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The pathogenic bacterium Pseudomonas aeruginosa uses acyl-
homoserine lactone quorum-sensing signals to coordinate the
expression of a battery of virulence genes in a cascade of regula-
tory events. The quorum-sensing signal that triggers the cascade is
N-3-oxo-dodecanoyl homoserine lactone (30C12-HSL), which
interacts with two signal receptor-transcription factors, LasR and
QscR. This signal is base labile, and it is degraded by mammalian
PON lactonases. We have identified a structurally unrelated triph-
enyl mimic of 30C12-HSL that is base-insensitive and PON-resis-
tant. The triphenyl mimic seems to interact specifically with LasR
but not with QscR. In silico analysis suggests that the mimic fits into
the 30C12-HSL-binding site of LasR and makes key contacts with
LasR. The triphenyl mimic is an excellent scaffold for develop-
ing quorum-sensing inhibitors, and its stability and potency
make it ideal for biotechnology uses such as heterologous gene
expression.
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n the past decade, it has become increasingly clear that

bacteria communicate through small molecule signals. Be-
cause this signaling allows bacteria to coordinate group activities
and to sense their population density, it has become known as
quorum sensing and response (1, 2). Many Gram-negative
bacteria use acyl-homoserine lactones (acyl-HSL) as signals.
These molecules are synthesized by acyl-HSL synthases of the
LuxI family and bind to coevolved acyl-HSL receptor-
transcription factors of the LuxR family (3). In Pseudomonas
aeruginosa, there are two acyl-HSL synthases and three recep-
tors. The Lasl protein generates N-3-oxo-dodecanoyl homo-
serine lactone (30C12-HSL) (4). There are two 30C12-HSL
receptors (5-7). These are the LasR protein, which is a virulence
determinant, and QscR, which activates a small number of genes
compared with LasR. The lasR gene is linked to lasl and is
considered to be the cognate receptor for 30C12-HSL. The gscR
gene is unlinked and is considered an orphan 30C12-HSL
responsive receptor. The other signal synthase, Rhll, generates
C4-HSL, and the C4-HSL receptor is called RhIR (8). The
RhII-R system requires induction by 30C12-HSL and LasR (9,
10). The C4-HSL signal is easily synthesized chemically, is
commercially available, and is resistant to degradation by mam-
malian PON enzymes. Unfortunately, the key signal 30C12-HSL
is more difficult to synthesize chemically, and it is not currently
available from commercial vendors. The lack of 30C12-HSL
availability is a major impediment to research on P. aeruginosa
quorum sensing and to the development of biotechnology ap-
plications of this quorum-sensing system.

Because 30C12-HSL quorum-sensing controls a battery of
virulence factors (11-13) and is important for the progression of
P. aeruginosa infection in laboratory animals (14-17), there has
been considerable effort in identifying inhibitors of the LasR
response to 30C12-HSL. Among the many efforts, we recently
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used an ultrahigh-throughput screen to search for inhibitors in
a library of 200,000 compounds (18). The screen identified both
inhibitors and activators of the LasR-dependent fluorescent
reporter signal. One of the activators, TP-1, seems to function as
a signal mimic of the natural LasR activator. A comparison of the
structure of TP-1, a commercially available triphenyl compound
(see Methods), and several analogs that will be discussed in
Results are shown in Fig. 1. Here, we present data to support the
notion that the triphenyl mimic interacts with LasR at the
HSL-binding site, and we show that a compound similar to TP-1
serves as an inhibitor of LasR activity.

