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A remarkable change to the classical
view of the microbial world has be-
come apparent over the last few de-

cades. Rather than bacteria being seen as
purely single-celled organisms, existing in
isolation, it has become clear that bacteria
mainly crowd together in highly complex,
multispecies communities. Moreover, they
actually “talk” to one another by using small
molecules. In Gram-negative bacteria, these
small molecules are commonly N-acylated
homoserine lactones (AHLs). The design
and synthesis of AHL analogues have been
performed by many groups (1–8) on a more
or less ad hoc basis, making it difficult to
draw any firm conclusions about structure–
activity relationships and species selectivity.
Blackwell and co-workers (9) now report a
comprehensive and systematic study that
compares the activities of �100 AHL ana-
logues across three species. This not only
has unveiled a new insight into the struc-
tural similarities and differences of the AHL
receptor pockets but also has identified
some of the most potent synthetic modula-
tors of quorum sensing. Moreover, this
study has revealed that certain analogues
display broad-spectrum activity, whereas
others show marked species selectivity,
thus delivering a valuable set of chemical
tools to probe quorum sensing signaling.

AHL molecules are used for quorum sens-
ing in many important animal and plant
pathogens (10–16), including Pseudomo-
nas sp. and Agrobacterium tumefaciens, as
well as nonpathogenic organisms like the
marine bacterium Vibrio fischeri. In fact, the
phenomenon of quorum sensing was first
recognized �30 years ago in V. fischeri (17,

18), although the significance of the obser-
vations took time to become widely recog-
nized. V. fischeri is a symbiont that colo-
nizes the light-producing organ of certain
marine fish and squid. The host supplies the
colonized bacteria with nutrients so that
they thrive to exceed a population cell den-
sity of 1010 cells mL�1. When this popula-
tion threshold is exceeded, transcription of
the gene cluster encoding the light-
producing machinery (the luxCDABEG
operon) is activated. The term “quorum
sensing” was coined to describe this behav-
ior, because the population must reach a
“quorum” before any light is produced (19).
V. fischeri uses the small molecule N-(3-
oxohexanoyl)-L-homoserine lactone (OHHL)
to measure population density (Figure 1).
Each cell within the population uses the en-
zyme LuxI to produce a continuous low
level of freely diffusible OHHL. Although the
amount of OHHL produced by individual
cells is low, the population en masse accu-
mulates it to high concentrations. When the
concentration of OHHL is high enough, it
binds to a cytoplasmic receptor known as
LuxR, which is a transcriptional regulator.
This causes LuxR to dimerize and adopt the
active conformation, leading to transcription
of the luxCDABEG cluster. The LuxR�OHHL
complex also activates the expression of luxI
further, generating a positive feedback loop.
This behavior is known as autoinduction,
and AHL derivatives are often known as
autoinducers.

A. tumefaciens is a plant pathogen that
has its quorum sensing system encoded on
a plasmid, rather than the bacterial chromo-
some. The tumor-inducing plasmid is
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ABSTRACT Bacteria “talk” with each other by
using small molecules that enable individuals in a
population to coordinate their behavior. This lan-
guage is termed quorum sensing. Bacterial patho-
gens may use this language to decide when to at-
tack a host organism; therefore, the development
of artificial signals to interfere with this signal pro-
cess has become an area of intense chemical
research.
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transferred directly into the nucleus of host
plant cells, where it stimulates overproduc-
tion of growth hormones and consequent
tissue proliferation to generate a crown gall
tumor. The plasmid encodes a LuxI-type pro-
tein called TraI that makes N-(3-oxooct-
anoyl)-L-homoserine lactone) (OOHL), which
is the cognate AHL recognized by the LuxR
homologue TraR (Figure 1). In the apo state,
TraR is a membrane-associated monomer,
which is unstable in the absence of the li-
gand and is degraded rapidly by endog-
enous proteases. This protein turnover is
prevented in the presence of bound OOHL,
and the stable dimeric complex is a tran-
scriptional activator.

