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Abstract
The human pathogen Pseudomonas aeruginosa coordinates the expression of virulence factors using
quorum sensing, a signaling cascade triggered by the activation of signal receptors by small molecule
autoinducers. These homoserine lactone autoinducers stabilize their cognate receptors and activate
their functions as transcription factors. As quorum sensing regulates the progression of infection and
host immune resistance, significant efforts have been devoted towards the identification of small
molecules that disrupt this process. Screening efforts have identified a class of triphenyl compounds
that are structurally distinct from the homoserine lactone autoinducer, yet interact specifically and
potently with LasR receptor to modulate quorum sensing (Muh et al., 2006a). Here we present the
high-resolution crystal structures of the ligand-binding domain of LasR in complex with the
autoinducer N-3-oxo-dodecanoyl homoserine lactone (1.4 Å resolution), and with the triphenyl
mimics TP-1, TP-3, and TP-4 (to between 1.8-2.3 Å resolution). These crystal structures provide a
molecular rationale for understanding how chemically distinct compounds can be accommodated by
a highly selective receptor and provides the framework for the development of novel quorum sensing
regulators, utilizing the triphenyl scaffold.

INTRODUCTION
The Gram-negative bacterium Pseudomonas aeruginosa is an opportunistic pathogen that
targets immuno-compromised patients such as burn victims, neutropenic cancer, cystic
fibrosis, and AIDS patients (Driscoll et al., 2007). P. aeruginosa infections kill several
thousand of individuals each year and accounts for nearly 10% of all hospital-acquired
nosocomial infections. The pathogen is notoriously resistant to most common antibiotics due
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to (a) the presence of a lipopolysaccharide-derived outer membrane permeability barrier (b)
the actions of multidrug efflux pumps along with several chromosomally encoded antibiotic
resistance genes, and (c) its tendency to manufacture and colonize surface-associated biofilms
that further confer resistance (Hancock, 1998; Lambert, 2002). In addition to such intrinsic
resistance, P. aeruginosa can also develop acquired resistance through horizontal gene transfer
of antibiotic resistance determinants. The difficulty in treating Pseudomonas infections with
antibiotics is illustrated by the fact that virtually all cystic fibrosis patients eventually become
infected with a resistant strain that is untreatable (Gomez and Prince, 2007). The development
of novel antimicrobials for the treatment of P. aeruginosa remains a global health concern.

Extensive research efforts over the past decade have established the quorum sensing signaling
pathway as a viable target for the development of antimicrobials against P. aeruginosa
(Bjarnsholt and Givskov, 2007; Clatworthy et al., 2007; Hentzer et al., 2003; Khmel and
Metlitskaia, 2006). Quorum sensing is a strategy for intercellular communication that allows
bacteria to coordinate their activity in response to population density (Waters and Bassler,
2005). The sensing mechanism is predicated upon the production of a small signal molecule
called the autoinducer, which can diffuse through bacterial cell walls to allow for intercellular
crosstalk (Fuqua et al., 1994). When the concentration exceeds a threshold value, the
autoinducer binds its cognate receptor and activates the transcription of various genes.
Pathogenic bacteria, including P. aeruginosa, use quorum sensing to evade the host immune
response until they reach a threshold density, after which they activate the expression of
virulence factors and participate in the maturation of biofilms (Clatworthy et al., 2007; Smith
and Iglewski, 2003a).

Dissection of the signal sensing pathway identifies three receptors in P. aeruginosa that respond
to homoserine lactone autoinducers: LasR, QscR, and RhlR (Chugani et al., 2001; Ochsner
and Reiser, 1995; Pearson et al., 1994). Among these, the LasR signal receptor is activated the
earliest and regulates the expression of most virulence or biofilm production associated genes
(including other quorum sensing receptors) and, thus, has been the focus of intense research
efforts (Pearson et al., 1995; Smith and Iglewski, 2003a; Smith and Iglewski, 2003b). The LasR
receptor consists of two independently folded protein domains: an amino terminal ligand
binding domain and a carboxy-terminal DNA binding domain (Bottomley et al., 2007). As
with other quorum-sensing signaling receptors, binding of the homoserine lactone autoinducer
stabilizes LasR and promotes dimerization (Kiratisin et al., 2002) and the resultant LasR
homodimer-N-3-oxo-dodecanoyl homoserine lactone autoinducer complex binds target DNA
to activate gene transcription (Schuster et al., 2004).