Results

The Triphenyl Signal Mimic TP-1 Functions Through LasR. The triph-
enyl compound TP-1 was first identified in the process of
screening for inhibitors of quorum sensing in P. aeruginosa (18).
Screening was performed with a LasR-dependent promoter
controlling expression of a fluorescent reporter, yfp, under
conditions in which both activators and inhibitors could be
detected. We first sought to determine whether the triphenyl
signal mimic functions by means of an interaction with LasR as
does the authentic 30C12-HSL signal. Both 30C12-HSL and
TP-1 activate transcription of a LasR-dependent rsaL-yfp fusion
(pUM15) in P. aeruginosa MW 1, a mutant that cannot synthesize
acyl-HSLs (Fig. 2). Of note, the maximal response to the mimic
was comparable to the 30C12-HSL response and the mimic
functioned at concentrations about one-tenth the concentrations
of 30C12-HSL required for a response (Table 1). In a P.
aeruginosa mutant lacking LasR, neither 30C12-HSL nor the
mimic activated the fluorescent reporter (data not shown). LasR
dependence could also be shown in the heterologous Escherichia
coli strain ToplOF’/pPROLasR/pUMI15, which harbors the
LasR-dependent YFP-reporter as well as a plasmid expressing
LasR under plac control. Under isopropyl p-D-thiogalactoside
(IPTG) induction, i.e., in the presence of LasR, both 30C12-
HSL and TP-1 induced the reporter (Fig. 3). In the absence of
LasR, neither 30C12-HSL nor TP-1 activated fluorescence
(data not shown). Thus, as is the case with 30C12-HSL, the
mimic exerts its effect through LasR.

The interaction of TP-1 with LasR was further demonstrated
by stabilization of soluble protein during heterologous expres-
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Fig. 1.  Structures of the 30C12-HSL mimic and related compounds. The acti-
vator discovered in the screen is a triphenyl compound (TP-1). Analogs of the
triphenyl compound that we subsequently showed were activators (TP-2, TP-3,
TP-4), and a compound we showed to inhibit (TP-5) are also shown. The natural
ligand for LasR-dependent signaling, 30C12-HSL, is included for reference.

sion of LasR. LasR expressing cultures of E. coli were grown in
the presence of (i) no addition, (if) 5 uM 30C12-HSL, or (iii) 5
uM TP-1 according to a protocol optimized for yields of soluble
LasR (19). Expression levels of total LasR were similar under all
three conditions as confirmed by SDS/PAGE. However, in the
absence of any added signal molecule, no soluble LasR was
detected. Only when the native signal or TP-1 were added to the
culture medium, was there LasR in the soluble fraction. This
finding suggests that TP-1 can stabilize LasR during or after the
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Fig. 2. Induction of the rsal-yfp promoter with 30C12-HSL and TP-1 in P.

aeruginosa MW1. Both 30C12-HSL (O) and TP-1 (@) induce expression of a
LasR-dependent promoter in the signal generation mutant MW1.
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Table 1. Activation levels and potency of native and
novel signals

Level of activation relative

Compound ECsp or ICsp, uM to 30C12-HSL, %
30C12-HSL 0.14 100
TP-1 0.014 106
TP-2 0.24 2
TP-3 0.054 40
TP-4 0.92 11

folding process in a manner similar to 30C12-HSL. Gel shift
assays with crude extracts confirmed that LasR was not only
soluble but in an active conformation (Fig. 4).

An Array Analysis Demonstrates That TP-1 Acts on Multiple LasR-
Dependent Promoters in P. aeruginosa. If the triphenyl compound
functions as a true mimic of 30C12-HSL, then substituting TP-1
for 30C12-HSL should lead to activation of the same regulon as
that activated by 30C12-HSL. Thus, we performed transcript-
profiling experiments on the P. aeruginosa signal-generation
mutant MW1 grown with or without the mimic. We used
conditions similar to those we have used previously but supple-
mented the growth medium with TP-1 (10 uM) instead of
30C12-HSL (2 uM). In our previous analysis, we identified 86
30C12-HSL-induced genes at a culture density of 2 (600 nm)
(11). With the exception of one operon (PA1891-1897), all but
two of these 86 genes were activated at least 2.5-fold as compared
with transcript levels in cells grown without signal (Table 2,
which is published as supporting information on the PNAS web
site). Interestingly, the PA1891-1897 operon was recently shown
to be controlled by QscR specifically and not by LasR (6, 7).
Thus, we conclude that TP-1 can substitute for 30C12-HSL in
the case of LasR, but it is specific for LasR and it does not seem
capable of replacing 30C12-HSL as a QscR ligand.

The Triphenyl Signal Mimic TP-1 Is Specific for LasR. Results from our
microarray experiments indicate that the signal mimic can function
with LasR, but not with QscR. We confirmed this conclusion by
testing TP-1 in a heterologous expression system specific for
signaling through QscR. An E. coli strain that overexpresses QscR
and harbors lacZ (6, 7) under control of the PA1897 promoter
showed B-galactosidase activity only in the presence of 30C12-
HSL, but not in the presence of TP-1 (Fig. 3).

