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ABSTRACT
Cell-to-cell signaling, or quorum sensing (QS), in Gram-negative bacteria is governed by small
molecule signals (N-acyl L-homoserine lactones, AHLs) and their cognate intracellular receptors
(LuxR-type proteins). The mechanistic underpinnings of QS in these bacteria are severely
limited due to the challenges of isolating and manipulating most LuxR-type proteins.
Quantitative assays to characterize the direct binding of ligands to these receptors are largely
non-existent. We report herein a Forster Resonance Energy Transfer (FRET) assay that
leverages (i) conserved endogenous tryptophans located in the LuxR-type protein ligand-
binding site and synthetic fluorophore-AHL conjugates, and (ii) isolation/stabilization of the
proteins bound to weak agonists. The FRET assay permits straightforward measurement of
ligand-binding affinities with receptor—either in vitro or in cells—and was shown to be
compatible with six LuxR-type receptors. These

methods will advance fundamental investigations of

the mechanisms of LuxR-type proteins and the 120+

development of small molecule modulators of QS. 100+
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INTRODUCTION

Many common bacteria regulate important phenotypes in a population dependent manner
through a cell-to-cell signaling mechanism called quorum sensing (QS)."? During QS, the
bacteria produce a small molecule or short peptide that accumulates in the environment in
proportion to the population density of the bacteria producing this signal.” Once the signal
reaches a threshold concentration in a given environment, a signal:receptor binding event
triggers the bacteria to alter gene expression in order to initiate beneficial behaviors that are
often only possible as a group. N-acyl L-homoserine lactones (AHLs) are one of the primary QS
signal molecules used by Gram-negative bacteria.' AHL-based QS is mediated by the canonical
Luxl/LuxR synthase/receptor system, first described in the bioluminescent symbiont Vibrio
fischeri (Fig. 1A).2 The LuxI-type synthase produces the AHL signal, and the cognate
intracellular LuxR-type protein selectively binds to that AHL once a sufficient concentration, and
thus quorate cell density, has been achieved. LuxR-type receptors are transcription factors that
regulate gene expression; AHL binding can mediate either association of the LuxR-type
receptor with DNA (for the more common activator class) or its disassociation from DNA (for the

more rare repressor class).?
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Figure 1. A) The canonical AHL-mediated Luxl/LuxR-type QS system from V. fischeri. Luxl produces N-
(3-oxo)-hexanoyl L-homoserine lactone (OHHL), which passively diffuses from the cell and into others. At
high population density, the concentration of intracellular OHHL is sufficiently high to bind to and stabilize
LuxR. The OHHL:LuxR complex dimerizes, binds to DNA, and promotes transcription of the /ux operon,
which produces bioluminescence. B) The structure of QscR (PDB 3SZT) bound to N-(3-oxo)-dodecanoyl
L-homoserine lactone (OdDHL, shown as red spheres in the green monomer) with tryptophan residues
shown as pink (weakly conserved) to purple (highly conserved) spheres. Inset: view of the positions of the
tryptophan side chains (purple) in proximity to the ligand (red). C) A sequence alignment of a portion of
several commonly studied LuxR-type receptors. Yellow highlights are highly conserved residues and
purple highlights are the conserved and non-conserved tryptophan residues of QscR. D) The normalized
absorption (dashed lines) and emission (solid lines) spectra for QscR, dansyl (dansyl amide; CAS 1431-
39-6), and coumarin (7-hydroxycoumarinyl-4-acetic acid; CAS 6950-82-9). E) FRET occurs when the
fluorophore-AHL conjugate is bound to the receptor; upon incubation with a competing ligand, there is no
FRET signal.
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Several prominent Gram-negative bacterial pathogens, including Pseudomonas
aeruginosa, utilize Luxl/LuxR-based QS to regulate a broad range of virulence phenotypes,
including the production of toxins and growth into sessile biofilms."* QS has attracted significant
recent attention as a target to control bacterial infections in humans, and a number of chemical
biology approaches have been aimed towards disrupting this communication process in order to
attenuate bacterial virulence.*® Considerable research has focused on blocking the binding of
the native AHL signal to its cognate LuxR-type receptor protein. Rational design, computational
modeling, and high-throughput screening (HTS) using cell-based reporter assays have revealed
small molecule modulators of several LuxR-type receptors.®'2 However, further research is

1415 of these

needed to improve the potency,*'" selectivity,' and physicochemical properties
chemical probes. Such development has been stymied by the limited mechanistic information of
the modes by which they interact with and modulate the function of LuxR-type receptors, either
as agonists or antagonists.

Quantitative direct-binding assays to characterize LuxR-type receptor-ligand binding
could aid significantly in the maturation of chemical probes to study of QS; however, these
methods, either in vitro or in-cell, are largely non-existent. Rather, small molecules that
modulate LuxR-type receptor activity are typically characterized using either cell-based
transcriptional reporter or phenotypic assays; both assay types offer limited information about
the direct target of the small molecule, the affinity of the small molecule for its target, and the
mechanism whereby the small molecule alters the activity of the target. While the potency
(ECs0) of a compound in a cell-based reporter assay is generally used as a proxy for affinity to
the LuxR-type receptor, the direct relationship between reporter assay potency and ligand
binding affinity has yet to be thoroughly examined in any LuxR-type receptor.

