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Bacteria are capable of ‘‘communicating’’ their local population densities via a process termed

quorum sensing (QS). Gram-negative bacteria use N-acylated L-homoserine lactones (AHLs), in

conjunction with their cognate LuxR-type receptors, as their primary signalling circuit for QS. In

this critical review, we examine AHL signalling in Gram-negative bacteria with a primary focus

on the design of non-natural AHLs, their structure-activity relationships, and their application in

chemical biological approaches to study QS (72 references).

1. Introduction

The discovery of the cell by Robert Hooke in the late 1600s

marked the beginning of a revolution in biology that continues

to this day as scientists labour to fully understand the inner

workings of living organisms.1,2 One of Hooke’s contempor-

aries, the Dutch scientist Anton van Leeuwenhook, observed

the microbial world using specialized microscopes, and his

discoveries represent the roots of microbiology.1,3 For nearly

three centuries after van Leeuwenhook’s work, scientists

believed that bacteria existed solely as single cell organisms

and were incapable of any form of intercellular communica-

tion. This view of bacterial behaviour dramatically changed

B40 years ago.

In 1965, Tomasz and Beiser reported that an extracellular

factor was produced by Streptococcus pneumoniae and re-

leased into the surrounding environment, and that this factor

was required for the bacteria to enter into a competent state.4

The hypothesis that bacteria could signal to each other was

further strengthened by the work of Hastings and co-workers

in 1970. These researchers demonstrated that the Gram-nega-

tive marine bacterium Vibrio fischeri produces light at high

(exponential growth phase), but not at low, cellular densities.5

This discovery indicated that V. fischeri could coordinate their

light-producing capabilities based on population density. Sub-

sequent studies by Eberhard et al. in 1981 revealed that this

cell–cell signalling was facilitated by a low molecular weight

organic compound, which was identified as an acylated homo-

serine lactone (AHL, Fig. 1).6 The combined efforts of these

scientists established that bacteria are indeed capable of

cell–cell signalling, and use signalling molecules to coordinate

phenotypic responses in relation to their population densities.

The use of small molecule signals to coordinate gene

expression with population density has now been termed

quorum sensing (QS).7 Once bacteria reach a sufficiently high

population density, they can undergo a lifestyle switch from

that of a solitary cell to that of a multicellular group. As a

group, bacteria alter gene expression levels and initiate pro-

cesses that benefit the growing colony. These group beha-

viours are remarkable in their diversity, and can have

significant impacts on their eukaryotic hosts. Examples in-

clude the production of virulence factors, swarming, biofilm

formation, antibiotic production, bioluminescence, root

nodulation, sporulation, and conjugation. Many of these

QS-controlled outcomes have widespread and often devastat-

ing effects on human health, agriculture, and the environ-

ment.3,8–12 At high cell densities, bacteria also produce more

QS signal, which in turn enhances the QS response and has led

to these signals being named ‘‘autoinducers.’’

Although originally thought to be limited to a small sub-set

of bacterial species, it has become clear that QS is a funda-

mental process of the microbial world.3 Population dependent,
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cell–cell communication pathways can be found in both

Gram-positive and Gram-negative bacteria, and in fungi.13

AHLs are the most common signal used by Gram-negative

bacteria for cell–cell communication (Fig. 1). However, other

small molecule signals have been associated with QS in Gram-

negative bacteria, including the boronate ester autoinducer-2

(AI-2) used by V. harveyi and quinolone molecules (e.g., the

Pseudomonas Quinolone Signal, PQS) used by the opportu-

nistic pathogen Pseudomonas aeruginosa. Gram-positive bac-

teria, such as Staphylococcus aureus, use B5–15-mer

oligopeptides for QS (i.e., autoinducing peptides, or

AIPs).14–16

To date, cell–cell signalling mediated by AHLs in Gram-

negative bacteria represents one of the best-understood bac-

terial QS systems at the molecular level. Further, as QS plays a

significant role in the establishment of infection by Gram-

negative bacteria, AHL-based signalling has become the focal

point of considerable scientific interest due to the impact it

may have as a new anti-infective strategy (see section 2 below).

This interest has spurred the development of a range of

synthetic ligands that can intercept AHL-based QS and mod-

ulate QS-controlled behaviours. Such compounds represent

valuable tools for the dissection of QS pathways. This critical

review will provide an introduction to AHL-based QS and a

systematic analysis of recent research on AHL mimics.

2. QS as a therapeutic strategy

The rapid growth of bacterial resistance underscores an urgent

need for the development of new anti-bacterial strategies, and

QS has attracted considerable recent attention as a new

target.17–21 The interception of QS represents a potential

strategy to slow bacterial virulence, such that the host could

be treated with lower doses of antibiotics, or the infection

could be cleared naturally by the host’s defenses. Such ‘‘anti-

virulence’’ strategies may have an advantage over traditional

antibacterial treatments, as the selective pressure is hypothe-

sized to be reduced.22 Various research labs have shown the

ability to inhibit the production of damaging virulence factors

by P. aeruginosa, such as elastase B and pyocyanin, through

either genetic mutations in QS genes or small molecule

modulation of QS gene products.10,17–19,23 In addition, several

animal infection models have shown that when mutations were

made to QS specific genes in P. aeruginosa, less tissue damage

occurred, and pneumonia rates and mortality decreased in

comparison to wild-type P. aeruginosa infection.17–18,22 It is

important to note, however, that although QS mutant strains

displayed reduced virulence, none of the mutations led to

avirulent strains. This suggests that, although QS plays an

important role in pathogenesis, other factors are also key to

infection.9,24 Nevertheless, due to the potential of QS as a new

therapeutic target, this signalling phenomenon has been

named ‘‘one of the most consequential molecular microbio-

logy stories of the last decade.’’25

3. QS circuits in Gram-negative bacteria:

LuxI/LuxR

We start with an introduction to the basics of the QS signalling

system in Gram-negative bacteria. These bacteria produce

diffusible AHL ligands via an inducer synthase (or LuxI-type

protein), and the ligand is sensed by its cognate cytoplasmic

receptor (or LuxR-type protein) (Fig. 2). The AHL ligand is

generated at low basal levels, and in general, high cell densities

are required to achieve an intracellular ligand concentration

sufficient for LuxR-type protein binding. Thereafter, the

AHL–LuxR-type protein complex most often homodimerizes

and binds adjacent to QS promoters (i.e., short palindromic

sequences termed ‘‘lux boxes’’), which activates the transcrip-

tion of target genes required for bacterial group behaviour.

(We note that examples of transcriptional repression upon

Fig. 1 Selected QS signals listed with their corresponding bacterial

species. AHL = N-acylated L-homoserine lactone; AI-2 = autoindu-

cer 2; PQS = Pseudomonas quinolone signal; AIP-1 = autoinducing

peptide 1.

Fig. 2 Simplified AHL signalling circuit in Gram-negative bacterial QS. R: LuxR-type receptor protein; I: LuxI-type autoinducer synthase

protein; AHL: N-acylated L-homoserine lactone.
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AHL–receptor binding have also been reported, but this out-

come appears to be far less common.)12 As AHL synthases

and receptors were discovered in the bioluminescent bacterium

V. fischeri (that uses QS to control expression of the lux

operon), these protein families have been termed ‘‘Lux-type’’

synthases and receptors, respectively.

