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Pseudomonas aeruginosa has two complete quorum-sensing systems. Both of these systems have been shown
to be important for Pseudomonas virulence in multiple models of infection. Thus, these systems provide

unique targets for novel antimicrobial drugs.
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Quorum sensing in Pseudomonas aeruginosa
Pseudomonas aeruginosa is a Gram-negative organism
that is commonly found in soil and water. Although
P. aeruginosa can survive under multiple harsh condi-
tions, it is an opportunistic pathogen and is only able
to infect hosts with defective immune system func-
tion, such as that observed in individuals with cystic
fibrosis, burns, and HIV (1). To facilitate the estab-
lishment of infection, P. aeruginosa produces an
impressive array of both cell-associated and extracel-
lular virulence factors. Several of these virulence fac-
tors have been demonstrated to be regulated by quo-
rum sensing (QS). QS is the mechanism whereby an
individual bacterium produces small diffusible mol-
ecules that can be detected by surrounding organ-
isms. In P. aeruginosa, and most Gram-negative bacte-
ria, these signal molecules are acyl homoserine
lactones (AHLs). Only when the concentration of
AHLs in the environment increases, potentially
because of increasing numbers of bacteria, are intra-
cellular levels of AHLs sufficient to maximally induce
the activation of transcriptional regulators. This
mechanism of communication enables bacteria to act
as a community in the coordinated regulation of
gene expression. This regulated expression of viru-
lence genes is thought to give the bacteria a selective
advantage over host defenses and thus is important
for the pathogenesis of the organism.
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There are two QS systems in P. aeruginosa, which have
been extensively studied. The las system consists of the
LasR transcriptional regulator and the LasI synthase
protein. LasI is essential for the production of the AHL
signal molecule N-(3-oxododecanoyl)-L-homoserine
lactone (30-Cy,-HSL) (2, 3). LasR requires 30-Cy,-HSL
in order to become an active transcription factor. It was
recently demonstrated that, in the presence of 30-Cy,-
HSL, LasR forms multimers, and that only the multi-
meric form of this protein is able to bind DNA and reg-
ulate the transcription of multiple genes (Figure 1a) (4).
A second QS system in P. aeruginosa consists of the Rhll
and RhIR proteins. The RhlI synthase produces the
AHL N-butyryl-L-homoserine lactone (C4-HSL), and
RhIR is the transcriptional regulator (5, 6). Only
when RhIR is complexed with C4-HSL does it regulate
the expression of several genes. Both 30-C,-HSL and
C4-HSL have been shown to freely diffuse out of bacte-
rial cells; however, 30-C,-HSL diffusion is significant-
ly slower than that of C4-HSL. Removal of 30-C;,-HSL
from bacteria is most efficiently accomplished via the
MexAB-OprM efflux system (7). Recently, a third LuxR
homologue termed QscR was identified, which has
been shown to regulate the transcription of both lasI
and rhlI (8). Although QscR exhibits significant homol-
ogy to LasR and RhIR, it is currently unknown whether
an AHL or similar molecule is needed to stimulate
QscR function. Data indicate that gscR is important in
regulating the production of several virulence factors
but that this regulation may occur through control of
the expression of both the las and the rhl systems.

Role of QS in the global regulation

of P. aeruginosa genes

The importance of tight regulation of QS gene
expression and AHL production has become evident
with our increase in knowledge regarding QS-regu-
lated genes. Several studies have identified numerous
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Figure 1

Potential QS targets for the inhibition of P. aeruginosa virulence. For simplicity, only the las QS system is shown; however, similar mechanisms
could be used to inhibit the rhl system as well. (a) P. aeruginosa Lasl synthase utilizes S-adenosyl methionine (SAM) and acyl-ACP to form
30-Cy2-HSL. As the density of the bacteria, and thus of 30-C,-HSL, increases, the 30-C;,-HSL molecule binds to the LasR regulator, resulting
in dimerization, DNA binding, and transcription of multiple genes. (b) Antagonistic analogues of cognate AHLs compete for binding to LasR
but do not result in activation of the protein. (c) Specific antibodies bind to AHLs as they exit the bacteria, inhibiting their re-entry and thus
inhibiting activation of LasR as well as their interaction with host cells. (d) Lactonases degrade AHLs as they leave the bacteria, thus inhibit-
ing their activation of LasR and host cells. (e) Targeting the expression of Las| substrates would prevent the production of 30-C;,-HSL, and
thus QS activation. (f) Multiple factors have been shown to regulate /asR and lasl. Drugs that inhibit these factors would result in altered QS
activation. (g) Specific antisense oligonucleotides (oligos) pair with lasR or lasl RNA and inhibit gene translation and thus protein production.