Two challenges have hindered the direct examination of LuxR-type receptor ligand
binding: (1) inability to isolate the apo-receptor and (2) resistance of receptor:ligand complexes

to ligand exchange. In the absence of a ligand, many LuxR-type receptors are insoluble, and as
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a result, LuxR-type receptors are typically overexpressed and purified in the presence of their
native AHL ligand.>'®'® Additionally, while native AHL disassociation and ligand exchange has
been demonstrated for LuxR' and CviR,” several receptors resist ligand exchange in vitro when
purified with their native ligand: TraR (Agrobacterium tumefaciens),'® LasR (P. aeruginosa),?
and QscR (P. aeruginosa).?' Direct characterization of ligand-binding affinity has been limited to
a only few studies, including retention of tritium-labeled native AHL in cells expressing LuxR,®
isothermal calorimetry (ITC) in SdiA (E. coli)*? and CarR (Erwinia carotovora) (two receptors
among the rare LuxR-type family members that are stable in their apo form),?® and changes in
the fluorescence intensity of tryptophan residues in the AHL-binding site in apo-CarR as

reported by Welch et al.?*

These methods are either highly specialized or limited to certain
receptors and have not been adopted as general approaches to examine ligand binding in
LuxR-type proteins.

Fluorescence-based techniques represent some of the most sensitive, robust, and
widely used assays for the study of ligand-receptor interactions. Albeit limited to CarR, Welch’s
tryptophan fluorescence quenching approach demonstrates their utility, yet relied on observing
small differences in the fluorescence intensity of the apo-receptor and the receptor:ligand

).24

complex (or between two different receptor:ligand complexes).“* One strategy to bypass this

complication and extend fluorescence based methods to a far wider array of LuxR-type

receptors would be to utilize Férster Resonance Energy Transfer (FRET).%

Efficient energy
transfer requires donor and acceptor fluorophores to be 10 to 100 A apart, and LuxR-type
receptors conveniently have two highly conserved tryptophan residues in the ligand-binding site
(e.g., W62 and W90 in QscR) and one in the helix-turn-helix domain (W186 in QscR) that could
potentially donate energy to an AHL-fluorophore conjugate (Fig. 1B-C).® Tryptophan can be
excited at 280 nm and emits at around 330 nm, which then can excite common fluorophores

such as dansyl and coumarin (the large emission-excitation overlap shown in Fig. 1D).?® Such

an experiment would measure the fluorescence of the receptor:FRET probe complex, rather
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than a mixture of receptor:ligand complexes, resulting in a robust signal that could be linearly
related to the quantity of receptor:FRET probe complex. We hypothesized that this intrinsic
FRET assay design could be applied to measure LuxR-type protein:ligand binding interactions
quantitatively both in vitro and in-cell through competitive ligand displacement assays (as
depicted in Fig. 1E).

In the current study, we report the construction of a set of synthetic AHL-fluorophore
conjugates, the identification of six specific LuxR-type receptor-FRET probe pairs, and the
application of this assay to gather the first quantitative binding data for non-natural AHLs with
LuxR-type proteins. Our assay leverages the ability to produce LuxR-type proteins bound to
weakly agonizing ligands and the subsequent displacement of these weak agonists with ligands
of interest, a technique first demonstrated to be feasible for QscR by Oinuma and Greenberg?'
yet unexplored further. We reasoned that this exchange approach could be applied broadly to
facilitate ligand exchange for other LuxR-type receptors and thus enable the FRET assay. As
proof-of-concept, we first established a robust in vitro FRET binding assay with purified QscR.
Thereafter, we developed an analogous in-cell FRET binding assay that relies on soluble
overexpression of QscR. We found that this in-cell binding assay could be readily applied for the
study of five other LuxR-type receptors, and it should be readily adaptable to others. Lastly, we
applied the FRET binding assays to address several basic questions concerning previously
reported small molecule modulators of LuxR-type receptors: namely, do non-AHL ligands bind
competitively with AHLs? Does iterative ligand development that relies on cell-based reporter
data correlate with improvements in binding affinity? And, what is the relationship between
ligand binding affinity and receptor stabilization? This FRET assay provides powerful new entry
into advancing small molecule modulators of LuxR-type receptors as chemical tools and for
delineating the fundamental molecular mechanisms by which both native and non-native small

molecules alter receptor activity.
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RESULTS

Fluorescent AHL probe design and synthesis.

We designed a FRET-probe library that fused the common homoserine lactone (HSL, Fig. 1A
inset) headgroup to a fluorophore with a variable linker length. We reasoned that compounds
with 1-10 atom long linkers (DA0—-6 and CU0-6; Fig. 2A) would mimic the acyl tail lengths
found in most naturally occurring AHLs (i.e., 4-16 carbons),® while compounds with the 14 and
15 atom linkers (DA11 and CU11; Fig. 2A) would likely be too large to reside in the enclosed
ligand-binding pocket (assuming that these analogs target the AHL-binding site). Many non-
native AHL analogues with aryl and bicyclic tail substituents have been shown to be strongly
active as LuxR-type modulators (as both agonists and antagonists; see examples in Fig.
S1),81227 suggesting that small fluorophores such as dansyl or coumarin could potentially be
accommodated by LuxR-type receptors. We synthesized a small library of AHL-based FRET-
probes in which HSL was linked to a dansyl or a 7-hydroxy coumarin fluorophore with aliphatic
linkers of varying lengths via standard solution-phase coupling reactions (Fig. 2A). The spectral
characteristics of each compound, including absorption maximum, extinction coefficient,
fluorescence emission maximum, and quantum yield were determined, and in most cases,
conjugation to the linker/HSL caused minimal perturbation to these characteristics relative to the