Several Gram-negative bacteria have been shown to use two

or more AHL signals, along with other ligands and receptors,

to ‘‘check and balance’’ QS. For example, P. aeruginosa uses

N-(3-oxo-dodecanoyl)-L-homoserine lactone (OdDHL) and

N-butanoyl-L-homoserine lactone (BHL), and two LuxR-type

proteins, LasR and RhlR, respectively, for QS. This signalling

circuit is complicated further by the fact that an orphan

LuxR-type receptor, QscR, serves in part to repress the role

of LasR,15 and that RhlR is also under the control of PQS

(Fig. 1). Nevertheless, Fig. 3 shows the basic paradigm for

Gram-negative QS: a signal is produced, binding of this signal

to a receptor occurs at a threshold concentration, and this

receptor complex then regulates (most commonly via activa-

tion) the transcription of genes that are involved in bacterial

group processes.

4. Three methods to intercept LuxI/LuxR-type QS

To modulate QS within the LuxI/LuxR-type pathway, there

are three obvious targets: the synthase (I), the AHL ligand,

and the receptor (R) (Fig. 3).17,23 Interception of any one of

these three major components within the autoinduction circuit

should lead to a bacterial ‘‘communication breakdown.’’ We

discuss each approach in turn below.

4.1 Targeting the synthase (I)

Inhibition of the LuxI-type protein appears to be a straight-

forward approach to thwart QS, as cell–cell signalling is

clearly impossible without a signal. Surprisingly, however,

there are few reported studies that specifically target the

synthase protein.26 A relatively limited number of experiments

with LuxI-type protein mutants indicate a dramatic drop in

coordinated group behaviour. For example, P. aeruginosa

LasI knockouts are almost completely deficient in virulence

factor production. There are several reported X-ray crystal

structures for LuxI-type proteins (including LasI) that could

be used to guide the design of synthetic inhibitors; however, to

our knowledge, such ligands are yet to be reported.12,27,28 As

these crystal structures were only recently reported, we antici-

pate that this area of research will grow considerably in the

near future.

4.2 Targeting the AHL ligand

The second target is the AHL ligand itself. Degradation of the

small molecule signal would be a complementary strategy to

inhibiting its synthesis. It is worthwhile to note that several

species, both prokaryotes and eukaryotes, are believed to

degrade AHL signals in order to block the QS system of

invading bacteria. There are several mechanisms by which this

degradation takes place, including an increase of pH at infec-

tion sites in certain plant species (as basic conditions cause

hydrolysis of the lactone), secretion of oxidized halogenated

compounds that are capable of reacting with the 3-oxo-AHLs,

use of AHLs as a carbon and nitrogen source, and breakdown

of the AHL by lactonases and acylases.16,17,23 Although signal

degradation does not represent a likely therapeutic approach

in humans and animals, understanding AHL breakdown in

the context of mixed microbial systems is essential to under-

standing the complex signalling networks that have evolved

between bacteria and other organisms. Further, this approach

could have significant value for agricultural applications, as

transgenic plants producing AHL lactonase (e.g., tobacco)

have been shown to exhibit heightened resistance to infection

by several Gram-negative plant pathogens.17

4.3 Targeting the receptor (R)

The third and final target for the modulation of cell–cell

communication in Gram-negative bacteria is the receptor, or

LuxR-type protein. The largest body of work on QS control

has centred on the receptor protein, and the majority of this

review hereafter will focus on the interception of this critical

ligand–receptor interaction. The LuxR-type protein family

represents in some ways a traditional, medicinal chemistry

target for receptor modulation, and a significant quantity of

genetic, biochemical, and structural data have been amassed

for this protein class.7,14 Similar to LuxI-type protein knock-

outs, LuxR-type protein knockouts show a marked decrease in

QS-controlled outcomes, suggesting that inhibition of LuxR-

type proteins represents a viable approach to control

QS.17–19,21,23,24,29

In 2002, the first X-ray crystal structures of a LuxR-type

protein, i.e., TraR from the plant pathogen Agrobacterium

tumefaciens, were reported.30,31 Five years later the X-ray

crystal structure of the N-terminal ligand-binding domain of

LasR from P. aeruginosa was published.32 These structural

data have the potential to significantly impact the design of

synthetic ligands for the modulation of LuxR-type protein

activity, and have already been put to use in recent studies

Fig. 3 Autoinduction loop in QS: (1) AHLs are produced by LuxI-

type synthase proteins (I); (2) above a critical concentration they bind

to a LuxR-type receptor (R), (3) following dimerization, this recep-

tor:ligand complex acts as a transcription factor to produce more I

protein and control other essential functions of QS.
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(see section 8). Further, these data provide an entry point not

only for the design of LuxR-type protein inhibitors, but

presumably for activators as well. Activation of QS also could

be desirable, namely it may have benefits in agricultural

settings (e.g., activation of root nodulation by soil dwelling

bacteria) or for environmental remediation.33

5. Advantages of small molecules to study QS

As introduced above, the design and synthesis of non-native

ligands that can intercept QS has attracted considerable inter-

est. It is valuable, however, to review why such molecular tools

would be advantageous for the study of QS.34 First, small

molecules allow for temporal control of a biological system,

and this control is most often rapid, depending on the

diffusibility of the compound. Understanding the importance

of a gene during different growth phases is essential to

understanding what role that gene plays in the life cycle of

the cell. Genetic alterations, in contrast, only allow for

steady-state observations. Second, small molecules allow for

the study of the reversibility of a system. Such experiments are

difficult to perform using genetic techniques, and are most

frequently done via conditional gene alterations (i.e., light or

temperature sensitive mutations). Third, small molecules can

allow for quantitative control of phenotypes through

the systematic alternation of compound concentration

(or ‘‘dose’’). We note, however, that there are also drawbacks

to using small molecule probes to study bacterial QS.

Probably the largest challenge will be finding compounds that

exhibit high specificity for one LuxR-type protein due to the

relatively high sequence homology of these proteins within

their ligand-binding domains (B70–80%).7,14 With this

issue aside, the diverse toolset of both natural AHL

signals and synthetic AHL mimics is helping to break new

ground in understanding the diverse nature of bacterial

cell–cell communication.23

5.1 Review outline

In the following sections, we discuss the broad structure-

activity trends that have been deduced for AHL activity from

studies of AHL analogues over the past B20 years. To start,

we briefly review the natural AHL signals used by Gram-

negative bacteria, their chemical synthesis, and the standard

biological assays used to detect and evaluate AHLs. There-

after, we provide an in depth review of the structure-activity

relationships (SAR) for non-natural AHL agonists and

antagonists of five different LuxR-type proteins (LuxR, LasR,

RhlR, TraR, and CarR). This detailed analysis will reveal that

the line between AHL-derived antagonists and agonists of

LuxR-type proteins actually can be blurred. Recent studies

have shown that certain antagonists have the ability to also

activate LuxR-type proteins (depending on their concentra-

tion), and are more appropriately called partial agonists. This

activity trend is valuable to keep in mind throughout the

discussion of each case study in section 8, as this duality of

activity was not probed in most studies. We close our SAR

analysis with a summary of the general structural features of

AHLs required for modulation of LuxR-type proteins,

whether by inhibition or activation. Finally, we conclude this

review by offering our perspective on the major challenges

within the field, and on what the future may hold for the small

molecule control of AHL-type QS.

6. Ligand-design starting point: natural AHLs

Over 50 species of Gram-negative bacteria have been shown to

use AHLs in their QS signalling networks. Table 1 lists a

subset of these systems. The biosynthesis of AHLs has been

well-characterized and involves the catalytic reaction of an

appropriately charged acyl carrier protein and S-adenosyl

methionine facilitated by a LuxI-type protein.12,14 In general,

natural AHLs have acyl groups that range in carbon number

from 4 to 18, and have L-stereochemistry at their lactone ring.

