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Abstract

Bacteria use small molecule signals to access their local population densities in a process called
quorum sensing (QS). Once a threshold signal concentration is reached, and therefore a certain
number of bacteria have assembled, bacteria use QS to change gene expression levels and initiate
behaviors that benefit the group. These group processes play central roles in both bacterial
virulence and symbiosis, and can have significant impacts on human health, agriculture, and the
environment. The dependence of QS on small molecule signals has inspired organic chemists to
design non-native molecules that can intercept these signals and thereby perturb bacterial group
behaviors. The opportunistic pathogen Pseudomonas aeruginosa has been the target of many of
these efforts due to its prevalence in human infections. P. aeruginosa uses at least two N-acyl L-
homaoserine lactone signals and three homologous LuxR-type receptors to initiate a range of
pathogenic behaviors at high cell densities, including biofilm formation and the production of an
arsenal of virulence factors. This review highlights recent chemical efforts to modulate LuxR-type
receptor activity in P. aeruginosa, and offers insight into the development of receptor-specific
ligands as potential anti-virulence strategies.

Introduction to quorum sensing

Quorum sensing (QS) is an intercellular communication process driven by small molecules.
173 Bacteria use a set of QS signals termed autoinducers to monitor the size of their
growing population. This social activity can confer advantages unavailable to a singular
bacterium.476 As bacterial populations reach a critical density, or quorum, the bacteria alter
gene expression levels to coordinate a diverse range of behaviors, including virulence factor
production, biofilm formation, bioluminescence, sporulation, and conjugation.7—9 In the
case of pathogenic bacteria, QS allows the bacteria to amass in sufficiently high densities
before launching a coordinated attack on the host and overwhelming its defenses.10712

Gram-negative bacteria use N-acyl L-homoserine lactones (AHLS) as their primary
autoinducers.13715 The ~20 known AHLSs differ only in the number of carbons (4-18) and
substitution on their acyl chain (mostly oxidation at the 3-position and/or a cis-alkene). QS
in Gram-negative bacteria was first described in the bioluminescent marine symbiont Vibrio
fischeri, which resides within the light organs of certain squid and fish.16:17 V. fischeri uses
a three-part QS circuit to coordinate symbiosis, made up of an autoinducer signal, its
synthase, and its receptor (Figure 1). The synthase enzyme, LuxI, produces the 3-oxo-
hexanoyl homoserine lactone (OHHL) autoinducer, which readily diffuses into the local
environment from the organism. The concentration of signal grows with the size of the
bacterial population. Once an intracellular threshold concentration of OHHL is reached,
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OHHL binds to its cognate cytoplasmic receptor protein, the LuxR transcription factor. The
OHHL:LuxR complex then dimerizes and activates transcription of genes (via binding to QS
promoters) involved in symbiosis, including those that induce bioluminescence.18 The
elucidation of this canonical QS system in V. fischeri demonstrated that a single chemical
signal could initiate a set of complicated binding events that controlled important functions
for a bacterial group. All subsequently characterized AHL-type QS circuits contain
homologues of the Luxl and LuxR regulatory proteins.6+13

QS in the opportunistic pathogen Pseudomonas aeruginosa has been the focus of
considerable attention, due in part to this bacterium’s rapidly growing resistance to
traditional antibiotics and prevalence in lung infections associated with cystic fibrosis.10™
12:19:20 P. aeruginosa produces myriad virulence factors (e.g., extracellular proteases and
toxins) and grows into sessile, drug-resistant biofilms at high cell densities, which make P.
aeruginosa infections particularly problematic to treat.21 These phenotypes are controlled
by a relatively complex QS system that contains at least three LuxR-type receptors and a
pair of AHL signals (see below). Each of these ligand:receptor pairs represents an attractive
target for the interruption of QS, and thereby virulence, in this pathogen. Indeed, developing
non-native ligands capable of intercepting AHL:LuxR-type receptor binding has emerged as
a valuable strategy to perturb QS signaling in Gram-negative bacteria,4 and this approach
has been applied with increasing frequency in P. aeruginosa.22—24 Non-native QS
modulators represent not only useful chemical tools to study the mechanisms of QS in P.
aeruginosa, but could, with further development, provide a pathway for the generation of
new therapies to treat P. aeruginosa infections. Notably, inhibition of QS should only
temper virulence, as opposed to growth, and thus the development of resistance might be
averted. Such antivirulence strategies are of interest for both fundamental and applied
research, and represent a paradigm shift for the treatment of bacterial infection.25728

QS is a rapidly growing field of research, and in view of its reliance on chemical signals,
provides many opportunities for chemists to contribute. Several comprehensive reviews of
small molecule approaches to targeting QS in Gram-negative bacteria have been reported
elsewhere.4:29731 For brevity, we have focused this Perspective on a selection of efforts
that showcase chemical methods for controlling virulence in P. aeruginosa by targeting its
three LuxR-type receptors.