parent fluorophore (Fig. S2-S5 and Table S2).
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Figure 2. A) Synthesis and structures of AHL-based FRET-probe library. Reagents and conditions: a)
sat. NaHCOs (aq.), triethylamine (TEA) in acetone, 1 h, room temperature (rt); b) N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI), 4-(dimethylamino)pyridine (DMAP)
in CH2Cl2 (DCM), 16 h, rt; ¢) 1:1 TFA:DCM, 1 h, rt (TFA = trifluoroacetic acid). See Methods for details of
compound characterization. B) LuxR-type receptor agonism assay data heatmap for the FRET-probe
library. Each member of the FRET-probe library was assayed at 10 uM for activity with each receptor
listed on the top of the heatmap in an E. coli reporter strain (see Table S1 for strain details). Each
receptor-FRET-probe pair has its own square in the heatmap. The heatmap is organized vertically by
linker length, horizontally by receptor, and within a column by fluorophore (coumarin (CU) on the left and
dansyl (DA) on the right). “Fluorophore control” refers to 7-hydroxy-4-acetic acid coumarin and dansyl
amide for CU and DA, respectively. Receptor activity normalized for each strain as the activation of the
reporter with saturating native ligand (100%) and no ligand added (0%). See Methods for native ligands
and concentrations used for each positive control. Each square indicates an average activity of six
technical replicates. Receptor:FRET-probe pairs selected for dose-response analysis indicated with blue
or red spheres (curves in Fig. S7). Red spheres indicate receptor:FRET-probe pairs used in FRET assays
(Fig. 5).
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Receptor:FRET-probe pairs identified by reporter assays.

We investigated the activity of the FRET-probes in various LuxR-type receptors using cell-based
reporter assays. Because LuxR-type receptors are typically selectively activated by native AHLs
with discrete acyl tail lengths, we reasoned that we would need to identify unique FRET-
probe:receptor pairs as opposed to focusing on developing one universal FRET-probe. The
FRET-probe library was screened for agonism (Fig. 2B) and competitive antagonism (against
the native AHL; Fig. S6) in E. coli B-galactosidase reporter strains for the following seven LuxR-
type receptors: LasR,® RhIR,?® and QscR? from P. aeruginosa; CviR from Chromobacterium
violaceum; CepR from Burkholderia cenocepacia;?® SdiA from E. coli (referred to as SdiAec);'?
and SdiA from Salmonella enterica (referred to as SdiAse).>° Efficacious agonists were identified
in almost every receptor (Fig. 2B), with the coumarin derivatives generally less active than their
dansyl counterparts. Interestingly, no efficacious antagonists were found (Fig. S6). At least three
agonistic FRET-probes were selected for each receptor (as indicated in Fig. 2B by red and blue
spheres) and further characterized via dose-response analyses (Fig. S7 and Table S3) in the
reporter strains to determine their efficacy (maximum activation) and potency (ECso). Apart from
RhIR, we were able to identify FRET-probes that maximally activated each receptor with
potencies ranging from 33 nM to 32 uM (probes selected for subsequent in-cell FRET assays
indicated by red spheres in Fig. 2B).

As expected, we did not identify a single FRET-probe that agonized all seven LuxR-type
receptors. In fact, we found that certain LuxR-type receptors with similar native AHL ligands
displayed different selectivities for our FRET-probes. LasR and QscR both recognize the long-
tailed native N-(3-oxo)-dodecanoyl-L-homoserine lactone (OdDHL) signal yet are maximally
activated by different sized FRET-probes: the short linker probes (CU0 and DA1) for LasR and
medium linker analogs (CU2 and DA4) for QscR. Likewise, CviR and CepR have similarly sized

native ligands (N-hexanoyl L-homoserine lactone (HHL) and N-octanoyl L-homoserine lactone
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(OHL), respectively) but are maximally activated by differently sized FRET-probes: long chain
CUG6 and DAG probes for CviR and the short chain DA1 probe for CepR. As observed in prior
work demonstrating their promiscuity with regards to AHL-type ligands,'?° SdiAec and SdiAse
were strongly activated by most of the FRET-probes. RhIR showed little to no activation by any
of the compounds in the probe library at 10 uM; the probe DAG6, with 15% activation at 100 uM,
was the most efficacious agonist of RhIR found. Unexpectedly, the very long linker probes,
CU11 and DA11, were active in several of the receptors tested. Gomes et al. reported a similar
finding in an earlier study, in which an AHL-fluorophore conjugate with a 16-atom linker between
the HSL and a large Rhodamine B motif agonized CepR in a cell-based transcriptional reporter
and was selectively retained in cells overexpressing CepR.3" Our results for CU11 and DA11
suggest (if they target the AHL-binding site) that either the binding pockets of these LuxR-type
receptors are able to expand to fully accommodate these large ligands, or that their long tails

are able to extend out of the binding pocket.

QscR-DAA4 in vitro FRET binding and displacement assays.

We investigated whether the AHL-fluorophore probes could produce a FRET signal when bound
to LuxR-type receptors and the application of this technique as an in vitro binding assay. For our
initial studies, we selected QscR because this receptor is known to be amenable to in vitro
ligand exchange when purified in the presence of a low-potency AHL agonist (specifically, N-(3-
oxo)-hexanoyl L-homoserine lactone (OHHL), as introduced above (see Sl for methods).?'*
The FRET-probe DA4 was chosen for these initial studies because its ECs in the cell-based
reporter (133 nM, Table S3) was intermediate between that of OHHL (the purification ligand)
and OdDHL (QscR’s preferred native ligand), suggesting that DA4 could both displace any

remaining bound OHHL and allow for ligand exchange in future displacement assays (depicted

in Fig. 3A).