Many natural AHLs have carbonyl moieties (i.e., 3-oxo

functionality) at the third carbon of the acyl chain; relatively

fewer have hydroxyl groups at this position. In addition, some

longer chain natural AHLs have cis alkene units at the seventh

or ninth carbon in the acyl chain (Table 1, entries 8 and 9).15,23

There are several insights that can be gained from studying

Table 1. First, there is redundancy in the AHL signals that are

used by different bacteria. For example, P. aeruginosa and P.

putida (Table 1, entries 6 and 7) both use OdDHL as an AHL

signal. This phenomenon is not just limited to bacteria of

different species, but also different genera (e.g., Erwinia and

Vibrio; Table 1). This signal overlap is interesting, because it

may suggest that bacteria from different environments have a

common evolutionary ancestor.15,35 Further, for bacteria that

live in the same environment, this overlap may also provide a

means for interspecies bacterial communication.15,36,37 An-

other important aspect evident in Table 1 is that, within a

single species, one AHL can act as the signalling molecule for

more than one receptor (e.g., OdDHL and the LasR and QscR

receptors in P. aeruginosa). This duality could allow the

organism to conserve valuable resources, or provide a means

to carefully modulate the activity of receptors, for example, if

the ligand binds to the two receptors with different affinities.

Such differences in affinities may play a role in cross-species

interactions as well.

Chemical synthesis of natural AHLs is relatively straight-

forward and is shown in Fig. 4. The synthesis of ‘‘simple,’’

non-3-oxo natural AHLs is most commonly performed by

coupling L-homoserine lactone (HSL) with an activated car-

boxylic acid. Synthesis of 3-oxo AHLs is more complex due to

the reactivity of the 3-oxo moiety, and has been achieved

either by using ketal-protected 3-oxo carboxylic acids and

carbodiimide chemistry (Fig. 4A, route a), or by coupling

L-HSL and acylated Meldrum’s acid (Fig. 4A, route b).23,38

Natural AHLs, as well as a large number of non-natural

AHLs, have been synthesized using a solid-phase synthetic

route starting from L-methionine-loaded amino-polystyrene

(Met-PS) resin (Fig. 4B).39 Similar to traditional solution-

phase routes, attachment of the acyl chain is achieved through

the carbodiimide-mediated coupling of a carboxylic acid to an

amine. This latter route is advantageous for the synthesis of

sizable numbers of AHLs, due to the high purity of com-

pounds that can be generated and its adaptability to parallel

library construction.39
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Table 1 Representative AHL systems, their corresponding bacteria, and effects on their host
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7. Methods to detect AHLs and evaluate their

activities

The discovery and detection of natural AHLs can be achieved

by several different methods. One common approach involves

the use of biosensor strains containing a reporter gene under

the control of a luxR-type promoter.40 Several examples of

biosensor strains are listed in Table 2. When an AHL–LuxR-

type protein complex binds to the promoter, this binding

event, and thus ligand activity, can be read out in these

biosensor strains as absorbance (b-galactosidase fusion), fluor-
escence (green fluorescent protein (GFP) fusion), or lumines-

cence (luciferase fusion). These strains lack functional AHL

synthases and therefore exogenous ligand must be added in

order to activate the QS system. Overlay assays (e.g., on

reverse-phase TLC plates) are commonly performed using

these strains to detect AHLs in natural isolates. Although

these overlay assays are generally robust detection methods,

they also have drawbacks. For example, they only provide

qualitative data, and are limited by the structures of AHLs

that can be detected (i.e., long-chained AHLs do not elute well

by reverse-phase TLC). Because of these issues, more quanti-

tative methods to detect AHLs in natural isolates have recently

been developed. Such techniques include GC-MS, nanoLC-

ESI, and HPLC-MS.41

Although biosensor strains were initially developed to detect

AHLs in natural isolates, they have also been utilized to

evaluate the activities of non-native AHL analogues. These

assays are most commonly performed in liquid culture, as

opposed to overlay formats. Ligand activity is typically mea-

sured in three ways, described briefly below. We will make

reference to these assay formats for the remainder of this

review:

1 Agonism assays are performed in biosensor strains with

exogenously added synthetic analogues at various concentra-

tions. Agonists are able to activate the transcription of repor-

ter genes and give a positive response.

2 Antagonism assays are performed in biosensor strains as

competition experiments in the presence of both exogenously

added natural AHL ligand and a synthetic compound. An-

tagonists are able to disrupt induction by the natural ligand

and reduce the reporter gene read-out as compared to the

natural ligand alone.

3 Competitive binding assays are likewise run as competi-

tion experiments, but the exogenously added natural ligand is

typically radiolabelled. Competitive binders are able to dis-

place the radiolabelled ligand and lower the observed radio-

activity. Controls are typically run with unlabelled natural

AHL as the competitor. (Note, these experiments do not rely

on a transcriptional read-out, but are commonly performed in

biosensor strains for comparison to agonism or antagonism

assay data).

8. Designed AHL mimics

We now proceed to a systematic discussion of selected syn-

thetic AHL mimics that have been designed, synthesized, and

evaluated for antagonistic activity, agonistic activity, and/or

competitive binding against LuxR-type proteins. For clarity,

we have organized this section according to the Gram-negative

QS systems in which each AHL mimic was studied. For each

example, we outline: (1) the general AHL structural features

tested, (2) the structures of the most active AHL mimics

identified in the study, (3) the SARs that can be derived for

these compounds from primary reporter gene assay data, and

(4) the activity of these compounds in a secondary biological

assay (if applicable). The majority of this work has centred on

the canonical QS systems in V. fischeri (LuxR) and P. aerugi-

nosa (LasR and RhlR). However, to provide a broader

account, we also briefly discuss several pertinent examples

of AHL mimics evaluated in other Gram-negative bacteria

(A. tumefaciens and Erwinia carotovora).

Table 1 (continued)
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8.1 LuxR from V. fischeri

The first AHL analogue study was published in 1986 by

Eberhard and co-workers.42 This initial work focused on a

small collection of B20 synthetic AHL derivatives. These

compounds were evaluated for agonistic and antagonistic

activity (against OHHL; Table 1, entry 10) in V. fischeri

B-61, a naturally ‘‘dim’’ strain that produces more light with

the addition of exogenous OHHL. The goal of this study was

to determine whether the fatty acid side chain or the amino

acid-derived lactone portion of AHLs was most important for

activity. The AHLs varied in the length of their acyl chains,

placement of the 3-oxo group in the chain, and the presence of

alkene units in the chain. Certain derivatives contained repla-

cements for the g-lactone, including a g-thiolactone and a

caprolactam.

From this early study, the authors concluded that the

g-lactone ring was important for agonistic activity in LuxR,

because the thiolactone and lactam derivatives either inhibited

LuxR or showed no activity. In addition, they determined that

the length of the fatty acid side chain was important for LuxR

activation: the optimal chain length for agonistic activity was

six carbons, and deviating from this length resulted in inhibi-

tory activity, with the most antagonistic fatty acid side chain

being nine carbons long (AHL 1, Fig. 5). The 3-oxo group was

also determined to be essential for strong agonistic activity.

Carbonyls placed at the 5-position decreased agonistic activity

by 10-fold, and when located at the 2-position completely

abolished agonistic activity. Otherwise, compounds that did

not have a second acyl chain carbonyl displayed antagonistic

activity against LuxR. Interestingly, one of the most

active agonists discovered in this study was OOHL, the native

AHL ligand for A. tumefaciens (Table 1, entry 1). We note that

the bacterial reporter strain used in this study was not a

LuxI synthase knockout, and therefore residual natural ligand

was present in these assays and could complicate data analysis

(see below).

