginosa).*> With
more LasR present, higher concentrations of ligands are presumably required to inhibit LasR
activity. Critically, the stronger efficacies and potencies of these V-06-018 derived antagonists in
the native host background will increase their utility as probe molecules.

We were also curious to see if the new antagonists, like V-06-018, were selective for
LasR over RhIR and QscR in P. aeruginosa. Screening representative compounds (39 and 40) in
the E. coli RhIR and QscR reporter systems showed that 40 is highly LasR selective, with no
observable activity in either RhIR or QscR (Figure S6). Compound 39 was found to be inactive
in RhIR and, similar to V-06-018, only a weak QscR antagonist (~35% inhibition) at the very
highest concentration tested. These results further underscore the receptor selectivity profile of
the V-06-018 scaffold and the value of these compounds as chemical tools to study QS in P.

aeruginosa.

P. aeruginosa reporter data support a competitive mechanism of LasR antagonism for V-
06-018 and related compounds

We were interested to determine if V-06-018 and our new lead antagonists were acting as
competitive LasR antagonists, and examined this question by testing them against OdDHL at
varying concentrations in the P. aeruginosa LasR reporter assay. The observed potency of a
competitive LasR antagonist should vary with OdDHL concentration, as both molecules are
competing for space in the same ligand-binding site. We obtained antagonism dose response

curves for V-06-018 and one of our lead compounds (40, which did not display non-monotonic
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behavior) in competition with OdDHL at 150 nM, 1 [1M, and 10 [IM (Figure 5). We observed
an OdDHL-concentration-dependent decrease in the potency of both compounds. The relative
potency trends for V-06-018 and 40 were also maintained, with compound 40 significantly more
potent than V-06-018 at 150 nM and 1 uM. Unlike V-06-018, compound 40 was still capable of
antagonizing LasR (to 55%) even in the presence of 10 uM OdDHL. These results are supportive

of the ability of V-06-018 and its close analogs to act as competitive antagonists of LasR.
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Figure 2.5: Dose-response LasR antagonism curves for V-06-018 and analog 40 in P. aeruginosa PAO-
JP2. Dose-response curves of V-06-018 (black triangles) and 40 (red squares) in competition with (A) 150
nM, (B) 1 M, and (C) 10 OM OdDHL. V-06-018 has ICso values of 2.3 and 3.9 uM vs. 0.15 and 1 uM
OdDHL, respectively; 40 has ICsy values of 0.2 and 0.7 uM vs. 0.15 and 1 uM OdDHL, respectively. ICsg
values could not be calculated for these compounds in competition with 10 [IM OdDHL (curves in part
O).
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Antagonists and non-classical partial agonist 42 solubilize LasR

We sought to further characterize the interactions between V-06-018 and related analogs with
LasR, to understand how they engender receptor antagonism. Very little is known about the
molecular mechanisms that lead to antagonism of LuxR-type receptors by small molecules,
largely due to the instability of these proteins in vitro even in the presence of their native AHL
ligand.*® LasR requires OdDHL throughout the production and purification process to be
isolated, and has proven intractable to structural studies in full length form.3¢ 4”*® In principle,
antagonists of LuxR-type proteins can operate by binding either in place of an AHL signal, or to
a hypothetical, allosteric binding site. Once bound, antagonists can then cause antagonism by

further destabilizing the protein (as has been shown for QscR and LasR)3% 47-4°

or by forming
soluble complexes that are either incapable of dimerization or binding to DNA (as has been
shown for CviR and LasR),**!5? or presumably combinations of these mechanisms (and
potentially others). We were curious to investigate whether soluble LasR could be isolated when
it was produced in the presence of V-06-018 or our new antagonists, or if it was destabilized in
their presence relative to OdDHL. To test these questions, we produced LasR in E. coli grown in
the presence of no compound (DMSO control) or 50 uM OdDHL, V-06-018, 40, or 42 (see
Experimental Methods). After 16 h of protein production, we lysed the E. coli cells and separated

the whole cell (WC) and soluble (S) lysate on an SDS-PAGE gel (Figure 6; quantitative analysis

of the bands in the gel is provided in Table S3).
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Figure 2.6. Characterization of LasR via SDS-PAGE gel in the presence of different ligands. Whole Cell
(WC) and soluble (S) portions of E. coli cell lysates with LasR overexpressed in the presence of DMSO
or 50 uM of OdDHL, V-06-018, 40, or 42. LasR has a mol. wt. of 27.9 kD.

As expected, we did not obtain any LasR in the soluble fraction of cells grown without
exogenous compound (DMSO), while we obtained soluble LasR in the culture grown with
exogenous OdDHL (S band ~30% as intense as WC band; Figure 6). These data recapitulate the
finding that LasR requires a ligand to be soluble in vitro.>> We detected soluble bands for LasR
produced in the presence of V-06-018 and furan 40. The bands were four-fold smaller than that
of OdDHL (~7% as intense as WC band, vs. ~30% for OdDHL, Table S3), suggesting that these
ligands do not solubilize LasR to the same extent as OdDHL. This result correlates with the
previous report of Schneider and co-workers demonstrating that certain synthetic AHL-type
antagonists (along with the close V-06-018 analog 38) form soluble complexes with LasR, albeit
in less amounts than OdDHL.>! Schneider went on to show that these complexes were unable to
bind to LasR’s target DNA using electrophoretic mobility shift assays (EMSAs), which allows
for the interpretation that these ligands can stabilize an inactive LasR complex (e.g., incapable of
dimerization or DNA binding). We also observed thiophene 42 solubilize LasR. The soluble
band for 42 was more intense than those observed for V-06-018 and 40, and comparable to
OdDHL (~30%). We note that 42 has a non-monotonic activity profile in the P. aeruginosa
reporter assay and is capable of weak LasR agonism at higher concentrations; the larger quantity

of LasR isolated in this experiment relative to V-06-018 and 40 (at 50 [ 1M concentration) is
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therefore interesting and could arise due to this agonistic activity profile. Collectively, these
SDS-PAGE data support the hypothesis that V-06-018 and related analogs act at LasR
antagonists, at least in part, via inducing a soluble but inactive conformation of LasR. The
reduced amount of protein in these soluble fractions relative to OdDHL suggests that V-06-018
and 40 may also cause antagonism by promoting LasR unfolding (i.e., destabilizing the
receptor); thus, more than one mechanism of antagonism is likely operative. Further biochemical
(e.g., EMSASs) and structural experiments are required to test these mechanistic hypotheses and

are ongoing in our laboratory.

LasR mutants reveal residues critical for activation and inhibition by synthetic ligands

The results of the competitive LasR antagonism dose response assays, E. coli reporter assays,
and protein production experiments outlined above suggest that V-06-018 and the lead analogs
target LasR and interact with the OdDHL binding site to cause antagonism. In view of our
original compound design, we were curious as to whether the residues in LasR that are known to
govern LasR:OdDHL interactions (Figure 2) were also important to LasR antagonism by the V-
06-018 ligand class, and applied a method utilized previously in our laboratory involving LasR
mutants with modifications to the OdDHL binding site.>*~¢ 5% In this past work, a set of LasR
single-point mutants were generated in which residues implicated in hydrogen bonding
interactions with OdDHL were converted to residues incapable of hydrogen bonding but
approximately the same steric size (e.g., Tyr = Phe). The mutant LasR proteins were then tested
for activity using a LasR reporter plasmid in an E. coli host background (analogous to the E. coli
LasR reporter assay system above). Compounds showing reduced activity in these mutants

relative to wild-type LasR then can be postulated to make a contact with LasR that depends on
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the mutated residue. We tested V-06-018 and furan 39 at 100 uM in three LasR mutants with
modifications to residues that make hydrogen-bonds to OdDHL (Tyr 56, Trp 60, and Ser 129;
see Figure 3).7* Notably, all of these single-point LasR mutants (Y56F, W60F, and S129A) are
still functional in the reporter assay, but are less active than wild-type LasR (as measured via
reduced OdDHL potencies; Figure S7), reflective of the importance of these LasR:OdDHL
interactions for activation. (As noted above, antagonists display reduced efficacy in general in
this heterologous background relative to the native (P. aeruginosa) reporter system.)

V-06-018 was found to antagonize all three LasR mutants to a significantly lesser extent
than wild-type LasR (Figure 7A). The same trend was true for furan 39. Tyr 56 and Ser 129 are
believed to form hydrogen bonds with the amide carbonyl of OdDHL (Figure 2), and potentially
could bind to one of the two linker carbonyl oxygens in V-06-018 and its analogs.*® Trp 60
hydrogen bonds with the lactone carbonyl oxygen of OdDHL, and it may be capable of hydrogen
bonding with the furan oxygen of 39. An analogous hydrogen-bond to the head-group of V-06-
018 is not possible, but the lower activity of V-06-018 in the W60F LasR mutant suggests that
Trp 60 interacts in some other manner with V-06-018 to enforce antagonism. Further studies are
necessary to pinpoint the specific molecular interactions that govern LasR antagonism by these
two ligands. Nevertheless, these experiments with LasR mutants support V-06-018 and new

antagonist 39 interacting with the OdDHL binding site in LasR.
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Figure 2.7: (A) LasR mutant antagonism data for V-06-018 and lead compound 39. Compounds tested at
100 [JM against OdDHL at its approximate ECso value in the specific E. coli LasR reporter strain (as
indicated on the X-axis). (B) LasR mutant agonism data for V-06-018, 39, and 43. Compounds tested at
100 OM. For antagonism experiments, 100% is defined as the ECso concentration of OdDHL in that
specific LasR reporter strain (see Figure S6); for agonism experiments, 100% is defined as the activity of
100 OM OdDHL in that specific LasR reporter strain. Significance was assessed via a one-way ANOVA:
wEEK = p <0.0001; *** =p <0.001; **=p<0.01; *=<0.05. ns = no significant difference.

We also were curious to learn whether alternations to these LasR residues could impact
the ability of our compounds to agonize LasR. Therefore, we examined the agonistic activities
V-06-018, furan 39, and thiophene 43 in the three LasR mutant reporter strains at 100 1M

thiophene 43 was included in these agonism assays due to its non-monotonic agonism profile
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(see above). We were surprised to find that all three compounds agonized the LasR Y56F mutant
to a significantly greater extent than wild-type LasR. For example, V-06-018, which does not
agonize wild-type LasR, activated LasR Y56F to ~60% (relative to OdDHL) at 100 [1M. In view
of this unexpected result, we screened the remainder of our lead compounds in this LasR mutant
reporter and found that they all were capable of activating the LasR Y56F mutant to some extent
(from 9-56% at 100 [IM; Figure S8). V-06-018 and 39 also agonized the LasR S129A mutant
significantly more than wild-type LasR. These results suggest that removing the hydrogen bonds
donated by Tyr 56 or Ser 129, or reducing sterics at these positions, may allow these V-06-018
type ligands more freedom to adjust their position in the LasR OdDHL binding pocket and adopt
new contacts that engender LasR agonism as opposed to antagonism. None of our compounds
were found to agonize the LasR W60F mutant; in fact, 43 lost agonistic activity in that mutant
relative to wild-type LasR.

In our laboratory’s prior mutational studies of LasR, we observed compound 38 (Figure
3), a LasR antagonist and constitutional isomer of V-06-018, could agonize both the LasR Y56F
and W60F mutants. We termed this transition from antagonist to agonist “Janus” behavior (after
the two-faced Roman god).*® Here, we observed V-06-018 and compound 39 exhibit analogous
“Janus” behavior in Y56F and S129A, but not in W60F (like 38). These results suggest that
chemical modification of either the ligand (via chemical synthesis; i.e., V-06-018 - 38 or 39) or
LasR (via mutagenesis of at least these three residues) is sufficient to alter contacts between the
ligand and receptor to allow for either agonism or antagonism, or the degree thereof, and that
these changes to molecular contacts are likely very subtle. The implications of these findings—
specifically, that single point mutations can convert potent LasR antagonists into agonists—on

the propensity for resistance to arise in P. aeruginosa to LasR antagonists did not escape our
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attention. We do note that the agonistic activity of these compounds is quite low (relative to
OdDHL in wild type LasR). Additional experiments are required to explore the possibility of
LasR mutants to arise naturally upon sustained treatment with V-06-018 or related analogs.
However, our lab and others has shown previously that resistance to QS inhibitors, even if it was
to develop, should be slow to spread through and not overtake a population of bacteria,>>->
supporting the continued search for such compounds. Moreover, the ability of V-06-018, 38, 39,
and 43 to agonize the LasR mutants suggests that structural studies of these LasR mutant:ligand
complexes could be particularly noteworthy, as they could illuminate the mechanisms by which
these ligands both agonize LasR mutants and antagonize wild-type LasR. The heightened

stability of LasR:agonist complexes relative to LasR:antagonist complexes could significantly

enable such structural studies.

SUMMARY AND CONCLUSIONS

The work reported herein was motivated by the need for chemical probes of a key QS receptor,
LasR, in the opportunistic pathogen P. aeruginosa. Despite considerable research to date,
antagonists with sub-micromolar potencies, high efficacies, and selectivities for LasR over the
other QS circuits in P. aeruginosa have been elusive. We performed the first structure-function
analysis of the small molecule V-06-018, a promising yet unstudied LasR antagonist emerging
from a high-throughput screen reported over 10 years ago.** We developed a versatile and
efficient synthetic route to V-06-018, produced a focused library of analogs using this route to
explore the headgroup, linker, and tail portions of V-06-018, and evaluated the library for LasR
modulatory ability using cell-based reporter systems. These screening data revealed stringent

SARs for LasR antagonism by this ligand scaffold, including the requirement for a linear, alkyl
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tail group between nine to 12 carbons in length, an amide in the linker, an intolerance for
substitution on the aryl head group, and a tolerance of certain 5-membered heterocyclic head
groups. These SARs allowed us to design and synthesize second-generation LasR antagonists
with nanomolar ICsg values in P. aeruginosa (e.g., 39 and 40). These compounds represent, to
our knowledge, the most potent and efficacious synthetic antagonists of LasR to be reported,
with ICso values in P. aeruginosa 10-fold lower than V-06-018 and at least 100-fold lower than
other AHL-based ligands.*® We note that we discovered these analogs after synthesizing fewer
than 40 compounds; further development of the V-06-018 scaffold would likely yield even more
potent compounds.

Our results indicate that the V-06-018 scaffold is quite selective for LasR over the other
two LuxR-type receptors in P. aeruginosa, with 39, 40, and V-06-018 showing neither
antagonistic nor agonistic activity in RhIR, 40 being inactive in QscR, and 39 and V-06-018
showing only modest antagonistic activity in QscR at the very highest concentrations tested. This
activity profile is significant because the ability to selectively attenuate LasR activity in the midst
of the highly inter-regulated QS system of this pathogen will facilitate mechanistic studies, and
highlights the value of these V-06-018 analogs as chemical tools to study QS in P. aeruginosa.

We also report herein our investigations into the mechanism by which V-06-018 and
related compounds modulate LasR activity. In the course of these studies, certain analogs were
found to display interesting dual activity profiles—capable of strong LasR antagonism at
nanomolar levels, yet LasR agonism at micromolar levels (i.e., non-monotonic partial
agonists)—and we were intrigued by their mechanisms of action as well. Examination of the lead
compounds against OdDHL at various concentrations and in an E. coli LasR reporter support a

mechanism by which they bind competitively with OdDHL and interact directly with LasR. V-
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06-018 and furan antagonist 39 were found to be significantly less efficacious in LasR mutants
that lack key residues in the ligand-binding site shown to make hydrogen-bonding contacts with
OdDHL. This result is congruent with these compounds binding in the same site on LasR as or
near to OdDHL. Protein production studies of LasR in the presence of V-06-018, furan-based
antagonist 40, and thiophene-based antagonist 42 demonstrated that these compounds support
folding of the protein into a soluble form, suggestive that they may stabilize an inactive form of
the protein, analogous to the mechanism of CviR antagonism by the chlorolactone AHL analog
(CL).>* V-06-018 and 40 also appear to reduce the amount of soluble LasR relative to 42 or the
native agonist OdDHL, indicating that receptor destabilization could also contribute to the
mechanism of inactivation by certain of these compounds. Finally, study of V-06-018 and furan-
based antagonist 39 revealed that they were each capable of shifting from LasR antagonists to
agonists in a LasR mutant lacking a single hydrogen-bonding motif in the ligand-binding site
(e.g., Tyr 56> Phe 56; removal of the Tyr hydroxyl). This finding indicates that subtle
interactions of these ligands with LasR can have dramatic effects on receptor activity and
suggests a novel route for exploring the mechanisms of this ligand class via structural studies of
LasR mutant:ligand complexes. Overall, this study has provided a set of highly potent LasR
antagonists that should find broad use as chemical probes of QS in P. aeruginosa, a robust
chemical route to generate these compounds, and new insights into the mechanisms of LasR
antagonism. These compounds and insights expand the understanding of LuxR-type QS in this

important opportunistic pathogen.
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Materials and Methods

Chemistry

All chemicals were obtained from Sigma-Aldrich, Agros Organics, or TCI America. All reagents
and solvents were used without further purification except for hexane, ethyl acetate, and
dichloromethane, which were distilled prior to use. Analytical thin-layer chromatography (TLC)
was performed on 250 um glass backed silica plates with F-254 fluorescent indicator from
Silicycle. Visualization was performed using UV light and iodine. All new compounds were
fully characterized for purity and identity; see SI for characterization data. Compound stock
solutions were prepared in DMSO at appropriate concentrations and stored at -4 °C prior to use.
Representative procedures for the synthesis of V-06-018

Synthesis of ethyl 2-(2-phenyl-1,3-dioxolan-2-yl)acetate (3; R = H): Ethyl benzoyl acetate (1.92
mL, 10 mmol, 1 equiv.), ethylene glycol (3.35 mL, 60 mmol, 6 equiv.), and p-toluene sulfonic
acid (192 mg, 1 mmol, 0.1 equiv.) was added to a 250 mL round-bottom flask equipped with a

Dean-Stark trap. The mixture was heated to reflux for approximately 24 h. The mixture was
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washed with saturated sodium bicarbonate (1 x 100 mL), water (1 x100 mL), and saturated brine
(1 x 100 mL). The organic portion was dried over magnesium sulfate and concentrated under
reduced pressure. The crude material was purified by flash silica gel chromatography (20% ethyl

acetate in hexane), and 3 was isolated as a colorless oil (1.87 g, 79% isolated yield).

Synthesis of 2-(2-phenyl-1,3-dioxolan-2-yl)acetic acid (4; R = H): Compound 3 (287 mg, 1.2
mmol, 1 equiv.) was dissolved in THF (12 mL, 0.1 M) in a 100 mL round-bottom flask, after
which aqueous 1M lithium hydroxide (12 mL, 12 mmol, 10 equiv.) was added. The reaction
mixture was heated to 70 °C, and reaction progress was monitored by TLC. Upon consumption
of the starting material, the organic layer was washed with saturated sodium bicarbonate (20
mL). The combined aqueous layers were extracted with ethyl acetate (20 mL). The pH of the
combined aqueous layers was acidified with 10% aq. citric acid, and then extracted with ethyl
acetate (3 x 20 mL). These organic portions were combined, dried over magnesium sulfate, and
concentrated under reduced pressure to yield 4 as a colorless, crystalline solid that was >95%

pure by '"H NMR and used without further purification (226 mg, 90% crude yield).

Synthesis of N-nonyl-2-(2-phenyl-1,3-dioxolan-2-yl)acetamide (5; R = H, R’=nonyl): Acid 4
(226 mg, 1.08 mmol, 1 equiv.), N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride
(EDC-HCI; 207 mg, 1.62 mmol, 1.5 equiv.), 4-dimethylaminopyridine (DMAP; 20 mg, 0.162
mmol, 0.15 equiv.), and nonylamine (238 [1L, 1.3 mmol, 1.2 equiv.) were dissolved in CH>Cl»
(10.8 mL, 0.1M), and the reaction mixture was stirred for ~15 h at room temperature. The
reaction mixture was diluted into diethyl ether and washed with 1M HCI (2 x 30 mL), saturated

sodium bicarbonate (2 x 30 mL), water (1 x 30 mL), and brine (1 x 30 mL). The organic portion
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was dried over magnesium sulfate and concentrated under reduced pressure to yield 5 as a
colorless, crystalline solid that was >95% pure by 'H NMR and used without further purification

(303 mg, 85% crude yield).

N-nonyl-3-oxo-3-phenylpropanamide (V-06-018, 26): Compound 5 (303 mg, 0.92 mmol, 1
equiv.) and p-toluene sulfonic acid (175 mg, 0.92 mmol, 1 equiv.) were dissolved in acetone (9.2
mL, 0.1 M) in a 25 mL round-bottom flask. The reaction mixture was stirred at room
temperature for 24 h. The mixture was diluted in diethyl ether (20 mL) and washed with
saturated sodium bicarbonate (1 x 30 mL), water (1 x 30 mL), and brine (1 x 30 mL), then dried
over magnesium sulfate and concentrated under reduced pressure. The resulting solid was
purified by flash silica gel chromatography (20% ethyl acetate in hexanes) to give a V-06-018

(26) as a white solid (170 mg, 64% isolated yield).

Biology

A listing of all of the bacterial strains and plasmids used in this study is provided in Table S1.
Bacteria were cultured in Luria-Bertani medium (LB) and grown at 37 °C. Growth was quantified
by absorbance at 600 nm (ODsoo). Absorbance and fluorescence measurements were made on a
Biotek Synergy 2 plate reader running Gen 5 software (version 1.05). Buffers used in biological
experiments included: Z buffer (60 mM Na;HPO4 40 mM NaH>PO4, 10 mM KCI, 1 mM H,0),
phosphate buffer (60 mM NaHPO4, 40 mM NaH»POs), and phosphate buffered saline (137 mM
NacCl, 2.68 mmol KCI, 10 mM Na,HPOy4, 1.8 mM KH>POy4). Dose-response curves were generated
using GraphPad Prism software (version 8). Detailed descriptions of all biological experiments are

provided in the SI.
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P. aeruginosa reporter assay protocol

LasR reporter experiments in P. aeruginosa were performed as reported previously.® Briefly, a
single colony of P. aeruginosa PAO-JP2*' was grown overnight in LB medium containing 300
[Jg/mL carbenicillin. Culture was diluted 1:100 in fresh LB medium without antibiotic.
Subculture was grown to ODgoo = 0.25-0.3. A 2-[L aliquot of compound stock solution (in
DMSO) was added to the interior wells of black, clear-bottom 96-well plate. A 198-uL aliquot of
bacterial culture was added to all compound containing wells. For antagonism experiments, at
least three wells were filled with 198 uL of grown subculture (i.e., untreated subculture); the
remainder of the subculture was treated with exogenous OdDHL (i.e., treated subculture) at
various concentrations (150 nM, 1 uM, or 10 uM) prior to dispensing. Plates were incubated
without shaking (static) for 6 h, after which GFP production was read for each well using a plate
reader (excitation at 500 nM, emission at 540 nM) and normalized to cell growth. Activity was

reported relative to cells containing only OdDHL.

E. coli reporter assay protocol

LasR, RhIR, and QscR assays in E. coli JLD271 (Asdid) or DH5a utilized a [-galactosidase
reporter and were conducted as previously reported.?® A representative protocol for the LasR assay
is provided here. Briefly, a single colony of E. coli strain JLD271 bearing plasmids pJN105-L*
and pSC11-L** was grown in LB medium. Overnight culture was diluted 1:10 in fresh LB medium
with 100 pg/mL ampicillin and 10 pg/mL gentamicin and grown to an ODgoo = 0.23—0.27. Once
grown, arabinose was added to a final concentration of 4 mg/mL. A 2-uL aliquot of compound

stock solution (in DMSO) or only DMSO (vehicle control) was added to the interior wells of a
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clear 96-well microtiter plate. For agonism assays, 198 uL aliquots of the subculture was dispensed
into all internal wells. For antagonism assays, subculture was dispensed into at least three wells
containing only DMSO; the remainder of the subculture was treated with the appropriate
concentration of OdDHL and dispensed into all remaining interior wells. Plates were incubated at
37 °C with shaking at 200 rpm for 4 h.

To measure resulting B-galactosidase production, each interior well of a chemical-resistant
96-well plate (Costar 3879) was filled with 200 /L Z buffer, 8 [IL CHCl3,and 4 [ /L 0.1% aqueous
SDS. After the incubation period, the ODeoo of each well of the bacteria-containing plate was
measured. A 50-[]L aliquot of each well of the bacteria-containing plate was transferred to the
lysis-buffer containing chemical resistant plate, and the cells were lysed. A 100-T1L aliquot from
each well was transferred to a fresh clear-bottom 96-well plate. The Miller assay was started by
adding 20 [1L of the substrate ortho-nitrophenyl-[]-galactoside (ONPG, 4 mg/mL in phosphate
buffer) to each well. The plates were then incubated at 30 °C for 30 min and absorbances at 420
and 550 nm were read. Miller units were calculated for each well (see SI for detailed description).

Activity was reported relative to wells containing only OdDHL.

LasR overexpression and SDS-PAGE protocols

E. coli BL21-DE3 harboring the pET17b (LasR) plasmid was grown overnight in LB medium
from a single colony. The overnight culture was diluted 1:80 into fresh LB medium buffered
with 100 mM MOPS, adjusted to pH 7, and grown to an ODgoo = 0.5. Protein expression was
induced by the addition of 0.4 M isopropyl B-D-1-thiogalactopyranoside (IPTG), and the culture
was grown overnight at 17 °C. The next day, cells were pelleted by centrifugation. Whole cell

and soluble portions of cell lysate were isolated and prepared via the Bacterial Protein Extraction
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Reagent (B-PER, ThermoFisher Scientific) according to package instructions. Cell lysates were
run on a Biorad 10% SDS gel and stained with Coomassie. Band intensities were quantified

using ImageJ (see Table S3).

General instrumentation information

NMR spectra were recorded in deuterated solvents at 400 MHz on a Bruker-Avance
spectrometer equipped with a BFO probe, and at 500 MHz on a Bruker Avance spectrometer
equipped with a DCH cryoprobe. Chemical shifts are reported in parts per million using residual
solvent peaks or tetramethylsilane (TMS) as a reference. Couplings are reported in hertz (Hz).
Electrospray ionization—exact mass measurement (ESI-EMM) mass spectrometry data were
collected on a Waters LCT instrument. Absorbance and fluorescence measurements were

obtained on a Biotek Synergy 2 plate reader using Gen5 analysis software.

Svynthetic protocols for representative compounds

o diethyl carbonate 6 O

NeR__ OFt
R 1 THF, reflux R 2

Synthesis of p-ketoesters (2)
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To a solution of acetophenone (1, 1 equiv.) in THF (0.5 M), NaH (2 equiv.) was added at 75 °C.
The solution was allowed to stir for 2.5 h at reflux, after which it was diluted with diethyl ether
(30 mL). The mixture was washed with 1M HCI (2 x 25 mL), water (1 x 25 mL), and saturated
brine (1 x 25 mL). The organic layer was separated, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure. Compounds (2) were purified via flash silica gel

chromatography with hexanes and ethyl acetate as eluent (56-91% isolated yield).
O O ethylene glycol 3 o0
p-TsOH R OFt
R OEt Benzene, reflux R
2 Dean-Stark trap 3

Synthesis of [-ketal esters (3)

To a solution of B-keto ester (2, 1 equiv.) in benzene (0.2 M) was added p-TsOH (0.1 equiv.) and
ethylene glycol (6 equiv.) at 90 °C. A Dean-Stark trap was assembled, and the experimental
apparatus was heavily insulated with glass wool and tin foil. The mixture was allowed to reflux
overnight. The mixture was washed with saturated sodium carbonate (2 x 30 mL), water (1 x 30
mL), and saturated brine (1 x 30 mL). The organic layer was separated, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. Compounds (3) were purified via flash

silica gel chromatography with hexanes and ethyl acetate as eluent (38—83% isolated yield).
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o0
1:1 LIOH (1M) : THF o 0
OFEt . oH
R reflux R
3 4

Synthesis of p-ketal acids (4)

To a solution of B-ketal ester (3, 1 equiv.) in MeOH (0.1 M) was added 1M LiOH (10 equiv.) at
75 °C. The mixture was allowed to stir at reflux for 2 h. The solution was then allowed to cool to
rt. The aqueous layer was separated, and its pH was adjusted to 2—3 with citric acid (10% in
water). The acidified aqueous layer was washed with ethyl acetate (3 x 20 mL). The ethyl acetate
layer was separated, dried over magnesium sulfate, and concentrated under reduced pressure.

Products (4) were used without further purification (42—-100% crude yield).

7\ [\ o
o. 09 H,NR', EDC/HCI 0, 0 "
R©)QJ\ OH  pwmAP, DCM R N
4
5

Synthesis of p-ketal amides (5)

To a solution of B-ketal acids (4, 1 equiv.) in dichloromethane (0.1 M) was added DMAP (0.15
equiv.) and EDC-HCI (1.5 equiv.). After 10 min of stirring at rt, the desired amine (1.2 equiv.)

was added. The solution was stirred at rt overnight. The mixture was diluted with diethyl ether

(15 mL) and washed with 1M HCI (1 x 15 mL), saturated sodium bicarbonate (1 x 15 mL), and

saturated brine (1 x 15 mL). The organic layer was separated, dried over magnesium sulfate, and
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concentrated under reduced pressure. Products (5) were used without further purification (64—

94% crude yield).
I\ 0 0O O
O O R, p'TSOH RI
R ” acetone R H
5 6

Synthesis of p-keto amides (6)

To a solution of B-ketal amides (5, 1 equiv.) in acetone (0.1 M) was added p-TsOH (0.1M) at rt.
The mixture was allowed to stir overnight. The solution was diluted with diethyl ether (15 mL),
washed with saturated sodium bicarbonate (2 x 15 mL), water (1 x 15 mL), and saturated brine
(1 x 15 mL). The organic layer was separated, dried over magnesium sulfate, and concentrated
under reduced pressure. Products (6) were purified via flash silica gel chromatography with

hexanes and ethyl acetate as eluent (66-92% isolated yield).
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Deprotection of 13 to provide analog 17

To a flame dried round bottom flask was added 13 (1 equiv.) in dichloromethane (0.25 M). BBr3
(3 equiv.) was added dropwise, and the reaction was monitored by TLC. Upon consumption of
starting material, the reaction was quenched by addition of 2 mL of ice cold water. The reaction
mixture was extracted with ethyl acetate (3 x 20 mL). The organic layer was washed with water
(1 x 10 mL) and brine (1 x 10 mL), dried over magnesium sulfate, and concentrated under
reduced pressure. Product (17) was purified via flash silica gel chromatography with hexanes and

ethyl acetate as eluent (11% isolated yield).

BnBr, KQCO3
—_—
acetone

OH OBn

Protection of phenol in acetophenone precursor to analog 18

To a solution of 3-hydroxyacetophenone (1 equiv.) in DMF (0.1 M) was added benzyl bromide
(2.5 equiv.) and potassium carbonate (2.5 equiv.). The reaction mixture was stirred overnight at
rt. Solids were removed by filtration, the solution was diluted with ethyl acetate (75 mL), and the

reaction mixture was washed with water (3 x 75 mL). The organic layer was separated and
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concentrated under reduced pressure. Benzyl-protected product was purified via flash silica gel

chromatography with hexanes and ethyl acetate as eluent (81% isolated yield).

OBn OH

Deprotection to provide analog 18

To a flame dried round-bottom flask equipped with a stir bar was added Pd/C (10% mol equiv.).
The flask was sealed and flushed with nitrogen. The B-keto amide starting material was dissolved
in MeOH (0.1 M) and added via syringe. The reaction mixture was stirred overnight under H» (1
atm). The solution was diluted with ethyl acetate and filtered over celite. Product 18 was purified

via flash silica gel chromatography with hexanes and ethyl acetate as eluent (67% isolated yield).
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Strain or Plasmid Description Ref.
E. coli
JLD271 K-12 AlacX74 sdiA271::CAM; CIR !
F-, j80dlacZDM15D(lacZYA-argF)U169 deoR recA1
DH5a endA1 hsdR17(rk- , mk+ ) phoA supE44 A - thi-1 Invitrogen
gyrA96 relA1
BL21(DE3) AlacZY pLysS; CIR Novagen

P. aeruginosa

backbone; GmR

PAO-JP2 PAO1 lasl::Tet rhll::Tn501-2; HgR TcR 2
Plasmids

pSC11-L Broad host range /as/’-lacZ reporter; ApR 3
pSC11-Q Broad host range PA1897’-lacZ reporter; ApR
pSC11-R Broad host range rhll’-lacZ reporter; ApR

JN105L Arabinose-inducible /asR expression vector; pPBBRMCS | ,
P backbone; GmR

Arabinose-inducible gscR expression vector; 4

pJN105Q pBBRMCS backbone; GmR
0JN105R Arabinose-inducible rhIR expression vector; pBBRMCS | ;

plasl-LVAGFP

lasl’-gfp [LVA] transcriptional fusion; CbR

pJG044 Y56F mutant analog of pJN105L 7
pJG045 W60F mutant analog of pJN105L 7
pJG051 S129A mutant analog of pJN105L 7
pET17b.lasR Full length LasR overexpression vector 8

aAbbreviations: CIR = Chloramphenicol resistance; HgR = Mercury resistance; TcR = tetracycline
resistance; ApR = Ampicillin resistance; GmR = Gentamicin resistance; CbR = Carbenicillin resistance
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Reporter assay protocols

E. coli reporter assays (p-galactosidase)

The LasR, QscR, and RhIR assays in E. coli JLD271 or DH5a were each performed according to
our previously reported protocols.> *!! Our method with E. coli JLD271 is provided here as a
general example. A 5-mL sample of LB medium containing 100 pg/mL Ampicillin and 10
pg/mL Gentamicin was inoculated with a single colony of E. coli strain JLD271 transformed
with pSC11 (lacZ reporter plasmid for LasR, QscR, or RhIR; see Table S1) and pJN105 (LasR,
QscR, and RhIR production plasmid). The culture was grown overnight at 37 °C with shaking at
200 rpm. Overnight culture was diluted 1:10 in fresh LB medium with 100 pg/mL Ampicillin
and 10 pg/mL Gentamicin and grown to an ODeoo = 0.23—0.27 with path length correction.
Aliquots (2 pL) of test compound stock solution in DMSO were added to the interior wells of a

clear 96-well microtiter plate (Costar 3370), with final DMSO concentrations <1%.