Recent efforts provide compelling evidence that inhibition of the quorum sensing signaling
pathway can attenuate the virulence of P. aeruginosa. For example, mice infected with P.
aeruginosa strains with mutations in the quorum-sensing pathway show reduced mortality and
a decrease in the spread of the pathogen throughout the body (Smith et al., 2002). The quorum
sensing receptors have garnered significant research interest as a target for therapeutic
intervention due to the ability to easily screen for small molecule inhibitors, and much of the
interest is focused on the LasR receptor, as it is required for the function of all other acyl
homoserine receptors. However, efforts to design mimics based on the scaffold of the N-3-
oxo-dodecanoyl homoserine lactone are limited by the fact that LasR shows high specificity
for its cognate autoinducer. For example, the autoinducer for the related signaling receptor
TraR (N-3-oxo-octanoyl homoserine lactone) contains an acyl chain that is shorter by four
carbon atoms but is otherwise identical in structure to the autoinducer for LasR (Piper et al.,
1993; Zhang et al., 1993). However, despite their similar chemical structures, the two receptors
are highly specific for their cognate autoinducers and these small molecules show no cross-
functionality (Pearson et al., 1994). In addition, the homoserine lactone is unstable at pH levels
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above 7 and is targeted for hydrolysis by mammalian lactonases, limiting the efficacy of
synthetic derivatives as suitable pharmaceuticals (Ozer et al., 2005; Yang et al., 2005).

Additional approaches towards the development of quorum sensing inhibitors have included
characterization of natural product and high-throughput screening of small molecules.
Recently, an in vitro screen utilizing a P. aeruginosa strain lacking the ability to produce acyl-
homoserine lactones and carrying a yellow fluorescent protein marker under control of a LasR
regulated promoter was subject to a library of 200,000 compounds, resulted in the identification
of both inhibitors and activators of LasR-dependent signalling (Muh et al., 2006b). An
intriguing finding from this screen was the identification of a novel triphenyl (TP) scaffold
based compound that is shown to be a potent activator of LasR despite the lack of any
appreciable chemical similarities to the acyl homoserine lactone autoinducer (Muh et al.,
2006a) (Figure 1). This compound (TP-1) and its derivatives TP-2, TP-3, and TP-4 are shown
to function directly through LasR, show binding affinities that are several orders of magnitude
lower than for any other class of inhibitors, and shows no cross-reactivity with related signaling
receptors including QscR, LuxR, or RhlR (Muh et al., 2006a).

The identification of these specific, potent small molecule activators of LasR, structurally
distinct from the homoserine lactone autoinducer, serves as a linchpin towards the development
of synthetic modulators of quorum sensing. In order to delineate the dictates of molecular
recognition of these novel triphenyl compounds by LasR, we have determined the high
resolution co-crystal structures of the ligand-binding domain of this signaling receptor bound
to TP-1 and TP-3 (each to 1.8 Å resolution), and TP-4 (2.3 Å resolution). We also report the
structure of the LasR ligand binding domain bound to the N-3-oxo-dodecanoyl homoserine
lactone autoinducer to 1.4 Å resolution, which provides a highly accurate view of the native
binary complex. This work presents the first structural characterization of any quorum sensing
receptor bound to a structurally distinct ligand and provides insights into differential ligand
recognition by a highly specific receptor. The molecular framework presented here may serve
in the rational design of inhibitors to target the quorum sensing signal pathway in pathogenic
P. aeruginosa.

RESULTS
Overall Fold of LasR and Interactions With Autoinducer

Initial attempts to produce co-crystals of full-length LasR bound to both small molecule ligands
and to various synthetic oligonucleotides encompassing the target DNA binding sequence were
unsuccessful. As prior analysis had established that the ligand binding domain, lacking the 60
carboxy-terminal residues, was stable in the presence of cognate acyl homoserine ligand and
amenable to crystallization (Bottomley et al., 2007), we utilized a similar approach for our
structural efforts. The validity of this approach is further confirmed by the fact that suitable
quantities of soluble and stable protein could be heterologously produced in media
supplemented with either the acyl homoserine lactone autoinducer or any of the triphenyl
mimics. The 1.4 Å resolution resolution co-crystal structure of the LasR ligand binding domain
(hereafter LasR)-N-3-oxo-dodecanoyl acyl homoserine lactone complex was determined by
molecular replacement using the coordinates from the previously determined structure of the
binary complex, determined to 1.8 Å resolution (Bottomley et al., 2007). All other structures
were also determined by molecular replacement using coordinates from this higher resolution
structure.