The next study exploring the activities of AHL mimics in the

V. fischeri system did not appear until a decade later, when, in

1996, Greenberg and co-workers screened a set of AHLs very

similar to those reported by Eberhard and co-workers.43 The

difference between these two studies was that Greenberg and

co-workers evaluated the activity of the AHL analogues in an

E. coli reporter strain VJS533 pHV200I-, which harbours

LuxR and the V. fischeri luminescence gene cluster with luxI

inactivated (Table 2, entry 2). Use of this strain overcame the

limitation of the previous study, as it lacked the OHHL

synthase. The author’s main objectives were three-fold: to

identify (1) competitive LuxR binders, (2) LuxR antagonists,

and (3) LuxR agonists.

These studies revealed similar trends in ligand activity to

those reported by Eberhard and co-workers, and the most

active AHLs from this study are shown in Fig. 6 (AHLs 2, 3,

and 4). Compounds with acyl chains longer than five carbons

showed inhibitory activity against LuxR. Although the 3-oxo

group was found to be non-essential for binding in ligand

displacement assays, compounds that possessed this moiety

were determined to be 100-fold better agonists in the lumines-

cence assays. Except for a modest change to the g-lactone ring,
such as conversion to a g-thiolactone, the lactone ring was

found to be important for LuxR binding; for example, repla-

cement with a caprolactam resulted in no LuxR binding. The

researchers also demonstrated that introduction of alkene

units into the acyl chain reduced agonistic activity, suggesting

Fig. 4 Common synthetic routes to natural AHLs. A: Solution-phase

amide coupling conditions. HSL = homoserine lactone. EDC =

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride. B:

Solid-phase synthetic route for the generation of AHLs from

L-methionine-loaded amino-polystyrene (Met-PS) resin. DIC =

N,N0-diisopropylcarbodiimide.

Table 2 Representative AHL biosensor strainsa

Entry Source QS system Host and plasmid Reporter system

1 V. fischeri LuxI/R E. coli pSB401 luxCDABEb

2 V. fischeri LuxI/R E. coli pHV200I� luxCDABE
3 P. aeruginosa RhlI/R P. aeruginosa PAO-JP2 prhlI-LVAgfp GFP
4 P. aeruginosa LasI/R P. aeruginosa M71L7I� b-Galactosidase
5 A. tumefaciens TraI/R A. tumefaciens NT1 pZLR4 b-Galactosidase
6 A. tumefaciens TraI/R A. tumefaciens WCF47 pCF218+pCF372 b-Galactosidase

a See refs. 9, 16, and 40 for additional information on these types of strains. b The luxCDABE operon provides a luciferase reporter.
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that a flexible fatty acid side chain is needed for binding

to LuxR.

It is important to note that, although Greenberg and

co-workers saw AHL activity trends similar to those

previously reported in V. fischeri by Eberhard, there were

differences when using the E. coli LuxR reporter strain (e.g.,

decanoyl HL (DHL) was a far more potent inhibitor in the V.

fischeri strain relative to the E. coli strain). These discrepan-

cies, the reasons for which are not fully understood, under-

score the need for caution when comparing small molecule

screening data that were obtained from different QS reporter

strains.

In 2002, Nielsen and co-workers reported a study of the

activity of AHL analogues against LuxR that had various

substitutions on the 3- and 4-positions of the g-lactone ring

(Fig. 7).44 This work was inspired by two factors: (1) such

substitution had not been explored previously in AHL mimics,

and (2) the discovery of halogenated furanone modulators of

QS, which are similar in structure to AHLs and have substitu-

tion at the 3- and 4-position of the ring. These furanones were

isolated from the macroalgae Delisea pulchra, and had been

reported to inhibit several different QS systems and pheno-

types.45 Nielsen and co-workers screened their AHL deriva-

tives for agonistic or antagonistic activity in E. coli JM105

pUC18, which harbours the LuxR-based QS system of

V. fischeri (with luxI knocked out) fused to a reporter gene

for GFP.

The researchers discovered that substitution at the g-lactone
4-position resulted in compounds that were only weak activa-

tors of LuxR. Indeed, lactones 5 and 6 exhibited inhibitory, as

opposed to agonistic, activity at high concentrations (Fig. 7).

In contrast, substitution at the 3-position was far less detri-

mental to agonistic activity, and these compounds showed

activities similar to that of the native ligand, OHHL. Evalua-

tion of these derivatives also showed that R stereochemistry at

the 3-position was important for activity. Specifically, com-

pound 7 showed agonistic activity against LuxR (Fig. 7), while

inversion of stereochemistry at the 3-position resulted in a

compound with 1000-fold reduced agonistic activity. Append-

ing sterically bulky groups (e.g., carbamates) at the 3-position,

however, yielded compounds that lost all activity against

LuxR, regardless of stereochemistry at that position. Taken

together, these assay data suggest that (assuming these com-

pounds can target the LuxR-protein ligand-binding site) the

binding area around the lactone ring is a narrow region within

the LuxR ligand-binding domain that does not readily accom-

modate substitution at either the 3- or 4-positions of the

lactone ring.

Since 2002, Doutheau and co-workers have reported a series

of studies on AHL mimics and their activities against LuxR.

This group has explored the effects of (1) incorporating greater

structural diversity in the AHL acyl chain, and (2) replacing

the amide group with alternate functional groups on ligand

activity. In all three studies, the researchers tested their

compounds in E. coli pSB401, which is a bioluminescent

reporter strain containing LuxR and the lux box from

V. fischeri and the luminescence gene cluster from Photorhab-

tus luminescens (Table 2, entry 1).46–48 All of their AHL

derivatives were synthesized and tested in racemic form.

In the first study, Doutheau and co-workers explored add-

ing steric bulk to the acyl chain of AHLs.46 They astutely

noted that all of the previously reported studies on AHL

mimics had primarily focused on probing acyl chain length,

and thus they set out to make cycloalkyl, branched, and aryl

substituted acyl chain AHL analogues. The majority of their

analogues retained 3-oxo functionality. Fig. 8 shows two of

the most active compounds found in this report (8 and 9). The

authors demonstrated that branched alkyl or cycloalkyl AHLs

with acyl chain lengths similar to OHHL were still able to

activate the LuxR system; notably, the cyclopentyl AHL 8 was

almost as potent as the natural ligand. When a phenyl group

was added to the fourth carbon in the acyl chain, however, no

Fig. 5 Structural features of AHLs tested against LuxR by Eberhard

and co-workers summarized in shaded box; compounds were synthe-

sized and tested as racemates. Their best antagonist is shown.

Fig. 7 Structural features of AHLs tested against LuxR by Nielsen

and co-workers summarized in shaded box; identified agonist and

antagonists are outlined in solid and dashed lines, respectively.

Fig. 6 Structural features of AHLs tested against LuxR by Green-

berg and co-workers summarized in shaded box; identified agonists

and antagonist are outlined in solid and dashed lines, respectively.
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agonistic activity was observed. Competitive antagonism as-

says revealed that many of these aryl derivatives were instead

potent inhibitors of the LuxR QS system (e.g., halogenated

derivatives of 9). In turn, the presence of very sterically

bulky aryl or alkyl groups (e.g., napthyl, t-butyl, or adaman-

tyl) on the fourth carbon yielded mimics with minimal activity

against LuxR. From these data, the authors concluded that

medium-sized, branched acyl derivatives were capable

of LuxR agonism, while phenyl derivatives were capable of

LuxR antagonism.