For antagonism assays, 12 wells on each microtiter plate were filled with 2 uL DMSO and no
compound (for use as positive and negative controls). Once subculture reached the appropriate
OD, arabinose was added to a final concentration of 4 mg/mL to induce expression of pJN105.
Six DMSO containing wells were filled with 198 pL of this subculture as a negative control. The
remainder of the culture was adjusted to a final concentration of 2 nM OdDHL (for LasR), 10
nM OdDHL (for QscR), or 10 ['M BHL (for RhIR), and 198 uL aliquots of treated culture were
added to all experimental wells and DMSO wells (the latter as a positive control). The outer

wells of the plate were filled with 200 pL of water (to help maintain the plate humidity and slow
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evaporation overall for the interior wells). Plates were incubated at 37 °C with shaking at 200

rpm for 4 h.

For agonism assays, 2 pnLL. DMSO was added to six wells (negative control), and 2 puL of either
10 mM OdDHL in DMSO (for LasR and QscR) or 100 mM BHL (for RhIR) were added to
another six wells (positive control). Once subculture reached the appropriate ODgoo, arabinose
was added to a final concentration of 4 mg/mL to induce expression of pJN105. Aliquots (198
uL) of this subculture were dispensed into all internal wells. The outer wells of the plate were
filled with 200 pL of water (to help maintain the plate humidity/environment and slow
evaporation overall for the interior wells). Plates were incubated at 37 °C with shaking at 200

rpm for 4 h.

After the incubation period, the ODgoo of each cell was measured. Thereafter, each interior well
of a fresh, chemical-resistant 96 well plate (Costar 3879) was filled with 200 uL Z buffer, 8 uL
CHClI3, and 4 pL 0.1% aqueous SDS. A 50-puL aliquot of each well in the initial plate was
transferred to the lysis-buffer containing chemical resistant plate and lysed by aspirating 20

times. Thereafter, the assays for the receptors differed, as described below.

For LasR assays, a 100-uL aliquot from each well was transferred to a fresh, clear-bottom 96-
well plate. At t =0 minutes, the Miller assay (measuring B-galactosidase enzyme activity)'? was
started by adding 20 pL of the substrate ortho-nitrophenyl-p-galactoside (ONPG, 4 mg/mL in
phosphate buffer) to each well. The plates were then incubated without shaking at 30 °C for 30

minutes. The enzymatic reaction was quenched by the addition of 50 uL of sodium carbonate
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(1M in water) to each well. Absorbances at 420 and 550 nm were measured for each well. Miller

units were calculated according to the following formula:

1000 * (4420 — (1.75 * A550))
t*v*x0D600

Miller unit =

¢t = time ONPG incubated with lysate in min (30)

v = volume of culture lysed in mL (0.05)

Miller units were reported as a percentage relative to the OdDHL-only containing wells (i.e.,
wells containing only agonist = 100% activity). All assays were conducted as technical triplicates
and performed at least three times (i.e., biological replicates). Dose-response curves were

generated as three-parameter fits to the data using Graphpad Prism software (version 8).

For OscR and RhIR assays, a 150 pL-aliquot from each well was transferred to a fresh, clear
bottom 96-well plate. At t = 0 minutes, the Miller assay was started by adding 25 pL of substrate
chlorophenol red-B-galactopyranoside (CPRG, 4 mg/mL in phosphate buffered saline) and
incubated without shaking at 30 °C for 20 min (for RhIR) or 45 min (for QscR). Miller units

were calculated according to the following formula:

1000 = (A570)
t*v*x0D600

Miller unit =

¢t = time CPRG incubated with lysate in min (20 or 45)

v = volume of culture lysed in mL (0.05)
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Miller units were reported as a percentage relative to OdDHL-only (for QscR) or BHL-only (for
RhIR) containing wells (i.e., wells containing only agonist = 100% activity). All assays were
conducted as technical triplicates and performed at least three times (i.e., biological replicates).
Dose-response curves were generated as three-parameter fits for QscR and four-parameter fits

for RhIR using Graphpad Prism software (version 8).

P. aeruginosa PAO-JP2 reporter assay (GFP)

The LasR assay in P. aeruginosa PAO-JP2 was performed as previously described.!* A 2-mL
sample of LB medium containing 300 pg/mL Carbenicillin was inoculated with a single colony
of PAO-JP2 and grown overnight (~16 h). Overnight culture was diluted 1:100 in fresh LB
medium without antibiotic and grown to an ODsoo = 0.3 with path length correction. Aliquots (2
uL) of test compound stock solution in DMSO were added to the interior wells of a black, clear-
bottomed 96-well microtiter plate with final DMSO concentrations <1%. In at least six “control

wells” on each plate, only DMSO was added.

For LasR agonism assays, 2 uL of a 10 mM OdDHL solution (in DMSO) was added to at least
six interior wells on each plate (to give an 100 uM final concentration). All interior wells then

were filled with 198 puL of untreated subculture.

For LasR antagonism assays, at least three interior wells were filled with 198 puL of untreated
subculture; the remainder of the subculture was treated with OdDHL (to give 150 nM, 1 uM, or

10 uM final concentrations) and then dispensed into all remaining interior wells.
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The outer wells of each plate were filled with 200 puL of water (to help maintain the plate
humidity/environment and slow evaporation overall for the interior wells). Plates were then
incubated at 37 °C without shaking for 6 h. After incubation, GFP levels (excitation at 500 nM,
emission at 540 nM) and ODeoo were read using a plate reader. OD-normalized fluorescence data
were reported relative to OdDHL-containing wells (i.e., wells containing only OdDHL = 100%
activity). All assays were conducted as technical triplicates and performed at least three times
(i.e., biological replicates). Dose-response curves were generated as three-parameter fits to the

data using Graphpad Prism software (version 8).
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Figure S2.1: Dose response reporter assay data for V-06-018 in the E. coli LasR, QscR, and
RhIR reporters.

V-06-018 agonism (/eft) and antagonism (right) profiles in the (A) E. coli LasR reporter
(JLD271 + pJN105L + pSC11-L), (B) E. coli QscR reporter (JLD271 + pJN105Q + pSC11-Q),
and (C) E. coli RhIR reporter (JLD271 + pJN105R + pSC11-R). These data indicate that V-06-
018 is an appreciably selective LasR antagonist; it only minimally modulates QscR and RhIR,
the other two LuxR-type receptors in P. aeruginosa, and does so at only the highest
concentrations tested (50 uM). At this concentration, V-06-018 very weakly agonizes RhIR and
weakly antagonizes QscR. We note that the activity (i.e., efficacy) and potency of V-06-018 in
the E. coli LasR reporter is markedly reduced relative to the P. aeruginosa LasR reporter, which
may be an artifact of LasR overexpression in E. coli (see main text for a discussion of this
phenomenon). Data is plotted for at least three biological replicates, each of which is composed
of three technical replicates. Error bars indicate SD.
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Figure S2.2: Dose-response antagonism assay data for selected compounds in the P. aeruginosa
LasR reporter (PAO-JP2 + pLVA-GFP).

For compounds displaying appreciable non-monotonic partial agonism behavior (i.e., 42 and 43,
but not 20), ICso values were calculated from the antagonism part of the curve. Three and four
parameter fits were used to calculate IC 5o values. Both fits are included in each of the curves;
ICso values from the three parameter fits are included in Table 1. Data plotted is for three
biological replicates, each performed as three technical replicates. Error bars indicate SD.
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Figure S2.3: Dose-response agonism assay data for selected compounds in the P. aeruginosa
LasR reporter (PAO-JP2 + pLVA-GFP).

Thiophene compounds 20, 42 and 43, each with non-monotonic partial agonism profiles (see
Figure S2 above), display agonistic activity at the highest concentrations. Data plotted is for
three biological replicates, each performed as three technical replicates. Error bars indicate SD.
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Figure S2.4: Primary agonism assay data for selected compounds in the P. aeruginosa LasR
reporter (PAO-JP2 + pLVA-GFP).

Compounds tested at 100 pM. LasR agonism assay data for compounds not included on this plot
can be found in Figure S3 above.
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Figure S2.5: Dose-response antagonism curves for selected compounds in the E. coli LasR
reporters.

Compounds 29 and 4244 were evaluated in E. coli DH5a (pJN105L + pSC11-L); all other
compounds were evaluated in E. coli JLD271 (pJN105L + pSC11-L). All of the compounds
were active in these heterologous systems, suggesting that they elicit their inhibitory effects in
the P. aeruginosa assay via direct interaction with LasR. We note that potency and efficacy were
markedly decreased in all cases relative to in P. aeruginosa (see for comparison Figure S2),
which may be an artifact of LasR overexpression in E. coli (see main text for a discussion of this
phenomenon). We believe this phenomenon simply masks the activity of 29, which only begins
to display antagonistic activity at the highest concentration tested, preventing an accurate curve
fit. See Table S2 for a listing of efficacy and potency data. Data plotted is for three biological
replicates, each performed as three technical replicates. Error bars indicate SD.
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Table S2.2: Potency and efficacy of selected compounds in the E. coli LasR reporters (from data

in Figure S5)*

Compound ICso 95% CI OE ICso 11\/1112111):11)111:::11
(M) (uM) T

V-06-018 5.0 32-7.9 48
19 14 5.6 -51 52
20 2.7 1.4-5.0 47
27 1.8 0.7-5.1 25
28 11 2.7-54 32
29 -4 - -
39 6.6 3.1-14 42
40 1.1 05-24 29
41 2.7 04-24 18
42 1.1 0.6-1.7 45
43 1.1 0.5-2.6 26
44 1.5 0.2-14 15

#Antagonism experiments performed by competing the compounds against OdDHL at its ECso (2

nM for E. coli JLD271; 3.6 nM for E. coli DH5a); inhibitory activity was measured relative to
receptor activation at this ECso. ICso values determined by testing compounds over a range of
concentrations (0.64 nM — 50 [1M). All assays performed in triplicate. °CI = 95% confidence
interval. “Denotes the best-fit value for the bottom of the computed dose-response curve. “Not

calculated.
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Figure S2.6: Activity profiles for lead LasR antagonists (39 and 40) in RhIR and QscR.

Profiles for (A) RhIR antagonism and (B) RhIR agonism in the E. coli reporter (JLD271 +
pJN105R + pSC11-R), and (C) QscR antagonism and (D) QscR agonism in the E. coli reporter
(JLD271 + pJN105Q + pSC11-Q). These data indicate that these V-06-018 analogs, like V-06-
018, are selective for LasR. Analog 40 modulates neither RhIR nor QscR; 39 does not modulate
RhIR and is a weak QscR antagonist. Data represent three biological triplicates, each of which is
composed of three technical replicates. Error bars indicate SD.
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Protein expression and SDS PAGE gel methods

A single colony of E. coli strain BL21(DE3) containing both pLysS and pET17b was inoculated
into 5 mL of LB medium supplemented with Ampicillin (100 pg/mL) and Chloramphenicol (34
pg/mL) and grown overnight. Overnight culture was diluted 1:50 into fresh LB medium
supplemented with 50 mM MOPS (pH adjusted to 7 after adding MOPS) and the appropriate
amount of antibiotic. Compound was added to the appropriate concentration (50 uM) from
DMSO stock solutions. Cultures were grown to an ODeoo = 0.5 with pathlength correction, and
IPTG was added to a final concentration 0.4 mM to induce protein production. Cells were grown

overnight at 15 °C with shaking at 200 RPM, before being pelleted.

Whole cell and soluble portions of cell lysate were isolated and prepared via the Bacterial
Protein Extraction Reagent (B-PER, ThermoFisher Scientific) according to package instructions.
Total protein quantities in each whole cell and soluble sample were quantified by Bradford
assays.!* Protein samples comprised of 15 [Ig total protein, 100 mM DTT, and 2.5 (/L loading
dye were boiled for 10 min prior to loading onto a Biorad 10% SDS gel. A MidSci bullseye
protein ladder was run alongside samples. Gels were run in Tris-glycine SDS running buffer and
stained overnight with Coomassie. After destaining and imaging, band intensities were

quantified using ImagelJ software (data listed in Table S3).



Table S2.3. Intensities of bands in Figure 5 (in the main text) as quantitated by ImageJ

Lane Calculated intensity of band | Ratio of WC/S band intensities
(WC=whole cell; | \ ) itrary unit) (x 100%)
S = soluble)

DMSO WC 13060.125 2.6%
DMSO S 348.092

OdDHL WC 10200.953 29%
OdDHL S 2968.154

V-06-018 WC 11341.024 7.3%
V-06-018 S 828.527

40 WC 9102.539 7.5%

40 S 681.577

42 WC 10140.175 22%

42 S 2211.669

77
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Figure S2.7: Dose-response agonism curves for OdDHL in selected E. coli LasR reporters (with
wt and mutant LasR).

E. coli (DH5a+ pSC11 + wt or mutant LasR expression plasmid) strains were used for these
reporter assays (see Table S1 for listing of plasmids). ECso values for OdDHL in each reporter
are shown. OdDHL was found to be less potent in each mutant relative to wt LasR (i.e., 2—15-
fold less potent), which is indicative of the deleterious effect of these mutations on the ability of
LasR to be activated by OdDHL. Each curve represents three biological triplicates, each of
which is composed of three technical replicates. Error bars represent SD.
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Figure S2.8: Single-concentration agonism assay data for various compounds in wt LasR and
the three mutant LasR E. coli reporter systems.

All compounds tested at 100 TIM. 100% LasR activation is defined as that caused by 100 [1M
OdDHL in that particular reporter strain. Significance was assessed via a one-way ANOVA:
wEEE = p <0.0001; *¥** =p <0.001; **=p <0.01; *=<0.05. ns = no significant difference.
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Compound characterization data for V-06-018 (26) and new compounds (7-37 and 39—44)

Note: NMR peaks are reported for keto tautomers, although the minor enol tautomer was
detected in all samples.

N/\/\/\/\/
H

Br
Compound 7: '"H NMR (500 MHz, Chloroform-d) § 8.14 (t, J = 1.8 Hz, 1H), 7.93 (d, J= 7.8 Hz,
1H), 7.77 —7.70 (dt, J = 7.8 Hz, 1.8 Hz, 1H), 7.38 (t, /= 7.9 Hz, 1H), 6.92 (bs, 1H), 3.91 (s, 2H),
3.29 (apparent q, J = 6.7 Hz, 2H), 1.52 (p, J= 7.6, 7.2 Hz, 2H), 1.38 — 1.09 (m, 12H), 0.88 (t, J =
6.9 Hz, 3H). 3C NMR (126 MHz, CDCls3) § 194.86, 164.97, 137.86, 136.86, 131.55, 130.41,
127.23, 123.24,77.27, 77.22, 77.02, 76.76, 45.69, 39.79, 31.85, 29.47, 29.38, 29.25, 29.23,
26.88, 22.66, 14.11. ESI-EMM: [M+H]" calculated 368.1220; measured 368.1219.

O O

et

Compound 8:'H NMR (400 MHz, Chloroform-d) & 7.63 (dd, J= 8.2, 1.8 Hz, 1H), 7.46 (d, J =
1.7 Hz, 1H), 7.05 (s, 1H), 6.87 (d, /= 8.2 Hz, 1H), 6.07 (s, 1H), 3.86 (s, 2H), 3.43 - 3.17
(apparent q, 2H), 1.51 (dd, /= 13.8, 6.8 Hz, 2H), 1.27 (d, J = 16.6 Hz, 12H), 0.88 (t, /= 6.6 Hz,
3H).*C NMR (126 MHz, CDCl3) § 194.22, 165.61, 152.67, 148.46, 131.02, 125.57, 108.10,
108.06, 102.10, 45.38, 39.71, 31.86, 29.48, 29.40, 29.27, 29.24, 26.90, 22.67, 14.12. ESI-EMM:
[M+H]" calculated 334.2013; measured 334.2009.

Compound 9: '"H NMR (500 MHz, Chloroform-d) & 8.33 (t,J= 1.6 Hz, 1H), 7.97 (dt, J = 8.0,
1.4 Hz, 1H), 7.94 (dt, /= 8.0, 1.3 Hz, 1H), 7.23 (d, J=7.9 Hz, 1H), 6.92 (s, 1H), 3.90 (s, 2H),
3.29 (td, J=7.2,5.7 Hz, 2H), 1.52 (p, /= 7.2 Hz, 2H), 1.40 — 1.16 (m, 12H), 0.88 (t, /= 6.8 Hz,
3H). 3C NMR (126 MHz, CDCl3) & 194.85, 164.97, 142.74, 137.84, 137.46, 130.49, 127.80,
94.59, 45.55, 39.78, 31.85, 29.47, 29.38, 29.25, 29.23, 26.88, 22.66, 14.12. ESI-EMM: [M+H]"
calculated 416.1081; measured 416.1076.
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0O O

N/\/\/\/\/
SoRe

Compound 10: 'H NMR (500 MHz, Chloroform-d) & 8.68 — 8.42 (m, 1H), 8.03 (dd, J=8.6, 1.8
Hz, 1H), 7.98 (dd, J = 8.2, 1.2 Hz, 1H), 7.91 (d, J= 8.7 Hz, 1H), 7.91 — 7.85 (d, ] = 7.7 Hz, 1H),
7.63 (ddd, J=8.2, 6.9, 1.3 Hz, 1H), 7.57 (ddd, J= 8.1, 6.8, 1.3 Hz, 1H), 7.14 (s, 1 H), 4.08 (s,
2H), 3.31 (td, J= 7.2, 5.7 Hz, 2H), 1.65 — 1.47 (m, 2H), 1.41 — 1.16 (m, 12H), 0.96 — 0.79 (t, J =
7.1 Hz, 3H)."*C NMR (126 MHz, CDCls) § 196.23, 165.59, 135.93, 133.51, 132.40, 131.04,
129.86, 129.09, 128.78, 127.77, 127.06, 123.61, 77.28, 77.03, 76.77, 45.54, 39.75, 31.84, 29.46,
29.41,29.26, 29.22, 26.90, 22.65, 14.11. ES-EMM: [M+H]" calculated 340.2271; measured
340.2267.

o O

N/\/\/\/\/
jona
Br

Compound 11: '"H NMR (500 MHz, Chloroform-d) § 7.93 — 7.84 (m, 2H), 7.71 — 7.62 (m, 2H),
6.92 (s, 1H), 3.90 (s, 2H), 3.42 —3.14 (td, J = 7.2Hz, 5.7 Hz, 2H), 1.52 (p, /= 7.0 Hz, 2H), 1.43
—1.16 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). 3*C NMR (126 MHz, CDCl3) § 195.15, 165.12, 134.88,
132.21, 130.11, 129.49, 45.72, 39.78, 31.85, 29.47, 29.38, 29.24, 29.22, 26.87, 22.66, 14.11.
ESI-EMM: [M+Na]" calculated 390.1039; measured 390.1034.
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Compound 12: '"H NMR (500 MHz, Chloroform-d) § 8.12 — 7.91 (m, 2H), 7.16 (s, 1H), 7.01 —
6.88 (m, 2H), 3.89 (s, 3H), 3.88 (s, 3H), 3.28 (td, /=17.2, 5.8 Hz, 2H), 1.52 (t, /= 7.2 Hz, 2H),
1.36 — 1.19 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). >*C NMR (126 MHz, CDCls) § 194.80, 165.82,
164.32,131.07, 129.25, 114.06, 55.59, 45.05, 39.68, 31.87, 29.49, 29.41, 29.28, 29.25, 26 .91,
22.68, 14.13. ESI-EMM: [M+H]" calculated 320.220; measured 320.2224.

OMe

Compound 13: '"H NMR (500 MHz, Chloroform-d) & 7.58 (ddd, J = 7.7, 1.6, 0.9 Hz, 1H), 7.50
(dd,J=2.7,1.6 Hz, 1H), 7.39 (t, J= 8.0 Hz, 1H), 7.15 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 6.21 (s,
1H), 3.93 (s, 2H), 3.86 (s, 3H), 3.29 (td, /= 7.2, 5.7 Hz, 2H), 1.52 (p, /= 7.2 Hz, 2H), 1.37 —
1.14 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). '3*C NMR (126 MHz, CDCl3) § 196.11, 165.54, 159.94,
137.53, 129.86, 121.29, 120.69, 112.47, 55.47, 45.53, 39.72, 31.85, 29.48, 29.40, 29.27, 29.24,
26.90, 22.66, 14.11. ESI-EMM: [M+Na]" calculated 342.2040; measured 342.2036.



82

Compound 14: 'H NMR (500 MHz, Chloroform-d) & 8.09 — 8.01 (ddd, J = 2H), 7.16 (t, J = 8.6
Hz, 2H), 7.01 (s, 1H), 3.91 (s, 2H), 3.36 — 3.24 (m, 2H), 1.52 (t, J= 7.2 Hz, 2H), 1.34 — 1.20 (m,
12H), 0.88 (t, J = 6.9 Hz, 3H). '3C NMR (126 MHz, CDCls) 8 194.52, 167.32, 165.34, 165.27,
132.64, 132.62, 131.49, 131.41, 116.13, 115.96, 45.72, 39.77, 31.85, 29.48, 29.39, 29.26, 29.23,
26.89, 22.66, 14.11. ESI-EMM: [M+H]" calculated 308.2020; measured 308.2017.

N/\/\/\/\/

F

Compound 15: 'H NMR (500 MHz, Chloroform-d) & 7.80 (dt, J= 7.8, 1.2 Hz (Ju.r), 1H), 7.69
(dt, J=9.3 (Jur), 2.1 Hz, 1H), 7.49 (td, J = 8.0, 5.4 Hz, 2H), 7.32 (td, J = 8.2, 2.3 Hz, 3H) 6.94
(s, 1H), 3.92 (s, 2H), 3.29 (td, J= 7.2, 5.7 Hz, 2H), 1.56 — 1.48 (p, J= 7.1 Hz, 2H), 1.32 — 1.17
(m, 10H), 0.88 (t, /= 6.9, 3H). '3C NMR (500 MHz, CDCls) § 194.49 (Jcr = 2.41 Hz), 165.05,
162.89 (d, Jr = 248.8 Hz), 138.22 (d, Jer = 6.3 Hz), 130.59 (d, Jep = 7.6 Hz), 124.52 (d, Jep =
3.1 Hz), 121.14 (d, Jer = 21.5 Hz), 115.24 (d, Jer = 22.75 Hz), 45.76, 39.78, 31.85, 29.47, 29.38,
29.25,29.23, 26.88, 22.66, 14.11. ESI-EMM: [M+H]" calculated 308.2020; measured 308.2017.
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Compound 16: 'H NMR (400 MHz, Chloroform-d) & 7.88 (dtd, J=11.5, 7.7, 1.9 Hz, 1H), 7.62 —
7.52 (m, 1H), 7.30 — 7.04 (m, 2H), 6.95 (s, 1H), 3.97 (d, J= 2.5 Hz, 1H), 3.39 — 3.26 (m, 2H),
1.58 — 1.50 (m, 2H), 1.39 — 1.19 (m, 12H), 0.88 (t, J = 6.7 Hz, 3H). '*C NMR (126 MHz, CDCls)
5 194.68, 165.61, 135.68, 135.61, 130.90, 124.81, 117.16, 116.97, 49.55, 39.84, 32.01, 29.64,
29.58,29.43, 29.39, 27.06, 22.82, 14.26. ESI-EMM: [M+H]" calculated 308.2020; measured
208.2017
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Compound 17: '"H NMR (400 MHz, Chloroform-d) & 7.93 — 7.84 (m, 2H), 7.68 (s, 1H), 7.08 (s,
1H), 6.89 — 6.83 (m, 2H), 3.87 (s, 2H), 3.28 (td, /= 7.2, 5.7 Hz, 2H), 1.51 (q, J = 7.1 Hz, 2H),
1.27 (d, J=17.4 Hz, 12H), 0.92 — 0.83 (m, 3H). *C NMR (126 MHz, CDCls) § 194.30, 166.24,
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161.35,131.48, 129.11, 115.77, 45.30, 39.85, 31.86, 29.47, 29.34, 29.25, 29.23, 26.88, 22.67,
14.11. ESI-EMM: [M-H] calculated 304.1918; measured 304.1918.

N/\/\/\/\/

OH
Compound 18: '"H NMR (400 MHz, Chloroform-d) § 7.98 (s, 1H), 7.56 (t, J=2.1 Hz, 1H), 7.49
(dt,J=8.0, 1.2 Hz, 1H), 7.49 — 7.41 (m, 2H), 7.32 (t, J=7.9 Hz, 1H), 7.12 (ddd, /= 8.1, 2.5, 1.0
Hz, 1H), 3.96 (s, 2H), 3.32 (td, /= 7.2, 5.7 Hz, 2H), 1.54 (t, /= 7.0 Hz, 2H), 1.27 (d, J = 16.0
Hz, 12H), 0.87 (t, J = 6.8 Hz, 3H). >*C NMR (126 MHz, CDCl3) § 196.10, 166.49, 157.07,
137.30, 130.15, 121.79, 120.23, 115.40, 44.82, 39.95, 31.85, 29.47, 29.27, 29.25, 29.24, 26.90,
22.66, 14.10. ESI-EMM: [M-H] calculated 306.2064; measured 306.2057.

@] O
\_0 H
Compound 19: 'H NMR (500 MHz, Chloroform-d) & 7.66 (d, J = 1.6 Hz, 1H), 7.34 (d, J=3.7
Hz, 1H), 6.59 (dd, J = 3.6, 1.7 Hz, 1H), 3.81 (s, 2H), 3.28 (td, J= 7.3, 5.7 Hz, 2H), 1.52 (-, J =
7.2 Hz, 2H), 1.36 — 1.21 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (500 MHz, CDCls) §
184.35, 164.95, 151.82, 147.81, 119.63, 112.84, 44.84, 39.73, 31.86, 29.48, 29.38, 29.27, 29.24,
26.90, 22.67, 14.12. ESI-EMM: [M+H]" calculated 280.1907; measured 280.1903.

@] O
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Compound 20: '"H NMR (400 MHz, Chloroform-d) § 7.83 (dd, J = 3.9, 1.2 Hz, 1H), 7.73 (dd, J =
4.9, 1.1 Hz, 1H), 7.16 (dd, J=5.0, 3.9 Hz, 2H), 3.87 (s, 2H), 3.27 (td, /= 7.2, 5.7 Hz, 2H), 1.51
(p,J=7.1 Hz, 2H), 1.34 — 1.19 (m, 13H), 0.91 — 0.82 (m, 3H). *C NMR (126 MHz, CDCls) §
188.79, 165.06, 143.43, 135.62, 133.91, 128.62, 45.89, 39.75, 31.86, 29.47, 29.38, 29.26, 29.23,
26.90, 22.66, 14.11. ESI-EMM: [M+H]" calculated 296.1679; measured 296.1674.

o 0
ENWH/\/\/W

Compound 21: '"H NMR (400 MHz, Chloroform-d) & 8.05 (d, J = 3.0 Hz, 1H), 7.76 (d, J=3.0
Hz, 1H), 4.16 (s, 2H), 3.38 — 3.25 (m, 2H), 1.53 (h, J=7.0 Hz, 2H), 1.36 — 1.18 (m, 13H), 0.88
(t,J=6.8 Hz, 3H). 3C NMR (101 MHz, CDCl;) § 188.57, 166.05, 164.71, 145.11, 127.48,
45.67,39.83,31.86,29.49,29.37,29.27,29.24, 26.88, 22.67, 14.12. ESI-EMM: [M+H]"
calculated 297.1631; measured 297.1626.
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Compound 22: "H NMR (500 MHz, Chloroform-d) & 8.01 (m, 2H), 7.62 (tt, J = 7.38, 1.32, 1H),
7.50 (m, 2H) 3.95 (s, 1H), 3.30 (td, J= 7.2, 5.7 Hz, 2H), 1.54 (p, J = 7.4 Hz, 1H), 1.39 — 1.27 (m,
4H), 0.89 (1, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CDCls) 5 196.41, 165.51, 136.22, 134.08,
128.88, 128.59, 77.28, 77.23, 77.02, 76.77, 45.35, 39.68, 29.09, 29.05, 22.33, 13.97. ESI-EMM:
[M+H]" calculated 234.1489; measured 234.1486.

O O
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Compound 23: '"H NMR (400 MHz, Chloroform-d) & 8.05 — 7.95 (m, 2H), 7.66 — 7.58 (tt, J =
7.49, 1.39, 1H), 7.49 (m, 2H), 7.13 (s, 1H) 3.94 (s, 1H), 3.29 (td, /= 7.3, 5.7 Hz, 2H), 1.59 —
1.46 (m, 1H), 1.38 — 1.20 (m, 6H), 0.87 (t, J= 6.8 Hz, 3H). *C NMR (101 MHz, CDCI3) §
196.28, 165.57, 136.21, 134.03, 45.44, 39.72, 31.44, 29.36, 26.56, 22.53, 14.01. ESI-EMM:
[M+H]" calculated 248.1645; measured 248.1642.
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Compound 24: 'H NMR (500 MHz, Chloroform-d) & 8.05 — 7.98 (m, 2H), 7.61 (t, J= 7.4, 1.36
Hz, 1H), 7.49 (m, 2H), 7.11 (s, 1H), 3.95 (s, 1H), 3.29 (td, J= 7.3, 5.8 Hz, 2H), 1.53 (t, J= 7.2
Hz, 2H), 1.43 — 1.20 (m, 8H), 0.87 (t, J = 6.8 Hz, 3H). '*C NMR (126 MHz, CDCls) § 196.33,
165.52, 136.21, 134.04, 128.86, 128.57, 77.29, 77.04, 76.78, 45.41, 39.71, 31.71, 29.40, 28.92,
26.85,22.57, 14.07. ESI-EMM: [M+H]" calculated 262.1802; measured 262.1798.

N N N
N
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Compound 25: '"H NMR (500 MHz, Chloroform-d) § 8.17 — 7.93 (m, 2H), 7.68 — 7.57 (m, 1H),
7.49 (t,J=17.8 Hz, 2H), 7.14 (s, 1), 3.94 (s, 1H), 3.29 (td, /= 7.2, 5.7 Hz, 2H), 1.52 (t, /= 7.0
Hz, 2H), 1.44 — 1.17 (m, 10H), 0.87 (t, J= 6.9 Hz, 3H). 3C NMR (126 MHz, CDCls) § 196.29,
165.58, 136.20, 134.03, 128.85, 128.57, 45.43, 39.72, 31.77, 29.39, 29.22, 29.18, 26.90, 22.64,
14.09. ESI-EMM: [M+H]" calculated 276.1958; measured 276.1954.
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Compound 26 (V-06-018): '"H NMR (500 MHz, Chloroform-d) & 8.04 — 7.96 (m, 2H), 7.67 —
7.57 (m, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.20 — 7.05 (s, 1H), 3.94 (s, 2H), 3.29 (td, J= 7.2, 5.7 Hz,
2H), 1.52 (p, J= 7.2 Hz, 2H), 1.44 — 1.15 (m, 12H), 0.88 (t, J = 6.9 Hz,3). '*C NMR (126 MHz,
CDCls) § 196.31, 165.57, 136.23, 134.05, 128.87, 128.59, 45.44, 39.73, 31.86, 29.48, 29.41,
29.27,29.24, 26.91, 22.67, 14.12. ESI-EMM: [M+H]" calculated 290.115; measured 290.2114.
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Compound 27: 'H NMR (400 MHz, Chloroform-d) & 8.08 — 7.94 (m, 2H), 7.67 — 7.57 (tt, J =
7.42,1.32, 1H), 7.49 (m, 2H), 7.12 (s, 1H), 3.94 (s, 2H), 3.28 (td, J= 7.2, 5.7 Hz, 2H), 1.52 (p, J
=7.1 Hz, 2H), 1.37 — 1.17 (m, 14H), 0.87 (t, J = 6.8 Hz, 3H). 1*C NMR (126 MHz, CDCl3) 5
196.39, 165.46, 136.21, 134.07, 128.87, 128.57, 45.35, 39.71, 31.89, 29.53, 29.51, 29.39, 29.30,
29.26, 26.90, 22.68, 14.12. ESI-EMM: [M+H]" calculated 304.2271; measured 304.2265.
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Compound 28: '"H NMR (500 MHz, Chloroform-d) § 8.10 — 7.89 (m, 2H), 7.68 — 7.58 (m, 1H),
7.55 —7.45 (m, 2H), 7.10 (s, 1H), 3.95 (s, 1H), 3.29 (td, /=7.2, 5.7 Hz, 2H), 1.59 — 1.46 (m,
2H), 1.27 (d, J=17.4 Hz, 16H), 0.88 (t, J = 6.9 Hz, 3H). 1*C NMR (126 MHz, CDCl;) § 196.39,
165.50, 136.22, 134.07, 128.88, 128.59, 77.28, 77.23,77.02, 76.77, 45.37, 39.72, 31.91, 29.60,
29.58,29.52,29.40, 29.33, 29.27, 26.90, 22.69, 14.13. ESI-EMM: [M+H]" calculated 318.2428;
measured 318.2425.