The natural signal 30C12-HSL can function with either QscR
or LasR, but it does not activate heterologous LuxR homologs
that respond to other acyl-HSL signals. We tested for the ability
of TP-1 to modulate other members of the LuxR family in
recombinant E. coli containing plasmids and reporters capable
of detecting signaling through RhIR or Vibrio fischeri LuxR. As
a control, we used recombinant E. coli-containing plasmids
coding for LasR and containing the LasR-responsive rsaL-yfp
fusion. The mimic functioned with LasR specifically (Fig. 3).

TP-1 Is Stable to Base and Enzymatic Degradation. The natural
30C12-HSL signal is base sensitive and is degraded by animal
lactonases in the PON family (20, 21). The instability presents a
number of limitations for biotechnology innovation and it limits
experimental designs. For example, the induction of LasR-
dependent genes cannot be studied in growth media under basic
conditions, and results can be confounded if the pH changes
during culture growth. Also, addition of 30C12-HSL to animal
systems can give complicated results from exposure to PON
lactonases. It is thus difficult to imagine uses of acyl-HSL
induction systems for heterologous expression in animals or
animal cell systems. Therefore, it is important to determine
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Fig. 3. Specificity of the LasR-triphenyl mimic interaction. Responses of the
LasR homologs QscR, RhIR, and LuxR to their cognate acyl-HSL signals (open
bars) and to the triphenyl mimic TP-1 (hatched bars) in recombinant E. coli.

whether the triphenyl mimic showed sensitivities to base treat-
ment and PON activity similar to those of 30C12-HSL. Whereas
a 12-h incubation at pH 8 almost completely inactivated the
natural signal, this treatment did little to the activity of the
mimic. In fact the mimic was relatively stable at pH 9 (Fig. 5a).
Furthermore, as expected, the natural signal was rapidly de-
graded by human PONI, but the mimic was not (Fig. 5b).

Modeling Suggests That TP-1 and 30C12-HSL Bind in a Similar Fashion
to LasR. By using the structure of the only crystallized LasR
homolog, TraR (22), we modeled the structure of the active site
of LasR. The TraR protein responds to 3-oxo-octanoyl-HSL
(30C8-HSL), and the crystal structure was determined for the
TraR cocomplex with 30C8-HSL. Because the amino acid
residues in the LasR and TraR active sites show significant
identity (70%), the 3D model of the LasR active site closely
resembles the x-ray structure of the TraR-active site. Therefore,
the coordinates of the ligand, 30C8-HSL, from the TraR x-ray
structure were transferred directly to the LasR model. The
potential interactions of the homoserine lactone head with LasR
and TraR seem to be identical. The triphenyl mimic could be
docked into the putative active site, resembling 30C8-HSL both
in space occupied and in the potential hydrogen bond interac-
tions with Asp-73 and Trp-60 of the polypeptide (Fig. 6). To
examine the importance of the putative hydrogen bond inter-
actions for activation of LasR, two inhibitors, PD12 and V-06-
018 (18), were also docked into the active site. Neither of the

12 3 4 5 6 7 8 9
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Fig. 4. Gel-shift activity of LasR expressed in the presence of TP-1. In vitro
DNA mobility shift experiment with LasR-containing crude extracts indicates
that LasR binds to target DNA in the presence of TP-1. (Top band) Bound target
DNA. (Middle band) Unbound target DNA. (Bottom band) Negative control
DNA. Lanes 1-8 contained 0.01 fmol of an equimolar mixture of the two
probes; lane 9 contained 0.02 fmol probe mixture. Lanes 1-7 show reactions
of decreasing concentrations of crude LasR (2, 1, 0.5, 0.25, 0.125, 0.063, and
0.031 ug/ml) incubated in the presence of 5 uM TP-1. Lane 8 shows crude LasR
(1 ng/ml) incubated in the absence of TP-1. Lane 9 shows 2 png/ml crude LasR
incubated in the presence of 5 M 30C12-HSL as positive control.
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Fig. 5. Stability of TP-1 to pH and enzymatic degradation. When compared
with 30C12-HSL (O), TP-1 (@) is more stable to basic pH (a) and to degradation
by PON1 (b).

inhibitors made both hydrogen bond contacts with the protein.
None of the PD12 models made either of the contacts, and some
of the V-06-018 models made the hydrogen bond interaction
with Trp-60, but none with Asp-73.