The later reports of Doutheau and co-workers focused on

replacing the AHL amide with different moieties. In their

second report, the researchers made a series of sulfonyl AHLs

(see Fig. 9), and determined that this substitution did not

result in any compounds that showed agonistic activity against

LuxR.47 However, they did discover several strong LuxR

inhibitors (e.g., AHL 10). Furthermore, the researchers

showed that sulfonyl AHLs with acyl chains close in length

to OHHL (i.e., six atoms) and shorter were the strongest

inhibitors. Through the examination of a model of LuxR

(built by computational homology modelling of the TraR

X-ray crystal structure), they determined that these sulfonyl

AHLs could fit into the OHHL binding-domain of LuxR and

that the sulfonyl group may be able to make new molecular

contacts through hydrogen bonds. The authors went on to

hypothesize that the sulfonyl inhibitors, once bound, could

prevent LuxR from undergoing the structural rearrangements

necessary for productive dimerization. We note, that while this

hypothesis is certainly exciting, these computational results

should be interpreted carefully, as they are based on a

homology model of LuxR from TraR that inherently has

associated error.

The third report by Doutheau’s group centred on replacing

the AHL amide with a urea (Fig. 9).48 Again, the authors

found that this substitution resulted in compounds that dis-

played no agonistic activity against LuxR, but instead were

potent LuxR inhibitors (e.g., compound 11). In addition to

reporter gene assays, they performed electrophoretic mobility

shift assays on the inhibitors in the presence of a LuxR

homologue (ExpR) and a short sequence of DNA containing

the ExpR-binding site, and determined that these compounds

were capable of inhibiting ExpR-DNA binding. Molecular

modelling studies of these ligands with LuxR (using the same

homology model described above) revealed that the urea

derivatives could likewise fit into the OHHL-binding site

and make hydrogen-bonding contacts with certain LuxR

residues. Overall, there are two important outcomes of

Doutheau and co-workers’ work: (1) adding some steric bulk

to the AHL acyl chain is tolerated by LuxR and can lead to

potent inhibitors, and (2) replacing the amide with alternate

functional groups can confer antagonistic activity upon AHL

analogues.

Recent studies in our laboratory have focused on the design

and synthesis of combinatorial libraries of AHL derivatives,

and the evaluation of these compounds for activity against

LuxR-type proteins in a range of Gram-negative bacteria,

including V. fischeri.39,49–51 We prepared a library of B90

AHLs to probe the role of key features of AHL structure on

ligand activity, including acyl chain length, lactone stereo-

chemistry, and diversity of functionality on the acyl group. We

sought to understand the distinctions in activity that each

analogue exhibited in different species (i.e., in V. fischeri,

A. tumefaciens, and P. aeruginosa), and thus determine a

comprehensive set of SARs; such a comparative study had

been lacking up until this work. Here, we will focus on our

findings in V. fischeri. Later in this review we will comment on

our conclusions toward understanding the activity of these

AHL mimics across the three strains.

For our LuxR studies, we used a V. fischeri ES114 D-luxI
derivative as a reporter strain, in which the native lux operon

behaves as a bioluminescent reporter. We evaluated our

library of AHL mimics in this strain, and uncovered several

potent modulators of LuxR, ranging from antagonists to

strong agonists.49–51 LuxR antagonists were identified that

had IC50 values ranging from 7 nM to 5 mM (versus OHHL at

5 mM). Fig. 10 shows a sample of these active compounds

(AHLs 12–15). We found that phenylacetanoyl HLs (PHLs)

with electron-withdrawing substituents in the para position of

the phenyl ring were the most potent LuxR inhibitors (e.g.,

PHL 13, Fig. 10). PHLs that did not possess electron-with-

drawing groups, such as the tolyl derivative, had greatly

reduced antagonistic activity.

Interestingly, a simple change of substitution from the para

position to the meta position on the PHL phenyl ring

Fig. 8 Structural features of AHLs tested against LuxR by Doutheau

and co-workers summarized in shaded box; compounds were synthe-

sized and tested as racemates. Their most active agonist and antagonist

are outlined in solid and dashed lines, respectively.

Fig. 9 Structural features of AHLs tested against LuxR by Doutheau

and co-workers summarized in shaded boxes. Compounds were

synthesized and tested as racemates; antagonists are outline in dashed

lines.
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seemingly changed ligand activity from LuxR antagonist to

LuxR agonist.49 The most remarkable finding in the PHL

series occurred when the substituent in the meta position was a

nitro group. The resulting compound (12, Fig. 10) was a more

active LuxR agonist than the natural ligand, OHHL. In fact,

the EC50 of this compound was 10-fold lower than that of

OHHL (0.3 mM vs. 3 mM). We went on to demonstrate that

PHL 12 could super-activate LuxR in the wild type V. fischeri

strain (which contains the LuxI synthase) relative to the native

ligand. This discovery is important, because PHL 12 is one of

the first synthetic super-activators of QS to be reported, and to

our knowledge the first in V. fischeri.52,53

Additional dose response analyses of several of the moder-

ately strong PHL inhibitors of LuxR revealed an interesting

activity trend.50 Specifically, at high concentrations, these

PHLs were able to act as LuxR agonists, as opposed to

antagonists. Further experimentation caused us to conclude

that these antagonists are in fact partial agonists (e.g., 14 and

15, Fig. 10). This activity trend appears to extend beyond

PHLs to other AHL derivatives, and to other LuxR-type

proteins, and will be discussed later in this review (section 8.3).

In the course of these studies, we also found that AHLs with

long aliphatic acyl chains bearing the 3-oxo moiety were good

LuxR inhibitors (e.g., OdDHL, IC50 = 400 nM). These results

were congruent with those of Greenberg and co-workers in

LuxR.43 We speculate that these compounds could make

hydrogen bond contacts similar to those of OHHL in the

LuxR ligand-binding site, but the longer acyl chains could

potentially interact with a hydrophobic site slightly removed

from the ligand-binding site, and this interaction alters LuxR

conformation and lowers its activity. Additional biochemical

and structural experiments of course are required to support

this hypothesis.

8.2 LasR and RhlR from P. aeruginosa

We next turn to an evaluation of AHL mimics in P. aerugi-

nosa. There is tremendous interest in inhibiting AHL-mediated

QS in P. aeruginosa due to the prevalence of this opportunistic

bacterium in life threatening hospital-acquired infections

and in chronic lung infections associated with cystic

fibrosis.7–9,20–21 A number of recent studies have focused on

the design of small libraries of AHL mimics capable of

intercepting the LasR and RhlR QS systems, and this section

reports the important findings stemming from this research.

In 1996, Iglewski and co-workers examined the activities of

a range of AHL mimics in P. aeruginosa that varied in acyl

chain length, substitution at the 3-position of the acyl chain,

and lactone ring structure (Fig. 11).54 Several of these com-

pounds were examined by the Eberhard and Greenberg groups

against LuxR, as introduced above. E. coliMG4 pKDT17 was

utilized as a reporter strain in the agonism assays; this strain

lacks lasI while LasR activity is reported via the production of

b-galactosidase. The authors found that AHLs with acyl

chains similar in length to the natural ligand (i.e., 12 atoms;

OdDHL) were more potent LasR agonists than those with

shorter chains. In turn, the 3-oxo group was also found to be

important, as removal of this group from AHLs resulted in

compounds with reduced agonistic activity against LasR.