genes regulated by QS in P. aeruginosa, many of which
are virulence factors (9, 10). With the sequencing of
the P. aeruginosa genome and the availability of
microarray technologies, a more comprehensive eval-
uation of QS regulation was recently undertaken.
Three individual research groups have used microar-
ray experiments to analyze the QS-regulated tran-
scriptome of P. aeruginosa (11-13). All three studies
used independently derived mutant lasl/rhlI strains
of P. aeruginosa PAO1. Gene-expression levels were
determined for this mutant bacterium when grown
with or without exogenous 30-C;,-HSL and C4-HSL.
Schuster et al. (12) also used a P. aeruginosa PAO1
strain in which lasR and rhIR had been deleted. In all
three studies, an overwhelmingly large number of
genes were shown to be regulated by QS, with 3-7%
of all P. aeruginosa open reading frames affected. Data
from Hentzer et al. (13) represent only those genes
that were induced fivefold or greater in comparison
with control cultures, while the studies of Schuster et
al. (12) and Wagner et al. (11) report all genes
induced by QS. Although in many instances several
genes were identified by only one of the three groups,

a large number of genes were identified in two or
more of the studies, and 97 induced genes were iden-
tified in all three studies (Figure 2).

Wagner et al. also identified 222 genes that showed
statistically significant repression by the addition of
AHLs to cultures (11), while Schuster et al. found only
38 such genes (12). Interestingly, there was little over-
lap between these two data sets. The disparity between
these studies may in part be due to experimental
design, including the choice of growth media, aera-
tion of cultures, and the concentration of added
AHLs. Not surprisingly, we found that the induction
of various genes was greatly affected by the growth
conditions used. Changes in media composition and
oxygen concentration appeared to have significant
effects on the genes up- or downregulated by QS (11).
Therefore, when evaluating variation in gene expres-
sion, it is important to consider the influence of
growth medium, oxygen concentration, and other
environmental conditions that may impact QS-regu-
lated gene expression. Additionally, a similar more
stringent statistical analysis of all three data sets
may reveal additional overlap between experiments.
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ster et al. (12) include all induced genes. A total of 97 QS-reg-
d genes were common to all three studies.

Despite some differences in the modes of analysis of
the QS-regulated transcriptome, a large group of
genes was common to all three reports that appeared
to be regulated by QS.

The majority of the genes regulated by QS were found
to be hypothetical or of unknown function. However,
the remaining genes encoded, for example, membrane
proteins, putative enzymes, transcription factors, and
secreted enzymes involved in a broad range of cellular
functions, including two-component regulatory sys-
tems, energy metabolism, small-molecule transport, and
export apparatus. In all three studies, a large number of
the known genes were found to be probable virulence
factors; however, several other identified genes may also
fall into this category. To evaluate the interactions
between QS factors and QS-regulated genes, an analysis
was performed to identify QS-regulated genes that con-
tained consensus DNA sequences for the binding of
LasR and RhIR. Surprisingly, only approximately 7% of
the QS-regulated genes possessed upstream DNA
sequences homologous to known LasR- and RhlR-bind-
ing domains indicating that QS regulates many genes via
indirect mechanisms (11, 12). This observation correlat-
ed with the demonstration that a large number of the
QS-regulated genes were classified as transcriptional reg-
ulators or as members of a two-component regulatory
system (11). By inducing these regulatory factors, QS
may indirectly affect multiple mechanisms that regulate
gene expression, and this may explain the low occurrence
of specific DNA-binding domains for the QS regulators.