10
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First, we examined whether QscR-DA4 complexes produced a FRET signal. We
introduced DA4 to the purified QscR:OHHL complex, incubated for 30 min at room temperature,
excited at 280 nM, and measured a strong emission signal at 530 nm (Fig. 3B). To determine
whether this excitation signal was specific to QscR-DA4 binding, we measured fluorescence for
several control samples: QscR:OHHL plus dansyl amide (DNSA), the parent fluorophore which
lacks the HSL head group and is inactive in QscR (Fig. 2); DA4 plus bovine serum albumin
(BSA) as a non-specific protein control; and QscR:OHHL plus DA4 in the presence of
competing native ligand (OdDHL) at high concentration. Consistent with specific QscR-DA4
binding, no appreciable fluorescence emission was observed in these control experiments (Fig.
3B). The result of the latter control experiment with OdDHL supports DA4 binding in the AHL-
binding site. We note that QscR has five tryptophans that could serve as the FRET donor(s),
three of which are highly conserved and have been shown to be important to LuxR-type
receptor activity;*® therefore, we could not examine the activity of a QscR mutant lacking
tryptophans as a control for the origins of the FRET signal. Nevertheless, the results of these
experiments are consistent with an intrinsic FRET event occurring between DA4 and the QscR

receptor.

11
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Figure 3. A) Schematic of the in vitro FRET-probe binding and ligand displacement approach. Purified
QscR bound to a weak agonist (OHHL) is diluted in step 1 to promote disassociation, followed by binding
of a FRET-probe in step 2, and then displacement with a ligand of interest in step 3. B) Fluorescence
emission spectra (ex 280 nm) of the QscR-DA4 FRET pair and control samples. Each data is the average
of technical duplicates and normalized to the fluorescence intensity of QscR+DA4. All components
(fluorophore: DA4 or dansyl amide control (DNSA); protein, QscR:OHHL or bovine serum albumin control
(BSA); and OdDHL were held at 1 uM. C) Dose response curve for DA4 binding to QscR (2 nM). Each
concentration was measured as three independent replicates, each with technical triplicates. Dose
response curves of D) synthetic agonists and E) synthetic antagonists displacing DA4 (2 uM) from QscR
(5 nM). Each concentration was measured as three independent replicates, each with five technical
replicates. F) Replicates for Z-factor analysis for the in vitro FRET DA4 displacement assay in QscR.
QscR (5 nM) with DA4 (2 uM) was treated with OdDHL (50 uM) or with vehicle control (n = 36). G)
Correlation between potencies determined from cell-based transcriptional reporters (ECso) and affinities
(K4) determined using the in vitro FRET displacement assay for a set of QscR agonists (in blue) and
antagonists (in red). All the antagonists of QscR display partial agonism and this partial agonism was
used to determine the ECso plotted here. See Table S4 for further details and Methods for description of
data handling.

We next determined the affinity of the QscR-DAA4 interaction by measuring FRET with
varying concentrations of DA4 (Fig. 3C). We designed this experiment such that we could

calculate a binding affinity (K4) from standard saturation binding equations (see Methods),

12
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including determining the appropriate incubation period for equilibrium measurements and using
a sufficiently low concentration of QscR to avoid ligand depletion (see S| Note 1 for details).3*3°
We calculated a Kq of 28 £10 nM for DA4 using the FRET assay; the Hill slope for the curve in
Figure 3C is not statistically different than 1.0 (p = 0.05), indicating that DA4 binds tightly to a
single site on QscR (which is monomeric under these conditions).?" This value was ~5-fold
lower than its ECso measured in the cell-based reporter assay of QscR activity (133 nM, Table
S3). This result suggests that either the in-cell affinity or in-cell availability of DA4 is lower than
in vitro.

We sought to explore whether displacement of DA4 from QscR could be utilized as a
general assay to determine the binding affinity of other ligands. We selected a set of known
QscR modulators for these displacement assay that was comprised of six agonists and six
antagonists (structures shown in Fig. S8).?’ In cell-based reporter assays, all of the agonists
strongly activate QscR (>85% max activation), and all of the antagonists are able to reduce the
activity of QscR in competition against OdDHL (between 35 and 94% max inhibition) (Figure S9
and Table S4). We note that these antagonists actually display partial QscR agonism, that is,
they are able to agonize QscR but not fully; small molecule QscR antagonists that lack this
activity profile have not been reported.®? For the in vitro FRET ligand displacement experiments,
we added varying concentrations of competing ligand to a solution of 5 nM QscR and 2 uM DA4
and measured FRET. The competition displacement dose-response curves are shown in
Figures 3D (agonists) and 3E (antagonists). We calculated OdDHL to have an ICso value of 82
nM in the displacement assay (Fig. 3D) and a binding affinity (Kq4) of 1.3 £ 0.4 nM when
converted using the Cheng-Prussoff equation (see Methods). This affinity is comparable to the
3.1 nM affinity for QscR:OdDHL reported by Oinuma and Greenberg as estimated from a DNA
shift assay.?' The Kq values of each of the remaining five agonists and the six antagonists were
calculated similarly from the 1Cso values from the curves in Figure 3D-E, giving values that

ranged from 0.4 nM to 681 nM (Table S4). The Z-factor for this displacement assay was

13
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calculated to be 0.59 (data used in this calculation shown in Fig. 3F), suggesting that this assay
would perform well in a high throughput screening format.*® The results of these experiments
support this FRET-based displacement assay as a straightforward and generalizable method to
measure QscR:ligand binding in vitro.