N/\/\/\/\/\/\
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Compound 29: 'H NMR (500 MHz, Chloroform-d) & 8.17 — 7.92 (m, 2H), 7.61 (d, J=7.5 Hz,
1H), 7.50 (t, J= 7.7 Hz, 2H), 7.13 (s, 1H), 3.95 (s, 2H), 3.37 — 3.19 (m, 2H), 1.53 (p, J=7.2 Hz,
2H), 1.38 — 1.17 (m, 18H), 0.88 (t, J = 6.8 Hz, 3H). '3C NMR (126 MHz, CDCls) § 196.36,
165.58, 136.19, 134.07, 128.87, 128.58, 45.34, 39.73, 31.92, 29.65, 29.63, 29.57, 29.52, 29.38,
29.35,29.26, 26.90, 22.69, 14.13. ESI-EMM: [M+H]" calculated 332.2584; measured 332.2589.
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Compound 30: '"H NMR (500 MHz, Chloroform-d) § 8.01 — 7.93 (m, 2H), 7.66 — 7.57 (tt, J =
7.38, 1.69 Hz, 1H), 7.49 (m, 2H), 7.14 — 7.06 (m, 2H), 7.03 (s, 1H), 6.93 — 6.76 (2, 1H), 3.91 (s,
2H), 3.78 (s, 3H), 3.52 (td, J= 7.1, 5.7 Hz, 2H), 2.77 (t, J = 7.1 Hz, 2H). 1*C NMR (126 MHz,
CDCIl3) 6 194.96, 164.53, 157.19, 135.14, 133.01, 129.69, 128.65, 127.82, 127.57, 112.96, 54.21,
44.54, 40.10, 33.68. ESI-EMM: [M+H]" calculated 298.1438; measured 298.1434.
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Compound 31: '"H NMR (500 MHz, Chloroform-d) § 8.01 — 7.93 (m, 2zH), 7.63 (tt, J=7.31,
1.31, 1H), 7.52 = 7.47 (m, 2fH), 7.37 (m, 2fH), 7.14 — 7.08 (m, 1H), 7.04 (m, 2H), 3.91 (s, 1H),
3.57-3.50 (td, J=17.1, 5.9, 2H), 2.79 (t, J= 7.1 Hz, 1H). *C NMR (126 MHz, CDCI;) § 196.01,
165.67,137.67, 136.07, 134.14, 131.62, 130.47, 128.89, 128.57, 120.34, 77.28, 77.02, 76.77,
45.40, 40.64, 35.04. ESI-EMM: [M+H]" calculated 346.0437; measured 346.0437.

Saeas

Compound 32: 'H NMR (500 MHz, Chloroform-d) & 8.06 — 7.95 (m, 2H), 7.68 — 7.58 (tt, J =
7.46,1.27, 1H), 7.50 (m, 2H), 7.37 — 7.24 (m, SH), 4.51 (d, J= 5.7 Hz, 2H), 4.01 (s, 2H). 13C
NMR (126 MHz, CDCls) & 196.06, 165.63, 137.86, 136.13, 134.13, 128.89, 128.71, 128.57,
127.69, 127.49, 45.21, 43.66. ESI-EMM: [M+H]" calculated 254.1176; measured 254.1174.

Compound 33: '"H NMR (400 MHz, Chloroform-d) & 7.98 — 7.89 (m, 2H), 7.58 — 7.48 (tt, J =
7.42,1.29 H), 7.42 (m, 2H), 6.81 (s, 1H) 4.23 — 3.59 (m, 3H), 1.42 (p, /= 7.3 Hz, 2H), 1.21 —
1.00 (d, J = 6.6, 3H), 0.92 — 0.72 (t, , J = 6.7, 3H). 3C NMR (101 MHz, CDCl3) § 196.35,
164.93, 136.23, 134.02, 128.85, 128.57, 46.87, 45.62, 29.52, 20.31, 10.28. ESI-EMM: [M+H]"
calculated 220.1332; measured 220.1331.
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Compound 34: 'H NMR (500 MHz, Chloroform-d) § 8.01 (m, 3H), 7.66 — 7.58 (tt, J = 7.23, 1.37,
1H), 7.50 (m, 2fH), 6.96 (s, 1H), 5.45 (m, 1H), 3.93 (s, 2H), 3.37 (td, /= 6.8, 5.4 Hz, 2zH), 2.15
(t, J= 6.9 Hz, 1H), 2.00 — 1.81 (m, 4H), 1.60 (m, 3H), 1.56 — 1.50 (m, 2H). *C NMR (126 MHz,
CDCIl3) 6 196.09, 165.40, 136.25, 134.27, 134.01, 128.86, 128.62, 123.91, 45.66, 37.53, 37.41,
27.83,25.22,22.80,22.32. ESI-EMM: [M+H]" calculated 272.1645; measured 272.1641.

SEW.

Compound 35: '"H NMR (500 MHz, Chloroform-d) & 7.98 (m, J = 2H), 7.62 (tt, J=7.39, 1.3,
1H), 7.52 — 7.46 (m, 2H), 7.31 — 7.15 (m, 5H), 7.06 (s, 1H), 3.92 (s, 1H), 3.56 (td, J=7.1, 5.9
Hz, 1H), 2.84 (t, J= 7.1 Hz, 1H). >*C NMR (126 MHz, CDCl5) § 195.99, 165.59, 138.71,
136.16, 134.05, 128.86, 128.80, 128.74, 128.59, 128.58, 126.49, 45.50, 40.94, 35.62. ESI-EMM:
[M+H]" calculated 268.1332; measured 268.1330.

OH O
O)\)‘\/\/\/\/\/
Compound 36: '"H NMR (400 MHz, Chloroform-d) § 7.94 — 7.79 (m, 2H), 7.55 — 7.50 (m, 1H),
7.48 —7.42 (m, 2H), 6.17 (s, 1H), 2.52 —2.32 (t, J=7.51 2H), 1.68 (p, J = 7.6 Hz, 2H), 1.27 (m,
J=83Hz, 14H), 0.95-0.83 (t, J= 7.0, 3H). 3C NMR (101 MHz, CDCl;3) § 197.03, 183.50,

135.11, 132.21, 128.60, 126.99, 96.08, 39.30, 31.91, 29.59, 29.49, 29.40, 29.32, 25.88, 22.70,
14.13. ESI-EMM: [M+H]" calculated 289.2162, measured 289.2161.
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Compound 37: '"H NMR (500 MHz, Chloroform-d) § 7.26 (t, J = 7.5 Hz, 2H), 7.21 — 7.17 (m,
3H), 5.86 (s, 1H), 3.21 - 3.15 (td, J=7.02, 5.29, 2H), 2.96 (t, J = 7.7 Hz, 2H), 2.48 (t, J=7.62
Hz, 2H), 1.41 (p, J= 7.2 Hz, 2H), 1.24 (m, 12H), 0.88 (t, J= 7.0 Hz, 3H). '3C NMR (126 MHz,
CDClIs) 6 172.38, 140.88, 128.56, 128.42, 126.30, 77.41, 77.16, 76.90, 39.75, 38.46, 31.95,
29.58,29.38, 29.34, 26.96, 22.75, 14.20. ESI-EMM: [M+H]" calculated 276.2322; measured
276.2317.
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Compound 38 has been fully characterized and reported previously by our laboratory.!> Spectra
matched previously reported data.

Compound 39: '"H NMR (500 MHz, Chloroform-d) § 7.66 (d, J = 1.6 Hz, 1H), 7.34 (d, J=3.6
Hz, 1H), 7.06 (s, 1H), 6.59 (dd, J= 3.6, 1.7 Hz, 1H), 3.81 (s, 2H), 3.28 (td, /= 7.2, 5.7 Hz, 2H),
1.52 (p, J=7.2 Hz, 2H), 1.28 (m, J = 22.2 Hz, 14H), 0.88 (t, J= 6.9 Hz, 3H). '3C NMR (126
MHz, CDCI3) 6 184.32, 165.00, 151.83, 147.80, 119.63, 112.84, 44.88, 39.73, 31.88, 29.54,
29.52,29.37,29.30,29.27, 26.90, 22.68, 14.12. ESI-EMM: [M+H]" calculated 294.2064;
measured 294.2060.

A NT TSNS

Compound 40: '"H NMR (500 MHz, Chloroform-d) § 7.66 (d, J = 1.6 Hz, 1H), 7.34 (d, J=3.6
Hz, 1H), 7.06 (s, 1H), 6.59 (dd, J= 3.6, 1.7 Hz, 1H), 3.81 (s, 2H), 3.28 (td, /= 7.2, 5.7 Hz, 3H),
1.51 (q,J=7.2 Hz, 3H), 1.27 (d, J=20.5 Hz, 21H), 0.88 (t, J = 6.9 Hz, 3H). '*C NMR (126
MHz, CDCIs) 6 184.33, 164.99, 151.83, 147.81, 119.63, 112.84, 44.87, 39.73, 31.91, 29.60,
29.59, 29.52,29.37, 29.33, 29.28, 26.91, 22.69, 14.13. ESI-EMM: [M+H]" calculated 308.2220;
measured 308.2218.

X N Ve Ve VO

Compound 41: '"H NMR (400 MHz, Chloroform-d) § 7.66 (d, J = 1.6 Hz, 1H), 7.34 (d, J=3.6
Hz, 1H), 7.06 (s, 1H), 6.59 (dd, J= 3.6, 1.7 Hz, 1H), 3.81 (s, 2H), 3.28 (td, /= 7.2, 5.7 Hz, 2H),
1.52 (p, J=7.1 Hz, 2H), 1.36 — 1.17 (m, 18H), 0.88 (t, J= 6.8 Hz, 3H). 3*C NMR (126 MHz,
CDCIl3) 6 184.33,164.97, 151.82, 147.80, 119.62, 112.84, 44.85, 39.73, 31.92, 29.65, 29.63,
29.59, 29.53,29.37, 29.35, 29.28, 26.91, 22.70, 14.13. ESI-EMM: [M+H]" calculated 322.2377,;
measured 322.2372.
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Compound 42: '"H NMR (500 MHz, Chloroform-d) § 7.84 (d, J = 3.8 Hz, 1H), 7.74 (d, J=4.9
Hz, 1H), 7.17 (apparent t, J = 4.4 Hz, 1H), 7.15 (s, 1H), 3.89 (s, 2H), 3.28 (apparent q, J = 6.8
Hz, 2H), 1.52 (t, J=7.2 Hz, 2H), 1.27 (d, J= 19.8 Hz, 17H), 0.88 (t, J = 6.8 Hz, 4H). 1*C NMR
(126 MHz, CDCl3) 6 188.81, 165.05, 143.41, 135.65, 133.91, 128.63, 45.82, 39.74, 31.89, 29.53,
29.51, 29.36, 29.30, 29.26, 26.90, 22.68, 14.13. ESI-EMM: [M+H]" calculated 310.1835;
measured 310.1836.

I N N S
@\S)J\/U\H

Compound 43: '"H NMR (500 MHz, Chloroform-d) § 7.84 (d, J = 3.8 Hz, 1H), 7.74 (d, J=4.9
Hz, 1H), 7.19 — 7.16 (apparent t, /= 4.4 Hz, 1H), 7.15 (s, 1H), 3.89 (s, 1H), 3.28 (q, /= 6.8 Hz,
1H), 1.52 (p, J=7.1 Hz, 1H), 1.27 (d, J = 18.2 Hz, 8H), 0.88 (t, J = 6.9 Hz, 2H). 1*C NMR (126
MHz, CDCI3) 6 188.81, 165.07, 143.41, 135.65, 133.92, 128.63, 77.30, 77.05, 76.79, 45.83,
39.75,31.92,29.61, 29.59, 29.52, 29.37, 29.34, 29.27, 26.91, 22.70, 14.14. ESI-EMM: [M+H]"
calculated 324.1992; measured 324.1996.

N N e N N

Compound 44: '"H NMR (500 MHz, Chloroform-d) § 7.84 (d, J=3.8 Hz, 1H), 7.74 (d, J=4.9
Hz, 1H), 7.17 (apparent t, J = 4.4 Hz, 1H), 7.14 (s, 1H), 3.89 (s, 2H), 3.28 (apparent q, J = 6.6
Hz, 2H), 1.52 (p, J= 7.1 Hz, 2H), 1.27 (d, J= 17.8 Hz, 18H), 0.88 (t, J = 6.8 Hz, 3H). 3C NMR
(126 MHz, CDCI3) 6 188.83, 165.05, 143.41, 135.67, 133.92, 128.64, 77.29, 77.24, 77.04, 76.78,
45.82,39.75,31.93, 29.66, 29.64, 29.59, 29.53, 29.38, 29.36, 29.28, 26.91, 22.71, 14.14. ESI-
EMM: [M+H]" calculated 338.2148; measured 338.2144.
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I'H- and 1*C-NMR spectra for V-06-018 (26) and all new compounds (7—37 and 39—44)
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Abstract

New Quorum Sensing Modulators

The opportunistic pathogen Pseudomonas aeruginosa controls myriad aspects of virulence via a
bacterial cell-to-cell chemical communication system known as quorum sensing (QS). Small
molecules that inhibit QS in P. aeruginosa would be useful tool compounds to study the role of
this signaling pathway in infection and interrogate its viability of as an approach to block
virulence. However, nearly all compounds known to target QS in P. aeruginosa are of low
potency and have structural liabilities that limit their application in biologically relevant
environments. Here, we report the results of a high-throughput screen for new 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 LasR modulators. These compounds include
antagonists that surpass the potency of all known N-acylated homoserine lactone-based
antagonists and could serve as robust starting points as scaffolds for further probe optimization.
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Introduction

Many 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 engage in group-beneficial behaviors at
high number, some of which are relevant to human health, agriculture, and industrial processes.>
Our research group and others are actively involved in the development of small molecule and
peptide tools to intercept these pathways and understand their role in infection and host-microbe
interactions.’

The archetypal QS circuit in Gram-negative bacteria is the LuxI/LuxR receptor/synthase
pair, first characterized in the bioluminescent marine symbiont Vibrio fischeri.*> LuxI-type
synthase enzymes catalyze the formation of N-acyl L-homoserine lactone (AHLs), which is
produced at low basal levels at low cell density. At a sufficient concentration of AHL (and thus
bacterial cell number), these low molecular weight ligands bind to and activate intracellular
LuxR-type receptors. Once complexed with their AHL signal, these transcription factors then
typically dimerize and bind to DNA in response, altering QS controlled gene expression.

P. aeruginosa is a common Gram-negative pathogen that regulates much of its virulence
(i.e., ability to infect) via QS.% 7 It has a high rate of antibiotic resistance and is dangerous to
immunocompromised, particularly cystic fibrosis (CF), patients. The intimate relationship
between virulence and QS in P. aeruginosa has motivated considerable research toward the
discovery of chemical entities capable of blocking QS in this pathogen, and thereby potentially
infections.® 13

The QS circuity in P. aeruginosa is comprised of at least two complete LuxI/R pairs

(LasI/R and RhII/R), QscR (an “orphan” LuxR type receptor without a related synthase), and
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PgsE (a LysR-type receptor). Lasl produced N-(3-oxo)-dodecanoyl L-homoserine lactone
(OdDHL), which is bound by both LasR and QscR.!* RhlI produces N-butyryl L-homoserine
lactone (BHL), which is bound 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.'® These four receptors work together to finely tune P. aeruginosa QS in response to
environmental queues.'’

Among these interconnected QS systems, LasR plays a prominent role in P.
aeruginosa."® The receptor regulates the production of virulence factors such as elastase B and
alkaline protease.'* It also upregulates production of rhamnolipid, HCN, and pyocyanin via
control of the Rhl and Pqs systems.® Accordingly, significant effort has been devoted to the
identification of small molecules that can antagonize the activity of LasR, the most common
mechanism being to block its native AHL signal, OdDHL, from binding. To find such ligands,
the OdDHL scaffold has been studied and derivatized extensively.'3-2 However, these efforts
focused on AHL type ligands have failed to produce a LasR antagonist with an ICso value under
10 pM in P. aeruginosa based on LasR gene reporter assays.'? This failure is at least in part due
to chemical and biological liabilities inherent to the AHL scaffold. AHLSs, both naturally
occurring and non-native, are actively effluxed from P. aeruginosa by the MexAB-OpRM
multidrug efflux pump.?! 2> Additionally, the lactone ring is prone to hydrolysis in aqueous
media, and P. aeruginosa contains enzymes that hydrolyze the lactone and amide bonds,
rendering the compounds inactive.?® These liabilities have motivated our laboratory?*?* and
others?®?7 to develop QS modulators of Gram-negative bacteria that are not based on the AHL

scaffold.?*
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Past work has shown that high-throughput screening (HTS) of small molecule libraries
can provide a strategy to discover non-AHL-type QS modulators (Figure 2.1). LasR has been the
focus of all past HTS efforts to uncover antagonists and agonists of LuxR-type receptors in P.
aeruginosa. The Greenberg lab has made notable contributions in this area, discovering both V-
06-018, the most potent LasR antagonist known at the time of its discovery in 2006 (LasR ICso =
2 uM) and the triphenyl (TP) series of ligands.?® ?° This series contains the agonist TP-1, which
surpasses LasR’s native ligand OdDHL in potency (ECso = 70 nM), and TP-5, a LasR antagonist
with modest (ICso = 69 uM) potency. Rahme and co-workers have applied HTS very
successfully to develop inhibitors of PqsR, such as M64.!! Virtual screening has also been
applied to identify QS modulators in P. aeruginosa. 8-Azaguanine, identified in silico to bind
LasR, was found to antagonize LasR in cell-based gene reporter assays and abrogate QS-
controlled phenotypes in P. aeruginosa, albeit at high uM concentrations.*® Many other
compounds have been predicted in silico to bind LasR, but have yet to be validated
experimentally.®!

Several modulators of LasR discovered via HTS have served as starting points for the

development compounds with improved activities or alter properties, including the TP series?> 3

33 and V-06-018. Very recently, our laboratory reported a LasR antagonist with a submicromolar
ICso that we developed while studying the structure-activity relationships (SARs) surrounding V-
06-018’s activity profile in LasR.** However, improved potency is not everything; the lead
compounds from that study are highly lipophilic and cannot be readily diversified further, which
will limit their application as probes in certain biological settings. We therefore remain interested

in discovering novel non-AHL scaffolds that are (1) highly potent at modulating LasR in P.

aeruginosa based assays (ICso values in the single-digit uM or lower), (2) free of hydrolytically
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and enzymatically labile bonds, (3) readily soluble in aqueous media, and (4) comprised of a

structure that is amenable to further chemical diversification.

o 0
/\/\\/\/\\/
N
@)Q'LH cl

V-06-018 NO, O O O

V-40
Cl
i 0
N HN

NH
N, s, e}
N H NH NH
8-Azaguanine o
TPS 2
4N:
N N

L S0
PD12 Nu

OH

Figure 3.1. Selected abiotic small molecules discovered in high throughput screens that
modulate the activity of LasR in P. aeruginosa. V-06-018,% PD12,%° TP5,%® and 8-Azaguanine*’
antagonize LasR; TP1-R?® agonizes LasR.

The present study describes our pursuit of this goal via the screening a 25,000-compound
library in a P. aeruginosa-based LasR gene reporter assay. We describe the discovery of nine of
structurally distinct LasR modulators, including several antagonists with ICso values below 1
uM. We also provide insight into the possible binding mode of these compounds to LasR via
molecular docking experiments.

Results

Implementation and execution of a high throughput screen.

We chose to perform our HTS study in the commonly used P. aeruginosa-based LasR gene
reporter strain PAO-JP2 (AlasIrhil).'* This mutant strain lacks the ability to synthesize its own
AHLs, but contains the MexAB-OprM efflux pump mentioned above.?! We wanted the pump to

be present in our screening system, as we were most interested in chemical scaffolds that are not
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readily effluxed from P. aeruginosa. We initiated our study by miniaturizing the assay from a
96- to 384-well microplate format. The principal difficulty in this process was the accumulation
of biofilm in the low volume wells, which was overcome by starting the assay at a low cell
density (see Experimental section).

We screened the commercial 25,000 compound LifeChem 4 diversity library at a
concentration of 10 uM. We identified 172 structures (~0.7% hit rate) that either inhibited or
increased LasR activity >15% relative to our controls. These compounds then were selected for
secondary screening in the reporter assay over a range of concentrations to obtain dose-response
profiles. We approached our screening data cognizant of the danger posted by pan-assay

interference compounds,>> 3

and removed suspect structures as we triaged our hit compounds.
Ultimately, we purchased a selection of the most potent hits and several of their commercially

available analogues, in order to fully characterize their LasR activity profiles.

Structures and activities of hit compounds.

The structures of the nine hit compounds and related analogs are shown in Figure 2.2,
and their antagonism and agonism activity profiles in LasR are listed in Table 2.1 (Figure S1-2).
To the best of our knowledge, none of these compounds have been previously reported to

modulate LuxR-type proteins or any other biological targets.
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Figure 3.2 Compounds the LifeChem 4 library that modulate LasR activity can be divided into
four structural classes. Classes I-III (compounds 1-8) antagonize LasR, while class IV (9)
agonizes LasR.
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Table 3.1. Potency and maximum LasR inhibition (efficacy) for HTS compounds and selected
control compounds in P. aeruginosa reporter PAO-JP2*

IC/ECss  95% CI Maximum Inhibition /
Compound b . Activation
(MM) (HM) (%)d
Antagonism
1 3.5 2.5-49 51
2 2.7 1.6-4.6 55
3 0.8 03-2.1 38
4 2.4 1.2-4.7 38
5 1.0 0.6-1.6 54
6 1.8 14-24 72
7 0.4 0.3-0.6 62
8 18 13-25 84
9 - - -
CL¢ 21 11-39 55
V40! 0.2 0.2-03 85
Agonism
1 - - -
2 - - -
3 - - -
4 - - -
5 - - -
6 - - -
7 - - -
8 - - -
9 0.7 0.6-1.0 100
OdDHL* 0.1 0.1-0.2 100
TP-1¢ 0.07 0.04 -0.1 100

@ See Experimental section for details of the reporter assay and data work-up. ® Compounds 1-8
screened over a range of concentrations (100 uM — 46 nM); compound 9 screened for agonism
over an expanded range (100 uM — 0.01 nM). 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 uM). ICso and ECso values calculated from three independent
biological replicates. For full dose-response curves, see Figures S1 and S2. *CI = 95%
confidence interval. ¢ Maximum agonism and antagonism values represent the top and bottom
values of the fitted curves. “Data from Moore ef al 2015 using analogous assay conditions. !
Data from Manson et al 2020 using analogous assay conditions.>*

We found three classes (I-III) of potent and efficacious LasR antagonists in our set of
HTS hits (Figure 2.2). These antagonists have superior potencies in the P. aeruginosa

experiment relative to all known AHL-based antagonists.?’ None of these compounds had an
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effect on P. aeruginosa growth. (Figure S3). For comparison, we have included data for the
most potent known AHL agonist and antagonist (OdDHL and CL [chlorolactone],®
respectively), and non-AHL agonist and antagonist (TP-1 and V-40, respectively)®* in Table 2.1.

Class I (1 and 2) had indistinguishable potencies of approximately 3 [1M, suggesting a
variety of ortho substituents on the benzamide moiety can be tolerated. Class I (3—6), which we
term “triaryl” based on their resemblance to the TP series of ligands, had indistinguishable 1Cso
values between 1 and 3 [IM. These compounds differed, however, in maximum LasR inhibition;
compound 6 had a higher efficacy than compounds 3 and 4. We were struck by the structural
similarity between compounds 3—6 and TP5 (Figure 2.1).2® As in compounds 36, the central
ring of TP5 is unsubstituted apart from the linkers to the other rings. In contrast, the central ring
of TPs 1-4, all of which are LasR agonists, are brominated at positions 2 and 4. Additionally,
compounds 3-6, like TPS5, are linked by two-atom functional groups (an amide and a
sulfonamide for 3—6 vs. two amides for TP5). The agonist TPs 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 triaryl compounds we report here are approximately
30x more potent than TPS5 in P. aeruginosa (TP-5 ICso = 69 uM). Further synthetic chemistry
can clarify whether this improvement in potency is a function of the different ring identity
(phenyl vs. benzothiazole), substituents on the rings, or the functional groups that link them (i.e.,
ester vs. sulfonamide).

The class III compounds contained both our most potent LasR antagonist, 7, and our most
efficacious LasR antagonist, 8 (Figure 2.2, Table 2.1). Despite its efficacy, 8 was the least

potent of the hit compounds we evaluated. These results for 7 and 8 indicate that substitution on
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the aryl ether moiety plays a large role in determining the activity profile of this class of
compound.

The single class IV compound 9, when screened in a competitive antagonism experiment,
was actually found to increase GFP production relative to controls (Figure S1). We therefore
quantified its LasR agonism profile, along with those of compounds 1-8 to complete their
assessment. Only compound 9 had activity in this assay, and was found to be relatively potent
LasR agonist (ECso = 0.7 uM; Figure S2). To our knowledge, only OdDHL, very closely related
AHL analogues (i.e., 3-oxo-C11 HL) and TP-1 have sub-micromolar agonism potencies in P.
aeruginosa reporter systems. Compound 9 therefore represents an important new LasR agonist

scaffold with substantial potential for derivatization.

Screening in E. coli confirms hit activity in LasR.
We conducted our primary screen in a P. aeruginosa strain because we are interested in the use
of these compounds as probes of LasR in its native environment. To verify that these compounds
target LasR directly, we used a heterologous (E. coli) LasR reporter system (i.e., the ASdiA
strain JLD271, harboring pJN105L + pSC11-L; see Experimental sections),*® in which LasR is
isolated from the remainder of the P. aeruginosa QS circuitry. Our compounds largely retained
their activities in this system, confirming that they target LasR directly (Figure S4 and S5,
Table S2).%

We do note that the potency and efficacy of compounds 1-8 was reduced in the E. coli
LasR reporter relative to in the P. aeruginosa LasR reporter system. We ascribe this
phenomenon, which we have observed previsisuly,'%3* to the increased amount of LasR

produced in the heterologous system relative to native production from the bacterial genome.3* !
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In turn, receptor overexpression has been shown previously to increase the apparent potency of
agonists.*! Indeed, agonist 9 was two orders of magnitude more potent in E. coli relative to P.
aeruginosa (ECso values of 700 vs. 8 nM, respectively). Additionally, compounds 6-8, all of
which were incapable of agonizing LasR in the P. aeruginosa system were found to moderately
agonize it in the E. coli system (Figure S4). These compounds are therefore best characterized as
partial agonists, with agonism profiles too weak to be measured in the P. aeruginosa

background.
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Figure 3.3. Views of representative compounds from each structure class computationally
docked into an ensemble of LasR LBD structures (PDB IDs 2UV0, 31X3, 31X4, 31X8, 3JPU,
6D6A, 6D6B, 6D6C, 6D6D, 6D6L, 6D6M, 6D6N, 6D60, 6D6P, 6SMWH, 6MWL, 6MWW ).+
(A) Compound 1; (B) compound 6; (C) compound 7, and (d) compound 9. A view of OdDHL
from the [LasR LBD:OdDHLY]; crystal structure® is included for comparison in (E). Three-
dimensional and two-dimensional views are shown at left and right, respectively; residues that
flank the compound are indicated in each view in matching colors. Putative hydrogen-bonding
interactions are indicated by yellow dashes. These poses represent the highest-docking-score
(i.e., lowest energy) poses for each ligand. See Methods section for experimental details
regarding docking experiments.
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Molecular docking provides insights into protein-ligand interactions.

To investigate molecular details of the LasR:ligand interaction, we docked selected hit
compounds from each structural class (1, 6, 7, and 9) into the OdDHL binding site of LasR
(Figure 2.3). We used the reported LasR ligand-binding domain (LBD):OdDHL structures
reported by the Carfi, Bassler, Nair, and our own groups.*> *-*> Given that all reported structures
of LuxR-type proteins complexed with both AHL and non-AHL ligands show the small

43,4647 we reasoned that our new ligands likely bind

molecule bound to the AHL-binding site,
there as well in LasR.

Our docking experiments enabled us to identify portions of the molecules that are
analogous to the AHL “head group” and “tail”. The AHL:LasR interaction is mediated in part by
a series of hydrogen bonds, the most important of which is between the amide N-H and Asp
73.%%:% Our docking indicate that analogous hydrogen bonds exist between the amide N-H
protons in 1, 7, and 9, and the sulfonamide N-H proton in 6, and LasR residues including Asp 73,
Thr 115, and Ser 129. These residues are also known to form hydrogen bonds with other
heteroatoms in the AHL. Compounds 1, 7, and 9 extend into the portion of the binding cavity
filled by the aliphatic acyl tail of OdDHL and abut against the hydrophobic residues that seal the
binding site (i.e., Leu 40, Leu 125, A50). These docking data indicate that these LasR residues
likely bind 1, 6, 7, and 9 in a manner that is broadly similar to AHLSs (i.e., mediated by the same
residues and analogous hydrogen bonds). Further characterization of this binding interaction

(i.e., structural experiments and mutagenesis) are ongoing in our laboratory and will be reported

in due course.
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Discussion
This project was motivated by the need for potent and efficacious tool compounds that inhibit the
key QS regulator LasR in the opportunistic pathogen P. 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 distinct
from the AHL structure. Each of these antagonists exceeds the potency of all known AHL-based
LasR antagonists in a P. aeruginosa cell-based gene reporter experiment, underscoring the
advantage of non-AHL-derived antagonists. We believe that the activity of molecules based on
each of these scaffolds can likely be enhanced by synthetic chemistry campaigns.

The similarity between the Class II compounds reported here and the previously reported
TP series of ligands is striking; the reoccurrence of this chemotype in two different high
throughput screens underscores its utility as a modulator of LasR activity. Our docking data
indicate that the ligands from classes I, III, and IV likely adopt poses that are analogous to
AHLs, with a carbocyclic or heterocyclic “headgroup” packed into the same residues that
surround the homoserine lactone, and an amide bond (or sulfonamide) making polar contacts
with polar residues that hydrogen bond the amide joining the HSL to the acyl tail (i.e., Asp 73,
Ser 129, and Thr 115). It is likely that screening additional, larger libraries could result in the
discovery of related classes of molecules (i.e., cyclic moieties joined by amides and other
carbonyl functional groups); of course, completely new scaffolds could be identified also. The
discovery and exploitation of such compounds represents a path forward for the QS field to
move away from AHL-based antagonists and develop highly potent and chemically robust

modulators of QS in Gram-negative bacteria.
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Materials and Methods
Compound handling
Compounds stocks were prepared at appropriate concentrations in DMSO and kept frozen at -20

°C until use.

Biology

A list of bacterial strains and plasmids used in this study is included in the supplemental
information (Table S1). Bacteria were cultured in Luria-Bertani (LB) medium and grown at 37
°C. Cell growth was measured by absorbance at 600 nm (ODgo0). Absorbance and fluorescence
measurements were made on a ThermoFisher Nanodrop 2000, a CLARIOstar® plate reader
running MARS data analysis software, and a PerkinElmer EnVision plate reader running
Envision Manger software. Dose response curves were prepared using GraphPad Prism version

8.3.1.

P. aeruginosa Assay protocol

A 2 mL culture of LB media with 300 ng/mL carbenicillin was inoculated with a single colony
of P. aeruginosa reporter strain PAO-JP2 and grown overnight. The next morning, overnight
culture was diluted 1:100 into fresh LB and grown until Agoo, measured on a nanodrop, = 0.3
AU. While the subculture was growing, 2 uL of compound stocks at appropriate concentrations
were manually dispensed into the interior wells of a black 96 well plate. When culture reached
the appropriate density, 198 uL were dispensed into the interior wells. Plates were incubated for

6h at 37 °C, at which point fluorescence and absorbance were read. See supplemental
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information for modified high throughput screening assay protocol and additional experimental

details.

E. coli Assay protocol

A 10 mL culture of LB media with 100 ug/mL 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, overnight culture was diluted 1:10 into fresh LB and supplemented with fresh
antibiotics. Culture was grown until Asoo, measured on a nanodrop, reached 0.5, at which point
0.4% w/v arabinose was added. While culture grew, 2 pL of compound stocks in DMSO at the
appropriate concentration was added to the interior wells of a clear 96 well plate. 198 uL of
culture was added, and plate were incubated for 4h. After incubation, miller assay was performed

as described previously.>* See the experimental section for additional details.

Molecular Docking
Compounds 1-9 were docked into an ensemble of LasR crystal structures using SMINA.>%3! The
resultant poses were clustered by the Butina-Taylor>? method and the best-scored pose from the

largest cluster is shown in Figure 2.3. See SI for a detailed description of docking methods.

ASSOCIATED CONTENT
Supplemental information (Details on strains and plasmids, expanded experimental protocols and

full dose-response curves) is available free online.
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General instrumentation information

Absorbance measurements were made using a Fisher Scientific Nanodrop 2000, absorbance and
fluoresence measurements were made using a CLARIOstar® plate reader running MARS data
analysis software, and a PerkinElmer Envision plate reader running Envision Manager Software.

Table S3.1: Bacterial strains and plasmids used in this study®

Strain or Plasmid Description Ref.
E. coli
JLD271 K-12 AlacX74 sdiA271::CAM; CI} !

P. aeruginosa

PAO-JP2 PAOI lasl::Tet rhil::Tn501-2; Hg® TcR 2
Plasmids

plasl-LVAGFP lasI’-gfp [LVA] transcriptional fusion; Cb® 3

pSC11-L Broad host range lasI -lacZ reporter; ApR 4

pIN105L Arabinose-inducible lasR expression vector; pPBBRMCS |

backbone; Gm®

aAbbreviations: CI® = Chloramphenicol resistance; HgR = Mercury resistance; Tc® = tetracycline
resistance; Ap® = Ampicillin resistance; Gm® = Gentamicin resistance; Cb® = Carbenicillin
resistance

Reporter assay protocols

E. coli reporter assays (p-galactosidase)

LasR activity was measured in E. coli reporter strain JLD271 as previously described.®!%. A 10
mL culture of LB with 100 pg/mL ampicillin and 10 pg/mL gentamicin was inoculated with a
single colony of JLD271 transformed with pSC11-L (/acZ reporter plasmid, Table S1) and
pJN105-1 (LasR) and grown overnight at 37 °C with shaking at 200 rpm. The next day, overnigh

culture was diluted 1:10 in fresh LB medium with fresh antibiotics to Agoo = 0.5 as measured on
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a Nanodrop 2000. Compound stock solution in DMSO were added to the interior wells of a clear

96-well microtiter plate (Costar 3370), with final DMSO concentrations <1%.