Overall, the data from these three studies demon-
strate the global effects of QS in P. aeruginosa; however,
the complete QS-regulated transcriptome may yet be
incomplete. Although many genes were identified to be
QS regulated, it is important to keep in mind that
under different experimental conditions additional
genes may be differentially regulated by QS.

Role of P. aeruginosa QS in pathogenesis
Considering that QS regulates such a wide range of
factors that play such diverse roles in the function of
P. aeruginosa, it is important to examine how QS
affects the pathogenesis of this bacterium. Many
studies examining QS during infection have used
strains of P. aeruginosa that have deletions of one or
more of the QS-related genes, in addition to wild-type
strains. Studies of the role of P. aeruginosa QS in infec-
tion using a burnt-mouse model, a murine model of
acute pneumonia, and a rat model of chronic lung
infection have all demonstrated that deletions of one
or more QS genes result in reduced P. aeruginosa viru-
lence compared with wild-type P. aeruginosa (14-17).
These data confirm that both the las and the rhl QS
systems are important for P. aeruginosa to disseminate,
which leads to septicemia, induces both acute and
chronic lung infections, and causes pathology and
mortality. QS has also been shown to be functional
during P. aeruginosa infections in humans. In sputum
samples from cystic fibrosis patients colonized with
P. aeruginosa, levels of transcripts for QS genes were
found to correlate with those of QS-regulated genes,
indicating that QS was regulating their expression
during infection (18, 19). Furthermore, AHLs were
directly measured in the sputum of cystic fibrosis
patients chronically colonized with P. aeruginosa (19).
Collectively, these studies indicate that functional QS
systems significantly affect the severity of both acute
and chronic P. aeruginosa infections.

Additional studies have demonstrated that AHLs
produced by P. aeruginosa are able to interact with
eukaryotic cells and to stimulate the production of var-
ious factors that may affect the pathogenesis of this
bacterium. In vitro experiments have shown that puri-
fied 30-Cy,-HSL stimulates the production of the
inflammatory cytokine IL-8 from human lung
bronchial epithelial cells (20, 21). It was subsequently
demonstrated that 30-C,-HSL could stimulate a
broad-spectrum response in vivo by inducing several
inflammatory cytokines and chemokines (15). It has
also been shown that 30-C;,-HSL can inhibit the pro-
duction of IL-12 and TNF-o from LPS-activated mouse
peritoneal exudate cells or human PBMCs (22, 23).
These data demonstrate that, under certain conditions,
30-Cy,-HSL also acts as an immunosuppressor. In
additional studies characterizing this response in
leukocytes, it was observed that the structure of the
AHL molecule was important for regulation of
cytokine production. AHLs with a 3-oxo or 3-hydroxy
substitution and an acyl chain of 12-14 carbons were
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the most active molecules in these experiments; how-
ever, AHLs with acyl side chains shorter than eight car-
bons were inactive (23).

These data demonstrate the importance of AHL
production to P. aeruginosa. Not only are these mole-
cules important for cell-to-cell communication
between bacteria and the regulation of multiple bac-
terial factors, but they may also directly act as viru-
lence factors. These data also suggest that AHL inter-
actions with various host cells induce different
responses. This diverse stimulation may result in dif-
ferent immune responses during various stages of
P. aeruginosa infection. Therefore it is important to
acknowledge that AHLs may have several different
effects on the pathogenesis of P. aeruginosa.

Inhibition of QS as a therapeutic approach

to P. aeruginosa infections

Based on the facts that QS regulates such an array of
P. aeruginosa factors and that deletion of QS regulators
attenuates P. aeruginosa virulence, it is conceivable that
QS would be an ideal target for the inhibition of
Pseudomonas infections. Multidrug-resistant P. aerugi-
nosa are becoming more prevalent, and current antimi-
crobial treatments for cystic fibrosis are unable to erad-
icate P. aeruginosa infections. Therefore, alternative
mechanisms for targeting P. aeruginosa have been the
focus of much research. Therapeutics that target and
inhibit QS in P. aeruginosa would attenuate the viru-
lence of the bacterium and thus potentially assist the
host immune response in clearing the infection.