We wanted to further investigate the relationship between the potency of a ligand in a
cell-based reporter assay and the affinity of a ligand in vitro in the FRET displacement assay.
Comparison of the ECso values for the QscR agonists and antagonists in the reporter assay to
their Kq values for QscR in the FRET assay (Fig. 3G) using a Pearson Correlation (see Methods
for details) showed they were highly correlated (Pearson Coefficient r = 0.9), indicating that the
cell-based transcription reporter potency, at least for QscR, is a generally accurate proxy for
receptor affinity. However, two important deviations were identified. Firstly, the antagonists were
less potent in reporter assays than their affinities would predict; specifically, compounds R6 and
Q9 bind slightly tighter to QscR than OdDHL but have ECs, values 5-7 times higher in cell-
based reporter assays. Congruent with the latter observation, these two QscR-antagonist
complexes have been reported to bind DNA, but with a much lower affinity than QscR-OdDHL.?
Secondly, the four highly potent agonists (OdDHL, dDHL, CL, and B7) have approximately the
same ECsg value (15 nM) in the cell-based reporter assays, but their binding affinities span
more than an order of magnitude (0.4—4.9 nM), indicating that the reporter assay is unable to
report accurately on the affinities of highly potent ligands. These two findings highlight the
limitations of cell-based reporter assays to accurately convey differences in affinity when

developing highly potent agonists and antagonists.

QscR-DA4 in-cell FRET binding and displacement assays.
Due to the challenges of isolating most LuxR-type receptors in vitro, even in the presence of an
agonist,'%32%" we recognized that an in-cell direct binding assay could be valuable. To this end,

we investigated the feasibility of performing the DA4 displacement assay in E. coli

14
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overexpressing QscR. For this assay, we overexpressed QscR in the presence of OHHL under
the same conditions used for protein purification (see Methods). The E. coli cells were washed
to remove any unbound OHHL, diluted to a low cell density, and incubated with DA4 for the
binding assay or DA4 plus a competitive ligand for competition assays (shown schematically in
Fig. 4A). Because of the complexity of the cellular environment in comparison to in vitro
conditions, we needed a means of separating FRET signal arising from DA4:QscR interactions
and FRET signal arising from potential interactions of DA4 with other cellular components. To
do so, the FRET signal of cells not producing QscR was subtracted from the FRET signal of

induced cells to remove FRET signal arising from non-specific binding interactions.

15
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Figure 4. A) Schematic of the in-cell FRET-probe binding and ligand displacement approach. E. coli
overexpressing QscR in the presence of a weak agonist are diluted in step 1 to promote disassociation,
followed by binding of a FRET-probe in step 2, and then displacement with a ligand of interest in step 3.
B) Fluorescence emission spectra (ex 280 nm) of the QscR-DA4 FRET pair and control samples in E.
coli. All compounds (DA4, dansyl amide control (DNSA), and OdDHL) held at 1 uM. Overexpressed cells
diluted to ODeoo of 0.05. Each data set is the average of technical duplicates. C) Dose response of DA4
binding to QscR in E. coli. Each concentration was measured as four independent replicates, each with
five technical replicates. Dose response curves of synthetic D) agonists and E) antagonists displacing
DA4 (2 uM) from QscR in E. coli. Each concentration was measured as three independent replicates,
each with technical triplicates. F) Replicates for Z-factor analysis for in-cell FRET DA4 displacement from
QscR. QscR (5 nM) with DA4 (2 uM) was treated with OdDHL (50 uM) or vehicle control (n = 36). G)
Correlation between the ICso values for displacement of 2 uM DA4 by QscR agonists (in blue) and
antagonists (in red) as measured by FRET in vitro and in-cell. See Table S4 for further details and
Methods for description of data handling.

We developed and characterized the in-cell FRET assay protocol in the same manner as
the in vitro FRET assay for QscR described above. We measured the FRET signal between
DA4 and the QscR:OHHL complex produced in-cell and observed a strong FRET emission at
530 nm upon addition of DA4 (Fig. 4B). Like the in vitro assay, this emission was specific to the

presence of DA4 and eliminated by the addition OdDHL, suggestive of competitive ligand
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displacement. We obtained a well-behaved ligand binding curve by varying the amount of DA4
in the presence of dilute E. coli producing QscR:OHHL (Fig. 4C). However, we did not assign a
Kq value using this assay as we could not accurately determine the concentration of QscR or the
amount of “free” DA4 in cells; therefore, we calculated an ECsp value from the dose response
curve for D4A (which we term an apparent affinity here) that is dependent on these specific
sample preparation conditions. We observed an 11-fold decrease in apparent affinity as
compared to the in vitro K4 measurement above (313 nM in Fig. 4C vs. 28 nM in Fig. 3C); this
discrepancy could reflect our inability to accurately determine the amount of “free” DA4 due to
its level of non-specific binding or potential partitioning into the cell membrane (DA4 has a LogP
of 2.76).