The P. aeruginosa LuxR-type receptor triumvirate

P. aeruginosa uses a set of receptors and signals to control QS, many of which have
overlapping and poorly understood roles. Three of these receptors are LuxR homologs:
LasR, RhIR, and QscR (Figure 2). A fourth receptor, PgsR, is a LysR-like receptor that
recognizes the Pseudomonas guinolone signal PQS, and is intimately connected with the
other three.32734 The LasR system positively regulates the RhIR system, and together these
two systems are responsible for regulating PgsR. In turn, QscR represses the LasR and RhIR
systems.3537

The LasR system was first characterized in the early 1990s, with the identification of the
LasR receptor and its cognate signal synthase enzyme, Lasl.17 Similar to LuxR in V.
fischeri, LasR appeared to control a discrete set of genes in P. aeruginosa, including the
gene for its namesake, the extracellular protease elastase B, and it was suggested that LasR
functioned as a global regulator of virulence in this pathogen.38740 The subsequent
identification of 3-oxo-dodecanoyl homoserine lactone (OdDHL, Figure 2) as LasR’s
cognate autoinducer drew further attention to the LasR system and its potential as a possible
anti-virulence target.41 Indeed, the majority of efforts to modulate QS and thereby regulate
virulence in P. aeruginosa to date have focused on LasR.4:42745 The recently reported
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structure of the LasR AHL-binding domain,46 a protein notoriously difficult to handle in
vitro, has further enabled the development of non-native ligands that target LasR, and we
return to these efforts later in this Perspective.

Shortly after the LasR circuit was delineated, another LuxR receptor/Lux| synthase system
was identified in P. aeruginosa — RhIR/RhlI. The Rhll synthase generates the butanoyl
homoserine lactone autoinducer (BHL, Figure 2), which is recognized by the RhIR receptor.
The BHL:RhIR complex induces a variety of genes in P. aeruginosa, including those for
rhamnolipid biosurfactant synthesis (and hence its name).47:48 Early studies suggested that
the RhIR system was subordinate to the LasR system at both the transcriptional and
posttranslational levels.49751 Together, these two systems were shown to control ~6% of
the P. aeruginosa genome, highlighting the significance of QS-controlled gene expression in
this organism.52 Later studies, however, revealed that the hierarchal relationship between
LasR and RhIR in P. aeruginosa is largely dependent on empirical conditions, which can be
manipulated to produce virulent phenotypes independent of a functional QS system53 or to
activate different levels of gene expression in the LasR and RhIR systems at various points
in its growth.54756 These studies indicate that RhIR can elicit its effects independently on
virulence, and therefore represents a relevant target for modulating QS in P. aeruginosa,
comparable to LasR.

The third LuxR-type receptor identified in P. aeruginosa was QscR, and it diverges from
LasR and RhIR in a number of ways. We highlight three here. First, QscR is an “orphan”
receptor that lacks an associated LuxI-type enzyme.57 Without a cognate synthase, QscR
appears to rely on the OdDHL signal produced by Lasl for activity. Second, early studies
showed that a P. aeruginosa mutant lacking gscR was hypervirulent in vivor57 suggesting
that QscR acts as a repressor of QS. This mechanism of action is the origin of QscR’s name
as the guorum sensing control repressor protein (QscR). (We note that several other negative
QS regulators have recently been identified in P. aeruginosa.57761) The specific
mechanism of QscR’s negative regulation remains elusive; however, QscR’s shared affinity
for OdDHL with LasR has led to speculation that QscR sequesters OdDHL from LasR and/
or forms inactive heterodimers with the LasR and RhIR monomers to negatively regulate
QS.61 Even so, QscR appears to control another set of genes distinct from those involved in
QS repression.57:61763 Third, in contrast to LasR and RhIR, QscR can bind numerous
AHLs with a range of acyl tail lengths and oxidation states at the 3-position, which has lead
to speculation that QscR may play a role in not only intraspecies, but also interspecies
bacterial communication.62 As an orphan receptor with relatively high ligand promiscuity,
QscR makes a particularly attractive candidate for modulation with non-native small
molecules, and may provide novel access to enhanced virulence control in P. aeruginosa
(see below).