Several components of the QS networks represent
ideal targets for potential therapeutics: (a) LasR and
RhIR activation (b) AHL formation and activity, and (c)
lasR/lasI and rhIR/rhlI expression.

LasR and RbIR activation. The most promising mecha-
nism for inhibiting LasR or RhIR activation is the use
of AHL analogues that act as antagonists for 30-C;,-HSL
and C4-HSL. These molecules would most likely be sim-
ilar in structure to natural AHLs produced by P. aerug-
inosa and would compete for binding to LasR or RhIR
proteins (Figure 1b). Structural variations of the
30-Cy2-HSL and C4-HSL molecules have revealed epi-
topes that are important for the activation and inhibi-
tion of LasR activity (24, 25). A recent study used a
reporter assay to identify a group of compounds con-
taining a common aniline-ring structure with a hydro-
gen-bond acceptor that were able to compete with
30-Cy,-HSL and subsequently inhibit the activation of
LasR and elastase production (25). These data demon-
strate that use of a high-throughput assay for the
screening of large libraries of AHL analogues may be
fruitful in the identification of additional QS inhi-
bitors. Although neither LasR nor RhIR has been puri-
fied and structurally analyzed, the structure of TraR, a
homologous transcriptional regulator in Agrobacterium
tumefaciens, has been extensively studied (26, 27). Data
from the crystal structure of this protein have been
immensely important in understanding how TraR and

similar proteins may interact with AHLs and DNA.
Similar studies in P. aeruginosa would be extremely use-
ful in elucidating potential antagonists and also for
enhancing our understanding of how cognate AHLs
interact with LasR and RhIR.

Additional studies have identified a synthetic halo-
genated-furanone compound that is able to inhibit the
production of many QS-induced factors (13). Microar-
ray analysis of P. aeruginosa following exposure to this
compound revealed that 80% of the genes repressed
were QS regulated, thus revealing the specificity of the
furanone for the QS system. In a mouse model of
chronic P. aeruginosa lung infection, animals treated
with 0.7 ug/g body weight of this furanone compound
demonstrated a 3-log decrease in the number of bacte-
ria that could be isolated from their lungs. These data
are very exciting, as QS inhibitors have not previously
been shown to be effective during in vivo infections.
This compound and other similar analogues hold sig-
nificant promise as potential treatments for patients
fighting P. aeruginosa infection. The most significant
advantage to this method of QS inhibition is in the
small size and ease of delivery of these molecules.

AHL formation and activity. As previously discussed, these
molecules diffuse or are actively pumped out of the bac-
terial cell. Therefore, once they appear in the extracellular
environment, they are potential targets for destruction or
inactivation. We have evaluated the potential of using
AHL-specific antibodies to inhibit AHL activity. After
AHLs diffuse out of the bacterial cell into the extracellu-
lar environment, they can potentially be bound by these
antibodies and prevented from interacting with eukary-
otic cells or from re-entering the bacterial cell and acti-
vating their cognate transcriptional regulators (Figure
1c). Preliminary experiments in our laboratory have
demonstrated that mAb’s made from a 30-C,-HSL-
protein conjugate were able to substantially inhibit
30-Cy,-HSL activation of a lasB transcriptional reporter
in P. aeruginosa as well as the production of IL-8 from
epithelial cells (unpublished observations). Although
additional studies are needed to further evaluate this
approach, these data suggest that antibodies specific for
AHLs inhibit QS and may be useful as therapeutics.