The overall fold of the LasR ligand binding domain presented here recapitulates the overall
architecture of the same domain discerned from the prior structural analysis of its complex
with acyl homoserine lactone autoinducer (Bottomley et al., 2007). Briefly, the ligand-binding
domain consists of a five-stranded anti-parallel β-sheet flanked on both sides by two sets of
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three α-helices (Figure 2A). Consistent with previous biochemical and biophysical analysis,
the LasR ligand binding domain exists as a homodimer in solution and in the 1.4 Å resolution
structure of LasR-N-3-oxo-dodecanoyl homoserine lactone, there are two crystallographically
independent copies of the complex present in the asymmetric unit. Dimerization is mediated
by extensive polar and non-polar contacts with the central interface consisting of α-helix α6
and two loop regions.

The ligand-binding pocket is formed between the β-sheet core and helices α3, α4, and α5. A
large loop, L3 encompassing residues Leu-40 through Phe-51, covers the pocket and sequesters
the ligand into the interior of the polypeptide and away from solvent. At the base of this pocket,
several key residues engage in hydrogen bond interactions with the polar homoserine lactone
head group of the autoinducer, including Tyr-56 (2.73 Å), Trp-60 (3.05 Å), Asp-73 (2.79 Å),
and Ser-129 (2.69 Å) (Figure 2B). Each of these residues is strictly conserved between LasR,
LuxR, and RhlR (with Thr-129 replacing the serine at this position in TraR), reflecting the fact
that each of these receptor homologs can recognize cognate ligands with identical polar head
groups.

At the other end of the ligand-binding pocket of LasR, a number of hydrophobic residues
including Leu-36, Leu-40, Ile-52, Val-76 and Leu-125 engages the hydrophobic tail of the
N-3-oxo-dodecanoyl homoserine lactone through van der Waals contacts (Figure S1). An
important determinant of acyl chain interaction is mediated through interactions with Tyr-47
that is located in the L3 loop region that covers the ligand-binding pocket. The packing of
Tyr-47 against the hydrocarbon chain of the autoinducer shields the ligand-binding pocket
from bulk solvent, while reciprocally sequestering the nonpolar residues in the L3 loop into a
favorable hydrophobic environment. The loss of this favorable interaction in the absence of
the autoinducer would presumably result in loop flexibility, and subsequent exposure of the
buried hydrophobic residues in this pocket to bulk solvent, resulting in protein aggregation.
Similarly, decreasing the hydrocarbon chain length of the autoinducer would compromise the
integrity of the favorable hydrophobic interactions resulting in an unstable complex. A
comparison of the crystal structures of LasR and TraR (which utilizes a shorter N-3-oxo-
hexanoyl homoserine lactone autoinducer) shows that the L3 loop is much shorter in TraR and
does not cap the ligand-binding pocket (Figure S2) (Vannini et al., 2002; Zhang et al., 2002).
Rather, a movement of sheets β1 and β2 towards helices α3 and α5 sequesters the hydrophobic
pocket of TraR from bulk solvent. Such structural rearrangements at the acyl chain-binding
region may account for the differential specificities of signaling receptors towards their cognate
autoinducers.

Co-crystal Structure of the LasR-TP-1 Complex
The structure of this binary complex was determined to 1.8 Å resolution by molecular
replacement using the final refined coordinates of LasR from the acyl homoserine lactone
complex structure. The structure of LasR is essentially identical to that of the acyl homoserine
lactone complex with a root mean square deviation (RMSD) of 0.6 Å for main chain and 1.2Å
Å for all atoms. Difference Fourier calculations show unambiguous electron density for the
tri-phenyl mimic molecule at the ligand-binding site (Figure 3A).