To develop ligands for interception of the LuxR-type receptor triumvirate in P. aeruginosa,
researchers have either focused on ligands that are similar in structure to the native AHLSs, or
examined structures entirely different from AHLSs by screening sizeable libraries of small
molecules or natural product isolates. Both approaches have been successful. Below, we
review several unbiased screening efforts first, and then return to the more expansive
research efforts focused on the development of AHL analogs as probes of LasR, RhIR, and
QscR. Thereafter, we close with a short discussion of structural studies and associated
computational design efforts for the development of LuxR-type receptor modulators in P.
aeruginosa.
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Screening efforts for the identification of QS modulators in P. aeruginosa

Screening small molecule libraries for their ability to modulate LuxR-type proteins requires
a robust biological assay, regardless if these are high-throughput screens (HTS) of large,
structurally unbiased libraries or the targeted analysis of ~5 compounds. The most typical
assays have relied on reporter gene read-outs, and are performed either in mutant P.
aeruginosa strains that lack functional LuxlI-type synthase enzymes, or in heterologous E.
coli strains that produce the receptor of interest. These strains contain gene fusions that
allow for expression of a colorimetric, fluorescent, or enzymatic reporter (such as green
fluorescent protein (GFP) or B-galactosidase) upon activation of the LuxR-type receptor, and
provide a straightforward read-out of receptor activity. Phenotypic assays in P. aeruginosa
strains have also been utilized for the screening of LuxR-type protein modulators. These
assays involve quantification of a native phenotype, most commonly the production of a
virulence factor (e.g., an enzyme or colored metabolite) or biofilm formation, as a read-out
of QS activity. Either reporter gene or phenotypic assays were utilized for all of the studies
of small molecules reported herein.

HTS efforts have revealed a diverse set of structures that can modulate LuxR-type receptors
and QS phenotypes in P. aeruginosa (Figure 3). For example, small molecules that are
structurally unrelated to natural QS signals have been successful at disrupting QS either by
generally antagonizing genes associated with the QS circuit (7 and 8),64 or by activating
LasR specifically (3).65 In addition, several known antibiotics were identified via screens to
affect QS in P. aeruginosa. Azithromycin, ciprofloxacin, and ceftazidime (at sub-
antibacterial concentrations) attenuate virulence and the transcription of genes in the QS
pathway, although the specific targets for these drugs remain unknown.66+67 In related
work, Givskov and coworkers developed a collection of reporter-type strains called QS
inhibitor selectors (QSIS) to screen a set of nontoxic compounds (including pure chemicals,
food isolates, and herbal medicines) for QS activity in P. aeruginosa.68 These studies
revealed 4-nitro-pyridine-N-oxide (4-NPO, 6) as a potent QS inhibitor. Notably,
administration of 6 to the model nematode Caenorhabditis elegans provided protection
against P. aeruginosa infection to 95% of the infected worms (over 2 hours), while the
untreated worms all succumbed to the infection.

Several natural products have been shown to attenuate virulence in P. aeruginosa in vitro
and in vivo, and suggest the tantalizing possibility for not only interspecies, but also
interkingdom communication via these molecules. Plant extracts, for example, are a
particularly rich source of such compounds. Rajamani et al. isolated and purified extracts
from the green algae Chlamydomonas reinhardtii in order to study potential QS active
components produced by this eukaryote. QS-active extracts were discovered and shown to
contain lumichrome (2, Figure 3), which could modestly agonize LasR in an E. coli reporter
strain. Follow-up studies indicated that 2 promoted LasR binding to DNA, suggesting a
mechanism of agonsim.69 Recently, garlic and garlic extracts have been established to have
broad effects on the expression of QS-related genes in P. aeruginosa, and have been shown
to attenuate virulence and bacterial population growth in vivo in mouse model studies.68:70
Most notably, these agents are being evaluated in a human clinical trial for the treatment of
lung infection in cystic fibrosis patients.71

Natural products containing furanones and their derivatives have consistently demonstrated
strong effects on QS phenotypes through specific interaction with LuxR-type receptors.72~
76 These compounds have been studied extensively as virulence inhibitors in P. aeruginosa
by Givskov and coworkers, and continue to be a particularly interesting source of
compounds with potent QS inhibitory activity in general. For example, the bromo-
halogenated furanones (1) derived from a metabolite produced by the red seaweed Delisea
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pulchra can disrupt P. aeruginosa biofilms and promote clearance of the bacteria in vivo in
the presence of exogenous antibacterials or a functional host immune system (e.g., in mice).
7377 Givskov and coworkers also identified the potent anti-inflammatory metabolites 4 and
5 from Luffariella variabilis as modest inhibitors of LasR activity.78