Numerous studies have recently identified lactonase
enzymes, which are produced by several bacteria
including Bacillus sp., Variovorax paradoxus, Arthrobacter
sp., and A. tumefaciens (28-31). These enzymes cleave the
lactone ring and thus produce nonfunctional mole-
cules that are unable to activate their cognate tran-
scriptional regulators (Figure 1d). When one of these
lactonases was expressed in P. aeruginosa, there was a
significant decrease in AHL production and virulence
factor expression (32). Although these enzymes may
not be ideal therapeutics, because of the difficulty in
delivering active enzymes to the site of infection, they
should prove to be strong tools for the study of QS.
Identification of other bacterial strains that produce
these enzymes may also provide insight into bacterial
interactions in various environments.
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Since the discovery of QS in P. aeruginosa, extensive
research has evaluated the mechanisms involved in
AHL production. LasI and RhlI synthase proteins uti-
lize components of the amino acid and fatty acid
biosynthesis pathways to produce AHLs. The homoser-
ine lactone rings are typically derived from S-adenosyl
methionine (SAM) and the acyl chains from the acyl-
acyl carrier protein (acyl-ACP) pools in the bacteria (33,
34). Although LasI has a preference for 12-carbon acyl
chains, it is able to utilize chains of varying lengths.
Recent in vitro studies have shown that alterations in
fatty acid biosynthesis that result in increased pools of
short-chain acyl-ACPs saturate Lasl and result in
decreased production of the active AHL, 30-C;,-HSL
(35). These data demonstrate that Lasl is very sensitive
to environmental conditions and that control of Lasl
substrates may have a significant effect on functional
AHL production (Figure 1le). Therefore, drugs that tat-
get this pathway or inhibit LasI or RhII functions
would be ideal candidates to achieve inhibition of vir-
ulence factor production.

lasR/lasI and rbIR/rblI expression. Given that QS regu-
lates such a broad spectrum of factors in P. aeruginosa,
it is not surprising that the regulation of QS genes is
itself controlled. Several factors, including GacA, Vfr,
and RelA, have been demonstrated to positively regu-
late the expression of LasR (Figure 1f) (1, 9). Deletion
of vfr virtually eliminated all expression of lasR and
reduced the production of virulence factors. Addi-
tionally, a deletion of GacA, part of a two-component
regulatory system, resulted in reduced production of
many virulence factors and a decrease in pathogenesis
in a burnt-mouse model of P. aeruginosa infection.
These data reveal the significance of these regulatory
factors in controlling P. aeruginosa QS and virulence
production. The importance of these other factors was
also alluded to in transcriptional-profile studies in
which the addition of exogenous AHLs to low-density
cultures was unable to prematurely induce gene
expression, suggesting that other factors need to be
produced prior to QS induction (12, 13). Based on
these data, various factors involved in the regulation
of QS expression, many of which may not yet be
known, would be ideal targets for potential disruption
of QS virulence induction.

An alternative approach to the inhibition of QS is the
use of antisense oligonucleotides that specifically bind
to lasR/lasI or vhIR/rblI transcripts and inhibit gene
expression (Figure 1g). The use of antisense technolo-
gies to specifically inhibit translation of particular
genes has been comprehensively studied in eukaryotic
systems, and many of these technologies are currently
being evaluated in clinical trials (36). However, the effi-
cacy of these techniques for the inhibition of bacterial
genes has not been extensively evaluated. Studies in
Staphylococcus aureus, Mycobacterium tuberculosis, and
Escherichia coli have successfully demonstrated that
antisense oligonucleotides can specifically bind to
target transcripts and inhibit gene expression (37-39).

Although such an approach has multiple obstacles,
such as cell wall permeability and efficacy of the mode
of delivery, studies using modified oligonucleotides
have shown significant promise (37, 38). The advan-
tages of antisense technology are that antisense regu-
lation is a common phenomenon in bacteria and that
this mechanism of regulation is substantially different
from most antimicrobials (39).

QS is an attractive therapeutic target because of the
role that it plays in the global regulation of multiple
P. aeruginosa factors and the importance of this role for
the virulence of the organism in multiple different
infections. As with any drug that is used to inhibit bac-
terial infections, there is a concern that resistant
mutants may arise during the course of treatment.
Inhibition of QS is not immune from such possibili-
ties. It was previously demonstrated that las-deficient
P. aeruginosa strains grown under selective pressure
gave rise to spontaneous mutations that restored pro-
duction of certain las-regulated virulence factors; how-
ever, such mutations could not be found when both las
and rhl were deleted (1). These data demonstrate the
importance of targeting both QS systems by thera-
peutics to effectively inhibit virulence factor produc-
tion. Because QS can be inhibited in numerous ways,
several different approaches may be used to achieve a
more complete inhibition. Additionally, in concert
with currently used antipseudomonal therapies, these
inhibitors may be potent drugs for the eradication of
P. aeruginosa infections.
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