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Abstract

The ability of LuxR-type proteins to regulate transcription is controlled by bacterial pheromones,
N-acylhomoserine lactones (AHLs). Most LuxR-family proteins require their cognate AHLSs for
activity, and some of them require AHLs for folding and stability, and for protease-resistance.
However, a few members of this family are able to fold, dimerize, bind DNA, and regulate
transcription in the absence of AHLSs; moreover, these proteins are antagonized by their cognate
AHLSs. One such protein is YenR of Yersinia enterocolitica, which is antagonized by N-3-
oxohexanoyl-lI-homoserine lactone (OHHL). This pheromone is produced by the OHHL synthase,
a product of the adjacent yen/ gene. Another example is CepR2 of Burkholderia cenocepacia,
which is antagonized by N-octanoyl-L-homoserine lactone (OHL), whose synthesis is directed by
the cep/ gene of the same bacterium. Here, we describe the high-resolution crystal structures of the
AHL binding domains of YenR and CepR2. YenR was crystallized in the presence and absence of
OHHL. While this ligand does not cause large scale changes in the YenR structure, it does alter the
orientation of several highly conserved YenR residues within and near the pheromone-binding
pocket, which in turn caused a significant movement of a surface-exposed loop.
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INTRODUCTION

Many species of bacteria are able to synchronize gene expression with sibling cells using
mechanisms that involve diffusible chemical signals, or pheromones. Bacteria use these
molecules to regulate diverse behaviors, including bioluminescence, horizontal DNA
transfer, biofilm formation, pathogenesis, and the production of virulence factors,
antimicrobials and other secondary metabolites.1* These signals enable bacteria to estimate
their population density, a process often referred to as quorum sensing. In the past few years,
entirely new classes of pheromones have been described, and more are likely to be
discovered in the near future. The fact that diffusible signals allow large numbers of bacteria
to act in synchrony may blur the distinction between single cells and multicellular
organisms.

The most intensively studied proteobacterial pheromones are N-acylhomoserine lactones
(AHLs). These signal molecules have invariant homoserine lactone head groups linked to
diverse hydrophobic acyl groups that differ in length, oxidation, and the level of saturation.
34 While most of these side chains are linear acyl groups ranging from 4 to 18 carbons in
length, a few have branched chains or aromatic moieties.>~" The first described member of
this family is A-3-oxohexanoyl-L-homoserine lactone (OHHL) of the marine
bioluminescent bacterium Aliivibrio fischeri. OHHL is synthesized by Luxl and sensed by
the OHHL-dependent transcription factor LuxR.8° LuxR and its homologues have two
domains, an N-terminal domain that binds the pheromone, and a C-terminal domain that
binds specific DNA sequences that lie near target promoters.1911 As the population density
of A. fischeri cells increases, the concentration of external OHHL increases. When the
concentration of this signal reaches the nanomolar threshold, its passive efflux from the cells
becomes balanced by an influx, so that it can interact with LuxR. LuxR-OHHL complexes
bind to a sequence within the promoter of the /ux/CDABEG operon and activate its
transcription, resulting in bioluminescence. One of the induced genes is /ux/, which encodes
the OHHL synthase itself, leading to positive feedback, and potentially a bistable switch.

Proteins homologous to Luxl and LuxR are widely distributed among the Proteobacteria.
Perhaps the best studied examples are the Tral/TraR system of Agrobacterium tumefaciens,
which uses A-3-oxooctanoyl-L-homoserine lactone (OOHL) as a signal and regulates the
conjugation and replication genes of the Ti plasmid,12 and the Lasl/LasR system of
Pseudomonas aeruginosa, which uses the signal N-3-oxododecyl-L-homoserine lactone
(OdDHL) to regulate a large number of genes including several that encode pathogenesis-
associated proteins.13 A2 aeruginosa also encodes a second quorum-sensing system

composed of RhIR and Rhll, and an orphan AHL receptor called QscR that detects OdDHL.
13