For antagonism assays, DMSO was dispensed into 12 wells on each plate (for use as positive
and negative controls). Once subculture reached the appropriate density, 0.4% (w/v) arabinose
was added to induce expression of pJN105. Six DMSO containing wells were filled with 198 pL
of this subculture as a negative control. The remainder of the culture was adjusted to a final
concentration of 2 nM OdDHL and 198 pL aliquots of treated culture were added to all
experimental wells and DMSO wells (as a positive control). The outer wells of the plate were
filled with 200 pL of water (to help maintain the plate humidity and slow evaporation). Plates

were incubated at 37 °C with shaking at 200 rpm for 4 h.

For agonism assays, 2 pnLL. DMSO was added to six wells (for negative controls), and 2 uL of 10
mM OdDHL in DMSO were added to another six wells (for positive controls). Once subculture
reached the appropriate Asoo, arabinose was added to a final concentration of 0.4% (w/v).
Aliquots (198 pL) of this subculture were dispensed into all internal wells. The outer wells of the
plate were filled with 200 puL of water (to help maintain the plate humidity/environment and

slow evaporation). Plates were incubated at 37 °C with shaking at 200 rpm for 4 h.

Approximately 20 minutes before the end of the incubation period, each interior well of a fresh,
chemical-resistant 96 well plate (Costar 3879) was filled with 200 puL Z buffer, 8 uL CHCl3, and
4 uL 0.1% aqueous SDS. After incubation ended, the ODgoo of each culture plate was measured

on a PerkinElmer Envision plate reader. A 50-uL aliquot of each culture-containing well in the
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initial plate was transferred to the lysis-buffer containing chemical resistant plate and lysed by

aspirating 20 times.

A 100-pL aliquot from each well was transferred to a fresh, clear-bottom 96-well plate. The
Miller assay!!' was started by adding 20 uL of substrate ortho-nitrophenyl-B-galactoside (ONPG,
0.4% [w/v] in phosphate buffer) to each well. Then, the plates were incubated static at 30 °C for
30 minutes. The reaction was quenched by the addition of 50 uL of sodium carbonate (1M in
water) to each well. Absorbances at 420 and 550 nm were measured for each well. Miller units

were calculated according to the following formula:

1000 * (4420 — (1.75 * A550))
t*v*x0D600

Miller unit =

¢t = time ONPG incubated with lysate in min (30)

v = volume of culture lysed in mL (0.05)

Miller units were reported as a percentage relative to the OdDHL containing wells (i.e., wells
containing only agonist = 100% activity). All assays were conducted as technical triplicates and
performed at least three times (i.e., three biological replicates). Dose-response curves were

generated using three-parameter fits with Graphpad Prism software (version 8).

P. aeruginosa PAO-JP2 reporter assay (GFP)

High throughput screening (i.e. 384 well plate) protocol
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The LasR assay in P. aeruginosa PAO-JP2 was adapted to 384 well plates for screening the
LifeChem 4 diversity library. Appropriate volumes of DMSO stocks of experimental and control
compounds were dispensed into black 384 well plates using an Echo 550 liquid handler from
LabCyte Inc. All primary screening was conducted at 10 uM. Each plate contained wells with
only a known antagonist (V-06-018), only DMSO, and only a known antibiotic (ciprofloxacin).
The night prior to initiating a primary screening experiment, 2 mL of LB media was inoculated
with a single colony of PAO-JP2 (p/asI-LVAGFP) and 300 pg/mL carbenicillin. The next day,
overnight culture was diluted in fresh LB to OD = 0.094, then diluted a further 1:900 fold. This
dilute culture was then divided, and a portion was treated with OdDHL to a final concentration

of 300 nM.

This dilute culture was plated into 384 well plates using a Thermo Scientific Multidrop liquid
handling robot. Culture treated with OdDHL was dispensed into wells containing experimental
compounds and V-06-018; untreated culture was dispensed into wells containing ciprofloxacin
and DMSO. Plates were then incubated static for approximately 21 hours, at which point GFP
(excitation at 470 nm, emission at 515 nm) and Asoo were read. Data analysis was performed

using the Collaborative Drug Discovery Vault platform.

After conducting the primary screen we conducted triage by secondary screening in
dose/response format. The procedure was the same, except experimental compounds were plated

at a variety of concentrations instead of 10 uM only.
96 well plates protocol

The P. aeruginosa PAO-JP2 LasR assay was performed as previously described with the
following modifications.'® > A 2-mL sample of LB medium containing 300 pg/mL Carbenicillin

was inoculated with a single colony of PAO-JP2 and grown overnight (~16 h). Overnight culture
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was diluted 1:100 in fresh LB medium without antibiotic and grown to an Aeoo = 0.3, measured
on a ThermoFisher Nanodrop 2000. Aliquots (2 pL) of test compound stock solution in DMSO
were added to the interior wells of a black, clear-bottomed 96-well microtiter plate with final
DMSO concentrations <1%. Appropriate controls, depending on assay type (see below) were

added as well.

Antagonism experiments: DMSO (2 nL) was added to twelve wells on each plate. When
subculture reached the appropriate density, it was divided, and OdDHL was added to one portion
for a final concentration of 100 nM. Treated subculture (198 uL) was added to half of the DMSO
containing wells and all experimental wells; untreated subculture was added to the remaining

DMSO wells.

Agonism experiments: DMSO (2 puL) was added to six wells, and OdDHL (2 pL of 10 mM
stock) was added to six addition wells. Subculture (198 pL with no OdDHL added) was

dispensed to all experimental and control wells.

The outer wells of each plate were filled with 200 pL of water (to help maintain the plate
humidity/environment and slow evaporation overall for the interior wells). Plates were then
incubated at 37 °C without shaking for 6 h. After incubation, GFP levels (excitation at 485 nM,
emission at 544 nM) and ODeoo were read using a plate reader. For agonism experiments,
fluorescence data were reported relative to OdDHL-containing wells (i.e., wells containing only
OdDHL = 100% activity); antagonism data were reported relative to wells containing DMSO

and OdDHL-treated subculture (i.e., wells containing only 100 nM OdDHL in culture = 100%
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activity). All assays were conducted as technical triplicates and performed at least three times
(i.e., three biological replicates).!? Dose-response curves were generated as three-parameter fits

to the data using Graphpad Prism software (version 8).

Ensemble and Pose Consensus Docking.

Target Preparation. 16 LasR protein crystal structure representations were obtained from RCSB
(PDB Accession Codes: 2UV0, 31X3, 31X4, 31X8, 3JPU, 6D6A, 6D6B, 6D6C, 6D6D, 6D6L,
6D6M, 6D6N, 6D60, 6D6P, 6(MWH, 6MWL, 6MWW). For structural comparison, given that
the LasR crystal structures were typically in homooligomeric arrangements, all individual LasR
ligand binding domain chains (with accompanying ligands) were isolated and aligned on an
arbitrary reference domain, chain A from PDB accession 2UV0, in 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 ascending 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'* (using
the Dock Prep function to protonate and 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. http://www.eyesopen.com). Nine additional compounds were
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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
(Hawkins et al., 2010, OMEGA 3.1.2.2: OpenEye Scientific Software, Santa Fe, NM.
http://www.eyesopen.com), and converted to mol2 format with partial charges assigned by

molcharge (AM1BCC).

Ensemble Docking. Each of the 9 ligands were docked to each of the 16 LasR target
representations using Smina,'” a fork of AutoDock Vina v1.1.2'® in a typical ensemble approach.
17-18 Smina’s autobox_ligand feature was used to specific 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; http://www.rdkit.org) to include docking scores, pose rank,
compound, and target representation saved as molecular property fields. For each compound,
only top 3 scoring poses were saved when docking to each LasR target representation. This
provides 16 targets * 3 poses/target = 48 total poses for each compound. Using a pose consensus
approach,!® 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.
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Figure S3.1: Dose-response antagonism assay data for selected compounds in the P. aeruginosa
LasR reporter (PAO-JP2 + pLVA-GFP). Data from three biological replicates are plotted, each

performed as three technical replicates. Error bars indicate SD.
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Figure S3.2: Dose-response agonism assay data for selected compounds in the P. aeruginosa
LasR reporter (PAO-JP2 + pLVA-GFP). Data from three biological replicates are plotted, each
performed as three technical replicates. Error bars indicate SD.
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Figure S3.3. P. aeruginosa ODeoo values measured at the end of 6h incubation with compounds

1-9. Compounds 1-9 did not affect the growth of P. aeruginosa.
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Figure S3.4: Dose-response antagonism curves in the E. coli LasR JLD271 (pJN105-L +
pSC11-L). Data from three biological replicates are plotted, each performed as three technical
replicates. Error bars indicate SD.
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from three biological replicates are plotted, each performed as three technical replicates. Error

bars indicate SD.
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Table S3.2: Potency and efficacy of selected compounds in the E. coli LasR reporters (from data

in Figure S3 and S4)*

EC/ICso® 95% CI of EC/ICso Maximum
Compound . Inhibition
(HM) (HM) (%)d
-Antagonism
1 >100 - 17
2 >100 - 10
4 >100 - 0°
5 >100 - 19
7 1.7 0.8-4.0 20
8 5.4 3.8-7.7 49
Agonism
6 >100 - 49
7 0.6 04-0.9 48
8 28 20-39 22
9 0.008 0.006 —0.01 100

aAntagonism experiments performed by competing the compounds against OdDHL at 2 nM. °

Compounds 1-8 screened over a range of concentrations (100 uM — 46 nM); compound 9

screened for agonism over an expanded range (100 uM — 0.01 nM). °95% confidence interval is

generated form a three-parameter fit to at least three biological replicates. Indicates the

maximum inhibition/activation observed at 100 uM. Antagonism % activity is reported relative
to 10 nM OdDHL; agonism data is reported relative to 100 uM OdDHL. °100 uM of compound

4 modestly antagonized LasR activity relative to low concentrations of 4 (see Figure S3);
however, error in the assay resulted in all wells with 4 having higher B-galactosidase activity

than positive control wells.
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Abstract

Bacteria coordinate group beneficial behaviors via a chemical communication system known as
quorum sensing (QS). In Gram-negative bacteria, QS primarily involves the production and
sensing of N-acyl L-homoserine lactones, which affect gene expression by binding to and
typically activating LuxR-type transcription factors. Limited structural information is available
for LuxR-type proteins, especially in complex with non-native, small molecule agonists and
antagonists. This paucity of data has hampered the delineation of mechanistic rationales for
LuxR-type protein activation and inhibition, along with the design of new compounds that can
more effectively modulate the activity of these biologically significant receptors. Here, we report
co-crystal structures of the ligand-binding domain of LasR, a master virulence regulator in the
opportunistic pathogen Pseudomonas aeruginosa, in complex with six non-native ligands. These
structural data, in combination with the results of cell-based reporter gene assays, support a
mechanism by which the position of the L3 loop, a variable portion of LasR that seals the ligand
binding channel, tunes ligand potency for this set of compounds. These results corroborate two
other recent studies of LasR, which collectively underscore a role for the L3 loop in the general
mechanism of LasR modulation by non-native ligands.
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Introduction

Many bacteria gauge their population density using low molecular weight chemical signals in a
process known as quorum sensing (QS).!>? This process controls a variety of group-beneficial
bacterial phenotypes that are relevant to human health, agriculture, and industry. In multiple
human, animal, and plant pathogens, these phenotypes include many associated with virulence
(i.e., ability to initiate infections).># The intimate link between QS and virulence has inspired
efforts to both develop chemical entities that block QS® and elucidate the structures of key
biomolecules that mediate this signaling process.®

Gram-negative bacteria most commonly utilize LuxI/LuxR-type QS circuits.” These
systems involve the synthesis of an N-acyl L-homoserine lactone (AHL) by a LuxI-type
enzyme.® The AHL signals are constantly produced at a low basal level and can freely diffuse
out of the cell, although in certain cases they are also actively exported.” The concentration of
AHL signal is proportional to cell number, so at a certain stage of growth (i.e., when a “quorum”
of bacteria has amassed), the AHL concentration will be sufficient for productive binding to a
cytoplasmic LuxR-type transcription factor. Thereafter, LuxR-type protein:AHL complexes
typically dimerize and bind to DNA, causing changes in gene expression levels and, ultimately,
phenotypes involved in various group behaviors.!? In some bacteria, this process can control
almost 10% of them genome.!!

Many questions remain about the mechanism of LuxI/LuxR-type QS. Biochemical
studies of LuxR-type proteins have been slow due to the instabilities of these proteins in vitro.
The isolation of LuxR-type proteins typically requires that a stabilizing ligand, often their native
AHL, be present at each stage of purification.!® 12 This requirement precludes the possibility of

gathering apo (ligand-less) structures of these proteins.'® Even in the presence of native ligands,
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these proteins have relatively short half-lives.!* !> Despite these difficulties, a small set of LuxR-
type proteins have been co-crystalized with a variety of native and non-native AHL ligands,
providing a three-dimensional view to guide mechanistic hypotheses.'>!”

Prior biochemical studies, albeit limited, have provided other useful information on
LuxR-type proteins. Notably, the thermal stability of LuxR-type receptor:ligand complexes has
been related to the potency with which the ligand activates transcription—that is, LuxR-type
proteins in complex with strongly-activating ligands have enhanced thermal stability relative to
the same LuxR-type protein bound to weakly-activating ligands.'® We note that the causal
relationship at play is likely the reverse: ligands that cause LuxR-type proteins to adopt stable
conformations that are capable of binding DNA are those that can initiate transcription in gene
reporter experiments at low concentrations (i.e., high potency ligands).

The vast majority of attempts to isolate LuxR type proteins with synthetic antagonists
have yielded insoluble protein,'® which has hindered most mechanistic studies of LuxR-type
protein antagonism. This finding, along with the lower thermal stability of LuxR-type receptors
in complex with weakly activating ligands, has inspired the hypothesis that antagonists may
function at least in part by promoting misfolding of the protein.'> CviR, from Chromobacterium
violacein, is the only LuxR-type protein to be crystalized in complex with a non-native AHL-
based antagonist (the chlorolactone AHL analog, CL).2° The X-ray structure showed the
[CviR:CL]> complex adopted a distinct, “crossed” conformation that is presumed to be incapable
of binding DNA (as supported by in vitro experiments showing the complex incapable of
initiating transcription). Studies to determine if the distinct “crossed conformation is a unique
feature of the CviR:CL interaction or a general mechanism of LuxR-type antagonism are

ongoing, including in our laboratories.
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In the current study, we focus on LasR, a master QS regulator and LuxR-type protein in
the opportunistic pathogen Pseudomonas aeruginosa. Significant effort has been dedicated to the
development of probe compounds that can antagonize LasR, for use as tools to study QS and to
potentially attenuate virulence phenotypes.?!">* However, attempts to purify LasR in complex
with antagonists have been met only with insoluble protein.!® While full-length LasR has proven
intractable to crystallization, even in complex with strongly activating ligands, the LasR ligand
binding domain (LBD, a construct that lacks the 60 C-terminal residues comprising the helix-
turn-helix DNA-binding domain) has been successfully crystalized in complex with a variety of
ligands.?

Recently, our research groups have reported a series of LasR LBD structures in complex
with non-native ligands based on the triphenyl (TP) series of abiotic LasR agonists first reported
by the Greenberg lab (Figure 1).2° We identified a region of LasR, the L3 loop (residues Leu 40
— Phe 51) that flanks the opening of the ligand binding pocket and changes position in a manner
correlated with the agonism potency of the bound ligand. When complexed with more potent
ligands, the loop positions against the LBD and seals the entrance to the ligand binding pocket;
however, when in complex with less potent or efficacious ligands (i.e., partial agonists), the L3
loop moves away from the protein, leaving the binding pocket solvent exposed. Homology
modeling using the LBD of LasR and the full-length crystal structure of the homologue QscR
(that recognizes a similar natural ligand, 3-oxo-C12 AHL (OdDHL)) indicated that this loop is
likely in close proximity to the LasR DNA binding domain. This proximity and motion raises the
intriguing possibility that the L3 loop plays a role in transmitting information between the two
domains, and thereby tuning transcriptional activation. In a concurrent study by Bassler and

coworkers, the position of the L3 loop was also shown to play a role in how discriminating LasR
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is for activation by AHL-based ligands,?’ further supporting a role for this loop in LasR:ligand

interactions.

Compounds previously
crystalized with LasR
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Figure 4.1.Selected LasR modulators. TP1-R, discovered by the Greenberg lab, structure
revised by the Janda lab.?®?° OdDHL is the biological ligand of LasR. Compounds A2-A4, A5,
A6 and A14 were discovered jointly by the Blackwell and Handelsman research groups.>°
Compound naming is preserved from the original report of their discovery.

In seeking new ligands with which to continue our structural investigations into the
mechanism of LasR modulation by non-native molecules, we turned to a set of LasR modulators
uncovered by our laboratory in 2010 in a high throughput screen (selected compounds shown in
Figure 1).2° At that time, those compounds were shown in a cell-based gene reporter experiment
to activate LasR at relatively high concentrations (0.5 — 10 uM). These “A-type” compounds are
structurally unrelated to all known modulators of LasR, and therefore represent an opportunity to
probe the generality of the correlation between the position of the L3 loop with ligand potency in
LasR. Here, we further quantified the bioactivity of these compounds and crystalized each of

them in complex to the LasR LBD. Analysis of these structures by X-ray crystallography reveal

that the compounds bind to LasR analogously to the TP series and AHL-based ligands, and that
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the position of the L3 loop varies with ligand potency in a manner consistent with our previous
results. These results serve to underscore the importance of the L3 loop in tuning the agonistic
activity of small molecule LasR modulators, along with demonstrating the impact of structural
data on the mechanistic understanding of LuxR-type protein function. Our findings suggest a

route toward the design of both new agonists and antagonists of this important QS receptor.

Results and Discussion
Structure and bioactivity of selected probe compounds.

We initiated our study by fully characterizing the activity profiles of our compound set in LasR
(Figure 1).2° At the time of their discovery, we did not quantify the potency of these compounds
via dose-response analysis; to obtain quantitative data about their relative LasR activity profiles,
we did so here. We selected a representative subset of compounds for study that, in the initial
report, varied in their agonism efficacy (i.e., the maximum extent to which they activated LasR).
These compounds are comprised of three or more carbocyclic or heterocyclic aromatic rings that
are either directly bonded to each other (i.e., via C-C bond between rings) or joined by amide or
alkene linkers. Compounds A2, A3, A4, and A9 are analogues of each other. While compounds
A2-A4 vary only in the substitution of their aryl rings, A9 differs in ring substitution and in the
substituent on the alkene carbon a to the amide carbonyl. Compounds A6 and A14 both share an
ortho-nitro aryl amide group, analogous to TPI-R, yet have differing heterocyclic substituents on
the amide nitrogen.

We used a heterologous LasR reporter system (i.e., in E. coli) to quantify the bioactivity
of these compounds (Table 1).>! We found that they are moderately potent LasR agonists, with
ECso values one to two orders of magnitude above (i.e., less potent than) that of the native ligand
of LasR, OdDHL. These activity trends largely correlate with the trends we observed in our

original report.*® We note that we observed higher maximum activation for compounds A3, A4,
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and A11 than in the 2010 report; however, this was likely due to testing them at high
concentrations here (maximum concentrations of 100 uM in this study vs previously 10 uM).
We were interested to observe that although compounds A4 and A9 were approximately an order
of magnitude less potent than A2, they were equally as efficacious as A2 (or, in the case of A9,
slightly more efficacious). This result suggests that these properties — efficacy and potency — can
vary at least somewhat independently of each other for this class of compounds .

The maximum LasR activation (i.e., the efficacy) of all compounds was reduced relative
to OdDHL (Table 1); notably, A14, the weakest agonist, was only capable of ~60% LasR
activation. This poor agonism efficacy suggested that, in a competitive binding assay with
OdDHL, A14 would likely reduce LasR activity relative to OdDHL, and thereby is best
classified as a partial agonist. Screening compound A14 in competition with OdDHL at 15 nM
(i.e., it’s approximate ECoo in this LasR reporter system) revealed this to be the case, confirming
that A14 is a LasR partial agonist (i.e., it can either activate or inhibit LasR activity depending on
the screening conditions (Figure 2a-b). We performed the same experiment with the second-
poorest activator, compound A6 (capable of approximately 70% LasR activation), and found that
it also antagonized LasR relative to OdDHL, albeit to a lesser extent (Figure 2¢).? Despite its
less-than-maximal activation, we did not observe the same antagonism with A3 (data not
shown). Its improved efficacy relative to A14 and A6 indicates that any repression relative to the
ECqo of OdDHL would be very subtle and may only occur at unfeasibly high compound

concentrations (i.e., higher than the solubility limit of A3 in LB media).
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Table 4.1. Bioactivity of ligands screened in a heterologous LasR reporter system?

Compound ECso 95% ClI Maximum Activation
(nM)>- (uM)° (%)
A2 25 16-39 87
A3 100 68-150 82
A4 630 538-740 89
A6 230 171-296 71
A9 167 130-220 93
A14 710 590-840 63

2 All screening was conducted in E. coli LasR reporter strain JLD271 (Sdi4)** ® Compounds were
screened over a range of concentrations (100 uM — 0.01 nM) and a three-parameter nonlinear
curve was fit to the resulting curve. See Figure S1 for full dose-response curves. ©95% CI =
95% confidence interval, derived from three independent biological replicates; ¢ Represents the
best-fit top of the dose-response curve. 100% = 100 uM OdDHL.
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Figure 4.2. Compound A2 is a full agonist and compounds A6 and A14 are partial agonists of
LasR. (A) Agonism experiment with compounds A2, A6, and A14. A2 is approximately 9-fold

more potent than A6 and 30-fold more potent than A14. Compounds A6 and A14 fail to

maximally activate LasR. (B-C) Compounds A6 and A14, respectively, screened in competition
against the approximate ECoo concentration of OdDHL. Both ligands antagonize LasR activity

relative to that level of activation by OdDHL.
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Purification and co-crystallization of LasR with compounds A2—-A4, AS, A6 and A14.

We were interested to characterize the binding interactions between these A-type compounds
and LasR further to gain insight into their mechanisms of LasR agonism. To do so, we isolated
and purified the LasR LBD in complex with each of the compounds in Table 1 using reported
procedures (see Methods). Co-crystals were obtained for the LasR LBD complexed to A2—A4,

A5, A6 and A14 that provided high quality X-ray diffraction data (<2 A resolution in each case).

Ligands place LasR LBD into a conformation closely resembling the LasR LBD:OdDHL
dimer.

We examined the overall fold of the LasR LBD in complex with each of the A-type ligands
(Figure 2C-F, figure S2). We anticipated that if large perturbations to the overall structure of the
LBD were to exist, they would be most evident when contrasting our most potent compound A2
to our least potent compound A14. However, we found that all of the compounds placed LasR in
an overall conformation that was equivalent to that of the LasR LBD in complex with OdDHL
(RMSD difference between all dimers with experimental compounds and the [LasR:OdDHL]»
dimer were>0.6 A, Figure 3A-C, Figure S2).3* The LBD dimers with the A-type ligands were
therefore also similar to each other; the largest difference we observed was between the A2 and
the A14 complexes (RMSD = 0.702 A, see Table S2 for full analysis). Indeed, the only portion
of the protein that adopted a different conformation when bound to different ligands was the L3
loop (see discussion below). As each of these compounds are capable of causing LasR to initiate
transcription in a reporter gene experiment, it is perhaps unsurprising that they do not cause a
major perturbation to the LasR structure.

We note that the minimum crystallographic unit (MCU) for the LasR LBD: A6 complex

contained multiple non-equivalent dimers. There are four dimers in the MCU; of those, three
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superimpose on each other, but one does not (RMSD = 21.85 A between the two sets of dimers).
Monomers within the two sets are superimposable on each other, indicating that the difference
resides in the interface between the two monomers. Curiously, the dimer that was not
superimposable with the remainder of dimers in the minimum crystallographic unit was
superimposable with the OdDHL dimer (and all other dimers evaluated here). Our analysis of
this apparent irregularity is ongoing and will be resolved with input from our collaborators from
the Nair lab.

The position of the L3 loop varies with ligand potency.

We were curious to examine whether the previously observed correlation between ligand
potency and the LasR L3 loop positioning existed within this set of A-type ligands. Again, the
L3 loop comprises residues 4051 residues in LasR, sealing the ligand-binding site from solvent
when positioned ‘in’ towards the protein. Contrasting the co-crystal structures of the LasR LBD
with our most potent ligand, A2, with that of our least potent ligand, partial agonist A14,
revealed that the correlation was indeed maintained (Figure 2G-J). Relative to the LasR
LBD:A2 and LasR LBD:OdDHL co-crystal structures,'® the L3 loop is positioned “out” (i.e.,
towards solvent) in the A14 co-crystal structure. In the A2 structure, the loop is packed “in”
against the protein, comparable to the OdDHL structure. In complex with the remaining ligands
(A3, A4, A6, and A9), the L3 loop varies between its position in the A2 and A14 structures (see
Figure S3). The potencies of these compounds in the reporter assay were also between that of
A2 and that of A14 (Table 1; Figure S1), which corroborates with the intermediate placement of

the L3 loop in their structures.
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[LasR:A2],

Figure 4.3. Selected views of the LasR ligand binding domain in complex with compounds A2
and A14. (A) LasR LBD in complex with compound A2. The L3 loop is highlighted with a red
box. (B) The LasR LBD in complex with compound A14. The L3 loop is highlighted with a red
box. (C-D) Closeup views of the L3 loop from the A2 and A14 dimers. (E) Expanded overlay of
panels C and D. When bound to ligand A2 (shown in light orange) the L3 loop packs towards the
protein, while bound to A14 (shown in dark blue) it is oriented away from the protein, towards
solvent.
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Ligands make similar contacts with LasR as AHLs.

The crystal structures revealed that each of these non-native ligands bound to the AHL binding
site on LasR (Figure 3A-C, Figure S4). OdDHL, other AHLs, and various non-AHL ligands
(i.e., the TP series) bind to LasR in part by forming a series of hydrogen bonds with polar
residues that line the ligand binding channel.*> *® These A-type compounds bind in an analogous
fashion; they each contain a cyclic moiety that mimics the homoserine lactone “head group” and
form polar contacts with the same set of residues (i.e., Asp73, Trp60, Ser129, Tyr56, Arg61, and
Thr75, Figure 4A-C). In certain cases, these interactions are mediated by one or more molecules
of water, as is the case in the LasR LBD:OdDHL structure. In addition, the kinked acyl tail of
OdDHL present in the LasR LBD:OdDHL structure is mimicked in each A-type compound by a
carbocycle that abuts against residues Leul25 and Leu 40, which form the end of the ligand

binding pocket.



183

L125

Figure 4.4. View of the residues surrounding the ligands (A) A2; (B) A14; and (C) OdDHL
(from PDB ID 31X3).!"” Both A2 and A14 makes contacts with polar residues that are analogous
to those made by OdDHL. Carbocyclic rings in A2 and A14 fill the space occupied by the kinked
aliphatic tail in OdDHL. Red spheres represent water molecules.
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Conclusions

The development of mechanistic hypotheses regarding the activation and inhibition of LuxR-
type proteins by native and non-native ligands has been hampered by a lack of structural data.
Here, we present six novel co-crystal structures of the LasR LBD in complex with non-native
small molecules that were discovered as LasR agonists in a high throughput screen. We found
that each of these molecules binds to LasR in a manner that closely resembles the interaction
between LasR and AHLs. However, we found that the level of agonism potency (as determined
in a LasR transcriptional reporter assay) by these compounds and the position of the LasR L3
loop was correlated in this set of crystal structures. In complex with A2, the most potent agonist,
the loop packed against LasR, but when bound to A14, a relatively weak and partial agonist, the
loop was positioned towards solvent. (i.e., away from LasR). Compound A14 reduces LasR
activity relative to its native ligand, raising the possibility that, upon competitive exchange of an
agonist for an antagonist in the ligand binding site, an “outward” motion of the L3 loop
represents one step in the mechanism by which LasR transitions from an active to an inactive
(i.e. not DNA-binding) conformation.

The combined structural and screening data reported herein, gathered with a set of
ligands structurally unrelated to any known LasR modulators, suggests that the L3 loop may play
a role in the binding of diverse, non-AHL ligands to LasR, and potentially in other LuxR
homologues in which it is present. For example, a similar loop has been reported in the structure
of SdiA from E. coli and QscR from P. aeruginosa. 3’ Experiments to further elucidate the
importance of the L3 loop (e.g., structural studies of full length LasR, and mutagenesis of
residues that make up the loop) are ongoing in our laboratories and will be reported in due

course.
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Materials and Methods

Compound Handling

Compounds were stored as solids at -20 °C until ready to use, at which point DMSO stocks were
prepared at appropriate concentrations and stored at -20 °C.

Biology

Bacteria were cultured in Luria-Bertani media and grown at 37 °C. Bacterial growth was
quantified by absorbance at 600 nm (ODsoo).

E. coli LasR assay protocol.

The E. coli LasR reporter experiment as performed as described previously; see SI for detailed

experimental protocols. 3!

Table S4.1: Bacterial strains and plasmids used in this study®

Strain or Plasmid Description Ref.
E. coli
JLD271 K-12 AlacX74 sdiA271::CAM; CI} !
Plasmids
pPROBE-KL lasI’-gfp[LVA] transcriptional fusion; Km® 2
Arabinose-inducible /asR expression vector; pPBBRMCS
pJN105L 3
backbone; Gm®

Abbreviations: CI? = Chloramphenicol resistance; Km® = Kanamycin resistance; Gm® =
Gentamicin resistance.
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E. coli LasR reporter protocol

The heterologous LasR gene reporter assay was performed as described previously.? Briefly, the
night before an experiment an appropriate volume of LB media supplemented with 50 pug/mL
kanamycin and 10 ug/mL gentamicin was inoculated with a single colony of E. coli LasR
reporter strain JLD271 + pJN105L + pPROBE-KL. The next day, the overnight culture was
diluted 1:10 into fresh LB with fresh antibiotic. This culture was grown to an OD = 0.25 with
pathlength correction applied. While subculture was growing, 2 uL of compound stocks at the
appropriate concentrations was dispensed into the interior wells of black 96 well plate. When
culture reached the appropriate density, 0.4% w/v arabinose was added to start expression of

pIN105-L.

For agonism experiments: Six wells on each plate were filled with 2 pLL. of DMSO (to serve as
negative control), and six wells were filled with 2 uL of a 10 mM OdDHL stock (to serve as
positive control). 198 pL of arabinose-induced culture was then dispensed into every well, and

plates were incubated for 4h at 37 °C with shaking at 200 RPM.

For experiments in competition with the OdDHL ECq: Twelve wells on each plate were filled
with 2 uL DMSO. The arabinose-induced culture was divided, and to one portion was added the
appropriate amount of OdDHL to reach a final concentration of 15 nM. This treated subculture
was added to half of the DMSO-containing wells (to serve as a positive control) and all
experimental wells. The untreated portion of the subculture was added to the remaining DMSO-

containing wells. Plates were then incubated as described previously.

After incubation, GFP (excitation at 485 nm, emission at 544 nm) and ODsoo (absorbance at 600
nm) was read for each plate. Data analysis was performed using Microsoft Excel and Graphpad

Prism (version 8). Compound activities were background-corrected to negative control wells
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(i.e., wells containing only DMSO) and reported as a percent relative to the positive control wells

(i.e., wells containing only OdDHL, either at 10 uM or 15 nM).
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Figure S4.1. E. coli JLD271 + pJN105-L + pPROBEKL) screening of compounds A2-A4, A6,
A9, and A14. Curves are made up of at least three biological replicates. Error bars indicate SD.
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[LasR:A2], [LasR:A3],

Figure S4.2. The LasR ligand binding domain in complex with ligands A2-A4, A6, A9, A14,
and OdDHL (PDB ID 31X3).*



Table S4.2. RMSD analysis of overall dimer similarity
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A2 A3 A4 A6 A9 Al4 OdDHL
A2 X X X X X X X
A3 0390A |X X X X X X
(292 to
292
atoms)
A4 0.568 A 0364 A | X X X X X
(290 to (287 to
290 287
atoms) atoms)
A6 0.549 A 0440 A 0326 A | X X X X
(288 to (271 to (283 to
288 271 283
atoms) atoms) atoms)
A9 0.623 A 0412 A 0438 A |0.328 X X X
(299 to (275 to (291 to (260 to
299 275 291 260
atoms) atoms) atoms) atoms)
Al4 0.702 A 0540 A [ 0272 A 0407 A 0505 A | X
(282 to (286 to (267 to (304 to (273 to
282 286 267 304 273 X
atoms) atoms) atoms) atoms) atoms)
OdDHL | 0.585 A [0585 A 0422 A | 0342 A [ 0472 A 0472 A | X
3IX3) (297 to A (284 to | (280 to (288 to (278 to (270 to
287 284 280 288 278 270
atoms) atoms) atoms) atoms) atoms) atoms)
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Figure S4.3. The L3 loop from the LasR LBD bound to the indicated small molecules. The loop
is most-outward when bound to A14, and most-inward when bound to OdDHL, A2, A3, and A6.
PDB ID for OdDHL structure is 31X3.
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Figure S4.4 Selected view of ligands A2 — A4, A6, A9, A14 and OdDHL in the LasR ligand
binding pocket.
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Chapter 5: Profiling the specificity and promiscuity of LuxR-type receptors with a library
of N-acylated homoserine lactones that vary in aliphatic acyl tail length

Daniel E. Manson, Akshish K. Madepally, and Helen E. Blackwell

D. E. Manson and H.E. Blackwell designed experiments. D. E. Manson and A. K. Mandepally
synthesized compounds and conducted screening experiments. D. E. Manson analyzed data. D.