Relative to the unbiased screening efforts outlined above, the design and study of non-native
AHL signals represents a much more expansive area of investigation into QS modulators.
We continue this Perspective by highlighting a selection of studies that have utilized AHL
analogs to control the activity of P. aeruginosa LuxR-type receptors. As the first LUxR-type
receptor identified in P. aeruginosa, LasR has been the major target of these studies.
Generally, these studies can be divided into two approaches: maintaining the natural ligand
acyl tail while varying the lactone group, or maintaining the natural lactone group while
exploring diversity in the acyl tail. We discuss each in turn below.

Modulation of LasR activity: Varying the AHL head group

In order to identify the components of AHL structure that were essential for activity in
LasR, early studies of AHL analogs included modest diversification of the lactone head
group and limited library sizes. Iglewski and coworkers studied variations to the AHL acyl
tail length, while replacing the lactone with a thiolactone, a lactam, or Meldrum’s acid ester.
While most non-lactone derivatives showed no or limited activity, the thiolactone analog of
OdDHL (11, Figure 4) activated LasR equally as well as OdDHL in an E. coli LasR reporter
strain.79 Kato and coworkers replaced the lactone with a simple cyclopentyl group. By
shortening the acyl tail length to 10 carbons (i.e., in 9), the researchers generated a
compound that could significantly inhibit LasR activity in a P. aeruginosa reporter strain at
high micromolar concentrations.80 In 2007, our laboratory examined a small set of »-lactone
AHL analogs in LasR, and found that 10 could modestly agonize LasR in an E. coli LasR
reporter strain at mid-micromolar concentrations.81 This result was surprising, as the native
(1) stereochemistry has most commonly been invoked as essential for LuxR-type protein
modulation by AHLSs.

Expanding beyond these relatively limited alterations to the natural lactone, Suga and
coworkers performed an extensive search for heterocyclic AHL mimics capable of LasR
modulation.82:83 These compounds maintained the native 3-oxo-C12 acyl group of
OdDHL, yet had a variety of non-native heterocyclic head groups in place of the lactone.
Suga’s team identified several compounds with significant activity as agonists or antagonists
of LasR (12-24). In addition to modulating the activity of LasR in a P. aeruginosa GFP
reporter system, the most active of these compounds could also attenuate QS phenotypic
responses in the wild-type organism. For example, high concentrations (100 micromolar) of
16 (n = 2 in Figure 4) could nearly abolish pyocyanin expression in P. aeruginosa, while
low micromolar concentrations of antagonist 20 were shown to affect biofilm development
and to decrease elastase production by nearly 50%.82:83 However, with the few exceptions
highlighted here, the study of AHL mimics with non-native head groups has yielded
relatively few active modulators of LuxR-type proteins in P. aeruginosa. This could be due
to the strength and apparent necessity of multiple hydrogen-bonding contacts between the
AHL lactone and the ligand-binding site of the targeted receptor, which were unknown at
the time of these prior studies (see structural section below). In general, more efforts have
been focused on modifying other regions of the AHL, and we continue with a discussion of
this approach below.

Modulation of LasR activity: Varying the AHL acyl tail

Numerous studies of AHL analogs in LasR have focused on modifications to the aliphatic
acyl tail of OdDHL. These acyl group modifications vary from modest alterations to drastic
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changes. Early explorations into LasR’s tolerance for acyl diversity by Iglewski and
coworkers focused on simply changing the length or degree of saturation of the AHL alkyl
chain.79 The most active agonists in this set of AHLs, with nanomolar activity in an E. coli
reporter system, had acyl tails close to the native 3-oxo-C12 carbon tail of OdDHL, ranging
from 10 to 14 carbons (25-27> Figure 5). AHLs with acyl tail lengths outside of this range
had dramatically reduced agonistic activities or were altogether inactive, indicating a high
level of selectivity for the native 12-carbon AHL acyl tail by LasR. The aliphatic chains of
active AHLs also require some degree of flexibility, as shown in a later study of
conformationally constrained acyl chain analogs by Passador and coworkers.84 While none
of their constrained analogs were found to be active as LasR modulators, non-enolizable
perfluorinated analogs 28 and 29 were found to be weak LasR agonists in a P. aeruginosa
reporter system.84 These data suggest that, while enolizable p-keto functionality is
important for AHL activity in LasR, it is not as critical as flexibility in the acyl tail.