We next applied the in-cell FRET assay to measure ligand displacement by agonists
(Fig. 4D) and antagonists (Fig. 4E), analogous to the in vitro FRET assay above. These in-cell
assays displayed remarkably high signal-to-noise ratios, allowing for robust model fits. The Z-
factor for this displacement assay was 0.72, indicating that this assay, like the in vitro method,
would be readily applicable in high-throughput screening (Fig. 4F). OdDHL was found to have
an ICs in-cell very similar to the in vitro displacement assay (124 nM in-cell vs. 82 nM in vitro),
and a comparison of the ICso values for all the QscR agonists and antagonists obtained in vitro
vs. in-cell is shown in Figure 4G. The tight correlation (Pearson Coefficient r = 0.99) between
these data suggests that this in-cell FRET assay can accurately capture differences in in vitro
ligand-binding affinity between compounds across a wide range of affinities for QscR. Again,
these differences are not accurately conveyed for potent QscR agonists and antagonists by cell-

based transcriptional reporter assays.

In-cell FRET assays with other LuxR-type receptors.
We evaluated if this in-cell FRET assay could be applied to other LuxR-type receptors beyond

QscR. First, we needed to select the appropriate receptor:FRET-probe pairs and determine
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overexpression conditions that produced soluble receptor with a ligand that would readily
disassociate. We focused in on three dansyl FRET-probes that were active in the cell-based
reporter strains examined above (DA1 in LasR and CepR; DA4 in SdiAec, and SdiAseg; and DA6
in RhIR and CViR; see red spheres in Fig. 2B); each of these probes displayed an intermediate
potency in cell-based reporter assays, suggestive that they could be displaced by competitive
ligand (ECso values of 2.6 to 32 uM; the ECso of DA6 for RhIR not calculated due to solubility
constraints). When optimizing receptor overexpression conditions, we sought conditions that
both solubilized the receptor and allowed for ligand exchange. Ligand exchange experiments
have been reported for CviR purified with its native ligand, HHL,” and SdiAec is soluble in the
absence of ligand;?? therefore, HHL or no AHL was used for CviR and SdiAec production,
respectively. LasR has been reported to be solubilized by both its native ligand OdDHL and the
much less potent N-(3-oxo)-octanoyl L-homoserine lactone (OOHL; ECso = 4.5 uM vs. 2 nM for
OdDHL in cell-based reporter assays);'"® we selected both of these AHLs to test the FRET
assay with LasR. Ligand exchange experiments, let alone protein production experiments,
remain largely unreported for RhIR,' CepR, and SdiAse. Thus, for these proof-of-concept
studies, we simply sought to identify ligands that allowed for solubilization of these receptors
when produced in E. coli. RhIR is not well solubilized by its native ligand, N-butanoyl L-
homoserine lactone (BHL; ECso = 9 uM in the cell-based reporter assay), but we found that the
non-native AHL S4 (ECso = 1.6 pM)*® was able to solubilize RhIR (Fig. S10). In turn, CepR was
solubilized by its native ligand, octanoyl L-homoserine lactone (OHL; ECso = 6 nM), and SdiAse
could be solubilized by OOHL (ECso = 1 nM).

When overexpressed with the ligands discussed above, each receptor (except for CepR)
produced a robust FRET signal in the presence of its paired probe, and this signal was
abolished upon addition of a competing ligand (Fig. 5A) with signal-to-noise ratios (S/N) ranging

from 12 to 177. These results are consistent with the fluorophore probes displacing the
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overexpression ligands, intrinsic FRET occurring between the receptors and probes, and the
subsequent displacement of the probes with a different ligand. In addition, these data indicate
that under these assay conditions, for at least certain receptors (CviR, LasR, RhIR, and SdiAsg),
the FRET probes could displace ligands with strong agonistic activity (i.e., with up to 10,000-fold
lower ECs values in cell-based reporter assays relative to the FRET probe). CepR produced
with OHL, however, did not have a FRET signal significantly different than background, and we
asked whether production of CepR with an agonist with reduced potency would permit more
facile ligand exchange. We found that the weaker agonist N-decanoyl L-homoserine lactone
(DHL; ECso = 110 nM) could solubilize CepR, yet CepR did not yield a greatly improved FRET
signal when overexpressed with DHL (S/N of 2.6) relative to OHL. Potentially, this low S/N for
CepR stems from either the low potency of DA1 with CepR (ECso = 32 uM in cell-based reporter
assays) or because DHL is still sufficiently potent to hinder ligand exchange. Interestingly, and
in contrast to CepR, the LasR FRET signal was highly dependent on the choice of solubilizing
ligand, with a 13-fold lower FRET signal observed for LasR when solubilized by the tightly

bound OdDHL compared to the weakly bound OOHL (Fig. 5B).
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Figure 5. FRET assay data with receptors beyond QscR. A) In-cell FRET assay data for various LuxR-
type receptor:fluorophore probe pairs (indicated at top of plot). The fluorophore was added to E. coli
without overexpression of the receptor (-) or with overexpression of the receptor (+) and without a
competing ligand (-) or with 100 uM of competing ligand (+) (indicated below the plot). DA1 used at 25
uM, DA4 at 10 uM, and DA6 at 10 uM for CviR and 50 uM for RhIR. Overexpression ligands were OOHL,
OHHL, S4, HHL, DHL, none, and OOHL for LasR->SdiAse (left>right at top of plot), respectively.
Similarly, the competing ligands were OdDHL, OdDHL, $4, HHL, OHL, OOHL, and OOHL. See Methods
for overexpression details and data handling. Each condition is the average of 8 or 16 replicates and error
bars indicate standard deviation (SD). The signal-to-noise (S/N) ratio for each receptor-FRET pair is listed
at the bottom of the plot. S/N calculated as the mean/SD of the FRET signal. B) The FRET signal from
LasR when overexpressed without ligand (DMSO) or with 25 yM OdDHL or OHHL and incubated with 25
uM DA1. Each condition has 16 replicates and error bars indicate SD.