E. Manson and H.E. Blackwell wrote the chapter.
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Abstract

Bacteria can communicate via the exchange of low molecular weight signaling molecules in a
process known as quorum sensing (QS). Many Gram-negative bacteria utilize N-acylated L-
homoserine lactones (AHLs) as their primary signaling molecules, which are sensed by LuxR-
type receptors. While bacteria that both synthesize and respond to their own AHL have been
studied the most extensively, 76% of bacteria that contain LuxR-type receptors do not synthesize
AHL signals, raising the intriguing possibility that these bacteria can “eavesdrop” on their AHL-
producing neighbors, or they sense alternate signals. Here, we systematically synthesized and
screened a focused library of AHLs that vary in the number of carbons (1-20) in their acyl tails,
containing both native and non-native signals, in a panel of LuxR-type receptors. Such a
fundamental study of aliphatic AHLs, even in one LuxR-type receptor, is surprisingly yet to be
reported. Our results (1) inform the fundamental SAR trends surrounding activation and
inhibition by AHLs of varying tail lengths; (2) provide a view of the relative promiscuity of
“solo” vs. “paired” LuxR-receptors; and (3) identify AHLs that could be useful as tools in
manipulating QS in a mixed community of microbes.
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Introduction

Many common bacteria engage in a chemically-mediated signaling system known as
quorum sensing (QS).! Described in detail in earlier chapters, QS involves the regulation of gene
expression and group-beneficial phenotypes via the production and sensing of autoinducer
molecules.? Phenotypes controlled by QS vary by species, and are connected to virulence (i.e.,
the ability to infect) in multiple “ESKAPE” pathogens.* This link between QS and human health
has motivated the development of synthetic molecules that block QS. Examples of such
compounds are described at length in Chapters 1-3 of this thesis.

Gram-negative bacteria primarily use N-acylated L-homoserine lactones (AHLs) as their
autoinducers (see Chapter 1 for a discussion of naturally occurring and synthetic AHLs).* These
small molecule signals are synthesized by LuxI-type enzymes from S-adenosyl methionine and
fatty acids.” AHLs passively diffuse out of cells,® although in certain cases they are also actively
exported.” At a threshold high cell density, the AHL concentration reaches a sufficient level for
binding its cytosolic target, a LuxR-type protein, which are a class of transcription factors that
typically dimerize and bind to DNA in a ligand-dependent manner.

Over 200 LuxR-type receptors have been identified thus far in bacteria.'® This accounting
is a function of the number of species to be cultured and sequenced; the true number that exist in
Nature may be much higher. Intriguingly, 76% with identified /uxR genes lack corresponding
luxI genes, implying that these bacteria do not produce their own AHLs.!° This raises the
possibility that a large proportion of QS capable Gram-negative bacteria use their “solo” or
“orphan” receptors to “eavesdrop” on other species’ AHL-mediated “conversations”, and/or they

sense other types of signals (self- or non-self-produced). Indeed, multiple bacteria that use AHL-
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mediated QS are known to live together in polymicrobial communities.!' Furthermore, in certain
cases, multiple QS-capable pathogens co-infect humans.'? Our research group is highly
interested in the development of small molecules that could selectively manipulate QS in
individual bacterial species, as such compounds could serve as tools to interrogate the role of QS
in polymicrobial communities and coinfections.

Despite the potential for interspecies interactions via AHL-type signals, research into the
selectivity of different LuxR-type receptors for different AHL signals, naturally-occurring and
non-natural, is sparse. Such investigations in natural environments (e.g., in or on a host, in the
soil, water, etc.) are largely unreported. Likewise, fundamental studies of the effects of AHL
structure on bioactivity—i.e., variance in acyl chain carbon number—even in one LuxR-type
receptor, are surprisingly lacking in the literature. Previous studies have focused only on a subset
of naturally occurring AHLs with an even number of carbons and excluded odd-numbered AHLs
(most likely due to the wider availability of the precursor fatty acids). Interestingly, in some of
the earliest studies of non-native AHLs and LuxR-type receptors, C7 HSL was shown to be a
highly active antagonist of TraR in Agrobacterium tumefaciens;'> we subsequently observed it to
be an antagonist of LasR in P. aeruginosa.'* These findings for C7 HSL suggest that more
scrutiny of such compounds could be valuable.

Here, we describe our systematic screening and evaluation of a set of AHLs that vary
simply in the length of their carbon tails (from 1-20 carbons). We conducted this study in the
pursuit of three goals: (i) a study of the basic SAR surrounding acyl tail length for activation and
inhibition of multiple different LuxR-type receptors; (ii) evaluating differences in the
promiscuity of “solo” vs. synthase “paired” LuxR-type receptors; and (iii) discovering AHLs that

could be useful as research probes in the manipulation of mixed microbial cultures.
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Results and Discussion

We initiated our study by synthesizing a focused library of AHLs that vary in the length
of their acyl tail (from 1-20 carbons). Most of these compounds were synthesized by standard
carbodiimide-facilitated couplings of the L-homoserine lactone “headgroup” and the appropriate
carboxylic acid (Scheme 1). We also examined a series of AHLs with ketones (i.e., 3-oxo
groups) at the 3" carbon of the acyl tail (from 8—13 carbons). 30C8, 30C10, and 30C12 HSL
are commercially available and were in stock in our lab. We supplemented these compounds by
synthesizing 30C7, 30C9, 30C11, and 30C13 HSL using the Meldrum’s acid strategy first

applied by Spring and coworkers (Scheme 1, see Methods section). !>
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Scheme 5.1. (A) Synthesis of straight-chain and 3-oxo aliphatic AHLs, n = 0-18. (a) =
EDC-HCIl, DMAP, DCM, HSL-HBr; (b) = (1) EDC-HCI, DMAP, DCM, Meldrum’s Acid, (2) =

A, HSL-HBr, DMF. See experimental section for experimental details. (B) Selected AHLs
synthesized for this study.

With our library of compounds in hand, we considered which LuxR-type receptors to

evaluate. We chose a variety of “paired” and “solo” LuxR-type receptors for which heterologous
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(i.e., E. coli) reporter gene screening systems are already used in our laboratory (Table 1). We
routinely use such heterologous systems, as they are useful for isolating LuxR-type proteins
away from confounding pathways (e.g., other LuxR-type receptors'or QS systems) present in
the native organism. We evaluated four “paired” LuxR-type receptors: LasR and RhIR from P.
aeruginosa,; CviR, from Chromobacterium violacein; and CepR from Burkholderia cepacia, as
well as three “solo” LuxR-type receptors: QscR from P. aeruginosa; SdiAsg from Salmonella
enterica serovar Typhimurium, and SdiAgc from E. coli, the latter two of which are 72%
identical (Genebank IDs AAC08299.1 and AWF10864.1, respectively). The native or preferred
ligand (i.e., capable of maximum activation) of these LuxR receptors varied from four'” to 1218

carbons.

Table 5.1. LuxR-type proteins evaluated in this study®

Receptor Native organism Native or preferred ligand Ref. fscgariel:lp orter
LasR Pseudomonas aeruginosa 30C12 HSL 19

QscR Pseudomonas aeruginosa 30C12 HSL® 19

RhIR Pseudomonas aeruginosa C4 HSL 20

CviR Chromobacterium violacein C6 HSL Unpublished
CepR Burkholderia cepacia C8 HSL 2
SdiAse  Salmonella enterica 30C8 HSL ¢ 22
SdiAgc  Escherichia coli 30C8 HSL ¢ Unpublished

2 All receptors were expressed and screened in E. coli strain JLD271 (AsdiA).?* ®QscR lacks a
cognate synthase, but responds maximally to 30C12 HSL, which is a native AHL signal
produced by P. aeruginosa (for LasR). °SdiA also lacks a cognate synthase, but responds
maximally to 30C8 HSL.

We screened our straight chain aliphatic AHL library for both agonism and antagonism at

10 uM in each of the aforementioned reporter strains (see Supplemental Figures 1-7; antagonism
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assays performed in competition against native or preferred AHL), and first visualized the
resulting data as a heat map to qualitatively analyze broad activity trends across the receptors
(Figure 1).>* We saw that LasR (cognate signal 30C12 HSL) was activated primarily by AHLs
between nine and 15 carbons in length. Given its native preference for 30C12 HSL, it was
somewhat surprising that it was also activated by C5 HSL and C2 HSL, albeit to a lesser extent.
It is known, however, that LasR can be activated by short AHL scaffolds that bear a carbocycle
on their acyl tails (i.e., phenylacetyl homoserine lactones, PHLs).!* C7 HSL is a known LasR
antagonist,”® so the discovery that C6 and C8 HSL also inhibited LasR was unsurprising. It is
curious, however, to consider the physical contacts that make C7 HSL a LasR antagonist (with
no observable activation) and C8 HSL a partial agonist (activation and inhibition under the
conditions tested). QscR, which like LasR also preferentially binds 30C12 HSL, was activated

by all AHLs from C5 to C16. It was inhibited by all AHLs C4 and shorter.
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Figure 5.2. Heat map depiction of activation and inhibition of various LuxR-type receptors by
straight-chain AHLs. For agonism experiments, activity is reported relative to a saturating
concentration of native ligand. For antagonism experiments, activity is reported relative to the
ECso of native or preferred ligand.
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RhIR was unique among the receptors evaluated for (1) the paucity of ligands by which it
was activated, and (2) the low extent to which it was activated by those that were active
(approximately 50% activation by 10 uM of its native ligand, Figure S3). RhIR ligands were
found to be considerably less potent than those for LasR; the ECso for activation of RhIR by its
native ligand, C4 HSL, is ~10 uM,?° which is three orders of magnitude less than LasR’s ECso
for activation by 30C12 HSL (~2 nM).!* Hydrophobic interactions between the acyl tail of
30C12 HSL and nonpolar residues that line its binding pocket are important for the LasR —
30C12 HSL binding interaction,?® so perhaps the small size of C4 HSL explains its relatively
weak affinity for RhIR. In any case, RhIR was only activated by the AHLs closest tail length to
C4 HSL and was inhibited by medium to long chain AHLs.

CepR from B. cepacia (and conserved in many other Burkholderia species) natively binds
to C8 HSL. CepR was activated by AHLs that varied in length from six to 16 carbons. Like
QscR, it was inhibited by short-chain AHLs (four carbons and fewer). CviR had similar
preferences; it was activated by AHLs between four and 14 carbons in length and inhibited by
the <4 carbon AHLs. However, unlike CepR, CviR was also weakly inhibited by very long
chained AHLs.

Both SdiA variants were more promiscuous than all of the other LuxR-type receptors
evaluated herein; they were activated by all AHLs except C1 AHL. They were also antagonized
by fewer AHLs than any of the other receptors; in fact, SdiAec was not antagonized by any of
the tested AHLs, and SdiAgc was only weakly antagonized (~10% inhibition) by the C15 and
C16 HSLs. SdiA is unusually stable for a LuxR-type receptor; it retains transcriptional activity

(i.e.,. it adopts an active, DNA-binding conformation) in the absence of AHLs (in apo-form).?’
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These results for SdiAsg are congruent with a previous study by our lab that also demonstrated it
is activated by a far broader range of AHLs than those that inhibit it.??

We were surprised to find that the C20 HSL activated most of receptors in which we
tested it. Although this AHL does occur naturally,?® it was strange that activation in LasR, QscR,
and CepR, first decreased as chain length passed that of the native ligand, but then increased
again at the C20 AHL. A recent collaborative study from our lab and the Lynn research lab
indicates that C20 HSL is almost certainly an aggregate at 10 uM in LB medium.?® Further
experiments are required to elucidate whether the observed activity is the result of the binding of
a discrete molecule of C20 HSL with a receptor, or the action of an aggregate.

We were curious to conduct an analogous systematic study of the effect of 3-oxo HSL
chain length on receptor activation. We screened our smaller library of these derivatives (Scheme
1) in the LasR and QscR reporters (Figures S8, S9). We found that each of these ligands
activated LasR to roughly the same extent as the straight-chain AHLs (Figure 2; Figures S1, S8).
However, while C8 HSL was a partial agonist of LasR, 30C8 HSL was purely an agonist. This
finding makes us extremely curious to test 30C7 HSL in LasR when possible.?° Each of these 3-

oxo HSLs agonized QscR (as did their straight-chain analogs; see above).
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Figure 5.3. Heat map depiction of activation and inhibition of various LuxR type receptors by 3-
oxo AHLs. 30C7 HSL was not screened in LasR agonism experiments.

The activity profile of C7 HSL is quite noteworthy. We found it antagonized LasR,
antagonized RhIR, and agonized QscR. As LasR and RhIR positively regulate QS and QscR
negatively regulates it, this compound should inhibit QS in P. aeruginosa. It should also agonize
QS in Bec, as it activated CepR. This compound should therefore be useful in manipulating QS
of these two organisms in a co-culture setting — we predict it should boost QS in Burkholderia,
and repress it in P. aeruginosa. P. aeruginosa and Burkholdera are known to coinfect humans, '
elevating the relevance of this finding.

In summary, we systematically evaluated the AHL-binding “preferences” of a collection
of LuxR receptors for AHLs that vary in acyl tail length from one to 20 carbons. The orphan
LuxRs that we screened (i.e., QscR/SdiA vs. LasR/CepR/CviR) were more promiscuous than the
synthase “paired” receptors. This set of experiments also highlighted the unusual AHL
preferences of RhIR. Ongoing structural studies of RhIR may reveal the basis for its limited

capacity for activation relative to its homologues.
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In closing, we note that a recent study by the Greenberg lab found that heterologous
screening systems like the ones used here can overestimate receptor promiscuity, likely due to
the overexpression of the LuxR-type protein relative to the levels found in native organisms.>!
This finding must be addressed for the conclusions reached herein to be meaningful. The obvious
experiment is to screen these AHL libraries in native screening systems (e.g., screen for CviR
activity in a C. violacein — based reporter). The high degree of inter-regulation between P.
aeruginosa’s QS receptors will confound data gathered in that system; we therefore simply
recommend screening CviR and SdiA in their native background environments (native screening
systems for those receptors exist in the Blackwell lab) to complete this study.

Finally, the AHLs described in this Chapter so far are by no means the only structures of
interest for screening against this panel of LuxR-type receptors. Completion of the 3-oxo library
(C5-C20), and the asymmetric reduction of the ketone in 3-oxo AHLs to yield the 3-OH species,
would provide important sets of AHLs to round out this study. With regard to the 3-OH AHLs,
both resultant diastereomers could be screened, clarifying the stereochemical preference of
various receptors for a hydroxyl group at that position (if such a preference exists). This
synthesis project could provide opportunities for new lab members and undergraduates to “learn
the ropes” of AHL preparation, basic microbiology, and cell-based screening. Ultimately, we
envision the ultimate success of this project as the perturbation of a mixed-species interaction by
a compound chosen from in-cell screening. The deployment of C7 HSL in a nematode model of

P. aeruginosa /Burkholderia coinfection would represent a promising first attempt.

Materials and Methods

Chemistry
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All reagents were purchased from Sigma Aldrich or Acros organics and were used without
further purification, except for dichloromethane, ethyl acetate, and hexanes, which were distilled
before use. AHLs were synthesized according to previously published procedures.'> See SI for
detailed synthetic methods. Analytical thin layer chromatography (TLC) was performed on 250
um glass backed silica plates with F-254 fluorescent indicator from Silicycle and visualized with
UV light or potassium permanganate solution. Compounds were stored as powders at -20 °C
until needed for experiments. When needed for experiments, DMSO stocks were made at the
appropriate concentration and stored at -20°C. See SI for compound characterization data.
Biology

Bacteria were cultured in Luria Bertani media and grown at 37°C. Growth was quantified by
absorbance at 600 nm (ODeoo). A list of bacterial strains and plasmids used in this project is
included in the SI (Table S1). Detailed procedures for the heterologous (E. coli) reporter
experiments are included in the SI. Data analysis was performed using Microsoft Excel and
Graphpad Prism (version 8.1).

General instrumentation information

NMR spectra were recorded in deuterated solvents at 400 MHz on a Bruker-Avance
spectrometer equipped with a BFO probe, and at 500 MHz on a Bruker Avance spectrometer
equipped with a DCH cryoprobe. Chemical shifts are reported in parts per million using residual
solvent peaks or tetramethylsilane (TMS) as a reference. Couplings are reported in hertz (Hz).
Electrospray ionization—exact mass measurement (ESI-EMM) mass spectrometry data were
collected on a Waters LCT instrument. Absorbance and fluorescence measurements were

obtained on a Biotek Synergy 2 plate reader using Gen5 analysis software.



Table S5.1 Bacterial strains and plasmids used in this study.

208

pIN105- SdiAec

vector; pPBBRMCS backbone; Gm®

Strain or Plasmid | Description Ref
E. coli
JLD271 K-12 AlacX74 sdiA271::CAM; CI}
Plasmids
1
pSC11-L Broad host range lasI’-lacZ reporter; ApR
, . 1
pSC11-Q Brc;{ad host range PA1897 -lacZ reporter;
Ap
pSC11-R Broad host range rhll’-lacZ reporter; ApR ’
pSC11-CviR Broad host range cvil -lacZ reporter; ApR | Unpublished
pSC11-CepR Broad host range cepl’-lacZ reporter; Ap? :
pSC11-SdiAsg Broad host range srgE -lacZ reporter; ApR !
pSC11-SdiAc i;)c;{ad host range gadW’-lacZ reporter; Unpublished
Arabinose-inducible /asR expression 5
pINTOSL vector; pPBBRMCS backbone; Gm®
Arabinose-inducible gscR expression 5
pINI05Q vector; pPBBRMCS backbone; Gm®
Arabinose-inducible 74/R expression 2
PINTOSR vector; pPBBRMCS backbone; Gm®
. Arabinose-inducible cviR expression Unpublished
pIN105-CviR vector; pPBBRMCS backbone; Gm®
Arabinose-inducible cepR expression 3
PIN105-CepR vector; pPBBRMCS backbone; Gm®
. Arabinose-inducible sdid sz expression 4
pIN105- SdiAse vector; pPBBRMCS backbone; Gm®
Arabinose-inducible sdidgc expression Unpublished

CI® = Chloramphenicol resistance; Ap® = Ampicillin resistance; Gm® = Gentamicin resistance
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Representative Synthetic Protocols

HSL-HBr
EDC-HCI
0 BN \t")L Lﬁ 0
'\(\7;]\0*4 DMAP
DCM
Synthesis of C10 HSL

To a solution of decanoic acid (93 mg, 0.5 mmol) in dichloromethane (5 mL) was added EDC-
HCI (144 mg, 0.75 mmol), DMAP (9 mg, 0.075 mmol), EtsN (104 pL, 0.75 mmol) and HSL-
HBr (109 mg, 0.6 mmol). The reaction mixture was stirred overnight at room temperature. The
following day, the reaction mixture was partitioned with 1M HCI (10 mL). The organic portion
was washed with again with 1M HCI (2 x 10 mL), saturated NaHCO3 (3 x 10 mL) and brine (3 x
10 mL), dried over MgSO4 and concentrated under reduced pressure. The resultant material was
purified via flash silica gel chromatography with ethyl acetate and hexanes as eluent to yield a

white solid (51 mg, 40% isolated yield).

0 Meldrum’s Acid 0 st Ee o o
EDC-HCI SL-HBr EO
\H?kOH DMAP \H/ujﬁk ) *’Jﬁj\)\u \
H
DCM 0 OMF o
Synthesis of 30C12 HSL

To a solution of decanoic acid (5 mmol, 864 mg) in dichloromethane (50 mL) was added
meldrum’s acid (721 mg, 5 mmol), EDC-HCI, (1.054 g, 5.5 mmol), and DMAP (610 mg, 5
mmol). The reaction mixture was stirred overnight at RT. The next morning, the reaction was

partitioned with 1M HCI (50 mL) and the organic portion was washed a further two times with
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IM HCI (50 mL), saturated NaHCO3 (3 x 50 mL), and brine (3 x 50 mL), dried over MgSOs4, and
concentrated under reduced pressure to yield an oil (1.16 g). This oil was dissolved in DMF (7
mL), and HSL-HBr (0.91g, 5 mmol) was added. The reaction was heated to reflux for 3h, after
which the mixture was diluted in ethyl acetate (20 mL), washed with water (3x 20 mL) and
brine (3 x 20 mL), then dried over MgSO4 and concentrated under reduced pressure. The
resultant material was purified by silica gel chromatography using ethyl acetate and hexanes as

solvent to yield a white powder (285 mg, 19% isolated yield over 2 steps).
E. coli B-galactosidase assay protocol

The activity of LuxR type proteins was quantified using heterologous (E. coli) based reporter

gene experiments as previously described.>*

An appropriate volume of LB media supplemented with 100 pg/mL ampicillin and 10 pg/mL
gentamicin was inoculated with a single colony of the appropriate reporter strain and grown
overnight at 37 °C and shaking at 200 RPM. The next morning, overnight culture was diluted
1:10 info fresh LB and supplemented with fresh antibiotic. This culture was grown to ODgoo =
0.25, without pathlength correction applied. When culture reached this density, arabinose (0.4%

w/v) was added to activate expression of the receptor expression (pJN105) plasmid.

While culture was growing, compound (2 puL of an appropriate stock solution) was dispensed

into the interior wells of a clear 96 well plate.
For agonism assays

Six wells on each plate were filled with 2 uL. of DMSO only (to serve as negative controls) and
six wells on each plate were filled with 2 puL of native/preferred ligand to serve as a positive

control. For each receptor, those were:
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e LasR: 10 mM OdDHL
e QscR: 10 mM OdDHL
e RhIR: 100 mM BHL

e CviR: 10 mM C6 HSL
e (CepR: 10 mM C8 HSL

e SdiA (both variants): 10 mM 30C8 HSL

All other interior wells were filled with 2 pL of 1 mM stock solution of experimental
compounds.198 pL of arabinose-induced culture was dispensed into all control and experimental

wells and plates were incubated for 4h at 37 °C with shaking at 200 RPM.

For antagonism assays.

Twelve wells on each plate were filled with 2 uL. of DMSO; half of these served as positive
controls, and half as negative controls. All other internal wells were filled with 2 uL of 1 mM

stock solution of experimental compounds.

The arabinose-induced culture was partitioned, and to one portion was added an appropriate

volume of native/preferred ligand to make the following final concentrations in solution:

e LasR:2nM OdDHL

e QscR:2nM OdDHL

e RhIR: 10 uM OdDHL

e CviR: 330 nM C6 HSL
e CepR: 2.6 nM C8 HSL
e SdiAsg 1 nM 30C8 HSL

e SdiAgc 1.5 nM 30C8 HSL



212

198 uL of compound-treated subculture was dispensed to all experimental wells and half of the
DMSO containing wells (to serve as positive control). The untreated portion of the subculture
was then dispensed to the remaining DMSO-containing wells (negative control wells). Water
was then dispensed into the exterior wells (to maintain humidity and slow evaporation in the

plate) and the plates were incubated at 37 °C for 4h with shaking at 200 RPM.

During incubation, 200 pL of lysis buffer (prepared as described elsewhere)’ and 8 pL of
chloroform was added to the interior wells of an appropriate number chemically resistant 96 well

plates.

After incubation, the ODsoo of all culture plates was read. 50 uL of cell culture from each well
was transferred to the plates containing lysis buffer, and cells were lysed by aspirating 20 times.
Lysed cell culture (100 pL for LasR and both SdiA variants, 150 pL for all other strains) was
transferred to a fresh, clear 96 well plate. B-galactosidase substrate (20 pL of 0.4% w/v ortho-
nitro phenol galactoside [ONPG] for LasR, 25 uL of ONPG for both SdiA variants, 25 pL of
0.4% w/v chlorophenol red chlorophenol red-p-d-galactopyranoside [CPRG] for all other strains)
was added to the same wells, and the plates were incubated according to the following

conditions:

e LasR: 30 minutes at 30 °C
e (QscR: 45 minutes at 30 °C
e RhIR: 30 minutes at 30 °C
e CviR: 10 minutes at RT

e (CepR: 30 minutes at 37 °C

e SdiA (both variants) 20 minutes at 30 °C
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After incubation, the assay was quenched by addition of 50 pL of 1M Na>COs. For assays using
ONPG as substrate, absorbances at 550 and 420 nm was read on a Biotek Synergy 2 plate reader
running Gen 5 software (version 1.05); for assays using CPRG, absorbance at 570 nm was read

on the same plate reader.
Miller units were calculated according to the following formulae:

For assays using ONPG:

1000 * (4420 — (1.75 = A550))
t+*v*0D600

Miller unit =

Where ¢ = time incubated with substrate (minutes), and v = volume of lysed cells in mL

For assays using CPRG:

1000 * (A570)

Miller unit = m

Data workup was performed using GraphPad Prism (version 8.1.2). Receptor activities were
normalized to the average activity in each negative control well, and are reported as percent

relative to the average of all positive control wells.
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Figure S5.1. Single point screening of the 1-20 straight chain library in the E. coli LasR reporter
(JLD271 + pJN105-L + pSC11-L, see Table S1). (A) Agonism experiment, 100% = 100 uM
OdDHL, n = 3; (B) Antagonism experiment; 100% =2 nM OdDHL, n = 3.
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Figure S5.2. Single point screening of the 1-20 straight chain library in the E. coli QscR reporter
(JLD271 + pJN105-Q + pSC11-Q, see Table S1). (A) Agonism experiment, 100% = 100 uM
OdDHL, n = 2; (B) Antagonism experiment; 100% = 15 nM OdDHL, n = 2.
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Figure S5.3. Single point screening of the 1-20 straight chain library in the E. coli RhIR reporter
(JLD271 + pJN105-R + pSC11-R, see Table S1). (A) Agonism experiment, 100% = 1 mM BHL,
n = 2; (B) Antagonism experiment; 100% = 10 uM BHL, n = 2.
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Figure S5.4. Single point screening of the 1-20 straight chain library in the E. coli CviR reporter
(JLD271 + pJN105-CviR + pSC11-CviR, see Table S1). (A) Agonism experiment, 100% = 100
uM HHL, n = 3; (B) Antagonism experiment; 100% = 330 nM HHL, n = 1.
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Figure S5.5. Single point screening of the 1-20 straight chain library in the E. coli CepR reporter
(JLD271 + pJN105-CepR + pSC11-CepR, see Table S1). (A) Agonism experiment, 100% = 100
uM OHL, n = 3; (B) Antagonism experiment; 100% =2.6 nM OHL, n=1.
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Figure S5.6. Single point screening of the 1-20 straight chain library in the E. coli SdiAsg
reporter (JLD271 + pJN105- SdiAsg + pSC11- SdiAsk, see Table S1). (A) Agonism experiment,
100% = 100 uM OOHL, n = 2; (B) Antagonism experiment; 100% = 1 nM OOHL, n = 2.
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Figure S5.7. Single point screening of the 1-20 straight chain library in the E. coli SdiAgc
reporter (JLD271 + pJN105- SdiAgc + pSC11- SdiAkgc, see Table S1). (A) Agonism experiment,
100% = 100 uM OOHL, n = 2; (B) Antagonism experiment; 100% = 1.5 nM OOHL, n = 2.
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Figure S5.8. Single point screening of the 8-13 3-oxo library in the E. coli LasR reporter
(JLD271 + pJN105-L + pSC11-L, see Table S1). (A) Agonism experiment, 100% = 100 uM
OdDHL, n = 3; (B) Antagonism experiment; 100% =2 nM OdDHL, n = 3.
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COMPOUND CHARACTERIZATION DATA

3C HSL

'"H NMR (400 MHz, Chloroform-d) & 6.06 (s, 1H), 4.56 (ddd, J=11.6, 8.6, 5.8 Hz, 1H), 4.48
(td,J=9.1, 1.2 Hz, 1H), 4.29 (ddd, /=11.4, 9.3, 5.8 Hz, 1H), 2.86 (dddd, J=12.5, 8.5, 5.8, 1.2
Hz, 1H), 2.30 (qd, J= 7.6, 1.3 Hz, 2H), 2.14 (dtd, J=12.5, 11.5, 8.8 Hz, 1H), 1.18 (t, /= 7.6 Hz,
3H). ESI-EMM: [M+H]" calculated [m+h] 158.0812; measured 158.081, 1.3 ppm.

4C HSL

"H NMR (500 MHz, Chloroform-d) & 6.11 (s, 1H), 4.57 (ddd, J = 11.6, 8.6, 5.9 Hz, 1H), 4.47
(td, /J=9.1, 1.2 Hz, 1H), 4.29 (ddd, /=11.3,9.3, 5.8 Hz, 1H), 2.85 (dddd, J=13.4, 12.2, 6.7, 3.8
Hz, 1H), 2.24 (td, J=17.4, 2.1 Hz, 2H), 2.14 (dtd, J=12.5, 11.5, 8.8 Hz, 1H), 1.69 (h, /= 7.4 Hz,
2H), 0.97 (t, J = 7.4 Hz, 3H). 3C NMR (126 MHz, CDCl3) § 175.61, 173.62, 66.13, 49.23,
38.04, 30.63, 18.88, 13.68, 1.03 ESI- EMM [m+h]" calculated 172.0968; measured 172.1967,
0.6 ppm

SCHSL

A L

Ho

'H NMR (500 MHz, Chloroform-d) § 6.05 (s, 1H), 4.63 — 4.41 (m, 2H), 4.29 (ddd, J=11.2, 9.3,
5.9 Hz, 1H), 2.86 (dddd, J=12.7, 8.5, 5.9, 1.2 Hz, 1H), 2.26 (td, J= 7.4, 1.5 Hz, 2H), 2.18 —
2.08 (m, 1H), 1.64 (p, J = 7.6 Hz, 2H), 1.43 — 1.30 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H). *C NMR
(126 MHz, CDCls) & 175.57, 173.75, 66.12, 49.26, 35.91, 30.67, 27.50, 22.32, 13.77. ESI-EMM:
calculated [m+h] 186.1125; measured 186.1123 1.1 ppm

6C HSL

0 M\
’/\/\)\N /L.{O
H -

0

"H NMR (500 MHz, Chloroform-d) & 6.10 (d, J= 5.8 Hz, 1H), 4.56 (ddd, J=11.6, 8.6, 5.9 Hz,
1H), 4.47 (td, J=9.1, 1.1 Hz, 1H), 4.29 (ddd, J=11.3, 9.2, 5.8 Hz, 1H), 2.93 — 2.81 (m, 1H),
2.25(td,J=7.4, 1.6 Hz, 2H), 2.14 (qd, J=11.8, 8.8 Hz, 1H), 1.64 (d, J=7.3 Hz, 3H), 1.32 (td, J
=6.9,5.8,3.3 Hz, 4H), 0.90 (t, J = 6.8 Hz, 3H). *C NMR (126 MHz, CDCls) § 175.62, 173.79,
66.14, 49.25, 36.16, 31.36, 30.65, 25.12, 22.37, 13.92. ESI-EMM: calculated [m+h] 200.1281;
measured 200.1279 1.0 ppm



224

7C HSL
O —\
W P
N 1\
H 0

'H NMR (500 MHz, Chloroform-d) & 6.02 — 5.92 (m, 1H), 4.59 — 4.41 (m, 2H), 4.28 (ddd, J =
11.3,9.3, 5.8 Hz, 1H), 2.87 (dddd, J=12.6, 8.5, 5.8, 1.2 Hz, 1H), 2.25 (td, /= 7.4, 1.6 Hz, 2H),
2.12 (dtd, J=12.4,11.5, 8.8 Hz, 1H), 1.72 - 1.59 (m, 2H), 1.40 — 1.23 (m, 6H), 0.88 (t, /= 6.7
Hz, 3H). '*C NMR (126 MHz, CDCls) § '*C NMR (126 MHz, CDCls) § 175.51, 173.75, 66.12,
49.30, 36.21, 31.48, 30.75, 28.87, 25.39, 22.47, 14.02. ESI-EMM: calculated [m+h] 214.1438;
measured 214.1435 1.4 ppm

8C HSL

O —\
/\/\/\)\N on

Ho §
"H NMR (500 MHz, Chloroform-d) & 6.25 (d, J= 6.1 Hz, 1H), 4.57 (ddd, J= 11.6, 8.6, 6.2 Hz,
1H), 4.45 (td, J=9.0, 1.2 Hz, 1H), 4.27 (ddd, J=11.2,9.2, 5.9 Hz, 1H), 2.81 (dddd, J = 14.2,
8.8,6.0, 1.3 Hz, 1H), 2.29 — 2.08 (m, 3H), 1.62 (q, /= 7.3 Hz, 2H), 1.36 — 1.20 (m, 8H), 0.90 —
0.82 (m, 3H). *C NMR (126 MHz, CDCl3) § 175.73, 173.82, 66.13, 49.15, 36.17, 31.65, 30.48,
29.17, 28.98, 25.45, 22.60, 14.07. ESI-EMM: calculated [m+h] 228.1594; measured 228.1593
0.4 ppm

9C HSL
0
NN
NQ
H o

"H NMR (500 MHz, Chloroform-d) & 4.94 (s, 1H), 4.58 — 4.44 (m, 2H), 4.29 (ddd, J=11.2, 9.3,
5.8 Hz, 1H), 2.88 (dddd, /=12.6, 8.5, 5.8, 1.2 Hz, 1H), 2.25 (td, /="7.5, 1.7 Hz, 2H), 2.17 —
2.07 (m, 1H), 1.65 (t, J = 7.3 Hz, 2H), 1.38 — 1.20 (m, 10H), 0.88 (t, J = 6.8 Hz, 3H). '*C NMR
(126 MHz, CDCls3) 6 175.48, 173.73, 66.12, 49.31, 36.22, 31.80, 30.78, 29.27, 29.21, 29.11,
25.43,22.64, 14.10, ESI-EMM: calculated [m+Na] 264.1570; measured 264.1586, 1.5 ppm

10C HSL
o M
e~ AL J\(o
N \
H 0

"H NMR (500 MHz, Chloroform-d) § 6.27 (d, J= 6.2 Hz, 1H), 4.59 (ddd, J=11.6, 8.7, 6.1 Hz,
1H), 4.47 (t,J=9.0 Hz, 1H), 4.29 (ddd, J=11.3, 9.2, 5.9 Hz, 1H), 2.82 (ddd, J=11.9, 8.6, 5.9
Hz, 1H), 2.35—-2.08 (m, 3H), 1.72 — 1.58 (m, 2H), 1.36 — 1.21 (m, 13H), 0.88 (t, /= 6.9 Hz,
3H). 1*C NMR (126 MHz, CDCl3) § 175.73, 173.82, 66.12, 49.15, 36.18, 31.85, 30.48, 29.42,
29.33,29.26, 29.22, 25.46, 22.66, 14.11. ESI-EMM: calculated [m+h] 256.1907; measured
256.1904 1.2 ppm
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11C HSL