In the recent years, our laboratory has performed several expansive studies into modification
of AHL acyl tail functionality. Libraries totaling ~100 compounds were designed,
synthesized, and systematically screened for agonistic and antagonistic activities in a set of
reporter systems for LasR, LuxR in V. fischeri, and TraR in the plant pathogen
Agrobacterium tumefaciens.81:85787 These libraries yielded several compounds capable of
agonizing or antagonizing the LasR receptor in both P. aeruginosa and E. coli reporter
systems (e.g., 33-44). A second-generation library based on these initial hits yielded some
of the most active modulators of LasR known at that time.85 Several of these compounds
are especially notable in light of their selectivities for LasR over other LuxR-type reporters,
such as TraR, LuxR, and QscR. For example, meta-substituted phenylacetanoyl HLs 42-44
show low micromolar to high nanomolar ICgq values and are among the most potent
antagonists in the libraries against LasR, but are only moderate antagonists of TraR and
LuxR. Likewise, indole propanoyl HL 33 (n = 1 in Figure 5) is a potent inhibitor of LasR
with a high nanomolar ICsg value, but only shows minimal activity in QscR, even though
these two receptors appear to share the same native signal molecule, OdDHL.81:88
Propanoyl HL 34 is particularly interesting in view of its moderate selectivity as an inhibitor
of LasR over TraR or LuxR (<20% activity in the other receptors),85 and its simultaneous
ability to activate QscR (ECsp = 72 nM; unpublished results, Mattmann and Blackwell).
Indeed, this “dual activity” of 34 in LasR and QscR might make it a particularly potent
inhibitor of QS in P. aeruginosa, as the tandem inhibition of LasR and activation of QscR
should be synergistic.

Alternative methods for LasR inhibition with small molecules

Recently, Meijler and coworkers developed a set of probes capable of inhibiting LasR via
covalent modification of the receptor.89 These irreversible inhibitors contain isothiocyanate
functionality (30 Figure 5) and take advantage of a fortuitous cysteine residue present in the
AHL binding site of LasR (as determined via prior structural studies, see below).46 In
addition to providing insight into the mode of action of small molecule LasR inhibitors, the
most active of these compounds (n = 8 in Figure 5) was also capable of significantly
reducing biofilm formation and pyocyanin production in wild-type P. aeruginosa.

In addition to its properties as a QS signaling molecule, OdDHL also has novel anticancer
properties; however, its agonistic effect on P. aeruginosa virulence is problematic if it is to
be used as a therapeutic. By screening a small library of non-native AHLs in a LasR reporter
strain, Sufrin and coworkers identified a set of AHLs that were both potent cancer inhibitors
(31 and 32, Figure 5) and LasR agonists.90 Further studies revealed that the extended chain
analogs of 31 and 32 (12 alkyl carbons and greater) had reduced LasR agonistic activities,
yet still retained their anticancer activities. By taking advantage of LasR’s apparent high
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selectivity for AHL acy!l tail length, these researchers were able to pursue novel cancer
therapeutics and avoid a potentially harmful side effect.

Modulation of RhIR activity with small molecules

As RhIR has emerged as an important component of the P. aeruginosa QS circuit,
increasing efforts have been devoted to the development of non-native, RhIR-specific
modulators (Figure 6). Approaches in which previously identified modulators of LasR have
been readapted to target RhIR instead have yielded a number of ligands active in RhIR. For
example, simultaneous with their work in LasR (see above), Suga and coworkers also
affixed their library of non-native heterocyclic head groups with a butanoyl tail, rather than a
3-0x0-C12 acyl tail, in order to potentially alter these ligands to target RhIR. This method
was successful and yielded compounds (e.g., 49 and 50) that, at relatively high
concentrations (>100 uM) in a P. aeruginosa GFP reporter, were able to activate RhIR to
levels analogous to BHL.82 Interestingly, one compound retaining its 3-ox0-C12 tail and
originally designed to modulate LasR (45) was found to moderately antagonize RhIR (at 50
HUM). Note, this observed inhibitory activity against RhIR could occur through indirect
inhibition of the LasR circuit, direct competitive inhibition of RhIR, or a combination of
these effects.82 In a follow-up study by Suga and coworkers, another compound initially
designed for LasR inhibition was also found to strongly inhibit RhIR at concentrations as
low as 10 uM. This compound (46) also had a modest inhibitory effect on elastase
production in P. aeruginosa, and unexpectedly appeared to enhance biofilm production.
Biofilm morphology was altered, however, and this observation suggested that 46 had some
negative effect on biofilm formation.83