Select Analogs of TP-1 Can Inhibit or Activate LasR. The mimic might
represent a class of compounds capable of interacting at the
active site of LasR, some of which are agonists and some of which
are antagonists. To gain insights about whether related mole-
cules can interact with LasR, we performed an in silico docking
analysis of compounds in the Available Chemical Database
(ACD) from Elsevier MDL to the modeled LasR-HSL-binding
site. Of the top 200 scoring compounds, 14 were selected for
study based on their similarity to the triphenyl compound, TP-1.
All of the 14 compounds lacked a nitro-group. Nine compounds
contained a benzoate ester like TP-1, whereas 5 contained a
benzamide instead (Fig. 1). Three of the 9 benzoate-ester
derivatives functioned as weak activators (TP-2, TP-3, TP-4;
Table 1), and one of the 5 benzamides (TP-5) inhibited weakly.
Inhibition by TP-5 was maximally 90% with an ICsy of ~50 uM.
Of interest, those benzamides that show agonist activity (TP-2,
TP-3, TP-4) are predicted to make the Trp-60 and Asp-73
hydrogen bonds. In contrast, the inhibitor TP-5 is predicted to
make only the Asp-73 bond. We suggest that both activators and
inhibitors of LasR bind at the same site, but only compounds
which make key hydrogen bond contacts with both Trp-60 and
Asp-73 can serve as activators, presumably by inducing a con-
formation that allows LasR to regulate quorum-sensing con-
trolled genes, perhaps through optimal interaction with the RNA
polymerase. These studies suggest that the TP-1 mimic repre-
sents a class of compounds that are capable of interacting at the
active site of LasR, some of which are agonists and some of which
are antagonists.

Muh et al.
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Fig. 6. Docking of TP-1 in the modeled acyl-HSL-binding site of LasR and
influence of selected analogs of the mimic on activity of LasR. Model of docked
compounds. (a) The two molecules fill a similar space in the binding pocket. (b)
Close-up showing hydrogen bonds at Asp-73 and Trp-60. (c) Dose-response
curves for the mimic analogs that showed an ability to activate LasR (®, TP-1;
O, TP-2; ; TP-3, A, TP-4).

Discussion

Our identification of a mimic that can substitute for the natural P.
aeruginosa quorum-sensing signal 30C12-HSL by interacting with
the transcription factor LasR is of interest for several reasons. First,
this mimic is structurally unrelated to the natural signal. Second, the
mimic is even more specific than is 30C12-HSL. LasR is a member
of the LuxR family of acyl-HSL-responsive transcription factors,
which have all evolved to respond to acyl-HSL signals. There are
two 30C12-HSL-responsive transcription factors in P. aeruginosa,
LasR and QscR. Our evidence indicates that the triphenyl molecule
is specific to LasR. It does not activate QscR or in fact the LasR
homologs from other bacteria we tested. It shows LasR specificity
that is superior to the natural signal and it is more potent than the
natural signal. Third, the mimic is not degraded by the mammalian
PONI1 enzyme or under environmental conditions that cause rapid
inactivation of the natural signal. Thus, the mimic is a useful tool for
manipulating LasR under environmental conditions where the
natural signal is ineffective. Acyl-homoserine lactone signaling has
been explored as a means for heterologous expression in eukaryotic
cells (23-25). The stability and potency of TP-1 make it an ideal
substitute for activating such a system.

Muh et al.

We also show that the mimic can be modeled into a predicted
signal-binding site in LasR. By performing in silico docking
studies, we identified related compounds with either agonist or
antagonist activity. Modeling the interactions of these com-
pounds suggests there are two specific ligand-LasR interactions,
Trp-60 and Asp-73 hydrogen bonds, which influence whether a
compound serves as an activator of LasR or an inhibitor. This
suggestion provides a strategy for rational design of additional
modulators of the LuxR family of quorum-sensing proteins. Such
modulators have potential therapeutic value, will be useful tools
to investigate bacterial signaling and could be applied in heter-
ologous expression systems including plant or mammalian cells.