'H NMR (500 MHz, Chloroform-d) & 6.07 (d, J = 5.9 Hz, 1H), 4.56 (ddd, J = 11.6, 8.5, 5.8 Hz,
1H), 4.50 — 4.44 (m, 1H), 4.29 (ddd, J=11.4,9.3, 5.9 Hz, 1H), 2.91 — 2.80 (m, 1H), 2.25 (td, J =
7.4,1.6 Hz, 2H), 2.13 (dtd, J=12.5, 11.5, 8.8 Hz, 1H), 1.69 — 1.59 (m, 3H), 1.37 — 1.20 (m,
14H), 0.88 (t, J = 6.9 Hz, 3H). 3*C NMR (126 MHz, CDCl3) § 175.59, 173.78, 66.13, 49.25,
36.21, 31.89, 30.67, 29.56, 29.46, 29.32, 29.30, 29.22, 25.44, 22.68, 14.12 ESI-EMM: calculated
[m+h] 270.2064; measured 270.2060 1.5 ppm

12C HSL

/”\,/\//\/\/\)L [O

"H NMR (500 MHz, Chloroform -d) 8 6.05 (s, 1H), 4.55 (ddd, J=11.6, 8.5, 5.8 Hz, 1H), 4.47 (t,
J=9.0 Hz, 1H), 4.29 (ddd, J=11.4,9.2, 5.8 Hz, 1H), 2.86 (ddd, J = 13.2, 8.5, 5.8 Hz, 1H), 2.25
(td, J=7.3,1.6 Hz, 2H), 2.13 (qd, J=11.7, 8.8 Hz, 1H), 1.65 (d, J=7.2 Hz, 3H), 1.27 (d, J =
11.4 Hz, 17H), 0.88 (t, J = 6.8 Hz, 3H). 3C NMR (126 MHz, CDCls) § 175.71, 173.91, 66.26,
49.41, 36.35, 32.05, 30.83, 29.74, 29.60, 29.47, 29.46, 29.36, 25.58, 22.83, 14.27. ESI-EMM:
calculated [m+h] 284.2220; measured 284.2217, 1.1 ppm

13C HSL
\‘%NL“
1M1 H 'O

"H NMR (400 MHz, Chloroform-d) & 5.94 (s, 1H), 4.58 — 4.42 (m, 2H), 4.29 (ddd, J=11.4, 9.3,
5.8 Hz, 1H), 2.93 — 2.84 (m, 1H), 2.30 — 2.20 (m, 2H), 2.20 — 2.06 (m, 1H), 1.64 (t, /= 7.4 Hz,
2H), 1.27 (d, J=15.1 Hz, 15H), 0.88 (t, J= 6.8 Hz, 3H). ESI-EMM: calculated [m+h] 298.2377;
measured 298.2374 1.0 ppm

14C HSL
O \

"H NMR (500 MHz, Chloroform-d) & 5.96 (s, 1H), 4.54 (ddd, J = 11.7, 8.5, 5.6 Hz, 1H), 4.47 (td,
J=09.1, 1.1 Hz, 1H), 4.29 (ddd, /= 11.3,9.3, 5.8 Hz, 1H), 2.88 (dddd, J=12.5, 8.6, 5.8, 1.1 Hz,
1H), 2.25 (td, J=7.3, 1.7 Hz, 2H), 2.12 (qd, J = 11.8, 8.8 Hz, 1H), 1.70 — 1.60 (m, 2H), 1.25 (s,
20H), 0.88 (t, /= 6.9 Hz, 3H). 3*C NMR (126 MHz, CDCl3) § 175.49, 173.75, 66.12, 49.31,
36.22,31.92, 30.77, 29.68, 29.65, 29.60, 29.46, 29.36, 29.31, 29.21, 25.43, 22.70, 14.13 ESI-
EMM: calculated [m+h] 312.2533; measured 312.2527 1.9 ppm

15C HSL
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0
\ /O
\t / N '.b;
13H §

"H NMR (400 MHz, Chloroform-d) § 6.21 (d, J= 6.1 Hz, 1H), 4.58 (ddd, /= 11.6, 8.6, 6.0 Hz,
1H), 4.47 (td, J=9.0, 1.2 Hz, 1H), 4.29 (ddd, J=11.3, 9.3, 5.9 Hz, 1H), 2.89 — 2.78 (m, 1H),
2.31-2.21 (m, 2H), 2.14 (qd, J=11.6, 8.8 Hz, 1H), 1.65 (q, J= 7.4 Hz, 2H), 1.36 — 1.25 (m,
8H), 1.25 (s, 12H), 0.88 (t, /= 6.7 Hz, 3H). ESI-EMM: calculated [m+h] 326.2690; measured
326.2686 1.2 ppm

16C HSL
0 /E\O
\{v})kN n'/
14 H '(')

"H NMR (400 MHz, Chloroform-d) § 6.33 (d, J= 6.1 Hz, 1H), 4.58 (ddd, J=11.5, 8.6, 6.1 Hz,
1H), 4.47 (td, J=9.1, 1.3 Hz, 1H), 4.28 (ddd, J=11.2,9.2, 5.9 Hz, 1H), 2.88 — 2.77 (m, 2H),
2.28 —2.11 (m, 3H), 1.64 (p, J=17.5 Hz, 2H), 1.37 — 1.21 (m, 23H), 0.92 — 0.83 (m, 3H). ESI-
EMM: calculated [m+h] 340.2846; measured 340.2843 0.9 ppm

17C HSL

0 \
0

A
"H NMR (SO(g)MHz, Chloroform-d) 8 5.94 (s, 1H), 4.58 — 4.44 (m, 2H), 4.29 (ddd, J=11.2, 9.3,
5.8 Hz, 1H), 2.88 (dddd, J=12.6, 8.5, 5.8, 1.1 Hz, 1H), 2.25 (td, J= 7.4, 1.7 Hz, 2H), 2.12 (qd, J
=11.7, 8.7 Hz, 1H), 1.64 (t, J= 7.3 Hz, 2H), 1.25 (s, 26H), 0.88 (t, J = 6.8 Hz, 3H). 1°C NMR
(126 MHz, CDCl3) 6 175.48, 173.75, 66.12, 49.32, 36.23, 31.93, 30.78, 29.70, 29.68, 29.67,
29.65,29.61, 29.46, 29.37, 29.32, 29.22, 25.43, 22.70, 14.14 ESI-EMM: calculated [m+h]
354.3003; measured 354.2997 1.7 ppm

18C HSL
O \
/L/O
\( : N «';
16 H 0

"H NMR (500 MHz, Chloroform-d) & 5.99 (d, J= 5.6 Hz, 1H), 4.54 (ddd, J=11.6, 8.5, 5.7 Hz,
1H), 4.47 (t, J=9.0 Hz, 1H), 4.29 (ddd, J=11.3, 9.3, 5.8 Hz, 1H), 2.87 (ddd, /J=13.4, 8.5, 5.8
Hz, 1H), 2.25 (dd, J= 8.8, 6.6 Hz, 2H), 2.12 (qd, J=11.8, 8.7 Hz, 1H), 1.64 (q, /= 7.4 Hz, 2H),
1.25 (s, 28H), 0.88 (t, J = 6.8 Hz, 3H). 3C NMR (126 MHz, CDCls) § 175.46, 173.74, 66.12,
49.33, 36.23, 31.93, 30.80, 29.70, 29.67, 29.65, 29.61, 29.46, 29.37, 29.32, 29.22, 25.43, 22.70,
14.14 ESI-EMM: calculated [m+na] 390.2979 measured 390.2974 1.3 ppm

19C HSL
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(@)
N
N

17 H 0

"H NMR (500 MHz, Chloroform-d) & 5.93 (d, J = 5.6 Hz, 1H), 4.57 — 4.44 (m, 2H), 4.29 (ddd, J
=11.3,9.3,5.8 Hz, 1H), 2.89 (dtd, /= 13.2, 6.2, 3.0 Hz, 1H), 2.25 (td, J= 7.4, 1.7 Hz, 2H), 2.12
(qd, J=11.8, 8.8 Hz, 1H), 1.65 (q, J = 7.4 Hz, 2H), 1.25 (s, 29H), 0.88 (t, J = 6.8 Hz, 3H). 1°C
NMR (126 MHz, CDCls) & 175.47, 173.75, 66.12, 49.32, 36.23, 31.93, 30.79, 29.71, 29.68,
29.67,29.65, 29.61, 29.46, 29.37, 29.32, 29.22, 25.43, 22.70, 14.14. ESI-EMM: calculated
[m+na] 404.3135 measured 404.3132 0.7 ppm

20C HSL
0
o
\M)J\N/Q
1B8H

'H NMR (500 MHz, Chloroform-d) & 5.91 (s, 1H), 4.53 (ddd, J = 11.6, 8.5, 5.5 Hz, 1H), 4.47 (t,
J=9.0 Hz, 1H), 4.29 (ddd, J=11.4, 9.3, 5.8 Hz, 1H), 2.89 (ddd, J=13.4, 8.6, 5.8 Hz, 1H), 2.25
(td, J=7.4,1.7 Hz, 2H), 2.12 (qd, J=11.8, 8.8 Hz, 1H), 1.65 (q, J= 7.4 Hz, 2H), 1.25 (s, 32H),
0.88 (t,J = 6.8 Hz, 3H). >*C NMR (126 MHz, CDCls) § 175.45, 173.72, 66.11, 49.33, 36.23,
31.93, 30.80, 29.71, 29.68, 29.66, 29.65, 29.61, 29.46, 29.37, 29.31, 29.21, 25.43, 22.70, 14.13.
ESI-EMM: calculated [m+na] 418.3292 measured 418.3286 1.4 ppm

'H NMR (500 MHz, Chloroform-d) § 7.69 (d, J = 6.7 Hz, 1H), 4.61 (ddd, J=11.4, 8.8, 6.8 Hz,
1H), 4.47 (tq, J = 8.9, 1.5 Hz, 1H), 4.32 — 4.24 (m, 1H), 3.48 (s, 2H), 2.78 — 2.69 (m, 1H), 2.54
(t, J=7.4 Hz, 2H), 2.33 — 2.19 (m, 1H), 1.57 (dtd, J=9.1, 7.4, 5.7 Hz, 2H), 1.32 (ht, J= 7.3, 1.4
Hz, 2H), 0.91 (tt, J = 7.4, 1.5 Hz, 3H). 3C NMR (126 MHz, CDCls) § 206.50, 174.93, 166.53,
65.92, 49.03, 48.26, 43.53, 29.68, 25.40, 22.10, 13.77.

(0] 0] =\
e~ Ao
N

H 0

"H NMR (500 MHz, Chloroform-d) § 7.66 (d, J= 6.7 Hz, 1H), 4.60 (ddd, J=11.4, 8.7, 6.7 Hz,
1H), 4.47 (td, J=9.1, 1.5 Hz, 1H), 4.28 (ddd, J = 11.0, 9.2, 6.1 Hz, 1H), 3.47 (s, 2H), 2.79 — 2.71
(m, 1H), 2.53 (t, J = 7.3 Hz, 2H), 2.24 (dtd, J=12.5, 11.2, 8.9 Hz, 1H), 1.58 (t, J= 7.3 Hz, 2H),
1.34 —1.20 (m, 11H), 0.88 (t, J= 6.9 Hz, 3H). 3C NMR (126 MHz, CDCl3) § 206.57, 174.83,
166.39, 65.89, 49.05, 48.15, 43.92, 31.79, 29.81, 29.30, 29.09, 29.00, 23.37, 22.63, 14.08.
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Abstract

Certain bacteria can coordinate group behaviors via a chemical communication system known
as quorum sensing (QS). Gram-negative bacteria typically use N-acyl L-homoserine lactone
(AHL) signals and their cognate intracellular LuxR-type receptors for QS. The opportunistic
pathogen Pseudomonas aeruginosa has a relatively complex QS circuit in which two of its LuxR-
type receptors, LasR and QscR, are activated by the same natural signal, N-(3-oxo)-dodecanoyl L-
homoserine lactone. Intriguingly, once active, LasR activates virulence pathways in P. aeruginosa,
while activated QscR can inactivate LasR and thus repress virulence. We have a limited
understanding of the structural features of AHLs that engender either agonistic activity in both
receptors or receptor-selective activity. Compounds with the latter active profile could prove
especially useful tools to tease out the roles of these two receptors in virulence regulation. A small
collection of AHL analogues was assembled and screened in cell-based reporter assays for activity
in both LasR and QscR. We identified several structural motifs that bias ligand activation towards
each of the two receptors. These findings will inform the development of new synthetic ligands
for LasR and QscR with improved potencies and selectivities.
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Introduction

Bacteria can communicate using chemical signals in a process called quorum sensing (QS) [1,
2]. In the canonical LuxI/LuxR systems found in Gram-negative bacteria, N-acyl L-homoserine
lactones (AHLs) signals (or autoinducers) are produced by LuxI-type synthases at a basal level
[3]. At a sufficiently high cell and signal density, the AHL signal will productively bind its cognate
intracellular LuxR-type receptor. Thereafter, the activated complex will typically dimerize, bind
to various promoters in the bacterial genome, and alter the expression of group beneficial genes.
The LuxI/LuxR system is also upregulated, resulting in a positive feedback loop that is a hallmark

of QS systems.

0S in Pseudomonas aeruginosa

P. aeruginosa is an increasingly antibiotic resistant Gram-negative pathogen that is notorious
for infecting cystic fibrosis patients and other immunocompromised individuals [4]. This
bacterium regulates almost 10% of its genome via QS [5], including an arsenal of virulence factors,
making inhibition of its QS circuit an attractive target for both anti-virulence and fundamental
chemical biology research [6-10]. However, the development of ligands that modulate QS in P.
aeruginosa is challenging due to its relatively complex QS system (Figure 1) [11]. P. aeruginosa
has two distinct LuxI/LuxR systems, LasR and RhIR, in addition to the unrelated LysR-type
Pseudomonas Quinolone System (PQS) [12]. LasR, considered at the top of the QS hierarchy, is
activated by N-3-(oxo)-dodecanoyl L-homoserine lactone (OdDHL), which is produced by the
LasI synthase. This receptor activates the rhl system, composed of the RhIR receptor and the Rhll
synthase, the latter of which produces RhIR’s cognate signal, N-butryl L-homoserine lactone
(BHL). Both the las and rhl systems are negatively regulated by an orphan LuxR-type receptor or

receptor “solo”, QscR, which lacks its own corresponding synthase and native ligand, yet binds
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and is maximally activated by OdDHL, the native ligand for LasR [12]. Interestingly, QscR serves
as a repressor of both LasR and RhIR activity and suppresses virulence. The mechanism of this
repression by QscR is not fully understood, but could include the formation of inactive
heterodimers [13].

Las -
2

A=

Ak 1 o=k ETMETS- Rhl

/ | |Regulon |
_Regu!op/ | Ll ) !

\ 7 o
L ' i IBHL
| RWR ) N
. Regulon /
\ S =

Figure 6.1. Simplified schematic of the three LuxR-type receptors in P. aeruginosa and their
interregulation. LasR, QscR, and RhIR have overlapping regulons that control group beneficial
genes, including many involved in virulence.

The three P. aeruginosa LuxR-type receptors have overlapping regulons (Figure 1), suggesting
some redundancies in their modulation of group-related genes [14-16]. That said, LasR is the
primary inducer of many major virulence factors, including elastase, endotoxin A, and alkaline
protease [17], whereas RhIR primarily regulates the biosurfactant rhamnolipid [18]. QscR has been
shown to directly regulate a number of genes, but their functions are currently unknown [14]. Our
laboratory [19-22] and others [23-28] have devoted significant effort to developing non-native
small molecules capable of targeting LasR, RhIR, and/or QscR to better delineate their individual
roles in virulence progression. Several of these compounds have been shown to reduce virulence
factor production in wild-type P. aeruginosa [29], and represent useful research tools to study P.
aeruginosa QS pathways that can be challenging to interrogate using genetic knockouts [30]. To

date, ligands relatively selective for LasR and RhIR have been identified [22]; however, the
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molecular features that drive the selectivity of non-native ligands for LasR over QscR, and vice
versa, remain largely unknown [21]. Notably, compounds that display selective QscR agonism
could be utilized to antagonize both the las and rhl circuits, and could be useful molecules to
modulate virulence; indeed, initial studies have shown that QscR activators can reduce virulence
factor production in P. aeruginosa [31] and that a P. aeruginosa QscR-null mutant is hypervirulent
in an insect model [32]. Delineating the structural features of AHLs that engender either agonistic
activity in both QscR and LasR or receptor selective activity was one of the broad motivations for

this study.

Figure 6.2. Views of (A) OdDHL (in yellow) bound to LasR (A) and OdDHL (in cyan) bound
QscR (B) from their respective crystal structures [33, 34]. Key residues involved in hydrogen
bonds to the KMd 3SZT.5 (QscR).

Structural differences between LasR and QscR and prior studies of AHL activity profiles

in these receptors

Beyond the development of novel chemical tools for QscR and LasR, understanding the features
of AHL-type compounds that selectively modulate either of these receptors (if they exist)is of
fundamental interest, as these two receptors are activated maximally by the same natural ligand,
OdDHL. This activity trend suggests that their ligand binding sites and/or modes of ligand
recognition could be similar. However, structural studies of QscR and LasR have revealed that

these two proteins differ in a number of ways [33, 34]. While both receptors possess the nine
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highly-conserved amino acids found in the ligand-binding site of most LuxR-type receptors [35],
their overall sequence similarity is only 16% [36]. X-ray crystallography of full length QscR and
the ligand-binding domain (LBD) of LasR revealed that several of the hydrogen bonding contacts
with OdDHL in the two receptors also involve different amino acids (Figure 2); overlays of the
QscR and LasR LBDs reveal RMSD differences of 1.97 A [33]. Additionally, QscR has been
shown to be more stable and more amenable to ligand exchange in vitro than LasR, allowing for
its biochemical manipulation with a variety of AHLs [37]. Indeed, cell-based reporter assays
demonstrated that QscR is able to be activated by a wider assortment of native AHLs than LasR,
as well as non-native AHLs with sterically bulkier acyl chains [21]. This more relaxed ligand
binding capability may be due to QscR’s larger ligand binding site and/or the different hydrogen-

bonding networks available in QscR relative to LasR (Figure 2) [33, 38].

Most non-native AHLs developed to study LuxR-type receptor activity in P. aeruginosa have
had varying acyl chains, yet maintain the native L-homoserine lactone ‘“headgroup” [8].
Accordingly, relatively little is known about the effects of AHL analog activity in LasR and QscR
with structural variations of the lactone “head group” (vide infra). Of the analogs with non-native
headgroups that have been examined [27, 28, 39], most are weaker modulators of LasR (and other
related receptors) than analogs that retain the lactone headgroup [40]. This trend has been
attributed to hydrogen bonding contacts between the lactone and the receptor that are presumably
essential for strong binding [41]. For example, structural data for both LasR and QscR highlight a
key hydrogen bond between the OdDHL ester carbonyl and a conserved tryptophan side chain
(Figure 2) [33, 34]. The OdDHL amide proton also forms a hydrogen bonding contact with a
conserved aspartate residue. Replacement of the homoserine lactone with another chemical

moiety, however, would be desirable for new probe design, as the lactone is hydrolytically unstable
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(half-life of ~4-24 hours; depending on appended acyl chain structure [42]), which reduces their
utility for deployment as tools in biologically relevant environments. Further analysis of subtle
structural changes to the AHL head group, some of which retain the possibility to engage in
hydrogen bonds, could result in compounds with improved stability, activity, and selectivity
profiles. We sought to test this hypothesis in the current study in the context of OdDHL analogs

and their comparative activity profiles in, and selectivity for, LasR and QscR.

Herein, we report the examination of a set of closely related OdDHL analogs selected to test the
effects of systematic structural changes to the lactone headgroup on compound activity and
selectivity for LasR and QscR. These compounds were evaluated in cell-based reporter assays that
allowed for quantitative study of (i) agonism of LasR and QscR and (ii) competitive antagonism
of LasR and QscR in the presence of OdDHL, providing for comparative analysis of ligand potency
and selectivity in each receptor. Overall, we found that a subset of these OdDHL analogs with non-
native head groups were selective for either receptor. In addition, we also identified analogs with
high potencies that should have significantly improved hydrolytic stability in aqueous media
relative to lactone derivatives. These compounds begin to teach us the features of AHL analogs
that drive receptor selectivity, and will guide the future development of chemical probes to study

the QS circuit in P. aeruginosa, and likely other related bacteria.

Results and Discussion

Compound selection, historical background for certain molecules, and synthesis

We selected compounds for study based on prior reports of OdDHL (1) analogs and our own
design criteria (Figure 3). All of these compounds retain the 3-oxo-dodecanoyl “tail” group (except
for sulfonamide 10, which still preserves a 12-atom side chain). Of the small set of reported

OdDHL analogs with alterations to the lactone headgroup, these derivatives have been examined



258

in different biological assays and largely only in LasR, thus comparative activity data in LasR or
relative to QscR are not available. Of this group, we selected eight compounds that contained
largely systematic structural changes to the lactone headgroup (2—6, 8, and 10) for comparative
analysis in the current study. Pertinent background information on these compounds is provided
here. Iglewski and coworkers first reported the homocysteine thiolactone (3) and y-lactam (4)
analogs in 1996 [43]. The thiolactone (3) was found to agonize LasR comparably to OdDHL (1),
whereas the lactam was about 100-fold less potent based on ECso. The Suga lab later examined
non-hydrolyzable cyclopentanone 5 and cyclopentanol 8 derivatives [24]. With the carbonyl group
maintained, cyclopentanone S retained agonistic activity in LasR but was not nearly as potent as
OdDHL (1). The reduced analog, cyclopentanol 8, could also agonize LasR, albeit only at very
high concentrations (400 uM). Our lab reexamined thiolactone 3 and performed initial studies on
cyclopentyl derivative 6 in LasR in 2011, again confirming the high potency of the thiolactone 3
and demonstrating some agonistic activity for 6 in LasR (but no ECso was calculated) [44, 45].
Sulfonamide variant 10 was the only compounds to be tested in both LasR and QscR [20, 46, 47].
This compound was a mild agonist of QscR, yet was inactive in LasR. Ester 11 and the D-
enantiomer of OdDHL, 2, were reported in 2004 and 2006 respectively, but no biological assay
data was reported in LasR [48, 49]. We expanded this set of close OdDHL analogs with
tetrahydrofuran (THF) derivatives 7 and 9 (Figure 3), which are new to this study. These
compounds were included to maintain an oxygen in the heterocycles yet remove the carbonyl (7)
and lengthen the head group (9). The set of 10 compounds were synthesized in moderate to good
yields using standard amide bond coupling procedures or previously described methods (see

Experimental Section) [50-52].
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Figure 6.3. Structures of the compounds evaluated in this study. Compounds 2-9 retained the
3-oxo-dodecanoyl chain of OdDHL (1). Structures are loosely grouped based on variation to (A)
the lactone stereochemistry or ring oxygen, (B) carbonyl replacement, and (C) amide linker
modifications. Certain compounds were reported previously by other laboratories: 2, Ishiguro
and coworkers [49]; 3 and 4, Iglewski and coworkers; 5, 8, and 11 [43]; Suga and coworkers; 6
and 10 [24, 48]; 10, our laboratory [45].

The 10 OdDHL analogs selected for further analysis were roughly organized into three groups
(1-3). Group 1 retained a carbonyl on the head group (Figure 3A). These compounds probed the
importance of ring stereochemistry with compound 2, and the identity of the ring heteroatom with
thiolactone 3, lactam 4, and ketone 5. These different atoms modify the size and shape of the ring,
as well as the hydrogen bonding ability of the carbonyl and the ring atom itself. Group 2
compounds lacked a carbonyl (Figure 3B). Cyclopentane analog 6 is devoid of endocyclic
heteroatoms and has no hydrogen bond acceptors, whereas THF derivative 7 retains an oxygen.
Alcohol 8, the asymmetrically reduced form of ketone 5, allowed for testing the effects of a
hydrogen-bond donor and acceptor versus only an acceptor (as in 5) on the ring. Compound 9
(made as the racemate) adds a methylene to the THF derivative 7 and extends the head group.

Lastly, the Group 3 compounds probed the amide linker between the head group and alkyl chain,
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by converting it to either a sulfonamide (10) or an ester (11) (Figure 3C). The latter compound

removes a hydrogen bond donor, while the former also lacks the 3-oxo group.

Biological evaluation in LasR and QscR

Assay methods

Cell-based reporter gene assays are routinely used to measure LuxR-type protein activity in the
presence of exogenous compound. As P. aeruginosa has three LuxR-type receptors that are closely
interregulated (Figure 1), measuring the activity of individual receptors in the native background
can be challenging. To address this issue, our lab has developed heterologous reporter systems in
E. coli strain JLD271 (AsdiA) for all three of the P. aeruginosa LuxR-type receptors [22, 30, 32,
38, 53]. Aside from standardizing the receptor expression levels and reporter plasmids, these
strains also lack E. coli’s native LuxR-type receptor, SdiA, removing a possible ligand “sink” that
could alter activity profiles. Using these LasR and QscR reporters and our previously described
protocols [22, 39], we examined the agonistic activities of compounds 2—11 over a range of
concentrations (1 pM—100 uM; see Experimental Section). Compounds that showed weak agonism
(i.e., potency too low to calculate an ECso value) were also screened for their ability to antagonize
LasR and QscR in competition with OdDHL (1) over a range of concentrations (3.2 nM-250 [1M).
Screening data were analyzed by examining maximum agonistic and antagonistic activities and

calculating ECso and ICso values, and are listed in Table 1.
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Table 6.1. Compound activity data in E. coli LasR and QscR reporter strains. CI =95% confidence

interval. *
LasR QscR
Agonism
Compound aijl")b 95% CI (nM) ‘(é/coglcva“on aijl")b 95% CI (nM) ‘(é/coglcva“on
1 (OdDHL) 1.5 091-25) | 100 15 6.8-32) 100
2 110 (81— 150) 99 1380 (440—4300) | 110
3 15 071-33) | 100 80 (42— 150) 110
4 30 (11=79) 110 3300 (1600 —7000) | 56
5 5 (7.7-29) 110 830 @50-1500) |77
6 160 (73 —360) 88 360 (230 550) 100
7 910 (760—1100) | 81 820 (530—1300) | 74
8 1900 (1400 —2500) | 96 3500 (1700—6900) | 110
9 260 (130—500) | 96 i _ 32
10 - _ 6.4 1600 (1000 —2500) | 72
1 = - 27 a - 37
Antagonism
Compound gﬁﬁj[) 95% CI (uM) | Tnhibition (%)" | ICso (uM) | 95% CT (uM) gf,}gﬂbiﬁon
9 _ - - >250 - 59
10 - - - - - -
1 =250 |- 53 >250 - 23

For details of reporter strains,

see Experimental Section. All assays performed in triplicate; 95% Cls calculated
from the SEM of n > 3 trials. Shading in table provided for clarity to highlight Groups 1-3 in the agonism data.
For agonism experiments, LasR or QscR activity was measured relative to that of 100 pM OdDHL (1). ECso
values determined by testing compounds over a range of concentrations (1 pM—100 [IM). °Denotes the highest
value of LasR or QscR activation observed for each compound at any concentration on the dose—response curve.
Error = £10. “Not calculated. °Antagonism experiments performed by competing the various compounds against
OdDHL (1) at its ECsp in LasR (1.5 nM) or QscR (15 nM), and inhibitory activity was measured relative to receptor
activation at this ECso. ICso values determined by testing compounds over a range of concentrations (3.2 nM-250
IM). "Denotes the highest value of LasR or QscR inhibition observed for each compound at any concentration on

the dose-response curve. Full agonism and antagonism dose response curves are shown in the Supp. Info.

Agonism assay results for Group 1 compounds (2-5)

All of the compounds in Group 1, which retained a carbonyl in the head group, activated LasR

to nearly 100% with ECso values in the low to mid nanomolar range (Table 1). D-OdDHL 2 was

the least potent activator in this group (ECso 100-fold higher than L-OdDHL (1)), which was
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unsurprising based on previous reports of the importance of lactone stereochemistry for LuxR-
type receptor activation [51]. Lactam and cyclopentanone variants (4 and 5, respectively) were
~10-20-fold less potent than OdDHL (1), suggesting that these changes to the ring that either
introduce an H-bond donor (lactam 5) or remove H-bonding capability (ketone 5) are moderately
well tolerated in LasR. Thiolactone 3 was found to be the most potent non-native agonist of LasR
in Group 1 (and in this study overall), with a comparable ECso to OdDHL (1.5 nM), corroborating

previous reports [43, 44].

The agonism activity trends for Group 1 in QscR were both similar to and different than those
in LasR. For instance, D-OdDHL 2 also showed a nearly 100-fold reduction in activity relative to
OdDHL (1) whilst maintaining full efficacy, suggesting that the two receptors have similar
intolerances for the inverted stereochemistry. Larger differences were observed upon varying the
carbonyl group to thiolactone, lactam, and ketone. Thiolactone 3 was capable of full QscR
activation, while the lactam and lactone showed reduced efficacy. Unlike in LasR, thiolactone 3
was five-fold less potent than OdDHL in QscR. Previous studies have suggested thiolactones to
have a stabilizing effect on LasR due to their larger size and capability for hydrogen-bonding [54],
so it is possible that the QscR ligand-binding site does not accommodate larger ring sizes well
(assuming these closely related analogs also target the same site). This activity trend is supported
by the QscR reporter assay data for lactam 4, which displayed >200-fold reduced potency relative
to OdDHL. The lactam nitrogen is closer in size to a sulfur atom than oxygen based on covalent
radii [55], and will also interact with the ligand binding pocket differently because of the added
hydrogen bond donor. The reduced flexibility of the amide C-N bond (relative to the C-O bond of
a lactone) may also play a role in receptor binding. These differences may contribute to lactam 4’s

reduced potency. This trend may also be observed for cyclopentanone 5; the subtly larger steric
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size of the cyclopentanone versus the homoserine lactone (i.e., increased covalent radius of a
methylene group vs. an oxygen atom), in addition to the lack of an endocyclic H-bonding acceptor,
results in a ~55-fold difference overall. Overall, LasR appeared more tolerant of these head group

changes relative to QscR.

Agonism results for Group 2 compounds (6-9)

Group 2 compounds, lacking a head group carbonyl (6-9), exhibited slightly lower efficacies
and generally lower potencies in LasR relative to Group 1 (Table 1). Cyclopentane 6, with a 100-
fold loss in potency relative to OdDHL (1), was the most potent compound. THF derivative 7,
whilst 600-fold less potent than OdDHL, maintains an oxygen in the head group at a position
comparable to the intact homoserine lactone, unlike compound 6. The presence of this oxygen
could possibly result in a disfavored hydrogen bonding interaction. Interestingly, a similar loss in
potency is not observed in extended THF-derivative, 9. Presumably, the added methylene linker
places the head group in a more favorable position for ligand binding. Alcohol 8, with both a
hydrogen bond donor and acceptor at the carbonyl position, was the weakest LasR activator in
Group 2, with a ~1200-fold higher ECsg relative to OdDHL. We hypothesize that this molecule
makes drastically changed and/or unfavorable hydrogen binding contacts in the pocket that alter

the LasR protein configuration for optimal activity.

Turning to QscR, the Group 2 compounds 6—8 had largely similar potencies in QscR and LasR.
However, because OdDHL is ~10 times more potent in LasR then QscR using these reporter
assays, the similar potencies of 68 in both receptors indicate that QscR was better able to
accommodate these ligands than LasR; we return to this issue when making comparisons between
the two receptors below (see also Figure 4). Cyclopentane 6 was still the most potent of the group

in QscR, exhibiting only a 24-fold reduction in potency relative to OdDHL. THF variant 7 was
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slightly less potent than cyclopentane 6, possibly indicating this ligand is making an undesirable
contact in QscR as well as in LasR. Also similar to LasR, alcohol 8 was a very weak QscR agonist
(ECso value in the micromolar range), suggesting its altered H-bonding properties were disfavored
in both QscR and LasR. In contrast to LasR, however, the other THF derivative (9) showed
negligible activity in QscR. This extended head group was apparently not tolerated for QscR

agonism.

Agonism data for group 3 compounds

The two compounds in Group 3 (10 and 11) contained alterations to the amide linker, and both
show limited activity in LasR and QscR. Sulfonamide 10 was inactive in LasR and showed only
weak agonistic activity in QscR, corroborating previous reported trends [47]. As some of the most
potent previously reported agonists and antagonists of QscR contain steric bulk alpha to the amide
linker [21], it is perhaps not surprising that the sulfonamide can be tolerated in QscR, albeit
engendering very modest ligand activity. In turn, ester 11, which lacks the ability to donate a
hydrogen bond, drastically looses efficacy in LasR and QscR. This loss of activity is supported by
prior mutational studies highlighting the importance of Asp73 for LasR activation [54]. The
chemical experiment performed here (removing the hydrogen bond donor from the ligand rather
than the protein) supports the importance of hydrogen bonding between Asp73 and Thr75 (in

LasR) and Asp75 (in QscR) with a ligand as being vital to receptor activation (Figure 2) [33, 34].

Antagonism screening for compounds with limited activity in agonism experiments

We reasoned that compounds with limited to no activity in the agonism assays could operate as
receptor antagonists instead [56] Therefore, we measured the antagonism profiles of compounds
10 and 11 in LasR and 9 and 11 in QscR, each in competition against OdDHL (1). The data

resulting from these assays are listed in Table 1. Sulfonamide 10 failed to antagonize LasR,



265

suggesting that, in concert with its lack of agnostic activity, this linkage alternation simply destroys
receptor interactions. Ester 11 was capable of weak LasR antagonism, achieving a maximum
inhibition of 53% at the highest concentration tested, but was not sufficiently potent to calculate

an ICso.