Spring and coworkers continued the approach of tailoring LasR active compounds in order
to target RhIR. Previously, Suga and coworkers had determined that the racemic, butanoyl
cyclohexanone derivative (i.e., 51 + 52) could agonize LasR in a P. aeruginosa reporter at
high micromolar concentrations.82 In a nice follow up study, Spring’s team synthesized the
enantiopure cyclohexanones 51 and 52 (Figure 6) and tested them in P. aeruginosa QS
phenotypic assays.91 High nM concentrations of 51 were found to restore pyocyanin and
pyoverdin production levels to that of wild-type in a P. aeruginosa QS mutant. The R
enantiomer 52 showed an order of magnitude less activity in this experiment, indicating that
the S enantiomer 51 is the more active compound.

In addition to the 3-0x0-C12 analogs mentioned above, other extended alkyl chain AHL
analogs have also been found to inhibit RhIR. The C10-cyclopentyl derivative 47, which is a
potent LasR inhibitor, was also shown by Kato and coworkers to inhibit RhIR in P.
aeruginosa.80 This dual-receptor activity could account for its observed potent inhibitory
effect on biofilm formation and elastase, pyocyanin, and rhamnolipid production. The
natural product solenopsin A (48), or fire ant venom, was recently shown to compete with
BHL for RhIR binding, thus affecting the expression of QS controlled genes and phenotypes
in P. aeruginosa.92 Its moderate structural similarity to several of the heterocyclic RhIR
modulators introduced in this section could be a reason for this activity profile.

Modulation of QscR activity with small molecules

As highlighted above, QscR was determined to be a component of the P. aeruginosa QS
circuit later than LasR and RhIR. As a result, studies of chemical modulators of this novel
receptor in P. aeruginosa have been limited (Figure 7). We describe the most pertinent
examples here. Working with multiple Pseudomonas strains, Wood and coworkers found
that furanone 56 stimulated less siderophore biosynthesis in a mutant lacking the gscR gene
relative wild-type. This led to the proposal that 56 might interact with the gscR gene or its
product, QscR.76 In 2008, our laboratory screened the AHL analog libraries introduced
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above for ligands capable of agonizing or antagonizing QscR using an E. coli reporter strain.
88 These studies revealed a set of hit compounds with modest activities in QscR. In terms of
agonists, QscR was significantly more tolerant of AHLs bearing unbranched, aliphatic acyl
groups relative to LasR. Our studies indicated that AHLs with acyl chains ranging from 10—
14 carbons (e.g., 53 and 54) could strongly activate QscR, which corroborated with
Greenberg and coworkers’ earlier report of QscR’s promiscuity in terms of its preferred
“native” ligand.62 In terms of antagonists, AHLs containing steric bulk near the AHL amide
bond position and throughout the acyl chain (e.g., 55 and 57) strongly inhibited QscR, which
is in direct contrast to the most potent AHL-derived inhibitors of LasR. Several of our QscR
inhibitors were capable of modulating the association of purified QscR with its cognate
DNA sequence, as demonstrated by electromobility shift assays (EMSAS). The EMSAs
showed differences in the binding of QscR to a short DNA sequence containing the QscR-
specific promoter (PA1897) in the presence of compound, which suggested that these
compounds elicit their antagonistic effects, at least in part, by inhibiting QscR:DNA binding.

Recently, Liu et al. revisited the furanone substructure in search of QscR modulators, and
uncovered a set of analogs (58) that inhibited QscR in both E. coli and P. aeruginosa
reporter strains. Similar to our work, the inhibitory activities of these ligands were also
confirmed by EMSAs with QscR and its target DNA.74 Overall, these initial studies define
QscR as having requirements for small molecule control that are distinct from LasR and
RhIR. This presents a particularly interesting opportunity to develop ligands capable of
differentiating between LasR and QscR, despite their common native ligand OdDHL. Such
studies are ongoing in our laboratory.