Methods

Chemicals. Acyl-homoserine lactones were prepared by standard
organic synthesis procedures (4, 26). The triphenyl mimic TP-1
and related compounds were purchased from ChemBridge
Corporation (San Diego, CA): TP-1 Cat. No. 5234242, TP-2 Cat.
No. 5234250, TP-3 Cat. No. 5234251, TP-4 Cat. No. 5234291.
Inhibitor TP-5 was purchased from Specs (Wakefield, RI) Cat.
No. AK-968/40641502.

Quorum Activation in P. aeruginosa. We used P. aeruginosa strain
PAOL, as well as an isogenic lasR, rhIR deletion strain (27), and
the lasI, rhil mutant PAO-MW1 (28). The reporter plasmid we
used to measure LasR-dependent signal responses was pUM15,
which carries yfp under control of the LasR-dependent rsalL
promoter (18). Unless otherwise noted, cultures for reporter
experiments were grown in LB broth or on LB agar with 0.4%
sodium chloride. Activation of a quorum-sensing controlled
reporter gene in P. aeruginosa was as described (18).

For transcriptome analyses, we grew P. aeruginosa MW1 in 3
ml of medium in 18 X 150-mm borosilicate tubes with or without
addition of the triphenyl mimic (10 uM). Preparation of RNA for
analysis was as described elsewhere (11). For these analyses, we
used Affymetrix GeneChips (Affymetrix Inc., Santa Clara, CA).

Quorum Activation in E. coli. We measured activation of quorum-
sensing controlled promoters in recombinant E. coli by the
following procedures. For activation of the luxI promoter by
LuxR, we used E. coli VIS533 containing pHV200I~ (4). For
RhIR activation of rilA, we used E. coli DHS5«a containing
pECP61.5 (29). Activation of the PA1897 promoter by QscR was
tested with E. coli DHS5« containing pJL101 and pJN105Q (6).
To test activation of the LasR-dependent rsal. promoter, we
used E. coli, ToplOF' containing the rsaL-yfp reporter pUMI15
and the LasR expression vector pPROLasR. Plasmid pPRO-
LasR was constructed by amplifying a lasR-containing PCR frag-
ment from P. aeruginosa PAO1 genomic DNA. The forward primer
was complementary to the first 18 bases of the lasR ORF with an
engineered Kpnl site and reverse primer complementary to the
stop codon and was complementary to the last 16 bases of the lasR
OREF with an engineered BamHI site. The PCR product encoding
the LasR polypeptide was ligated to KpnI-BamHI-digested pPro-
lar.A122 (Invitrogen Corporation, Carlsbad, CA).

EMSAs. Gel-shift assays were performed according to a previous
publication (19). Crude lysates were prepared from cells over-
expressing LasR and grown in the presence of the mimic. A
specific DNA probe of 283 base pairs was generated by PCR
amplification of the regulatory region upstream of rsal.. A DNA
probe of 176 bp and without a LasR-binding site was generated
by PCR amplification of DNA encompassing most of the rsaL
coding region.

Sensitivity of the Triphenyl Mimic to Base Treatment and PON1. We

compared the base sensitivity of TP-1 to that of 30C12-HSL by
incubating both compounds (0.5 uM) in 100 mM Mes (pH 5-6) or
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100 mM Tris (pH 7-9) for 12 h at room temperature. The loss of
activity was determined with a bioassay described elsewhere (4).
Enzymatic degradation of the triphenyl mimic and 30C12-HSL was
compared by incubating both compounds (2 ©M) with recombinant
PONT1 (2 pg) in 100 ul of 10 mM Tris buffer (pH 8), 1 mM CaCl,
at room temperature. We used the bioassay to determine the
amount of active signal remaining at various times up to 60 min.

Structure Modeling and Ligand Docking. A homology model of
LasR was built with SwissModel (30) by using the x-ray crystal-
lographic structure of TraR (PDB ID code 1L3L) (22) as a
template and a sequence alignment between TraR and LasR
(31). Ligands were docked by using Glide (32) with default
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