The high quality of the electron density maps at this resolution, and the strong electron-rich
feature of the chlorine atom suggest a slight inaccuracy in the previously reported chemical
structure and that the chlorine atom on the first ring and the nitro functional group on the third
ring should be transposed (Figure 1) (Muh et al., 2006a).

Within the co-crystal structure, the TP-1 mimic participates in interactions with LasR similar
to those engaged by the autoinducer. The four residues that participate in hydrogen bond
interactions with the polar head group of the autoinducer similarly engage atoms near the first
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aromatic ring of the TP-1 mimic: Tyr-56-O17 (2.72 Å), Trp-60-O18 (3.07 Å), Trp-60-O17
(3.24 Å), Asp-73-N8 (2.70 Å), and Ser-129-O17 (3.06 Å) (shown as black dashed lines in
Figure 3A). The geometry and stereochemistry of these hydrogen bond interactions are similar
to those observed in the interactions with the autoinducer. The first aromatic ring participates
in face-to-face π-stacking interaction with Trp-88 and an edge-to-face interaction with Phe-101
(Burley and Petsko, 1985).

The second and third aromatic rings of the TP-1 mimic occupy a location similar to that of the
long chain hydrocarbon of the autoinducer. In order to accommodate the meta bromine
substituents on the second ring, Arg-61, which faces towards the ligand-binding pocket in the
autoinducer co-crystal structure, is displaced out towards bulk solvent. Each of the bromine
atoms participate in halogen bonds that fix the orientation of the molecule and interact with
the carbonyl oxygen of Tyr-47 (3.52 Å) and Nε1 of Trp-60 (3.69 Å) (shown as green dashes
lines in Figure 3A). Despite the slightly larger than expected distances, these halogen bonds
associated with an aromatic compound are expected to stronger than those with aliphatic
molecules (Auffinger et al., 2004). In addition, the ortho location of an oxygen atom to one of
the bromines is expected to have a further polarizing effect on the halogen. The second aromatic
ring of the TP-1 mimic also participates in a face-to-face π-stacking interaction with the side
chain of Tyr-64, which is further enhanced by the additive, dispersive effects of the multiple
bromine substitutions on the π electrons of the ring (Ringer et al., 2006). A modest movement
of the Tyr-64 in the TP-1 co-crystal structure results in a better alignment of the two conjugate
aromatic systems to maximize the stacking interactions. Lastly, the third aromatic ring of the
TP-1 mimic packs in the ligand-binding pocket in an orientation similar to that observed for
the trajectory of the final four carbons of the hydrocarbon tail of the autoinducer. The planarity
of this third ring results in a more compact packing arrangement within the pocket.
Consequently, the side chain of Tyr-47 is shifted about 3 Å towards the pocket when TP-1 is
bound, relative to its position with bound autoinducer.

Co-crystal Structure of the LasR-TP-3 Complex
The 1.8 Å resolution co-crystal structure of the LasR-triphenyl mimic 3 (TP-3) complex was
similarly determined by molecular replacement. Difference Fourier calculations show
unambiguous electron density for TP-3 and the orientation of the ligand was further confirmed
by the electron rich features of the halogen atoms (Figure 3). The interactions between LasR
and TP-3 are similar to those observed for TP-1, consistent with the similar properties of this
molecule as an autoinducer mimic. The position of the second and third aromatic rings of the
triphenyl mimics in the ligand-binding pocket aligns well, and TP-3 utilizes similar
hydrophobic and π-stacking interactions in the interaction with LasR.

The interactions between the first aromatic of TP-3 and LasR are similar to those observed for
TP-1, except that a chlorine atom replaces the nitro group substituent. This results in a loss of
one of the two hydrogen bonds between the nitro oxygen and a torsional movement of this ring
in order to maximize a halogen bond between the chlorine atom and Nε1 of Trp-60 (3.24 Å).
This movement compromises the favorable π-stacking interactions observed between the first
ring of TP-1 and Phe-101 and Trp-88. This loss of a favorable hydrogen bond and π-stacking
interactions in the LasR-TP-3 structure is consistent with the higher IC50 value and lower
activation effect of this triphenyl mimic relative to that for TP-1 (Muh et al., 2006a).