Structure-guided design of QS regulators in P. aeruginosa

The lack of structural information for LuxR-type proteins has slowed computational design
efforts for the generation of new QS modulators. LuxR-type proteins typically consist of two
domains: an N-terminal ligand-binding domain, and a C-terminal DNA-binding domain.
Most LuxR-type proteins require their native AHL ligand in order to adopt a stable
conformation, and even as AHL complexes, these receptors have relatively short half lives.
35 This instability has been problematic for the study of LuxR-type receptors in vitro, and
has slowed biochemical and structural studies of these proteins. However, over the past eight
years, several important structures of LuxR-type proteins have been reported. Two X-ray
crystal structures of the TraR receptor from A. tumefaciens bound to its native ligand 3-oxo-
octanoyl homoserine lactone (OOHL) and complexed to its target DNA sequence were
reported in 2002.93:94 In 2006, Dyson and coworkers solved the structure of the N-terminal
domain of SdiA from E. coli by NMR.95 SdiA is a LuxR-type homolog that, like QscR in P.
aeruginosa, has no cognate synthase or native ligand, and is thought to play some part in
interspecies communication. A year after the report of SdiA, the X-ray structure of the N-
terminal domain for LasR bound to OdDHL was published, providing the first structural
information about this important P. aeruginosa QS regulator (Figures 8A and 8B).46
Collectively, these structural data have been a major contribution to the QS field, and have
corroborated considerable genetic and biochemical data about the LuxR-type receptor
mechanism of action. In general, the structures for TraR, SdiA, and LasR were highly
similar (in the N-terminal ligand-binding domain), suggesting that LuxR-type proteins can
adopt like conformations when bound to native ligand.

The structural data above have permitted the first computational and rational design
approaches for the study and development of new QS modulators. “Virtual” high-throughput
screening of natural product and known drug libraries against the OdDHL binding site in
LasR, followed by cell-based reporter gene and phenotypic assays of virtual hits, revealed
three active compounds (59-61, Figure 9). The furanone derivative nifuroxazide (59) was
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identified alongside chlorzoxazone (60) and salicylic acid (61), and each was shown to
modestly inhibit LasR and RhIR activity and QS-related phenotypic responses in P.
aeruginosa.97

Ahumedo et al. recently reported a comparative study of the LasR and TraR structures and
ligands known to interact with these receptors.98 A series of active compounds, including
the native AHLs and several previously identified non-native AHLs, were computationally
docked into the ligand-binding sites of the receptors. In both LasR and TraR, the docking
studies confirmed hydrogen-bonding interactions between ligand-binding site tryptophan,
aspartic acid, and tyrosine residues and the lactone carbonyl, amide bond, and 3-oxo
functionality of the AHL, respectively. In LasR, serine-129 neighbors tyrosine-56, and may
either present an additional hydrogen bonding contact with the 3-oxo AHL functionality or
be available for electronic interaction with the acyl tail (Figure 8B). Both ligand-binding
sites, and especially that within LasR, revealed the AHL acyl tail buried within a
hydrophobic pocket deep inside the protein, a feature that limits the accessibility of this site
to ligands of inappropriate size. The latter feature in LasR perhaps explains its extreme
selectivity for AHL tail length (see above). Overall, this study by Ahumedo et al.
highlighted the potential utility of computational methods for the analysis of QS modulators,
and established a foundation for further in silico design and screening of small molecule
libraries in this area.

Very recently, the LasR ligand-binding domain was crystallized with the structurally distinct
LasR inhibitors identified by Greenberg and coworkers, including triaryl agonist 3 (Figure
3), and studied using X-ray crystallography by Zou and Nair (Figure 8C).96 The
unambiguous electron density in the X-ray structure of the LasR:3 complex suggested an
important amendment to the chemical structure of 3, that is, the nitro and chlorine functional
groups should be transposed (the corrected structure is depicted in Figure 3).64:96
Interestingly, despite its structural dissimilarity to OdDHL, compound 3 engages in
interactions within the LasR binding site that are very similar to those of the natural ligand.
One aromatic ring of 3 interacts with LasR residues that typically associate with the OdDHL
lactone (i.e., tryptophan-60 and serine-129), while the other two aromatic rings occupy the
space usually bound by the hydrophobic acyl tail of OdDHL (Figure 8C). Though some
small structural adjustments are required for LasR to accommodate 3 relative to OdDHL
(i.e., a shift in arginine-61), the halogens in 3 are postulated to contribute to favorable
electronic interactions with polar residues in the LasR ligand-binding site (tyrosine-47 and
tryptophan-60) and to participate in stronger hydrogen bonds than those possible with AHL
aliphatic acyl groups.96