When the OdDHL lactone ring was replaced with a g-thio-
lactone, the AHL retained the same overall activity as the

natural ligand (i.e., 16, Fig. 11). However, switching to a

g-lactam resulted in compounds lacking either agonistic or

antagonistic activity against LasR.

Iglewski and co-workers also examined their AHL analo-

gues in a competitive binding assay with radiolabelled

OdDHL using various E. coli MG4 strains.54 They found that

their best synthetic LasR agonists were also their best compe-

titive LasR binders. This result makes sense, as compounds

that can activate the LasR system should be able to out-

compete the natural ligand in a competitive binding assay. In

addition, the researchers determined that AHLs with acyl

chains greater than six atoms in length were likewise able to

inhibit the binding of radiolabelled OdDHL (e.g., C9 AHL 1,

Fig. 5). Overall, Iglewski’s team concluded that AHL acyl

chain length was important for LasR binding, as compounds

with chain lengths greater than six atoms displayed agonistic

activity, and that the 3-oxo group heightens (but is not

essential for) agonistic activity. Additionally, modest changes

to the lactone ring, such as substitution of a thiolactone, did

not abolish activity against LasR.

A 1999 study by Kline and co-workers explored the activ-

ities of constrained AHL analogues against LasR. The authors

sought to probe rigid organic functional groups as mimics of

the two possible tautomers of the b-ketoamide of OdDHL.55

They selected (1) salicylamides and b-nitrones to investigate

the Z-enol tautomer, (2) furan and oxazoles to investigate the

E-enol tautomer, and (3) gem-difluoronated analogues (e.g.,

Fig. 10 Structural features of AHLs tested against LuxR by Black-

well and co-workers summarized in shaded box. The most active

agonist and antagonist are outlined in solid and dashed lines, respec-

tively. Note, AHLs 14 and 15 behave as partial agonists.

Fig. 11 Structural features of AHLs tested against LasR by Iglewski

and co-workers summarized in shaded box. AHL 16, the thiolactone

analogue of OdDHL, acts as an agonist of LasR.
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17) to test extended structures that would prevent tautomer-

ization without introducing additional steric bulk. Selected

compounds evaluated in this study are shown in Fig. 12. The

authors examined the activity of these compounds using a

P. aeruginosa b-galactosidase reporter strain deficient in both

lasI and rhlI (PAO-JP2), and the E. coli reporter strain utilized

by Iglewski and co-workers. Notably, none of their con-

strained enolic analogues showed appreciable agonistic activ-

ity in LasR. However, the gem-difluoro analogues were

moderate agonists of LasR. For example, compound 17

showed the same level of LasR activation as the natural ligand

OdDHL, but at 10-times higher the concentration (10 mM vs. 1

mM, respectively). Kline and co-workers concluded from these

data that, in order to retain agonistic activity against LasR,

3-oxo AHLs must retain extended chain geometry and thus

have some degree of flexibility.

Starting in 2003, Suga and co-workers reported a series of

studies concerning the effects of changing the AHL lactone to

different types of ring structures on activity against LasR and

RhlR (Fig. 13).56–58 The researchers prepared a library of 96

AHL mimics, in which the acyl chain remained unchanged

relative to OdDHL or BHL, while the lactone ring was

replaced with various carbocycles and heterocycles that had

hydrogen-bonding capabilities at the same position as the

carbonyl in the parent g-lactone. They examined these com-

pounds in a series of P. aeruginosa PAO-JP2 strains with GFP

fusions (Table 2, entry 3).

The first study by Suga’s team reported several potent

modulators of the LasR and RhlR proteins.56 A 3-oxo-C12

cyclopentanone derivative (18, Fig. 13) was found to activate

the LasR system at levels close to that of OdDHL at 400 mM.

Likewise, the same ring coupled to a C4 chain was shown to

activate the RhlR system to the same level as BHL at 100

mM.55 The authors also demonstrated that a 3-oxo-C12 cyclo-

hexanone derivative (20) was able to inhibit the LasR and

RhlR systems by 35% and B60% at 100 mM and 50 mM,

respectively. Building on these results, they tested cyclohex-

anone 20 in secondary QS assays and found that this com-

pound could strongly inhibit pyocyanin production, elastase B

production, and biofilm growth in P. aeruginosa. Suga’s

laboratory recently followed up on this work in a report that

certain stereoisomers of their AHL analogues exhibited differ-

ent agonistic and antagonistic activities against LasR and

RhlR.58 Most notably, they found that the S,S derivative 19,

a reduced variant of 18, displayed agonistic activity compar-

able to OdDHL at 50 mM and above in LasR (Fig. 13).

Based on these initial findings, Suga and co-workers later

reported full details of the design, synthesis, and evaluation of

their focused library of non-lactone AHL mimics (Fig. 14).57

The biological focus of this second study was primarily LasR,

and the authors discovered three strong LasR agonists and eight

LasR antagonists that lacked lactone functionality. The agonists

were similar in part to previously reported structures (e.g., 16,

which was included as an internal control; Fig. 11). Interestingly,

they found a LasR agonist that contained an isoquinoline

moiety (i.e., 21). Due to shared structural characteristics with

the PQS signal in P. aeruginosa (Fig. 1), the authors speculated

that 21 may not only be working through the LasR circuit, but

also through the PQS circuit. While an interesting hypothesis, no

data was provided to support this claim.

Five of the eight LasR antagonists reported in this second

study were aniline derivatives (e.g., 22 and 23, Fig. 14). The

most potent of these inhibitors, 22, also inhibited P. aeruginosa

elastase B production. Unexpectedly, the authors found that

this compound actually promoted, as opposed to inhibited,

P. aeruginosa biofilm growth relative to an untreated sample in

Fig. 12 Structural features of AHLs tested against LasR by Kline

and co-workers. AHL 17 is a non-enolizable agonist of LasR.

Fig. 13 Structural features of AHLs tested against LasR and RhlR

by Suga and co-workers summarized in shaded box; identified agonists

and antagonist are outlined in solid and dashed lines, respectively.

Fig. 14 Structural features of AHLs tested against LasR by Suga and

co-workers summarized in shaded box; identified agonist and antago-

nists are outlined in solid and dashed lines, respectively.
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a static biofilm assay. The authors commented, however, that

the morphology of the treated biofilm was changed. Suga’s

team concluded that a five- or six-membered ring with a

hydrogen bond acceptor displayed in a similar fashion as the

carbonyl of the parent g-lactone was necessary for LasR

activation by AHL mimics. In turn, LasR inhibition could

be achieved by compounds that contain an aromatic ring in

place of the g-lactone, as long as a hydrogen bond acceptor

was present. Indeed, the largest difference between the LasR

activators and inhibitors in this study appeared to be the

introduction of aromaticity. The authors speculated, based

on their findings and the fact that halogenated furanones are

good inhibitors of P. aeruginosa QS (see above), that com-

pounds with unsaturation (i.e., aromaticity) in the AHL

lactone ring position alter the conformation of LasR upon

binding. This conformational change then presumably reduces

the ability of LasR to bind DNA, and inhibits transcription.14

Kato and co-workers recently reported several potent syn-

thetic inhibitors of P. aeruginosa QS that also lack lactone

functionalities.59 Similar to the studies by Suga outlined above,

the authors changed the AHL lactone ring to a different

structure. They simultaneously probed the effects of altering

acyl chain length on the activity of their analogues against

LasR. Their biological assays were performed in a range of

different reporter strains, which are omitted here for brevity.59

First, the lactone was replaced with a cyclopentane ring,

eliminating its hydrogen-bonding capability (Fig. 15).