In QscR, extended THF analogue 9 was twice as active as ester 11, with maximum inhibitory
activities of 59% versus 23%, respectively. Neither compound was potent enough to calculate an
ICs0, however. These data reinforce the importance of the Asp73/Asp75 to amide N-H hydrogen
bond for LasR or QscR binding and the intolerance of LasR for added steric bulk near the amide
bond. Additionally, our results suggest that “elongated” head groups, such as in 9, may be a useful

motif for developing QscR-selective antagonists.
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Figure 6.4. Relatively selectivity profiles for compounds 2-8 in LasR and QscR. Error bars were
generated from the 95% confidence intervals of the ECso values in each receptor. See Supp. Info.
for a mathematical definition of relative selectivity.

Relative selectivity profiles in LasR and QscR
We were interested in determining if any of the motifs present in our library engendered

molecules with selectivity for LasR over QscR, and vice versa. As noted above, OdDHL (1) is
approximately 10-fold more potent in LasR than QscR. Therefore, non-native compounds with
similar potencies that are above the ECso value of OdDHL in both receptors (i.e., 6-8) have lost

10-fold less potency against QscR than LasR (relative to OdDHL). To quantify this phenomenon
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and determine whether our molecules were selective for LasR or QscR relative to OdDHL, we
developed a “relative selectivity” metric (see Supp. Info. for mathematical derivation). We applied
this metric to all molecules for which we could calculate an ECso in both receptors (2—8) and
excluded compounds with no activity in one receptor (9-11). These metric data are plotted in
Figure 4 and reveal that the presence or absence of a carbonyl in a compound was the main driver
of relative selectivity. Carbonyl-containing compounds 3—5 showed relative selectivity for LasR,
whilst compounds without carbonyls (6-8) showed relative selectivity for QscR. This selectively
trend suggest that receptor contacts with the carbonyl (steric and/or hydrogen-bonding) are favored

in LasR over QscR for this set of close OdDHL analogs.

Conclusion

The goal of this study was to measure the agonism and antagonism profiles of a set of head
group-modified OdDHL (1) analogues to identify molecular features important for the differential
activation of LasR and QscR. These overall SARs are shown schematically in Figure 5. In general,
LasR activity is more greatly affected by the removal of the homoserine lactone carbonyl than
QscR. LasR also cannot tolerate steric bulk near the amide carbonyl. In terms of agonism, QscR
is less amenable to elongation of the head group (i.e., as in 9) and changes in identity of the
carbonyl-bearing ring (i.e., lactone vs. thiolactone, lactam, or ketone) relative to LasR. Both
receptors are equally affected by changes in ring stereochemistry and require a hydrogen bond
donor on the ligand linker (i.e., an amide) for appreciable receptor activation. In addition, our study
of the antagonism profiles of analogues with limited to no agonistic activity revealed that ester 11,
and THF-derivative 9 and 11, are mild antagonists of LasR and QscR, respectively. These
antagonism data suggest that the incorporation of “elongated” head groups (as in 9) can generate

QscR-selective antagonists.
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Figure 6.5. Structural features important for the activation of LasR and QscR receptors.
Features more important for LasR activation are shown in yellow (i.e., removal of the lactone
carbonyl, added bulk around amide carbonyl). Features more important for LasR activation are
shown in yellow (i.e., removal of the lactone carbonyl, added bulk around amide carbonyl).
Features more important for QscR activation are shown in cyan (i.e., increased linker length,
he(tleroatom change). Changes equally detrimental for activation of both receptors are shown in
red.

Looking to the future, these investigations have revealed several head groups as potential leads
for generating new probe compounds for LasR and QscR with improved hydrolytic stability.
Thiolactone 3, lactam 4, and cyclopentanone 5 all are relatively more stable than homoserine
lactone and maintain potencies in LasR in the mid-nanomolar range. These compounds have
increased selectivity for LasR over QscR, making them excellent leads for future compounds
targeting this receptor. While changes in the homoserine lactone heteroatom generally result in
reduced activity in both LuxR-type receptors, these activity differences may not be as critical if
the compounds have longer half-lives in aqueous media, allowing them to remain active over
prolonged periods in biologically relevant environments. Homocysteine thiolactone derivatives,
like 3, are particularly interesting in this regard, as we have shown them to remain intact
significantly longer than the native lactone head group [44]. Alternatively, QscR selective
compounds may benefit from the incorporation of a sulfonamide linker or from the removal of the
homoserine lactone carbonyl. Both changes resulted in modest QscR agonists with limited to no
activity versus LasR. Further development of the lead compounds and the SARs for OdDHL (1)

reported here is ongoing in our lab.
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Materials and Methods

General

All chemical reagents and solvents were purchased from commercial sources and used without
further purification, except for dichloromethane (DCM), which was distilled and dried over
activated molecular sieves. Water (18 MQ) was purified using a Thermo Scientific Barnstead
Nanopure system. OdDHL (1) was purchased from Sigma Aldrich. Chlorophenol red-f-D-
galactopyranoside (CPRG) was purchased from Roche. Ortho-nitrophenyl-f-galactoside (ONPG)
was purchased from Sigma Aldrich. All media and reagents for bacterial culture were purchased

from commercial sources and used according to manufacturer’s instructions.

Chemistry

For compounds 2-9 and 11, the acyl “tail group” was introduced via 2-(2-nonyl-1,3-dioxolan-
2-yl) acetic acid, which was synthesized according to the method of Spring and coworkers [52].
This acid was coupled to each analog head group wusing I-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)—mediated coupling chemistry as reported previously
by our laboratory [45]. The resulting product of each coupling reaction was deprotected with
trifluoroacetic acid (TFA) to produce the analogs 24, 6, 7, 9, and 11 [52]. The head group for
compound 4 ((S)-3-amino-2-pyrrolidinone) was prepared as previously described [57].
Enantiomerically pure (S, S)-2-aminocyclopentanol was used in the preparation of compound 8.
Formation of the amide bond between head groups and tail groups in analogues S and 8 required
a different reaction solvent than that for 2—4, 6, 7, 9, and 11 (DMF rather than DCM), but otherwise
all reaction conditions were identical. Cyclopentanone 5 was prepared via Dess-Martin oxidation

of its hydroxyl precursor (8) as previously reported [51]. Sulfonamide 10 was synthesized as
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described [50]. All products were purified to homogeneity via silica gel chromatography as needed

after standard aqueous work-up.

Bacteriology methods

Bacteria were cultured in Luria—Bertani medium (LB) at 37 °C. Absorbance measurements were
performed in 96-well microtiter plates and path length-corrected using a Biotek Synergy 2 plate
reader running Gen 5 software (version 1.05). Bacterial growth was assessed by measuring

absorbance at 600 nm (ODeoo).

Bacterial strains and assay protocols

The bacterial reporter strains used for this study were the (i) E. coli strain JLD271 (AsdiA)
harboring the LasR expression plasmid pJN105L and the /as/-lacZ transcriptional fusion reporter
pSCI11-L, and (ii) E. coli strain JLD271 (AsdiA) harboring the QscR expression plasmid pJN105Q
and the pPA1897-lacZ transcriptional fusion reporter pSC11-Q. Miller-type [I-galactosidase
assays were performed in these two E. coli reporters using either CPRG or ONPG substrates as
previously described [22, 39]. For agonism experiments, LasR or QscR activity was measured
relative to that of 100 pM OdDHL (1). Antagonism experiments were performed by competing
the various compounds against OdDHL (1) at its ECso in LasR (1.5 nM) or QscR (15 nM), and
inhibitory activity was measured relative to receptor activation at this ECso. ECso and ICso values

were determined by testing compounds over a range of concentrations (< 250 uM).
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Instrumentation and analytical methods

NMR spectra were recorded in deuterated NMR solvents at 500 MHz on a Bruker Avance-500
spectrometer with DCH cryoprobe and SampleXpress. Chemical shifts are reported in parts per
million (ppm, 0) using corresponding solvents or tetramethylsilane (TMS) as a reference.
Couplings are reported in hertz (Hz). Electrospray ionization MS measurements were performed
on a Waters LCT. Samples were dissolved in acetonitrile and sprayed with a sample cone voltage
of 20. For exact mass measurements (EMM), an aliquot of a known compound (lock mass) was

added to the sample and resprayed.

Compound characterization data

"H NMR, '3C NMR, and ESI MS data are reported below for the new compounds in this study (7
and 9). Characterization data for compounds 4 [1] and 11 [2] are included as they have not been
fully characterized in past studies reporting their structures. Characterization data for compounds
2(3],3[4],5][5],6[6],8[7], and 10 [8] matched those in prior reports. We note that minor
amounts of enol tautomer appear in all spectra; NMR characterization data is reported for the

keto tautomer. Copies of the spectra are included at the end of this document.

0o 0
N
H

O]

4: "H NMR (500 MHz, CDCl3) § 7.56 (s, 1H), 6.38 (d, J = 32.2 Hz, 1H), 4.44 (ddd, J = 11.0, 8.4,
6.3 Hz, 1H), 3.50 — 3.32 (m, 4H), 2.83 — 2.62 (m, 1H), 2.53 (t, J = 7.4 Hz, 2H), 1.98 (dq, J =
12.3,9.8 Hz, 1H), 1.68 — 1.48 (m, 2H), 1.26 (d, J = 7.0 Hz, 15H), 0.87 (t, J = 6.8 Hz, 3H); 3C



271

NMR (126 MHz, CDCIs) 6 206.57, 166.60, 50.76, 48.98, 43.92, 39.35, 31.99, 29.85, 29.78,
29.54,29.50, 29.39, 29.15, 23.52, 22.80, 14.25; ESI MS: expected [M+H]": 297.2173, observed:
297.2169.

/\/\/\/\)?\/lcj)\NEo

7: 'TH NMR (500 MHz, CDCl3) § 4.50 (dtd, J = 7.0, 3.7, 1.9 Hz, 1H), 3.93 (dt, J= 8.6, 7.3 Hz,
1H), 3.89 —3.76 (m, 2H), 3.65 (dd, J=9.4, 3.1 Hz, 1H), 3.37 (d, /= 1.7 Hz, 2H), 2.50 (t, /= 7.3
Hz, 2H), 2.35-2.19 (m, 1H), 1.81 (dddd, /= 13.1, 7.5, 5.6, 3.4 Hz, 1H), 1.56 (dd, J=13.5, 6.8
Hz, 3H), 1.40 — 1.16 (m, 14H), 0.87 (t, J= 6.9 Hz, 3H); 3C NMR (126 MHz, CDCl;) & 207.35,
165.51, 73.49, 67.04, 50.39, 48.58, 44.17, 33.17, 31.98, 29.51, 29.47, 29.37, 29.13, 23.49, 22.79,
14.24; ESI MS: expected [M+H]": 284.2220, observed: 284.2215.

/\/\/\/\)J\)L%

N
H

9: 'H NMR (500 MHz, CDCl3) § 7.11 (s, 1H), 3.98 (qd, J = 7.0, 3.6 Hz, 1H), 3.88 (dt, J= 8.3,
6.6 Hz, 1H), 3.80 —3.71 (m, 1H), 3.54 (ddd, J = 13.7, 6.2, 3.6 Hz, 1H), 3.39 (d, J = 2.6 Hz, 2H),
3.22 (ddd, J=13.6, 7.1, 5.2 Hz, 1H), 2.52 (t, J= 7.4 Hz, 2H), 2.06 — 1.81 (m, 3H), 1.76 — 1.46
(m, 3H), 1.26 (d, J = 6.7 Hz, 12H), 0.87 (t, J = 6.9 Hz, 3H); 1*C NMR (126 MHz, CDCl3) &
206.85, 165.88, 77.58, 68.35, 49.17, 44.05, 43.39, 32.00, 29.53, 29.49, 29.39, 29.15, 28.80,
26.02, 23.54, 22.80, 14.25; ESI MS: expected [M+H]": 298.2377, observed: 298.2372.

O O
/\/\/\/\)J\/“\ 2
(0]

0

11: 'H NMR (500 MHz, CDCls) 5.44 (t, J = 8.9 Hz, 1H), 4.48 (td, J = 9.1, 2.7 Hz, 1H), 4.36 —
4.25 (m, 1H), 3.69 — 3.40 (m, 2H), 2.74 (dddd, J = 13.1, 9.0, 6.5, 2.7 Hz, 1H), 2.54 (t, J= 7.3 Hz,
2H), 2.36 (dq, J = 12.9, 9.4 Hz, 1H), 1.58 (h, J = 8.3, 7.8 Hz, 2H), 1.27 (dd, J = 11.5, 6.2 Hz,
14H), 0.97 — 0.71 (m, 3H); 3C NMR (126 MHz, CDCls) § 202.24, 172.28, 166.22, 68.37, 65.18,
48.62, 43.18, 31.85, 29.38, 29.34, 29.24, 28.97, 28.77, 23.43, 22.66, 14.11; ESI MS: expected
[M+H]": 316.2119, observed: 316.2114
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Figure S6.1. Dose—response curves for LasR agonism in E. coli for all compounds.
Assay performed using the E. coli JLD271/pJN105L/pSC11 LasR reporter strain. Compounds
indicated in the X-axis of each plot. % Activity defined as the activity of the synthetic compound

relative to maximum possible LasR activity (i.e., activity effected by OdDHL (1) at 100 uM).
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ECso values and 95% Confidence Intervals (CI; shown in Table 7.1) calculated using GraphPad
Prism. Error bars, SEM of n > 3 trials.
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Figure S6.2. Dose—response curves for QscR agonism in E. coli for all compounds.

Assay performed using the E. coli JLD271/pJN105Q/pSC11-Q QscR reporter strain. Compounds
indicated in the X-axis of each plot. % Activity defined as the activity of the synthetic compound
relative to maximum possible QscR activity (i.e., activity effected by OdDHL (1) at 100 uM).
ECso values and 95% Confidence Intervals (CI; shown in Table 7.1) calculated using GraphPad
Prism. Error bars, SEM of n > 3 trials.
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Figure S6.3. Single point LasR antagonism data in E. coli for all compounds.

Assay performed using the E. coli JLD271/pJN105L/pSC11-L LasR reporter strain. Antagonism
experiments performed in the presence of the native ligand (OdDHL, 1) at its ECso value (2 nM).
% Activity defined as the activity of the synthetic compound relative to 50% possible LasR
activity (i.e., activity effected by OdDHL at its ECso). Error bars, SEM of n > 3 trials.
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Figure S6.4. Single point QscR antagonism data in E. coli for all compounds.

Assay performed using the E. coli JLD271/pJN105Q/pSC11-Q QscR reporter strain. Antagonism
experiments performed in the presence of the natural ligand (OdDHL, 1) at its ECso value (15
nM). % Activity defined as the activity of the synthetic compound relative to 50% possible QscR
activity (i.e., activity effected by OdDHL at its ECs¢). Error bars, SEM of n > 3 trials.
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Figure S6.5. Dose—response curves for LasR antagonism in E. coli for compounds with no LasR
agonism activity (10 and 11).

Assay performed using the E. coli JLD271/pJN105L/pSC11-L LasR reporter strain. Compounds
indicated in the X-axis of each plot. Antagonism experiments performed in the presence of the
native ligand (OdDHL,1) at its ECso value (2 nM). % Activity defined as the activity of the
synthetic compound relative to 50% possible LasR activity (i.e., activity effected by OdDHL at
its ECso). Error bars, SEM of n > 3 trials.
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Figure S6.6. Dose—response curves for QscR antagonism in E. coli for compounds with no QscR
agonism activity (9 and 11).

Assay performed using the E. coli JLD271/pJN105Q/pSC11-Q QscR reporter strain. Compounds
indicated in the X-axis of each plot. Antagonism experiments performed in the presence of the
natural ligand (OdDHL, 1) at its ECso value (15 nM). % Activity defined as the activity of the
synthetic AHL relative to 50% possible QscR activity (i.e., activity effected by OdDHL at its
ECso). Error bars, SEM of n > 3 trials.
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Definition and discussion of relative selectivity

OdDHL (1), the native ligand for LasR and one of the most active natural AHLs for QscR,
activates LasR with approximately 10-fold higher potency than QscR (2 nM vs. 15 nM ECso
values, respectively). Accordingly, a non-native agonist with an ECso of 100 nM in both
receptors has lost 10-fold less potency in QscR than in LasR (relative to the potency of OdDHL
in each receptor). Conversely, a non-native agonist with an ECso of 0.001 nM in both receptors
has gained 10-fold more potency in QscR than in LasR (again, relative to OdDHL). To address
this issue and identify molecules with a preferential increase/decrease in potency in one receptor

over the other, we developed a “relative selectivity” metric defined as follows:

Compound ECs, in LasR A‘l)

Relative selectivity = log (Compound ECsq in QscR -
50

A= OdDHL EC;; in LasR
"~ OdDHL ECsq in QscR

Key to this metric is A, which is a normalization constant that reflects the increased potency of
OdDHL (1) in LasR vs. QscR. Taking a logarithm of the product of A and the ratio of a
compound’s ECso in LasR and QscR returns a value indicating which receptor has a larger
increase or decrease in ECso for that compound relative to OdDHL. Accordingly, positive
relative selectivity numbers reflect compounds that are said to be QscR selective, and negative

relative selectivity numbers are LasR selective.

We believe this metric may be useful in identifying molecular features that are “preferred” by

one receptor over the other. For example, in this work compounds 6—8 had comparable ECso
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values in both receptors but lost an order of magnitude more potency in LasR than QscR. That

loss is reflected by their relative selectivity value of ~1.
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Abstract

In this thesis, I have described the design and discovery of a variety of non-native small
molecules that modulate the activity of LuxR-type receptors in bacteria. Here, I describe a series
of experiments that could leverage the discoveries I made as a member of the Blackwell lab for
the further development of non-native probes of Gram-negative quorum sensing (QS).
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Further experiments with the V-06-018 scaffold

In Chapter 2, I described a preliminary exploration of SAR of the V-06-018 scaffold for LasR
antagonism. This effort led to the development of LasR antagonists with improved potency
relative to V-06-018 (~11x improvement). That study, however, was not an exhaustive
investigation of the SAR surrounding V-06-018; fewer than 40 compounds were synthesized and
screened. Here, [ propose additional analogues to synthesize and an abbreviated synthetic route
to attempt to prepare such compounds.

The synthesis of V-06-018 described in Chapter 2 is a four or five step synthetic route,
depending if a substituted B-keto ester must be prepared.! That synthesis represents nothing more
than a functional group interconversion (FGI) from a -keto ester to a B-keto amide. However,
the requisite B-keto ester contains a benzylic ketone that is more reactive than the ester,.For this
FGI to work, the ketone must be protected and the ester saponified.

Here, I propose an alternate synthetic route using substituted benzoic acids rather than
acetophenones as starting material (Scheme 7.1). This route involves carbodiimide-facilitated
carbon-carbon bond formation with Meldrum’s acid and subsequent trapping of the thermally-
generated ketene by nonylamine (or any other amine of choice). The chief advantage to this route
is the reduction in step count. The chief difficulty I envision is a potential side reaction between
the benzylic ketone and the amine in step two. I am hopeful that with optimization, this synthetic

route can provide quicker access to V-06-018 and its analogues.

?  EdCKC, AP, P 5
(o R sy
R// 2. Nonylamine, R//

DMF, heat

Scheme 7.1 Proposed abbreviated synthesis of V-06-018 and analogues.
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The structure-active relationships (SAR) for V-06-018 uncovered in Chapter 2 indicate
that adding steric bulk to the headgroup is unfavorable for LasR antagonism, and that the
incorporation of heterocyclic aromatic headgroups could be advantageous. During my second
year, [ unsuccessfully attempted to synthesize analogues with pyrrole and pyridine headgroups
(see chemistry in DM notebook 2, Figure 7.1). I was able to synthesize B-keto esters with the
appropriate headgroups, but they converted to an unanticipated side product under my ketal
installation conditions. I advise an alternative protecting group strategy (i.e., reduction of the
ketone, and protecting the resulting alcohol with a silicon protecting group, along with capping
of the pyrrole nitrogen), or possibly attempting the chemistry proposed above. Finally, results
from my high throughput screen in Chapter 3 indicate that rigidification of the “tail group” by
incorporation of an internal alkyne may be advantageous. I am confident that the requisite

alkynyl amines can be purchased or readily synthesized.

N
o O
= N
WHA/\N
X
X=CH,N

Figure 7.1 Proposed analogues of V-06-018 to synthesize and evaluate for bioactivity.

Another set of experiments I undertook with the V-06-018 scaffold was the synthesis and
screening of analogs with isothiocyanate (ITC) functional groups installed at the end of their acyl

tail. These electrophilic handles were intended to react with residue Cys79 in LasR, located at
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the end of the AHL binding pocket.? One key parameter is the length of the alkyl linker that
joining the amide to the ITC group. In my synthesis, this is determined by the number of carbons
in the amino alcohol starting material. The six carbon amino alcohol was commercially

available; however, linkers of other length should be readily accessible. *

o/_\oO
OH I 1%
HBr (aq) ® 9 U B
HO SN A NHAC @MH
A, ovemight EDC, DMAP,EtsN, DCM
e &

NaN3 N oTsoH 9 o @ N

/\V/‘\/\/ N* . /\\/\/\/N”N
DMF, A acetone H

1. PPha, benzene, 50 deg C

)
el
il W P
2. CS,, 50 deg C, benzene @)ULH

Scheme 7.2. Synthesis of isothiocyanate-functionalized V-06-018 analogue. Isothiocyanation
conditions are from the Meijler group.? Product was obtained in 22% overall yield.

I synthesized the six carbon ITC V-06-018 in a convergent fashion, using the protected
carboxylic acid that [ had on hand (Figure 7.2). In-cell screening of this compound yielded
mixed results. In the E. coli experiment, the ITC analogue had markedly improved efficacy as a
LasR antagonist, while in the P. aeruginosa experiment the ITC analogue lost potency relative to
its unsubstituted “parent” compound.

LasR antagonists typically display reduced potency and efficacy in the E. coli screening
system relative to the P. aeruginosa system, a phenomenon ascribed to the increased protein
levels in the heterologous host (as described in Chapter 2).* Here, covalently linking the
antagonist to LasR (assuming, for the sake of argument, that the ITC handle works as intended
and LasR is covalently modified) led to an improvement in efficacy, but no change in potency in

E. coli. Covalently binding V-06-018 to LasR prevents the dissociation of V-06-018 from LasR,
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but does not increase the affinity with which V-06-018 displaces OdDHL from the binding site;
evidently, this results in an improvement in efficacy rather than potency. The source of the
unfortunate loss of activity in the P. aeruginosa system is unclear; however, I hope that ITC-
bearing V-06-018 analogues can be of use in in vitro studies of LasR antagonism. I note that the
poor result in P. aeruginosa is only one experiment — [ advise any interested lab members to

make another DMSO stock and try again.

A
150
o
> 100 = [TC V06018
8 - V06018
©
r]
5 50 L]
* ]
u
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% LasR activity
=3
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Figure 7.2 In-cell screening experiments with V-06-018 and its ITC analogue. (A) In E. coli
strain JLD271, the ITC analogue displayed greater efficacy than V-06-018. (B) ITC-V-06-018
lost potency relative to V-06-018 in the P. aeruginosa strain PAO-JP2.

Lastly, I attempted to isolate LasR in complex with the lead compounds from my study of
V-06-018 SARs. Using a protocol from the Greenberg lab, I was able to isolate LasR in
complex with thiophene V-06-018 analogue V42 (DM 4-25, Figure 7.3). The successful
isolation of LasR in complex with this compound implies that in vitro experiments (i.e.,
electrophoretic mobility shift assays) and structural studies via NMR or X-ray crystallography

should be possible with this ligand.
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F22..
through

Figure 7.3 SDS-PAGE gel with fractions from the purification of LasR with thiophene ligand
V42 after purification via the method of Schuster et al.> Pure LasR was obtained in fractions 22 —
26 of the heparin column, and is the dominant component of fractions 27 and 28.

In summary, I strongly suspect further synthetic chemistry work applied to the V-06-018 scaffold
may yield LasR antagonists with improved potency. Additionally, LasR is soluble in complex
with highly potent (ICso= 0.2 uM) thiophene-substituted, V-06-018-based non-classical partial

agonists, indicating that these ligands may be useful in in vitro studies to explore the mechanism
of non-classical partial agonism.

Exploration of SAR for LasR antagonism of compounds discovered in high throughput screening
Chapter 3 of this thesis describes the discovery of eight non-native antagonists of LasR via the
screening of a 25,000-compound library. These compounds have structures that are highly
amenable to diversification via chemical synthesis. Here, I indicate prospective synthetic routes

to each of these compounds to facilitate future SAR studies (Scheme 2).
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Scheme 7.3 Retrosynthetic analysis of the three LasR antagonist classes (A-C) discovered in
Chapter 3. The indicated starting materials are commercially available, and the appropriate
forward transformations are precedented.

Select compounds from the general classes shown above had sub-micromolar ICso values
in the P. aeruginosa LasR gene reporter experiment (see Chapter 3). Synthesizing and screening
libraries of analog libraries would clarify the structural features necessary for antagonism and

could result in the discovery of new and highly potent LasR antagonists.
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Application of the C7 HSL to probe the role of QS in coinfection by P. aeruginosa and B.
cepacia

In Chapter five, we demonstrated that the C7 HSL is a LasR and RhIR partial agonist, QscR
agonist, and CepR agonist. Therefore, this compound should theoretically repress QS in P.
aeruginosa and activate it in B. cepacia. Our lab has developed a C. elegans based assay that can
be used to measure the severity of infection via worm death, and can quantify the ability of probe
molecules to rescue worms from infection.® Applying the C7 HSL to a mixed culture of P.
aeruginosa and B. cepacia in the worm assay (and, separately, to mono-culture infections) would
demonstrate if perturbing QS in both organisms changes the outcome of a coinfection.

Synthesis of chemical inducers of dimerization of LuxR type receptors

Although not described in this thesis, I conducted experiments attempting to synthesize a
chemical inducer of dimerization (CID) of LasR. CIDs, popularized by the Schreiber lab and
others in the 1990s, ® are tool compounds that can enforce interactions between proteins that do
not occur in Nature.” ® If successful, this would be the first chemical inducer of dimerization for
LuxR-type proteins, and could be a useful tool to explore mechanistic hypotheses about QS.
Asymmetrical (i.e., different “head group” on each end) CIDs also could be useful in promoting
the formation of heterodimeric LuxR dimers.

I synthesized a dimeric AHL with an approximately 50 nm polyethylene glycol (PEG)
spacer between two homoserine lactone headgroups (Scheme 7.4). Purification, however, was
challenging. I quenched the reaction by diluting it with water and injecting directly onto a semi-

preparative HPLC column (Figure 7.4a).



298

2.4 equiv HSL-HBr

o] 4 equiv PyAOP Of“; o] H ©
4.8 iv DIPEA :
HOMO/\%O\/\H/OH L Y\NMO/\}OWN T
2o THF, rt. o H 12 5 i
Scheme 7.4 Synthesis of dimeric AHL with 12 PEG unit spacer.
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Figure 7.4 HPLC purification of dirner.ihcmAHL. (A) Semi-preparative separation of crude
reaction mixture. (B). Analytical trace of fraction 0 from the semi-preparative run.

Separating fraction 0, which contained most of the mass, on an analytical column yielded
a single peak. I identified the presence of my product in that peak by MALDI. However, 'H
NMR analysis of the material indicated that the sample was a mixture with an aromatic
compound, almost certainly 1-hydroxy-7-azabenzotriazole from the decomposed pyAOP used
for the amide coupling. In conclusion, dimeric AHLs can be synthesized by the conditions shown
above; however, further optimization is necessary for the reaction workup and purification

conditions.
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ABSTRACT: We report aqueous emulsions of thermotropic liquid Qs: ‘off

crystals (LCs) that can intercept and report on the presence of N-
acyl-L-homoserine lactones (AHLs), a class of amphiphiles used by
pathogenic bacteria to regulate quorum sensing (QS), monitor
population densities, and initiate group activities, including biofilm \
formation and virulence factor production. The concentration of \
AHL required to promote “bipolar” to “radial” transitions in &)
micrometer-scale droplets of the nematic LC 4'-pentyl-cyanobi- —
phenyl (SCB) decreases with increasing carbon number in the acyl
tail, reaching a threshold concentration of 7.1 uM for 3-oxo-C12-
AHL, a native QS signal in the pathogen Pseudomonas aeruginosa. Qs: ‘'on’
The LC droplets in these emulsions also respond to biologically

relevant concentrations of the biosurfactant rhamnolipid, a virulence factor produced by communities of P. aeruginosa under the
control of QS. Systematic studies using bacterial mutants support the conclusion that these emulsions respond selectively to the
production of rhamnolipid and AHLs and not to other products produced by bacteria at lower (subquorate) population densities.
Finally, these emulsions remain configurationally stable in growth media, enabling them to be deployed either in bacterial
supernatants or in situ in bacterial cultures to eavesdrop on QS and report on changes in bacterial group behavior that can be
detected in real time using polarized light. Our results provide new tools to detect and report on bacterial QS and virulence and a
materials platform for the rapid and in situ monitoring of bacterial communication and resulting group behaviors in bacterial
communities.

Low Population Density
LC

Emulsion .

High Population Density

KEYWORDS: liguid crystals, amphiphiles, rhamnolipid, emulsions, bacteria, sensing

B INTRODUCTION The work reported here was motivated by the potential
utility of approaches for the in situ monitoring of QS and its
outcomes in pathogenic Gram-negative bacteria. Many of these
bacteria use amphiphilic molecules as QS signals and produce
other amphiphilic species once a quorum is reached.” """
The opportunistic pathogen Pseudomonas aeruginosa, for
example, uses amphiphilic N-acyl-L-homoserine lactones

Many common bacteria coordinate group behaviors and adapt
to changing environments using a process known as quorum
sensing (QS). This cell-cell communication process is
controlled by the production and dissemination of small
chemical signals that are “shared” between cells in a population

of bacteria."” In general, the concentration of these signals (AHLs) to regulate QS and produces a class of biosurfactants
increases proportionally with the size of the bacterial called rhamnolipids as a virulence factor at high cell
population until a threshold density of cells (or a “quorum”) densities.”” The 1-homoserine lactone headgroup of AHLs is
is reached, at which point QS signal-receptor binding initiates conserved among Gram-negative bacteria, but the aliphatic acyl
changes in gene expression that lead to changes in group chain of these signals can vary in both length and chemical
behaviors, including motility,” toxin pruducﬁonf and biofilm structure (Figure 1)."* P. aeruginosa produces two chemically
formation.” Several of the most common human, animal, and distinct AHLs to regulate QS: a longer-tailed N-(3-o0x0-
plant pathogens use QS to control virulence (ie, initiate

infections)' or form biofilms that are detrimental in medical, Received: March 28, 2020

industrial, and environmental settings (i.e., surface fnuling).’ Accepted: June 2, 2020

The development of strategies that can inhibit QS, enable the Published: June 2, 2020

monitoring of QS signals, or detect and report on outcomes of
QS is, thus, a rapidly growing area of research and has the _—
potential to have impacts in a broad range of contexts.” ~'¢
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Figure 1. Structures of the AHLs and bacterial biosurfactants
investigated in this study (n = 3—11 for rthamnolipid and HAA).
HAA was evaluated as a mixture of stereoisomers (sée Supporting
Information (SI)).

dodecanoyl)1-homoserine lactone (3-0x0-C12-AHL) and a
shorter-tailed N-butanoyl-L-homoserine lactone (C4-AHL;
Figure 1)."" Past studies have reported methods for the
quantification or sensing of AHLs using genetically engineered
bacterial biosensors or a variety of analytical methods (e.g,
HPLC, MS, NMR, or electrochemical- and fluorescence-based
methods).”*™** However, these approaches often require
extraction and/or purification of AHLs from bacterial media
prior to analysis, and they can be difficult to apply in situ for
real-time monitoring of QS in bacterial cultures.

Recent reports reveal that the amphiphilic nature of AHLs
permits them to aggregate or self-assemble in solution and at
interfaces in ways that are similar to conventional surfactants
and lipids.""'* For example, long-chained AHLs (e.g,, C10-
AHL and longer homologues) have been observed to aggregate
at sufficiently high concentrations to form micelles and vesicles
in aqueous media.'’ In addition, AHLs have been reported to
adsorb and assemble at air/water interfaces or insert into

phospholipid membranes.”*™>* We reasoned that these
behaviors could be leveraged to provide new bases for
detecting, monitoring, and quantifying AHLs. Here, we report
a conceptually straightforward, scalable, and materials-based
strategy for the rapid, real-time, and in situ monitoring of AHLs
and other amphiphilic products of QS produced by bacteria.
Our approach exploits the stimuli-responsive behaviors of oil-
in-water emulsions containing micrometer-scale droplets of
thermotropic liquid crystals (LCs).

Past studies demonstrate that colloidal droplets of LCs
suspended in water can respond to low- or high-molecular-
weight amphiphiles that adsorb at the aqueous/LC interface
and promote changes in the orientation of the LC that can be
readily observed using polarized light.l"*‘” These LC-
emulsions are easy to prepare and enable the rapid and
label-free detection of a Qnge ufamphighiljc species, including
lipicls,"("lﬁ"’(l surfactants,” " peptides,” and pruteins,“ with
sensitivities that depend on the concentration and the structure
of the amphiphile. This approach can be remarkably sensitive;
past work has reported the detection of lipid A, a six-tailed
glycolipid component of bacterial endotoxins, at levels as low
as 1 pg/mL in water.” Many other one- and two-tailed
surfactants and lipids promote LC ordering transitions at
concentrations in the range of 10—100 _l,lg/mL.z“"'zg'34 In
general, these LC droplets can be deployed in aqueous
environments as free-floating sensors, or they can be
encapsulated in polymer capsules to enhance colloidal stability
in complex environments or immobilize them on surfaces.”" ™’
This latter approach permits the design of plastic “test strips”
that could be used as a basis for the detection of environmental
agents using a simple light microscope.”™*"

This study sought to determine whether bacterial AHLs, and
products under their control, could trigger ordering transitions
in LC emulsions. We report that AHLs can adsorb at aqueous/
LC interfaces and trigger rapid “bipolar-to-radial” transitions in
LC droplets that can be readily observed using polarized-light
microscopy and, at larger scales, quantified using flow
cytometry. We also found that this approach can be used to
readily detect and report the presence of bacterial thamnolipids
produced by P. aeruginosa. These LC emulsions remain stable
in bacterial culture media, permitting them to be used to detect
AHLs and rhamnolipid in bacterial supernatants or be
deployed in situ to report the presence of these products in
bacterial cultures. Our results provide new tools for the
interception, detection, and reporting of QS regulators and
products that are unique to or diagnostic of bacterial
communities and thus provide guidance for the development
of new approaches to the rapid and in situ monitoring of
bacterial populations.