Conclusions and outlook

The three LuxR-type receptors in the pathogen P. aeruginosa form a powerful signaling
triumvirate that directs bacterial group behavior. LasR, RhIR, and QscR are each important
and collaborative components in a QS system designed for adaptability and persistence in
unforgiving environments. Each of these receptors recognizes a specific AHL signal
produced by P. aeruginosa in order to initiate a series of events that control QS. Inspiration
for the chemical interception of AHL:LuxR-type receptor complexes in P. aeruginosa has
come from different approaches, including HTS, rational design of small libraries based on
the chemical structures of active AHLSs, and computational methods. The majority of these
efforts have been focused on methods to intercept LasR signaling, although in recent years
attention has shifted to also include RhIR and QscR. Promising lead compounds have shown
variable, and sometimes highly potent, activities in attenuating virulence using both reporter
and wild-type strains of P. aeruginos a, and we have provided a summary of pertinent
examples herein.
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The current understanding of QS in Gram-negative bacteria is rapidly expanding since its
discovery in V. fischeri over 30 years ago. As QS is identified in a growing number of
bacterial species, the complexity of the known circuitries controlling group behavior is also
increasing. Bacteria have been identified that utilize as many as seven QS signals to
coordinate virulent behavior.6 P. aeruginosa, with only three LuxR-type proteins
characterized so far (LasR, RhIR, and QscR), two AHL signals, and a pgs system driven by
quinolones, controls QS via a highly sophisticated network. Additional components essential
to this bacterium’s QS system are constantly being identified, and the relationships between
already established factors remain to be fully characterized. What has become clear,
however, is that no receptor single-handedly controls QS in P. aeruginosa, and therefore
approaches to target a single receptor using a chemical approach will most likely be
insufficient for broad QS control. It is therefore critical to further clarify the relationships
that these receptors have with one another and the roles that they have in QS. Armed with
this knowledge, we can then begin to exploit the relationships between LasR, RhIR, and
QscR (and beyond) in tandem in order to establish an effective QS control strategy in P.
aeruginosa and provide new pathways for therapeutic intervention.
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Figure 1.

Schematic of QS and its role in the symbiotic relationship between V. fischeri and the
Hawaiian bobtail squid (Euprymna scolopes). V. fischeri inhabits the light organ of the
squid, and uses QS to bioluminesce at high cell densities. In turn, the squid uses this
bioluminescence for camouflage and other processes. The lux-type-box is a short,
palindromic sequence of DNA recognized by the [AHL:LuxR], complex.
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Figure 2.
Simplified schematic of QS signaling in P. aeruginosa. Pointed arrows indicate positive

regulation, while flattened arrows indicate negative regulation. Ligand:receptor complexes
highlighted in this review are shown as filled circles.
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Br

Figure 3.

Non-AHL derived modulators of LasR. Blue: Agonists; Black: Antagonists. Contributors:
Givskov and Hgiby (1), Phillips (2), Greenberg (3, 7, and 8), and Givskov (4-6). Greenberg
agonist 3 is shown as the corrected structure as determined by later X-ray studies (see text).
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Figure 4.

Selected heterocyclic AHL analogs active in LasR. Blue: Agonists. Red: Antagonists.
Contributors: Kato (9), Blackwell (10), Iglewski (11), and Suga (12-24).
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Figure 5.

Selected AHL analogs with non-native acyl tails active in LasR. Blue: Agonists; Red:
Antagonists. Contributors: Iglewski (25-27), Passador (28 and 29), Meijler (30), Sufrin (31
and 32), and Blackwell (33-44). Note, derivatives from Meijler are irreversible inhibitors of
LasR.
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Figure 6.
Selected compounds active in RhIR. Left: Antagonists; Right: Agonists. Contributors: Suga

(45, 46, 49, and 47), Kato (47), Janda (48), and Spring (51 and 52).
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Selected compounds active in QscR. Blue: Agonists; Black: Antagonists. Contributors:

Blackwell (53-55 and 57), Wood (56), and Park (58).
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Figure 8.

Image of the X-ray crystal structure of the LasR N-terminal ligand-binding domain (A),46
close-up views of OdDHL (B),46 and stereoviews of the non-native agonist 3 (C)96 bound
in the LasR ligand-binding domain. Images reproduced with permission (see
Acknowledgements).
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99

OH O~ 0
oH 60

QS-active nifuroxazide (antimicrobial agent), chlorzoxazone (known drug: muscle relaxant),
and salicylic acid (natural product) identified through virtual screening.97

61
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