Co-crystal Structure of the LasR-TP-4 Complex
Unambiguous density corresponding to triphenyl mimic 4 (TP-4) could be observed in electron
density maps calculated using difference Fourier coefficients on the 2.3 Å resolution structure
of the LasR-TP-4 complex. Despite the lower quality of the electron density map at this
resolution, strong electron density on one of the substituents of the second aromatic ring (at
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least 10 σ above background) is consistent with a bromine atom and suggest another minor
inaccuracy in the previously reported chemical structure (Figure 1) (Muh et al., 2006a). The
orientation of the three aromatic rings of TP-4 is similar to those observed for each of the other
triphenyl mimics in the co-crystal structures reported here. As with the TP-3 ligand, the chlorine
substituent on the first aromatic ring results in a loss of a hydrogen bond and compromises the
π-stacking interactions with Phe-101 and Trp-88. Additionally, the loss of the two halogens
on the second aromatic ring weakens the dispersive effects on the π electrons, resulting in
weaker face-to-face π-stacking interaction with the side chain of Tyr-64 (Burley and Petsko,
1985). The cumulative effects of each of these alterations results in a weaker interaction of
LasR with TP-4, consistent with the highest IC50 value and lowest activation effect for this
mimic relative to the other two under investigation here (Muh et al., 2006a).

DISCUSSION
Despite the limited sequence identity between these molecules, each of the four quorum sensing
signaling receptors (LasR, TraR, LuxR and RhlR) recognize similar cognate ligands, each of
which have identical head groups but differing chain lengths (Fuqua and Greenberg, 2002;
Fuqua et al., 2001). Residues involved in intermolecular hydrogen bond interactions with the
head group of the autoinducer are conserved, providing a molecular rationale for the
conservation of this interaction in spite of the low sequence similarity between these receptors
(Bottomley et al., 2007; Vannini et al., 2002; Zhang et al., 2002). For each of these receptors,
the length of the acyl chain dictates the specificity for interaction with the autoinducer. For
each ligand/receptor pair, specificity for the cognate ligand is regulated by the size and
hydrophobicity of the acyl chain-binding pocket, rather than by detailed side chain interactions.
In the case of LasR, the long hydrocarbon acyl chain is accommodated into a correspondingly
larger pocket that is then capped off by the L3 loop to shield this pocket from bulk solvent.
Small molecule compounds mimics of the N-3-oxo-dodecanoyl homoserine lactone
autoinducer must be able to both meet the hydrogen bonding requirements with Tyr-56. Trp-60,
Asp-73 and Ser-129 and satisfy the constraints of the acyl chain-binding pocket to induce the
proper configuration of the L3 loop. Each of the tri-phenyl compounds under study here can
meet both of these requirements, making them suitable mimics of the autoinducer, in spite of
the lack of overall chemical similarities.

Among the several tri-phenyl mimics identified and characterized, TP-5 is of particular interest
as, despite the similarities to the other tri-phenyl compounds, this molecule functions as an
antagonist rather than an agonist of LasR function (Muh et al., 2006a). Elucidation of the
mechanism for this agonist to antagonist switch should provide a valuable framework for the
development of effective inhibitors of LasR. Unfortunately, we have not been able to determine
the structure of the LasR-TP-5 due to instability of this complex, resulting in LasR aggregation.
The TP-5 ligand is easily dissociated from the receptor, despite persistent efforts to ensure a
stoichiometric excess of the ligand during cell growth and in all solution used in protein
purification. In spite of a lack of structural data for the LasR-TP-5 complex, the similarity in
chemical structures between TP-5 and TP-3 allows modeling of the LasR-TP-5 complex based
on our experimentally determined structure of the LasR-TP-3 complex. Manual docking of the
TP-5 ligand based on the position of TP-3 reveals that the chlorine atom on the third aromatic
ring of TP-5 would result in a steric clash with the main chain carbonyl of Leu-125, as the
chlorine-oxygen distance of 2.2 Å is shorter than the sum of the van der Waal's radii for the
two atoms. Consequently, the β sheet that harbors Leu-125 would be pushed away from the
ligand-binding pocket, resulting in an aberrant conformation of LasR. Disruption of the native
conformation of the LasR receptor may account for the inhibitory activity of TP-5, and may
explain the instability of this complex in our experiments. However, in the absence of structural
data, we can not rule out the possibility that TP-5 may bind to LasR in an entirely different
manner from that observed for the other triphenyl mimics.
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The triphenyl mimics have been demonstrated to be specific for LasR and show no cross-
reactivity to other other structural similar quorum sensing receptors, such as QscR or TraR
(Muh et al., 2006a). A superposition of the crystal structure of TraR with the LasR-TP-1
structure provides a molecular rationale for this specificity. While the triphenyl mimics can be
suitably accommodated into the ligand binding site of LasR, steric clashes between TraR
residues Leu-40, Ile-42, and Ile-47, and the third ring of the mimic would preclude binding of
any triphenyl compound. Notably, these residues are all located in the L3 loop. The
uncharacteristically longer L3 loop in LasR allows for the accommodation of the third ring of
the triphenyl compounds, whereas the shorter loops of TraR (and QscR) would clash with this
group and preclude effective binding.