We followed up these single concentration FRET experiments in LasR, SdiAec, SdiAse,
RhIR, and CviR with full dose-response characterization of (i) FRET-probe binding (analogous
to Fig. 4C, see Table S5 and Fig. S11) and (ii) displacement by a competing ligand (analogous
to Fig. 4D, see Fig. S12). While in certain cases the FRET-probe affinity was too low to achieve
a plateau in FRET-probe binding assays, the observed FRET signal still permitted productive
ligand displacement assays that allowed for comparisons in affinity between competitive
ligands. Collectively, these assay data allow us to draw the following conclusions: first, this in-
cell FRET assay is compatible with a range of LuxR-type receptors to monitor ligand binding,
and second, using a lower potency ligand for solubilizing the LuxR-type receptor can greatly

improve FRET signal but is unnecessary in some cases. The latter result has implications for

biochemical and biophysical investigation of LuxR-type receptors beyond the FRET assays
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described here, as it provides a pathway for the manipulation and study of this often recalcitrant

protein class in vitro.

FRET assays to interrogate LuxR-type protein mechanism.

The FRET assays described here should allow for many questions regarding LuxR-type protein
activity to be addressed. For example, investigations of whether non-AHL derived small
molecule QS modulators directly bind LuxR-type receptors or bind competitively in the AHL-
binding pocket have rarely been performed. Indole has long been considered a potential
chemical signal in bacteria and is produced by certain Gram-negative bacteria (reviewed

).40

recently by Zarkan et al.).”” Conflicting reports exist about whether indole directly interacts with

and alters the activity of LuxR-type receptors. Indole has been reported to modulate QS in
several species, including E. coli (via SdiAec),*! P. aeruginosa (via either the las or rhl system),*?
and C. violaceum, P. chlororaphis, and Serratia marcescens (LuxR-type receptor targets
unknown).*®* Conversely, indole also has been reported to have no effect on SdiAec and
SdiAse,* and it has been reported to only modulate TraR (A. tumefaciens) and AgsR
(Acinetobacter oleivorans) via a general effect on protein folding.*® In our own hands, we found
that indole can activate SdiAec in a cell-based reporter assay (Fig. S13). To ask whether this
compound can bind directly to SdiAec and other LuxR-type receptors, we tested indole in our in-
cell FRET displacement assays for SdiAec, SdiAsg, CviR, and QscR, and observed no decrease
in FRET, indicating that indole does not bind in the AHL binding pocket of at least these four
receptors (Fig. 6A). These results support a non-competitive mechanism of action for indole if it
targets these receptors. Similarly, we investigated three small molecules previously reported to
strongly modulate LasR (in a range of cell-based and phenotypic assays) in the in-cell FRET
displacement assay.*® These compounds were: brominated furanone C-30*¢ and PD-12,*” both
of which are debated to directly interact with LasR; V-06-18, which was identified as a lead

t38

LasR antagonist® and the focus of a recent structure-activity relationship study;'" and the strong
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LasR agonist TP-1, which has been co-crystalized with the LasR ligand binding domain and
binds in the OdDHL pocket.*”*® We found that C-30 and PD-12 are indeed able to partially
displace DA1, albeit at very high concentrations (1 mM), V-06-018 displaces DA1 with an
intermediate affinity, and TP-1, as expected, was able to displace DA1 from LasR with a similar
affinity to its native ligand, OdDHL (Fig. 6B). These results underscore the utility of this in-cell
assay technique for delineating the targets of QS modulatory ligands and obtaining quantitative

data regarding their relative binding affinities.
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Figure 6. Mechanistic FRET assays with various small molecules. A) E. coli overexpressing the receptor
listed were incubated with 1 uM DA4 (DAG6 for CviR) and either DMSO, 10 uM native AHL signal, or
indole (at the low and high estimates of indole production in E. coli). % Trp FRET defined with 100%
equal to the DMSO condition. Each condition is the average 8 replicates with the error bars indicating the
SD. B) LasR was overexpressed and incubated with DA1 and varying concentrations of OdDHL, TP-1, V-
06-018, C-30, or PD-12. Each condition is the average 8 replicates with the error bars indicating the SD.
C) In vitro DA4-SdiAec displacement FRET assay with AHL-thiolactone pairs. Error bars indicate SD of
five technical replicates. D) Correlation between ligand binding affinity to QscR and the thermal stability of
the QscR-ligand complex with agonists in blue and antagonists in red. See Figure S14 and Table S6 for
further details. See Methods for details of assays and data handling.
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Structure-activity relationships for the known chemical probes of LuxR-type proteins
have been typically determined using cell-based transcription reporter assays, which have the
caveats outlined above. The FRET assay has the potential to determine whether a change in
potency in these reporter assays reflects a change in affinity, allowing for more educated design
and tailoring of ligands. As an example, we explored the activity of a set of thiolactone AHL
analogs that have been explored as QS modulators' and reported to have increased potency
relative to their parent lactone analogs in cell-based reporter assays of several LuxR-type
receptors — i.e., in SdiAsg,*® SdiAec,” RhIR,™ and LasR." One explanation, aside from their
increased hydrolytic stability over the time course of the assay, would be increased ligand
affinity. We performed in vitro DA4 FRET displacement assays for several lactone-thiolactone
pairs with purified SdiAec (see Methods for purification details) and found that SdiAec binds
more tightly to the thiolactone analogues (Fig. 6C). The improvement in affinities for the
thiolactones varies from 1.1-fold to 3.1-fold, suggesting that this particular modification not only
can improve ligand stability but also affinity.'2