B RESULTS AND DISCUSSION

AHLs and Rhamnolipids Promote Bipolar-to-Radial
Transformations in LC Droplet Emulsions. Bacterial AHLs
with long aliphatic acyl tails possess nonionic amphiphilic
structures and have been reported to exhibit behaviors
characteristic of conventional surfactants and lipids, including
the ability to self-assemble in solution and adsorb at
interfaces. """ % It was not dlear at the outset of these
studies, however, whether AHLs would adsorb preferentially at
aqueous/LC interfaces or whether adsorption would occur in a
manner sufficient to promote changes in the orientation of the
LC droplets (e.g., from “bipolar” to “radial” configurations that
can be readily observed using polarized light). We thus
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performed a series of experiments to determine the influence
of AHL concentration and head/tail group structure on the
optical configurations of microscale droplets of the model
nematic LC 4-cyano-4’-pentylbiphenyl (SCB) dispersed in
PBS. For these studies, we selected a series of naturally
occurring and common AHLs with acyl chains rangmg from 4
to 12 carbons (Figure 1 and Table 1, below).**** This series

Table 1. BRy, Values for AHLs, Rhamnolipids, and HAA"

amphiphiles BRy values (uM)” 95% CI (M)
3-0x0-C12-AHL 7.1 6776
3-ox0-C12-HS 20 14-29
3-OH-C12-AHL 16 13-20
C10-AHL >72
C8-AHL >360
C6-AHL
C4-AHL
HAA 2.3 pg/mL (8 pM) 2.1-2.5 pg/mL
rhamnolipids 5.9 pg/ml (~7-20 un)” 5.1-69 pg/mL

“BRyy is defined as the minimum concentration required to induce
changes from bipolar to radial states in at least 50% of LC droplets.
Values were obtained from sigmoidal regressmns to the data plotted
in Figures 3 and 52. CI = confidence interval, "We estimate the molar
concentration of a 6 ug/mL mixture of commercial rhamnolipids to
be in this micromolar range; see SI for additional details.

included 3-0x0-C12-AHL and C4-AHL, the native AHL
signals of P. aeruginosa. To understand how changes in the
headgroup structure could affect the anchoring of the LC, we
also included AHLs having different oxidation states at the
third carbon of the acyl chain and a hydrolyzed, ring-opened
form of 3-oxo-C12-AHL containing an ionizable homoserine
group (referred to as 3-oxo-C12-HS; Figure 1). The hydrolysis
of the AHL headgroup occurs naturally in aqueous solutions,
and hydrolyzed AHL is present, albeit QS-inactive, in bacterial
cultures.”” 3-0%0-C12-HS was thus also included here to
understand whether this byproduct of QS could also be used as
a marker to monitor bacterial populations. Finally, we also
examined thamnolipid and 3-(3-hydroxyalkanoyloxy alkanoic
acid (HAA), an amphiphilic species produced by P. aeruginosa
as a precursor during rhamnolipid bmsynthem

We began by characterizing the influence of 3-ox0-C12-AHL
on the anchoring of microscale droplets of LC in a defined
aqueous buffer. We prepared emulsions of 5CB in phosphate-
buffered solution (PBS) and used polarized-light microscopy
and flow cytometry to characterize transitions in the LC
droplets from bipolar to radial -:c:nﬁgumt‘u_11'1s.27""2 Droplets of
SCB suspended in PBS exhibit so-called bipolar configurations
that have the diagnostic appearance shown in Figure 2B and
2C when viewed by bright-field or polarized-light micros-
copy. 3% T bipolar droplets, the director of the LC is aligned
tangentially to the surface, which results in two topological
defects at opposite poles of the droplet; a cartoon illustrating
the director profile in a bipolar LC droplet is shown in Figure
243" Upon the addition of 3-oxo-C12-AHL at a
concentration of 50 M, these bipolar droplets were observed
to change rapidly (within 1-2 s) and uniformly (approx-
imately all droplets in any random field of view) to a so-called
radial configuration exemplified by the images shown in
Figures 2D and 2E. In radial droplets, the director of the LC is
aligned normal to the surface, with a single defect at the center
of the droplet (see Figure 2A). 245 This bipolar-to-radial

transition is consistent with results observed in past studies on
LC droplets in contact with conventional surfactants™ "7 "**
and reveals that this nonionic amphiphile can adsorb at
aqueous/LC interfaces and trigger diagnostic changes in the
optical properties of the LC droplets.

Bipolar-to-radial transitions in LC droplets can also be
quantified using a standard lab flow cytometer equipped with
side and forward light-scattering detectors. This method
permits rapid characterization of large populatmns of LC
droplets (e.g., 10000 or more droplets).”” This analytical
approach exploits differences in the ways that light is scattered
by bipolar and radial LC droplets, again owing to differences in
their internal configurations. These differences give rise to
distinct scattering profiles when the intensity of side scattenng
(SSC) is plotted against that of forward scattering (FSC).”
Light scattering profiles arising from samples of bipolar
droplets and radial droplets produced by the addition of 3-
0x0-C12-AHL are shown in Figure S1 and are consistent with
past studies on the characterization of surfactant-treated LC
droplets.”™" Dast studies have also established that FSC
histograms can be used to quantify the percentage of radial LC
droplets in samgles that contain mixtures of both bipolar and
radial droplets.” Accordingly, we used flow cytometry to
characterize and quantify changes in the ordering of LC
droplets upon exposure to 3-oxo-C12-AHL at concentrations
ranging from 2 to 50 M, which is in the range of AHL
cancentranons found in laboratory cultures of planktonic P.
aeruginosa.”

Figure 3A shows results for each concentration of 3-oxo-
C12-AHL tested expressed as the percentage of droplets
present in the radial state, ie., the percentage of droplets in a
sample observed to have undergone a bipolar-to-radial
transition, after treatment with AHL (see SI for details of
this analysis). Inspection of these results reveals a clear
dependence of the ordering of LC droplets on the
concentration of 3-ox0-C12-AHL. We observed >90% of LC
droplets to be in the radial state at concentrations of AHL at or
above 15 uM. The percentage of radial droplets dropped to
~60% at 8 uM and ~10% at 4 uM; we observed no meaningful
change in droplet configuration at 2 M. This concentration
dependence is similar to those observed in LC droplet
transitions promoted by conventional surfactants, which have
been reported to occur through a mechanism that involves the
adsorption of amphiphiles at levels nearing droplet surface
saturation coverage to promote the transition to radial
droplets.”* Conventional one- and two-tailed surfactants
typically trigger these transitions at concentrations on the
order of 10 pg/mL; other many-tailed amphiphiles trigger
these transitions through defect-mediated mechamsms that
occur at concentrations 5 orders of magnitude lower. ™

To characterize structure/function relationships that could
govern the triggering of bipolar-to-radial transitions by
nonionic AHLs, we conducted additional concentration-
dependence experiments using the other AHLs and derivatives
shown in Figure 1 in the presence of LC droplets. The full set
of concentration-dependence profiles using these additional
compounds is shown in Figure S2. Table 1 summarizes key
results and shows the minimum concentration of each AHL
required to induce a change from the bipolar to the radial state
in at least 50% of the LC droplets in a given sample, a value we
hereon refer to as the BRyy (BR = bipolar-to-radial; these
values were obtained from sigmoidal regressions of the data
plotted in Figures 3 and S2; see Figure S3). These results
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Figure 2. (A) Schematic of the LC director profiles {dotted lines) for spherical LC droplets in the bipolar (left) and radial (right) states. Black
points represent characteristic defects associated with each state. B—E show bright-field (B, D) and polarized-light (C, E) micrographs of SCB
droplets in the bipolar (B, C) and radial (D, E) states. (B, C) Images of LC droplets dispersed in PBS. (D, E) Images of LC droplets dispersed in
PBS after the addition of 3-0x0-C12 AHL (50 uM). Droplets in C and E were imaged using crossed polarizers oriented parallel to the 30 ym scale

bars in the main image (scale bars = 10 ym for insets).

reveal the longer-tailed AHLs, namely 3-oxo-C12-AHL, 3-OH-
CI12-AHL, and the ring-opened AHL derivative 3-oxo-C12-
HS, to have BRy, values ranging from 7 to 20 4M. The small,
but significant, difference between the BRy, value for 3-oxo-
C12-AHL (7.1 uM) and the values for 3-oxo-C12-HS and 3-
OH-C12-AHL (20 and 16 uM) could arise from structural
features that influence the interfacial density of these species
through headgroup/headgroup interactions, as demonstrated
in studies on surfactant-induced ordering transitions at LC-
aqueous interfaces."”'* For example, the carboxylic acid
moiety in the headgroup of 3-oxo-C12-HS has a reported
pK, value of ~3, calculated from molecular structure studies,"
suggesting that, in the conditions used here, it should be
substantially ionized, leading to repulsive headgroup/head-
group interactions that could lead to a lower interfacial areal
density.

Decreasing the length of the acyl tail by two carbons leads to
a 4-fold increase in the BRy, value from 20 and 16 uM for 3-

29059

ox0-C12-HS and 3-OH-C12-AHL, respectively, to >72 uM for
C10-AHL (Figures S2 and S3; Table 1). This trend was also
observed when moving from C10-AHL to C8-AHIL, which
exhibited a BR;, value of >360 uM. We note here, however,
that the extent of the bipolar-to-radial transition promoted by
C8-AHL did not continue to increase at higher concentrations,
as was observed for all longer-tailed AHLs; this shorter-tailed
AHL did not promote transformations above ~60% at
concentrations up to at least 500 pM (Figure $2D). Finally,
AHLs with shorter acyl tails (C6-AHL and C4-AHL) failed to
trigger distinguishable levels of bipolar-to-radial transitions in
LC droplets even at concentrations as high as 1 mM (Figures
3B, S2E, and S2F; Table 1). These structure—function trends
are consistent with those of past studies demonstrating that
longer aliphatic tail groups and high areal densities of adsorbed
surfactant are generally needed to promote robust changes in
LC anchoring.“'”*""
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Figure 3. (A—C) Plots showing the percentage of LC droplets transformed from bipolar to radial as a function of the concentration of (A) 3-oxo-
C12-AHL, (B) C4-AHL, and (C) HAA in PBS containing 1% v/v DMSO. (D) Plot showing the percentage of LC droplets transformed as a
function of the rhamnolipid concentration. Data represent the mean + SEM (standard error of the mean) (n = 4).

We also subjected rhamnolipid and its biosynthetic
precursor HAA to these same droplet screening experiments
(Figure 3C and 3D; Table 1). These experiments were
conducted at biologically relevant concentrations of these
amphiphiles ranging from 0.8 to 25 gg/mL. Our results reveal
that rhamnolipids promote bipolar-to-radial transformations in
LC droplets at BRs, values as low as ~6 yg/mL. We estimate
this value to be in the range of about 7 to 20 M (see SI for
details describing the estimation of this range). HAA triggered
threshold levels at a BRy, value of 2.3 pg/mL (~8 uM).
Overall, this range of threshold concentrations is similar to that
determined for the three CI12-AHL species and derivatives
described above, suggesting that these different compounds
promote changes in LC droplet configurations through a
similar mechanism.

LC Droplets Respond to AHLs and Rhamnolipid
Produced in Growing Bacterial Cultures. We next
performed experiments to determine whether droplets of
5CB could respond to and report on the presence of AHLs and
rhamnolipid produced by growing cultures of bacteria. For
these experiments, we devised an experimental set up in which
LC emulsions were enclosed in a laboratory dialysis cassette
that could be placed directly into a bacterial culture flask
(Figure 4A). This enabled us to expose small volumes and high
concentrations of LC droplets to bacterial products produced
in larger volumes of culture medium without diluting them or
complicating analysis by microscopy or flow cytometry. For
these proofof-concept studies, we selected dialysis cassettes
that allowed AHLs and rhamnolipid to diffuse over a period of
90 min and that permitted the extraction of LC emulsion
samples by use of a syringe for the analysis. This approach also
prevented the possibility of direct contact between the LC
droplets and cells, which has also been reported to lead to
bipolar-to-radial transitions in past studies.”

In a first series of experiments, we used cultures of the PAO1
wild-type strain of P. aeruginosa. Cultures were grown in LB
medium with shaking at 37 °C, and dialysis cassettes were
added at predetermined time points during growth and
stationary phases to characterize changes in the responses of
the LC droplets. We note that the nematic—isotropic transition
temperature (Ty;) for SCB is 35 °C, ie, at a temperature
above 35 °C, SCB undergoes a phase transition from the
nematic LC phase to an isotropic oil that does not exhibit the
optical birefringence necessary for detection.” Cultures were
therefore cooled to ambient temperature (~25 °C) prior to
adding the LC droplet-containing dialysis cassettes; the
cassettes were incubated with cultures for 90 min, removed,
and sampled for analysis by flow cytometry. As an aside, we
note that LCs with Ty; > 35 °C have also been demonstrated
to form LC droplets that undergo bipolar-to-radial trans-
formations.””*® Those additional LC formulations could also
be used to further optimize experimental and analytical
workflows.

Columns I and II of Figure 4B show the responses of LC
droplets placed in flasks containing (I) LB medium or (II)
cultures of the PAQ1 strain of P. aeruginosa in LB medium at 6
h (white bars), 12 h (black bars), or 24 h (gray bars) after
inoculation. These results reveal that cultures of PAO1 induce
bipolar-to-radial transitions in the LC droplets and that the
percentage of radial droplets increases monotonically over 24 h
from ~15% at 6 h of incubation to >90% at 24 h. In contrast,
incubation with LB medium resulted in only ~5% of radial
droplets at 24 h. These results are consistent with the
production of AHLs by these bacterial communities and/or
the production of rhamnolipid and HAA, but they do not rule
out responses that could be triggered by other products
produced during bacterial growth.
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Figure 4. (A) Schematic showing experimental set up used to
incubate LC emulsions with bacterial cultures using dialysis cassettes.
(B) Plot showing percentage of LC droplets transformed from bipolar
to radial after 90 min of incubation with cultures grown at 37 °C for 6
h (white bars), 12 h (black bars), and 24 h (gray bars). Columns I-VT
show results of using an LB medium control (I) or using the indicated
bacterial strains and conditions. Results are the average of 3
independent experiments; error bars represent SEM. Asterisk (*)
indicates p < 0.05 for multiple comparisons of each group against
group II (PAO1) at the 24 h time point.

To further investigate the factors that lead to droplet
response under these conditions, we performed otherwise
identical experiments using three mutant strains of P.
aeruginosa lacking genes critical to either QS or rhamnolipid
biosynthesis (see Table S1 for strain information). Strain
PAOL Alasl, Arhil is unable to produce either of its native
AHL signals, 3-0x0-C12-AHL or C4-AHL. This strain is thus
unable to produce QS-associated virulence factors, including
rhamnolipid (a detailed schematic of the QS regulatory
pathway in P. aeruginosa is shown in Figure $4).* Strain
PAOL ArhiB is unable to produce the rhamnosyltransferase
enzyme required to synthesize rl'lan'mn[ipicls,"0 and strain
PAO1L ArhlA is unable to produce the rhamnolipid precursor
HAA (and, as result, cannot produce any downstream
rharmmlipids).“'l The results of experiments using these three
knockout strains are included in Figure 4.

Inspection of the results shown in column III of Figure 4B
reveals cultures of the PAO1 Alasl, Arhll QS-knockout strain
to promote bipolar-to-radial transitions at very low levels that
are similar to that of the LB medium alone (the percentage of
radial droplets was <7% at all points tested). This result
suggests that the response of the LC droplets to the wild-type
strain (Figure 4B, column II) was the result of either a QS
signal or a factor regulated by bacterial QS, and not a
metabolite, component of cellular debris or another factor

resulting from bacterial growth or death. Experiments using the
PAO1 ArhlA strain (Figure 4B, column V) showed a
substantial (~70%) decrease in the percentage of droplets
present in the radial state. This strain is able to produce both
C4-AHL, which did not trigger bipolar-to-radial transitions in
the experiments reported above, and 3-ox0-C12-AHL, which
did induce bipolar-to-radial transformations, to regulate QS,
but it is unable to produce either HAA or rhamnolipid. We
therefore interpret the response of the LC droplets to this
strain to result from levels of 3-ox0-C12-AHL (and, likely, its
hydrolyzed, ring-opened derivative product 3-oxo-C12-HS)
that accumulate in the culture medium as the bacterial
population density increases. The addition of exogenous C4-
AHL (200 uM) to cultures of the PAO1 Alasl, Arhll strain,
which has been shown to promote the production of
rhamnolipid, yielded a substantial increase in LC droplet
response.”” The percentage of radial droplets under these
conditions (Figure 4B; column IV) was similar (>90%) to that
observed in the wild-type strain (column II) and substantially
higher than that observed in that strain in the absence of
exogenous C4-AHL (~6%; see column III). Because this strain
does not produce 3-oxo-C12-AHL and because the exoge-
nously added C4-AHL itself does not promote radial
transitions at this concentration, this result suggests that the
production of rhamnolipid is also sufficient to produce a robust
LC droplet response. Lastly, column VI of Figure 4B shows the
results of experiments using the PAO1 ArhiB strain, which can
produce both 3-oxo-C12-AHL and HAA but not rthamnolipid.
The extents of radial transitions observed using this strain
(>80% at 24 h) in comparison to those using the PAO1 ArhlA
strain suggest that the production of HAA alone can also
promote robust LC droplet responses. We note that cell
densities in all of these experiments were virtually identical
across all strains at all time points tested (Figure S5) and that
SCB emulsions did not exhibit substantial toxicity to PAO1
cells (Figure 56), further supporting the view that transitions
observed here were the result of excreted compounds
associated with QS and not differences in metabolite
concentration or other factors associated with cell growth.
We conclude on the basis of these results that (i) the LC
droplets used in these experiments can respond to and report
on concentrations of long-chain AHLs present in bacterial
communities as well as rhamnolipid or amphiphilic thamno-
lipid precursors that are produced once a quorum is reached,
and (ii) the majority of the LC droplet response observed in
the wild-type strain at 12 or 24 h is the result of rhamnolipid or
HAA production (a comparison of columns IT and IV of Figure
4 reveals >85% of the response observed for the wild-type
strain at 24 h to arise from the production of rhamnolipid; only
a small part of this response (~15%) arises from the
accumulation of 3-oxo-C12-AHL or its hydrolysis product).
Notably, because rhamnolipid is a virulence factor that is only
produced once a quorum is reached, these results suggest that
these LC emulsions can be used to monitor bacterial cultures
and distinguish between quorate and subquorate populations.
Finally, we performed additional analytical experiments to
determine the concentrations of 3-oxo-C12-AHL and
rhamnolipid produced by cultures of each of the P. aeruginosa
strains used above and compare them to the values observed to
promote bipolar-to-radial transformations in defined buffers.
The results of those experiments are summarized in Figure §7
(see SI for an additional detailed discussion of findings and
implications arising from those studies). Overall, the results of
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those experiments are consistent with those shown in Figure 4
and provide additional support for the view that 3-oxo-C12-
AHL, 3-ox0-C12-HS, and rhamnolipid produced in cultures of
P. aeruginosa are responsible, either alone or in combination,
for promoting ordering transitions in LC droplets.

B CONCLUSIONS

QS signals are markers of not only the presence of bacteria but
also their population densities. Approaches to detect these
markers could thus provide a novel means by which to monitor
the growth and behaviors of bacterial communities. We have
demonstrated that LC emulsions can respond to amphiphilic
AHL signals that control QS in Gram-negative bacteria. We
have also demonstrated that LC droplets undergo bipolar-to-
radial transitions upon exposure to products generated
specifically by quorate populations of bacteria. The concen-
tration of AHLs required to promote these transitions
decreases with increasing carbon number in the acyl tail,
reaching a BR;; value of 8 yM for 3-oxo-C12-AHL, a native
QS signal in P. aeruginosa. This concentration range is within
that observed in quorate populations of P. aeruginosa. Our
results also reveal these droplets to respond to biologically
relevant concentrations of rhamnolipid, an amphiphile
produced by P. aeruginosa under the control of QS.

These LC droplets remain configurationally stable in
bacterial culture media, permitting them to be used to detect
the presence of AHL and rhamnolipid in bacterial supernatants
or be deployed in situ to report the presence of these products
in growing bacterial cultures. Systematic studies using mutant
P. aeruginosa strains, with certain aspects of their QS system
rendered nonfunctional, support the conclusion that these LC
droplets respond selectively to the production of rhamnolipid
and other amphiphiles involved in the regulation of QS and
not to other products produced by bacteria at lower
subquorate densities. The proof-of-concept studies reported
here provide new methods for the detection and monitoring of
bacterial QS and the production of QS-associated goods using
free-floating LC droplets that can be readily applied in aqueous
environments. These methods could also be combined with
approaches for the encapsulation and immobilization of LC
droplets on surfaces to design sensor arrays or flexible test
strips that could facilitate the rapid and in situ monitoring of
bacterial communities in practical settings.

W MATERIALS AND METHODS

Materials. The nematic thermotropic LC 4’-pentyl-cyanobiphenyl
(SCB) was purchased from HCCH Jiangsu Hecheng Display
Technology Co., Ltd. (Jiangsu, China). Disposable culture tubes
(12 X 75 mm) were purchased from VWR (West Chester, PA).
Phosphate-buffered saline (PBS) concentrate (137 mM NaCl, 2.7
mM KCl, and 10 mM phosphate) was obtained from Omnipur (EM
Science, Gibbstown, NJ). Electrophoresis-grade sodium dodecyl
sulfate (SDS) was purchased from Fisher Scientific (Pittsburgh,
PA). Rhamnolipids, 90% pure (commercial mixture of glycolipids
isolated from P. aeruginosa; see additional notes below) were
putchased from AGAE Technologies (Corvallis, OR). Dialysis
cassettes (10k MWCO, gamma irradiated, 0.5 mL) were purchased
from ThermoFisher Scientific (Rockford, IL). Lutia—Bertani medium,
Lennox formulation (LB) was purchased from EMD Millipore
(Burlington, MA). The native AHLs N-butanoyl-L-homoserine
lactone (C4-AHL) and N-(3-oxo-dodecanoyl)-L-homoserine lactone
(3-0x0-C12-AHL) were purchased from Cayman Chemical (Ann
Arbor, MI) and Sigma-Aldrich (St. Louis, MO), respectively. The
other AHLs and AHL derivatives examined in this study were

synthesized according to our previously reported methods.™ A
detailed description of the synthesis and characterization of 3-(3-
hydroxyalkanoyloxy)alkanoic acid (HAA) is included in the
Supporting Information.

General Considerations. All absorbance measurements were
made using 200 uL of solution in a clear 96-well microtiter plate
(Costar 3370) using a Biotek Synergy 2 plate reader running Gen §
software (version 1.05). Bacterial growth was monitored by measuring
the culture density via absorbance at 600 nm (ODgg). Bright-field
and polarized-light microscopy images were acquired using an
Olympus IX71 inverted microscope (Waltham, MA) equipped with
cross-polarizers (Olympus analyzer slider IX2-AN and condenser
attachment IX-LWPO) and a binocular tube built-in Bertrand lens
(Olympus U-BI9OCT). Fields of view were recorded using an OPTO-
EDU (Beijing, China) eyepiece camera model A59.2211 connected to
a computer and controlled through ImageView imaging software
version A30.2201. The percentage of SCB droplets in the radial state
within an emulsion sample was determined by flow cytometry
measurements performed at room temperature using a BD
FACSCalibur instrument. Assay data were analyzed using Microsoft
Excel for Mac 2016, cytometry data were analyzed using FlowJo
(v10), and graphs were created using GraphPad Prism (GraphPad
Software version 7, San Diego, CA). Characterization of the emulsion
droplet density was performed at room temperature using a BD
Accuri C6 flow cytometer. The HPLC-MS/MS data analysis was
performed using the MAVEN software (open-source)”* and Thermo
Xealibur software packages (Waltham, MA). Unless otherwise noted,
all AHL solutions were prepared by first dissolving AHL in DMSO
and then diluting further to the desired concentration at 1% v/v
DMSO.

We note that the commercially obtained rhamnolipids used in this
study were isolated from P. aeruginosa as a mixture of congeners with
different numbers of rhamnose sugar moieties (mono- and di-) linked
to one or two molecules of hydroxy acid that differ in their aliphatic
chain length. We also note that the composition of this mixture has
been found to depend on various environmental factors, including the
nutrient source and growth conditions.” ™" Several studies have
found that the most abundant species are mono- and dirhamnolipids
containing one or two 8—10 a-hydroxy fatty acids.”” However, in
cases where estimates of molar concentrations of rhamnolipid were
calculated from diluted stocks of commercial rhamnolipid provided in
units of pg/mL, we opted to establish a boundary range of molar
concentrations by assuming two hypothetical uniform compositions
consisting entirely of either the lowest or the highest molecular weight
rhamnolipid congeners found in rhamnolipid mixtures. The actual
molar concentration of rhamnolipid prepared from the commercial
mixtures used here would then lie somewhere within that calculated
range.

greparation of LC Emulsions and Characterization of LC
Droplet Configuration. LC-in-water emulsions were prepared usin
a procedure similar to that previously reported by Carter et al”
Briefly, 6 uL of SCB was added to a glass test tube containing 3 mL of
a 10 uM SDS solution in PBS. The mixture was vortexed for 30 s at
~3000 rpm to yield a milky white emulsion and allowed to settle for 1
h. The emulsion was divided into aliquots of 50 uL that were
subsequently diluted into 500 L of aqueous solutions of either AHL
or thamnolipid, prepared at predetermined concentrations, to obtain
final LC droplet densities of ~10800 + 900 droplets/uL. These
mixtures were allowed to sit for at least 1 h before characterizing the
LC droplets using polarized-light microscopy or flow cytometry. For
flow cytometry experiments, forward light scattering (FSC) was
measured at a detection angle of 0° 4 15° for a minimum of 10000
droplets pumped through the flow cytometer at a flow rate of 12 uL/
min. Quantitative analyses of scattering plots to determine the
percentage of droplets in the bipolar or radial configurations were
performed using a previously reported pl‘ﬁcedure.;“‘sN

BRs, Calculation. BRy, values, representing the minimum
concentration of each analyte required to induce a change from the
bipolar to the radial state in at least a 50% of the LC droplets in a
given sample, were calculated by performing a sigmoidal regression fit
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with a Hill slope #1 to plots of the percentage of droplets transitioned
from bipolar-to-radial versus the analyte concentration. Fits were
calculated using GraphPad Prism (GraphPad Software Version 7.0,
San Diego, CA) and the built-in nonlinear regression model for dose—
response curves with a variable Hill slope using the following
equation:

Hillslope

= IQO'BR;AMBPE & xHilHope

Bacterial Strains and Growth Conditions. The P. aeruginosa
strains used in this study include the following: PAO1 (wild-type;
isolated by B. Holloway from a human wound),”” PW6886 (ArhlA)
(PAO1 rhlA-E08::ISphoA/hah; tetracycline resistant),”’ PAOIL
(ArhIB) (PAO1 containing an unmarked, in-frame rhlB deletion),”
and PAO-SC4 (Alasl, ArhiI) (PAO1 containing unmarked, in-frame
+hil and lasl deletions; a generous gift from E. P. Greenberg). Bacteria
were cultured in LB broth at 37 °C with shaking at 200 rpm unless
otherwise noted. Freezer stocks for the bacterial strains were stored at
—80 °C in LB with 25% glycerol. Spent media was collected at varying
time points by centrifugation (3500 X g, 15 min) and stored at —80
°C until use.

Incubation of Bacteria with LC Droplets. A 2 mL overnight
culture of each P. aeruginosa strain was grown for 20 h in a sterile
borosilicate glass test tube. A subculture was prepared by directly
diluting overnight culture 1:100 in 75 mL of fresh LB medium. For
the induction of rhamnolipid production in PAQ-SC4 (Arhil Alasl),
150 L of 100 mM C4-AHL stock solution was added to yield a final
concentration of 200 yM; DMSO alone (150 uL; 0.2% DMSOQ) was
added to all other strains. Subcultures were grown for 6, 12, or 24 h.
Cultures were then briefly chilled on ice. Prior to use, dialysis
cassettes were equilibrated in LB medium according to the
manufacturer’s instructions. LC suspension (600 uL) was then
added to the cassette, and the cassette was added to the chilled
culture. Cultures were incubated at 20 °C with shaking for 1.5 h.
Cassettes were then removed from culture, and the LCs were
collected for analysis by flow cytometry.

Quantification of Rhamnolipid. Rhamnolipid was quantified
using the orcinol assay method described by Welsh et al. with the
following modifications.” At time points of interest, 2 mL of culture
was removed from the 75 mL subculture, and the cells were pelleted
at 3500 X g for 15 min. A 1 mL aliquot of supernatant was removed,
extracted, and characterized using the reported orcinol assay. The
remaining supernatant was saved for the quantification of AHL, as
discussed below. Samples were background-corrected using an LB
negative control. Rhamnolipids were quantified using a rhamnose
standard curve based on the assumption described by Pearson et al.
that 1 g of rhamnose equals 2.5 g of thamnolipid mixture.*’

Characterization of Cell Viability. LC-in-water emulsions were
prepared as described above. Droplet density was estimated based on
a calibration curve obtained from correlations between event counts/
pL detected using a BD Accuri C6 flow cytometer and dilutions from
stock LC-in-water emulsions (of at least three different dilutions). A
sample with a droplet density of 20000 events/uL was prepared from
stock LC emulsion based on the estimated droplet density. Serial
dilutions were performed from this LC emulsion. A 2 mL overnight
culture of wild-type P. aeruginosa PAO1 was grown for 20 h and
plated in a 1:1 dilution with varying dilutions of LC droplets in a 96-
well microtiter plate. Plates were incubated under static conditions for
1.5 h at either 37 °C or room temperature. Cell viability was
quantified using BacTiter-Glo microbial cell viability assay (Promega
Corporation) and normalized using a no-LC control.

Characterization of AHL Concentrations Using HPLC-MS/
MS. Cell-free supernatant was collected from each sample at 6, 12,
and 24 h prior to the addition of the dialysis cassette and stored at
—80 °C until use. After thawing, the samples were diluted 1:10 in
10:90 methanol:water with 5 mM ammonium formate and 0.1%
formic acid (any samples doped with C4-AHL, including C4-AHL
standards, were diluted 1:100 in the same solvent). AHL
concentrations were measured using external calibration curves.
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AHL standards were prepared in PBS immediately before use. Ring-
opened (ie., hydrolyzed lactone) AHL standards were prepared by
incubating AHLs in 1 M NaOH for 12 h at room temperature.

The method for HPLC-MS/MS analysis was adapted from that of
Patel et al*® Aliquots totaling 2.5 uL of diluted supernatant samples
were subjected to a HPLC-MS/MS analysis. HPLC was performed on
a Vanquish gHPLC system (Thermo Scientific) using a C18 reversed-
phase column (1.7 um particle size, 2.1 X S0 mm; Acquity UPLC
BEH). Solvent A consisted of 10:90 methanol:water with 5§ mM
ammonium formate and 0.1% formic acid, and solvent B was 100%
methanol. The gradient profile for chromatography was as follows:
100% solvent A for 1 min, linear increase in solvent B to 90% over 4
min, isocratic 90% solvent B for 5.5 min, and then equilibration with
100% solvent A for 2 min. The flow rate was constant at 0.2 mL/min.
Compounds separated by HPLC were detected by heated electro-
spray ionization coupled to high-resolution mass spectroscopy (HESI-
MS) (QExactive; Thermo Scientific). The analysis was performed in
the positive ionization mode. Settings for the ion source were as
follows: 10 aux gas flow rate, 35 sheath gas flow rate, 1 sweep gas flow
rate, 4 pA spray current, 4 kV spray voltage, 320 °C capillary
temperature, 300 °C heater temperature, and 50 S-lens RF level
Nitrogen was used as the nebulizing gas by the ion trap source. The
MS/MS method was designed to perform a MS1 full-scan (100 to 510
m/z, no fra.grna-ntatiun) together with a series of MS/MS scans (all-
ion ﬁ'agmentation) that divided the m/z range into partially
overlapping windows of 40 m/z each. The MS1 full-scan provided
data on [M + H]' pseudomolecular ions, while the MS/MS scans
provided corresponding (matched by retention time) fragmentation
spectra, all obtained within a single chromatographic run. MS/MS
scans (all-ion fragmentation) were centered at 160, 210, 245, 280,
315, 350, 385, 420, 455, and 490 m/z using an isolation width of 40.0
m/z. Fragmentations were performed at 17.5, 35, and 52.5 NCE
(normalized-collision energy). The mass resolution was set at 35000,
the AGC target was 1E6, and the injection time was 40 ms.

Statistical Information. All statistical tests and sigmoidal
regression fits were performed using GraphPad Prism (GraphPad
Software Version 7.0, San Diego, CA). Statistical comparisons were
evaluated using a two-way analysis of variance (ANOVA) using
Dunnett’s post hoc test for multiple comparisons. The criterion used
to accept statistical significance was a p value of less than 0.05. Data
were generated by at least three independent experiments. Separate
biological replicates were the result of three technical replicates.
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