The efficacy of the different triphenyl mimics to activate LasR quorum-sensing controlled
reporter genes correlates directly with the ability of these compounds to maintain hydrogen
bonding interactions observed in the LasR-N-3-oxo-dodecanoyl homoserine lactone complex.
Notably, comparison of the co-crystal structures of LasR bound to its cognate ligand against
those bound to triphenyl mimics suggests a critical role for hydrogen bonding interactions with
Trp-60. For example, the triphenyl mimics TP-1 and TP-3 make near identical interactions
with the receptor but the two hydrogen bonds between Trp-60 and the nitro group on TP-1 are
replaced with s single halogen bond with a chlorine atom located at the equivalent position on
TP-3. The fact that quorum activation with the TP-3 ligand is lower than that with TP-1 may
be a consequence of the weaker donor-acceptor interactions between the triphenyl mimic and
Trp-60 in the receptor. In our modeled structure of the LasR-TP-5 complex, the halogen bond
between the chlorine atom on TP-5 and Trp-60 has poor stereochemistry, and would be
expected to be even weaker than for TP-3. This may explain, in part, why TP-5 is an inhibitor,
rather than an activator, of LasR signaling.

Within the LasR receptor ligand binding domain, Trp-60 is situated on helix α3 and serves to
buttress helix α5 through van der Waals contact with Phe-101, Ala-108 and Leu-110 on α5
(Figure 5). While there are no significant conformational differences near Trp-60 between the
various triphenyl mimic, the correlation between hydrogen bonding through Trp60 and quorum
activation/inhibition suggests that the local structure around Trp-60 may be involved in the
process of transcription activation, perhaps through contacts with RNA polymerase or other
transcriptional factor. Additional efforts are needed to elucidate the mechanism of differential
activation, with the goal of developing efficient inhibitors of LasR that show low toxicity.

SIGNIFICANCE
Pseudomonas aeruginosa is an opportunistic pathogen that kill several thousand of individuals
each year and accounts for nearly 10% of all hospital-acquired infections. Treatment of P.
aeruginosa infections with traditional antibiotics is limited by an intrinsic resistance to a large
range of antibiotics and by its facile acquisition of additional resistance determinants. As
disruption of the quorum sensing signaling pathway is shown to attenuate the virulence of P.
aeruginosa, significant research efforts have focused on the identification of compounds that
target quorum sensing. However, synthetic chemical efforts to design mimics based on this
structural scaffold have been limited by the high specificity of the LasR signaling receptor for
its cognate autoinducer. High-throughput screening efforts have identified a novel class of
structurally distinct compounds that can interact specifically and potently with LasR receptor
to modulate quorum sensing (Muh et al., 2006a). The crystal structures of the LasR ligand-
binding domain bound to its cognate autoinducer, and to each of the triphenyl mimics TP-1,
TP-3, and TP-4 provide the molecular bases for understanding how the chemically distinct
triphenyl compounds can be accommodated by a highly selective receptor. These studies
establish a framework for further development of quorum sensing modulators based on the
triphenyl scaffold.
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EXPERIMENTAL PROCEDURES
Materials

Genomic DNA for Pseudomonas aeruginosa was purchased from the American Tissue Culture
Collection. The N-3-oxo-dodecanoyl homoserine lactone was purchased from Cayman
Chemicals (Ann Arbor, Michigan) and the triphenyl mimics were purchased from ChemBridge
Corporation (San Diego, CA).