Lastly, we applied the FRET assay to examine the stability of LuxR-type receptors.
Despite the critical importance of ligand binding for LuxR-type receptor solubilization and
activation (vide supra), only a few studies have directly characterized the ability of a ligand to
increase the thermal stability of LuxR-type receptors.??323” We reasoned that the in vitro FRET
assay could allow us to directly investigate the relationship between ligand-binding affinity and
LuxR-type receptor stability. First, we characterized the stability of QscR complexed to a set of
QscR agonists and antagonists (used in Fig. 3D-E) via differential scanning fluorimetry (DSF)
thermal shift assays, which provided the temperature at which QscR-ligand complexes unfold
(see Methods and Fig. S14 for representative DSF data). We then compared these melting
temperatures to the ligand affinity values as determined by in vitro FRET. As shown in Figure
6D, the affinity of a ligand for QscR is highly correlated with the thermal stability of the QscR-

ligand complex (Pearson Coefficient, r = 0.99). Interestingly, this relationship holds for QscR for
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both agonists and antagonists (again, the latter being partial agonists; see above). These data
are congruent with the hypothesis that the affinity of the ligand for QscR plays a large role in its
thermal stability, as varying the affinity of the ligand from 0.4 to 681 nM varies the T, by 18 °C.
Together, the three examples outlined here serve to demonstrate how this FRET assay can be
applied to integrate our understanding of ligand binding into our broader understanding of LuxR-

type receptor mechanism and QS signaling in general.

DISCUSSION

We report the development of a FRET assay that utilizes conserved endogenous tryptophans
located in the LuxR-type receptor ligand-binding pocket and novel fluorophore-AHL conjugates
as the fluorescence donor and acceptor, respectively. We synthesized a small library of
fluorophore-HSL conjugates to mimic the varying sizes of naturally occurring AHLs. This library
was screened against seven LuxR-type receptors to identify probes capable of agonizing each
receptor in cell-based reporter assays. We then performed proof-of-concept experiments on one
receptor—QscR from P. aeruginosa—to demonstrate the feasibility of this FRET assay system.
We found that FRET could be used to measure differences in ligand binding affinity in vitro with
purified QscR and in-cell using an E. coli strain overexpressing QscR. The in-cell method could
be readily extended to other LuxR-type receptors, and we demonstrate its compatibility in five
additional LuxR-type receptors using a discrete set of FRET probes. These latter experiments
were enabled by the development of robust expression and solubilization techniques for each
receptor complexed to a specific agonist ligand (if needed) that could be readily displaced by
the FRET. Finally, we show that these binding assays can be used to address several basic
questions concerning the targets and relative activities of known LuxR-type receptor/QS
modulators and allow for the relationship between ligand binding affinity and receptor stability to
be directly addressed for the first time. This assay represents a significant improvement in our

ability to quantitatively measure ligand binding in vitro and in-cell for LuxR-type receptors.

24



Styles et al.

Given the simplicity of the probe synthesis and assay design, these FRET assays have
the potential for widespread adoption by researchers studying LuxR-type receptors and their
role in QS biology. On specific application where these techniques could find immediate utility is
in the study of orphan or ‘solo’ LuxR-type receptors, an area that has exploded over the past
decade.*® This class of LuxR-type receptors are found in species that do not produce AHLs, but
rather sense AHLs (or other small molecules) produced by other bacteria (or other organisms)

t.4° Orphan receptors likely make up the majority of LuxR-type receptors®

in their environmen
yet face a significant barrier to study: namely, if we do not know what ligands activate an orphan
LuxR-type receptor, then we cannot identify the genes regulated by the receptor. And in turn, if
we do not know which genes are regulated by the receptor, then we cannot use transcriptional
reporter assays to identify compounds that activate the receptor. This FRET assay provides a
direct means to solve this chicken-or-the-egg problem; the FRET assay can be used to identify
ligands that bind to an orphan receptor as a starting point for transcriptomics to identify genes
that may regulate by the receptor.

The FRET assays will also facilitate the optimization of the current set of known QS
modulators, the characterization of new or putative QS signals in general, and the examination
of the biophysical properties of LuxR-type receptors. The assays are readily amenable to the
large-scale screening of synthetic small molecule libraries or could be used in a fragment-based
approach to developing competitive inhibitors of LuxR-type receptors. Of specific value in this
context, the FRET assay allows for unambiguous determination of the effect on potency of a
given structural modification, which could aid in the rational design of chemical tools for
modulating QS with improved physicochemical properties. Finally, turning to the LuxR-type
receptor target, the FRET assay should allow for quantitative determinations of changes in
ligand-binding affinity upon alteration of the receptor (e.g., generated via point mutations or
truncations, or when examined as monomers, dimers, or DNA bound complexes, etc.) that have

thus far only been discussed largely qualitatively. For example, such experiments could readily
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and unambiguously address the question of whether these proteins bind their ligands
cooperatively or noncooperatively. We are optimistic that these probes, assays, and the insights

that they provide will advance the QS field.

METHODS

All methods are provided in the Supporting Information.

SUPPORTING INFORMATION
Supporting information available: Methods, additional data, and supplementary discussions.

This material is available free of charge via the Internet.
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