P. aeruginosa has one of the most com-
plicated quorum sensing systems, yet it is
one of the best characterized because of the
clinical importance of this species. P. aerug-
inosa has been associated with �10% of

all nosocomial (hospital-acquired) infec-
tions, and it is the main contributor to pro-
gressive lung degeneration in many cystic fi-
brosis patients (20). Quorum sensing in P.
aeruginosa involves two discrete AHL mol-
ecules (OdDHL and BHL) that are generated
and sensed by two separate signaling sys-
tems (LasIR and RhlIR, respectively). To-
gether, these signaling systems control pro-
duction of a diverse variety of virulence
factors and Biofilm production. The rhl sys-
tem is subordinate to the las system; there-
fore, the LasR receptor is usually the main
focus for inhibitor development and bio-
chemical studies. Similar to TraR, LasR re-
quires its cognate ligand for folding and
dimerization into its transcriptionally active
state.

What Blackwell and co-workers have so
elegantly undertaken is a comprehensive
structure–activity relationship study across

these three important bacterial species
(9). Because past work has tended to
focus on just one organism at a time (of-
ten using different reporter strains and
assay procedures), or has looked at a
limited subset of AHL structural ana-
logues, it is difficult to use the results
for the design of new ligands or to pre-
dict species selectivity. To directly ad-
dress these issues, the Blackwell group
made a wide range of AHL analogues

by using an efficient solid-supported,
microwave-assisted synthetic route. It is im-
portant to recognize this chemical contribu-
tion to the study. The high-throughput
chemistry and chemical expertise enabled
the high-throughput screening. A striking il-
lustration of a major conclusion from the
study is shown in the Venn diagrams shown
in Figure 2. This highlights the fact that
both broad spectrum and species-selective
antagonists are possible and have now
been identified. In contrast, agonism of
each LuxR-type receptor appears to be
pickier. It seems like the longer the tail of
the natural ligand, the more space within
the binding pocket to accommodate xenobi-
otics; however, a larger pocket does not
make it any easier to agonize the receptor.
Further dose–response experiments
showed that the antagonists are better de-
scribed as partial agonists, because at high
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Figure 1. Schematic of the quorum sensing systems of V. fischeri, A. tumefaciens, and P. aeruginosa
(only the las system is shown), including the structures of natural AHL molecules that are used by
these bacteria. The number of carbons (Cn) in the acyl chain is indicated for clarity.
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Figure 2. Venn diagrams illustrating potent agonists and antagonists and their selectivity for the different LuxR homologues from V. fischeri
(LuxR), A. tumefaciens (TraR), and P. aeruginosa (LasR). NA � no applicable ligands identified.
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concentrations they were able to activate
the transcriptional regulators. All the ana-
logues tested have the homoserine head-
group; nevertheless, it is probably not the
case that all the molecules are binding in ex-
actly the same way as the natural ligand.
Docking studies support this hunch (9). This
binding flexibility makes it very difficult to
undertake structure-based design without
continual structural information on
analogues.

The discovery of broad-spectrum and
species-selective AHL analogues should be
useful in chemical biology experiments
aimed at exploring the importance of quo-
rum sensing in a wide range of bacterial pro-
cesses, such as virulence, Biofilm forma-
tion, and interspecies interactions. Real-life
applications (such as a chemotherapeutics,
antifouling coatings, or additives in antibiot-
ics or even toothpaste) seem a long way
off; however, a synthetic derivative of a
natural product from marine algae has gen-
erated a lot of excitement recently (21). This
has been used to attenuate P. aeruginosa
virulence in a lung infection mouse model.

3-Oxo-AHL compounds have the poten-
tial to be converted to tetramic acids in vivo
(22). The tetramic acid from OdDHL has
been shown to have antibacterial proper-
ties, especially against Gram-positive
strains. Bacteria such as P. aeruginosa may
use this as a way to prevent competing bac-
teria from occupying the same environ-
ment. The tetramic acid is also an excellent
siderophore. It would be interesting to see
whether any derivatives from the Blackwell
compounds had similar or even enhanced
effects.

Fundamental research into quorum sens-
ing has revealed unpredictable discoveries.
For instance, some AHL molecules have ef-
fects on other species, including the host or-
ganism. For example, OdDHL has been
shown to cause inflammation and modu-
late an immune response (23). Several ana-
logues have shown similar effects (24). The
basis of these observations remains to be

uncovered and may reveal new drug target
and small molecule leads. What is clear is
that the quorum sensing field is a fertile one
for chemical biology. Whether this lan-
guage is a good target for chemical interven-
tion in a variety of applications remains to
be seen; however, no doubt many more un-
expected and exciting results will be discov-
ered along the way.
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