This switch yielded mimics with antagonistic activity against

LasR, with the C10 cyclopentane AHL mimic (24) being the

most potent inhibitor in the set (80% inhibition at 250 mM).

Using 24 as their initial lead compound, the authors

then substituted the ring with related carbocycles, such as

cyclopropane, cyclobutane, cyclohexane, and cyclooctane.

However, mimics with these other ring sizes displayed minimal

inhibitory activity against LasR. The authors concluded

that both acyl chain length and ring size were important for

LasR inhibition for this class of analogues. They went on to

demonstrate that 24 was capable of inhibiting pyocyanin,

rhamnolipid, and elastase B production, and biofilm formation

in P. aeruginosa.

In 2005, our laboratory reported the synthesis of a small,

focused library of AHLs with non-native acyl groups and the

evaluation of these compounds as inhibitors of LasR in

P. aeruginosa.39 We identified two compounds (PHL 25 and

indole AHL 28, Fig. 16) that showed significant inhibition of

the P. aeruginosa LasR circuit using a fluorescent PAO-JP2

reporter strain. Furthermore, these compounds were capable

of strongly inhibiting static P. aeruginosa biofilm growth

(B75%) in a dose-dependant manner. Based on these results,

we designed a larger, focused combinatorial library of AHLs

around these active leads and uncovered several inhibitors

with heightened activity against LasR (26 and 27, Fig. 16).50

We note that these second generation compounds were dis-

covered using an alternate E. coli LasR reporter strain (E. coli

DH5a harbouring LasR and a lacZ fusion).

In analogy to the earlier LasR studies described above, we

found that AHLs with alkyl chains similar in length to

OdDHL were good LasR inhibitors, with DHL being the

most potent of the non-3-oxo, simple aliphatic AHLs

tested.39,50,51,53 AHLs 26 and 27, the one-carbon longer or

shorter variants of our initial leads 25 and 28, respectively,

were the most potent LasR inhibitors identified in this study

(Fig. 16). These compounds were found to moderately inhibit

elastase B production in P. aeruginosa PAO1. Several PHLs

were also identified as moderate to strong LasR antagonists.

Similar to what we observed for LuxR in V. fischeri, simple

structural changes to PHLs (i.e., moving a substituent from

the para to the meta position on the PHL phenyl ring) yielded

compounds with heightened inhibitory activity against LasR,

with our most potent antagonist being meta-nitro PHL 12

(Fig. 10). Intriguingly, these same compounds were agonists,

as opposed to antagonists, of LuxR.

Several other activity trends could be discerned from the

LasR screening data for our expanded AHL library.50,51 First,

LasR appears to tolerate AHLs with sterically bulky and

structurally diverse acyl groups (e.g., AHL 30, Fig. 16). These

data are supportive of LasR having a relatively large ligand-

binding site, which is congruent with the reported LasR X-ray

crystal structure.32 Second, the data revealed that not all

D-AHL stereoisomers are inactive against LuxR-type proteins.

A previous report by Ikeda and co-workers demonstrated that

D-BHL fails to activate RhlR in P. aeruginosa, or inhibit RhlR

in the presence of L-BHL.60 This work, as well as a recent

study by Spring and co-workers,61 has prompted the hypoth-

esis that only L-AHLs will display appreciable activity against

LuxR-type proteins. In contrast, we found that D-AHL 29

(Fig. 16) showed similar agonistic activity to the natural ligand

for LasR at the same concentration (10 mM).51 This is an

important finding, as it illustrates that, even though the

D-stereoisomer of the natural AHL ligand is inactive, not all

D-stereoisomers are inactive, and suggests that AHL

stereochemistry should be examined further in the design of

next-generation AHL mimics.

Fig. 15 Structural features of AHLs tested against LasR by Kato and

co-workers summarized in shaded box; their best antagonist is shown.

Fig. 16 Active non-native AHLs identified by Blackwell and co-

workers; significant agonists and antagonists are outlined in solid and

dashed lines, respectively. Note, 26 behaves as a partial agonist.
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8.3 TraR in A. tumefaciens

In 1996, Winans and co-workers reported a study on the effects

of acyl chain length and composition on the activities of AHL

mimics against TraR in A. tumefaciens (Fig. 17).62 Using a

collection of AHL mimics similar to those reported by Green-

berg in LuxR43 and Iglewski in LasR,54 the Winans team

elucidated important trends for AHL activity in the TraR

system. For their initial studies, they utilized an

A. tumefaciens WCF47 D-traI derivative harbouring a lacZ

fusion as their reporter strain. The researchers determined that

TraR was best modulated by compounds that are similar in

structure to its cognate AHL, OOHL (Table 1, entry 1).

Agonistic activity was highest for AHLs with acyl chains of

seven carbons or more and containing the 3-oxo moiety. In turn,

antagonistic activity against TraR was highest for AHLs with

acyl chains similar in length to the natural ligand yet lacked the

3-oxo group. The most active TraR antagonist in this study was

OHL (Table 1, entry 2). However, antagonistic activity was

displayed by other AHLs with substitutions at the 3-position of

the acyl chain, such as a hydroxyl group. Based on this

observation, the authors concluded that the 3-oxo group is not

needed for binding to TraR, but rather provides an essential

interaction for converting TraR to an active conformation.

Winans and co-workers went on to examine the effect of

TraR concentration on ligand activity, using an A. tumefaciens

WCF47 reporter strain that overproduced TraR.62 Their

studies revealed that at higher protein concentrations, a larger

number of their synthetic AHLs were able to activate TraR

relative to the number that could activate TraR produced at

wild-type levels. The authors theorized that binding of an

AHL molecule increases the affinity of TraR either for other

TraR monomers or for DNA. If this model is true, then

analogues of AHLs that are able to bind TraR (i.e., inhibitors)

can also cause a small increase in affinity. At wild-type levels of

TraR, this increase is insufficient to give activation. If TraR is

overproduced, however, the amount of protein is such that

these small increases are enough to drive activation. We have

seen related activity trends in our lab while investigating the

activities of TraR, LasR, and LuxR antagonists at high

concentrations; we return to these phenomena below.50,51

In conjunction with our studies of LuxR and LasR outlined

above, we have also reported detailed SARs for the modulation

of TraR by AHLs. Except for structurally similar, natural

AHLs, we found no synthetic AHL mimics that can activate

TraR at native concentrations.39,50,51 However, we did identify a

small set of compounds that are able to effectively inhibit TraR

at nanomolar concentrations (vs. 100 nM OOHL), most notably

PHLs. In analogy to LuxR, PHLs that contain electron-with-

drawing groups in the para-position were the most active TraR

antagonists. Similarly, we observed striking trends in inhibitory

activity as these substituents were moved around the phenyl

ring. For example, para-substituted PHLs were the most active

TraR antagonists (e.g., PHL 25), with meta-substituted PHLs

being the next most active, and finally ortho-substituted com-

pounds showing little to no activity. This result is intriguing

when we compare it to our data for LuxR and LasR, as

substitutions in the meta-position on PHLs confer greater

agonistic activity in LuxR and antagonistic activity against

LasR. Perhaps the most consequential outcome of our TraR

research, however, was the finding that certain TraR antagonists

are actually partial agonists, such that at high concentrations

(above 100 mM) they are able to act as agonists, but do not have

the same efficacy as the natural ligand OOHL.

We believe that the complementary observations of our lab

(activation of TraR (and other LuxR-type proteins) by AHLs

at high ligand concentration)50 and Winans and co-workers

(activation by AHLs at high TraR concentration),62 can be

explained through a simple equilibrium as depicted in Fig. 18.