Cloning, protein expression and purification
Full details are presented in the Supplemental Methods section.

Crystallization and Data Collection
As attempts to produce co-crystals of full-length LasR complex bound to various synthetic
oligonucleotides encompassing the target DNA binding sequence were unsuccessful, we
focused on co-crystallization efforts on the ligand binding domain in the presence of cognate
ligand or mimics. For crystallization of the LasR-N-3-oxo-dodecanoyl acyl homoserine
lactone, LasR-TP-1 and LasR-TP-3 complexes, 1.5 μl of protein (8 mg/ml) was mixed with
1.5 μl precipitant solution containing 80 mM calcium acetate, 40 mM HEPES pH=7.3, 3mM
dithiothreitol, and 16% polyethylene glycol 4,000. For crystallization of the LasR-TP-4
complex, 1.5 μl of protein (8 mg/ml) was mixed with 1.5 μl precipitant solution containing 100
mM ammonium sulfate, 50 mM MES pH=5.6, 3mM dithiothreitol, and 20% polyethylene
glycol 8,000. The mixture drop was equilibrated over a well containing the same precipitant
solution at either 8o or 20oC and crystals reached their maximum size after 2-4 days. Crystals
of each complex were stepwise equilibrated with the crystallization media supplemented with
incremental concentrations of ethylene glycol, up to a final concentration of 30%, prior to
vitrification in liquid nitrogen.

Structure Determination and Refinement
Data from each crystal was collected to their respective resolution limit, utilizing a Mar 300
CCD detector (LS-CAT, Sector 21 ID-D, Advanced Photon Source, Argonne, IL). Data were
indexed and scaled using the HKL2000 package (Otwinowski et al., 2003). The structures of
each complex were determined by molecular replacement (McCoy, 2007), using the refined
coordinates of the previously reported 1.8 Å resolution structure of the LasR ligand binding
domain-N-3-oxo-dodecanoyl acyl homoserine lactone complex (Bottomley et al., 2007)
without any water molecules or bound ligands. For each structure, iterative model building
was carried out was using XtalView (McRee, 1999) and further improved by rounds of
refinement with REFMAC5 (Murshudov et al., 1997; Murshudov et al., 1999). Cross-
validation used 5% of the data in the calculation of the free R factor (Kleywegt and Brunger,
1996). The appropriate ligand was built into difference Fourier electron density maps after the
free R factor for the protein model fell below 30%. Solvent molecules were added towards the
latter stages of model building and refinement. For each of the structures, stereochemistry of
the model was monitored throughout the course of refinement using PROCHECK (Laskowski
et al., 1996). Data collection and refinement statistics are given in Table 1. The refined
coordinates have been deposited in the PDB with identification numbers XX1 (LasR- N-3-oxo-
dodecanoyl acyl homoserine lactone), XX2 (LasR-TP-1), XX3 (LasR-TP-3), XX4 (LasR-
TP-4).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Revised structures of the cognate and structurally distinct LasR ligands
Chemical structures of the N-3-oxo-dodecanoyl homoserine lactone (3OC12-HSL) and each
of the five triphenyl mimics previously identified as LasR ligands (Muh et al., 2006a). The
structures of TP-1 and TP-4 differ slightly from those reported previously, as determined by
the presence of electron-rich halogen atoms in their respective co-crystal structures, and the
revisions are noted in red.
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Figure 2. Structure of LasR-homoserine lactone complex
(A) Ribbon diagram showing the overall structure of the LasR-N-3-oxo-dodecanoyl
homoserine lactone homodimer with one monomer colored in light blue and the second colored
in purple. The homoserine lactone is shown in a ball-and-stick representation and secondary
structure elements are noted on the light blue monomer. (B) Stereo-view of electron density
maps calculated using Fourier coefficients Fobs – Fcalc with phases derived from the final
refined model of the LasR-N-3-oxo-dodecanoyl homoserine lactone minus the coordinates of
the ligand prior to one round of crystallographic refinement. The map is contoured at 4σ (blue
mesh) and the final refined coordinates are superimposed with the protein residues colored in
yellow and the ligand molecule colored in pink.
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Figure 3. Close-up view of the LasR-triphenyl mimic complexes
Stereo-view of electron density maps calculated using Fourier coefficients Fobs – Fcalc with
phases derived from the final refined model of a LasR-triphenyl mimic complex minus the
coordinates of the ligand prior to one round of crystallographic refinement. (A) For the Lasr-
TP-1 complex, the maps are contoured at 4σ (blue mesh) and 10σ (red mesh). The final refined
coordinates are superimposed with the protein residues colored in yellow and the TP-1 ligand
molecule colored in purple. (B) For the LasR-TP-3 complex, the maps are contoured at 4σ
(blue mesh) and 10σ (red mesh). The final refined coordinates are superimposed with the
protein residues colored in yellow and the TP-3 ligand molecule colored in light blue. (C) For
the Lasr-TP-1 complex, the maps are contoured at 2.8σ (blue mesh) and 8σ (red mesh). The
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final refined coordinates are superimposed with the protein residues colored in yellow and the
TP-4 ligand molecule colored in pink. Note the electron dense features that identify the location
of the halogen substituents on each of the triphenyl scaffolds. Black dashed lines indicate
hydrogen bond interactions and green dashed lines indicate halogen bond interactions.
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Figure 4. Model of the LasR-TP-5 interaction
Stereo-view of a model structure of the LasR-TP-5 complex derived from the experimentally
determined structure of the LasR-TP-3 complex. The protein residues are shown in yellow and
the TP-5 ligand is shown in cyan. A van der Waals surface for the ligand is superimposed and
shown as pink dots. Note the steric clash between the backbone carbonyl of Leu-125 and a
chlorine atom on the TP-5 ring.
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Figure 5. Role of Trp-60 in Receptor Stability
Close-up view of the ligand-binding site in the LasR-N-3-oxo-dodecanoyl homoserine lactone
structure showing the orientation of Trp-60 relative to helices α3 and α5. Residues that
participate in ligand binding or direct the trajectory of the ligand are shown as yellow ball-and-
stick and the homoserine lactone is shown as purple ball-and-stick.
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Table 1