Compounds similar in structure to the natural AHL have

some innate affinity for the LuxR-type protein ligand-binding

site (Keq). As the concentration of either ‘‘reactant’’ is in-

creased (i.e., protein or ligand), the product (or protein–ligand

complex) concentration must likewise increase. This recep-

tor–ligand complex is then a reactant for the dimerization

event, and subsequent processes leading to transcription.

Therefore, no matter if the protein concentration or ligand

concentration is increased, the outcome is the same—increased

protein–ligand binding and, therefore, increased activation.

We note that transcriptional activation by LuxR-type proteins

is a complicated process involving several other players and

binding events; however, this model provides a simplified

vantage point from which to initiate further study of the

mechanism of action of AHL mimics.

8.4 CarR in E. carotovora

In 1993, Bycroft and co-workers reported the examination of a

set of AHL analogues for their ability to regulate antibiotic

(carbapenem) production in the plant pathogen E. carotovora.

This process is under the control of OHHL and its cognate

LuxR-type protein, CarR.63 The authors studied the effects of

altering the AHL acyl chain length, switching the lactone to a g-
thiolactone or g-lactam, and inverting the stereochemistry of the

lactone ring from L to D (Fig. 19) in an AHL-negative mutant of

E. carotovora. They found that replacement of the oxygen in the

Fig. 17 Structural features of AHLs tested against TraR by Winans

and co-workers summarized in shaded box; compounds were synthe-

sized and tested as racemates.

Fig. 18 Simplified schematic of the AHL–LuxR-type protein binding

equilibrium.
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lactone ring with sulfur or nitrogen resulted in compounds that

were far less active against CarR than OHHL, reinforcing what

other researchers have found for LuxR and LasR, as described

above. The non-natural stereoisomer of the native lactone, (i.e.,

D-OHHL) was found to be 10-times less active than L-OHHL at

inducing antibiotic production. In addition, the authors deter-

mined that the 3-oxo group was essential for agonistic activity

and that changing the acyl chain length (by as little as one

carbon) resulted in at least a 50% reduction in potency relative

to the natural ligand. Together, these data suggested that CarR

is highly selective for OHHL.

Recently, Spring and co-workers published another study

on the activity of AHL mimics in E. carotovora (Fig. 20).64

Specifically, the authors sought to determine the activity of

non-hydrolysable AHL mimics (i.e. ketones), as the hydro-

lyzed, ring-open form of AHLs has been shown to exhibit

little, if any, activity.61 Such non-hydrolysable AHLs would

have significant value as chemical probes of QS due to their

longer lifetimes, and thus prolonged activities. Similar to

Bycroft and co-workers, the researchers determined that even

small changes to the head group of OHHL were detrimental to

its ability to agonize the production of carbapenem, again

suggesting that CarR is highly sensitive to AHL structure.

Spring and co-workers went on to examine AHL mimics that

were difluorinated at the 2-position of the acyl chain, and

determined that these derivatives were able to elicit some

antibiotic production. Interestingly, they found that AHLs

with non-native head groups, while unable to stimulate anti-

biotic production, retained some ability to stimulate exopro-

tease production in E. carotovora (an output that is at least

partly under the control of CarR). This finding suggested that

there may be a different LuxR-type homologue involved in

regulation of exoenzyme production in E. carotovora.65

9. Conclusions, challenges, and the future

This review has provided an overview of AHL analogue

activity in a range of bacterial species, strains, and assays.

From these analyses, some general conclusions can be made

about the AHL structural features that are necessary for

activity against LuxR-type proteins. Again, we note that when

discussing active agonists and antagonists, it is valuable to

consider activity against LuxR-type proteins as a continuum

from activation to inhibition, as many AHLs have been

identified that can both slightly activate and inhibit a QS

circuit (depending on their concentration). Therefore, for the

purposes of this final analysis, we will group activators and

inhibitors together as necessary, and simply discuss ‘‘activity.’’

Five broad activity trends that we have delineated from

these past studies of AHL mimics are listed below:

1 In general, the length of the acyl chain is critical for the

activity of AHL mimics. Compounds that have acyl chain

lengths that are close to that of the natural AHL have

heightened activity.

2 For species where the natural AHL possesses a modifica-

tion at the 3-carbon of the acyl chain (e.g., a carbonyl), this

group is important for activity, but not essential. Elimination

of this group most often results in an AHL mimic that has

inhibitory activity rather than agonistic activity.

3 Stereochemistry of the lactone ring is important. In

general the natural L-stereoisomer of the lactone ring is needed

for activity. There are few exceptions, as we have discovered

an AHL LasR activator with D stereochemistry. Because of

this exception, and the relatively small number of D-AHLs that

have been studied to date, it is important not to assume that

the L-stereoisomer is the most active compound in studies

where racemic mixtures of lactone are evaluated.

4 Direct modifications to the lactone ring are tolerated, but

not in all systems. In general, this modification results in

compounds that are less active. However, lactone ring replace-

ments that retain hydrogen bond acceptors, mimicking the

lactone (e.g., a thiolactone), are most often active.

5 Lastly, the incorporation of aromatic functionality into

AHLs, either as lactone replacements or acyl chain substitu-

ents (e.g., PHLs), most commonly yields analogues with

inhibitory activity.

There are a number of challenges to face as we continue to

study Gram-negative QS with AHL analogues. First, one of the

largest hurdles we confront is the need for the standardization of

assays. Many of the reports that we have examined in this

review, although focused on the same LuxR-type protein, were

performed using different reporter strains. This is problematic,

as our group and others have shown that not all compounds

display similar activities in different strains. This discrepancy

could potentially be overcome if the field moves beyond cell-

based assays towards in vitro assays with purified LuxR-type

proteins. We note that this approach has been hampered to date

by the difficult purification and manipulation of these proteins in

the absence of a natural ligand.7 Second, although several non-

native AHLs have been identified that can strongly modulate

Gram-negative QS, there is relatively little known about their

exact mechanisms of action. One significant question is how an

inhibitor is able to block the natural AHL from binding and

how this ultimately results in QS inhibition. Such mechanistic

studies are essential for both the development of new chemical

probes of QS and the ongoing study of QS intervention as a

potential anti-infective strategy.

Fig. 19 Structural features of AHLs tested by Bycroft and co-work-

ers in E. carotovora summarized in shaded box.

Fig. 20 Structural features of AHLs tested by Spring and co-workers

in E. carotovora summarized in shaded box.

This journal is �c The Royal Society of Chemistry 2008 Chem. Soc. Rev., 2008, 37, 1432–1447 | 1445



To close, bacterial QS is a new and rapidly expanding field,

and we have only recently joined the ‘‘conversation.’’ Con-

tinued efforts toward the discovery of new QS modulators will

only serve to expand this dialogue. We contend that the

development of structures more diverse than the simple

AHL mimics discussed herein will be an important advance

for the field. Ligands with enhanced chemical stability relative

to AHLs will also be of value. Several groups have recently

reported approaches to the discovery of such non-AHL scaf-

folds, including the isolation and characterisation of natural

products that modulate QS (e.g., from marine algae and garlic)

and high-throughput screens of commercial small molecule

libraries.53,66–72 Overall, the chemical nature of QS makes this

research area intrinsically accessible and attractive to synthetic

chemists, chemical biologists, and biochemists, to just name a

few. Whether initiating, translating, or intercepting bacterial

communication, the chemical community is certainly poised to

play an important role in the QS field for years to come.
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