Data collection, phasing and refinement statistics

LasR-3OC12 LasR-TP1 LasR-TP3 LasR-TP4

Data collection
    Space group P21 P21 P21 C2
    Cell dimensions
        a, b, c (Å) 54.4, 67.6, 54.3 54.2, 84.5, 156.4 54.2, 85.2, 76.6 153.1, 82.4, 90.5
        α, β, γ (°) 90.0, 114.9, 90.0 90.0, 95.9, 90.0 90.0, 96.4, 90.0 90.0, 126.0, 90.0
    Resolution (Å)* 50-1.4 (1.45-1.4) 50-1.8 (1.86-1.8) 50-1.8 (1.86-1.8) 50-2.3 (2.38-2.3)
    Rsym (%) 2.9 (8.5) 5.4 (19.2) 3.7 (18.2) 4.6 (36.5)
    I /σ (I) 37.1 (17.7) 19.6 (4.7) 27.8 (5.3) 23.1 (2.4)
    Completeness (%) 93.3 (87.1) 97.9 (91.6) 97.3 (88.2) 96.3 (80.4)
    Redundancy 4.8 (4.7) 2.8 (2.7) 3.2 (2.9) 3.7 (3.1)
Refinement
    Resolution (Å) 20.0-1.4 25.0-1.8 25.0-1.8 25.0-2.3
    No. reflections 61,343 120,893 59,151 37,071
    Rwork / Rfree 16.8/20.7 19.9/24.7 20.3/24.9 22.8/28.6
    Number of atoms
        Protein 2,586 10,500 5,196 6,358
        Ligand 42 248 116 150
        Water 457 1,497 542 83
    B-factors
        Protein 17.32 21.31 25.91 34.49
        Ligand 13.98 18.85 26.87 58.2
        Water 30.93 34.21 36.81 32.29
    R.m.s deviations
        Bond lengths (Å) 0.010 0.007 0.009 0.019
        Bond angles (°) 1.39 1.09 1.12 1.79

*
Highest resolution shell is shown in parenthesis.
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