Most LuxR-type proteins cannot function in the absence of AHLs and at least some of these
require AHLSs for folding into a soluble, stable and protease-resistant form.14-17 However,
some LuxR-type receptors function preferentially in the absence of their cognate pheromone
and their DNA-binding activities are /nhibited by these cognate signals.18 We refer to LuxR-
type proteins having this property as “quorum-hindered.” Some LuxR-type proteins of this
type form a well-defined monophyletic clade within the LuxR family, including EsaR of
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Pantoea stewartii and YenR of Yersinia enterocolitica, the subject of the current study. The
CepR2 protein of Burkholderia cenocepaciais also quorum-hindered,9 but is only distantly
related to EsaR and YenR.

Y. enterocolitica is an enteric Gammaproteobacterium that can colonize the gastro-intestinal
tract by ingestion of contaminated food or water or by handling of infected animals.2 It is
closely related to Y/ pestis, the causative agent of Bubonic Plague, and a select agent of
concern in biowarfare or bioterrorism.2! Y. enterocolitica colonizes the small intestine of
humans and other mammals, causing a disease referred to as yersiniosis, whose effects are
variable, depending partly on the age of the victim, and can include watery or bloody
diarrhea, acute pain (sometimes misdiagnosed as appendicitis), and fever.20:22 Symptoms
usually appear 4 to 7 days after exposure and may last 1 to 3 weeks or longer. After
recovery, many infected individuals become asymptomatic carriers. These bacteria can also
invade the Peyers patches of the small intestine and spread to lymph nodes. They can form
abscesses in the spleen and liver of immunocompromised patients. Infection of the intestine
is usually self-limiting and does not require treatment, while septicemia can be treated with
antibiotics.

B. cenocepacia is a member of the so-called Burkholderia cepacia complex (BCC), which
are opportunistic pathogens of humans and, in particular, are a serious threat to cystic
fibrosis (CF) patients.23-2% Colonization of the CF lung by B. cenocepaciatends to occur in
patients already infected with another opportunistic pathogen, P, aeruginosa. 1t is thought
that an infection caused by both organisms can have a synergistic effect and result in serious
clinical complications. Furthermore, B. cenocepacia is inherently resistant to many
antibiotics, making it virtually impossible to eradicate from the lungs of CF patients.23
Infections with B. cenocepacia may have variable clinical outcomes ranging from
asymptomatic carriage to a sudden fatal deterioration in lung function.23

The yenR gene of Y. enterocoliticais adjacent to its yen/ gene, which encodes the OHHL
synthase. The two genes are transcribed convergently and overlap at their 3" ends by two
codons. The 3" untranslated region of each transcript is necessarily complementary to the
coding region of the other, suggesting that expression of the yenR and yen/ genes may be
antagonistic, either via RNA polymerase collisions or by hybridization of the two
countertranscribed mMRNAs. The possibility that expression of these genes is antagonistic is
potentially significant given that the protein product of one gene also antagonizes the other.

The 5" end yenR gene is adjacent to a divergent gene designated yenS. The yenS gene
encodes a small RNA whose expression is stimulated by apo-YenR. YenS inhibits the
expression of Yenl and also plays a positive role in swarming motility.26 YenR activates
transcription preferentially in the absence of OHHL, though it retains some activity in the
presence of saturating levels of this pheromone.2% Purified apo-YenR binds non-
cooperatively to two 20-bp long sites that lie upstream of yenS. DNA binding occurs in the
absence of OHHL, and YenR is largely released from the DNA by addition of the OHHL
pheromone.26
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The cepR2 gene lies within a genomic island that is present only in some strains of B.
cenocepacia.?’ This island includes an AraC-type transcription regulator homolog encoded
by cepS, four genes predicted to direct the synthesis of a secondary metabolite, and four
genes that are predicted to direct the efflux of this metabolite. All B. cenocepacia strains
encode cep/, which linked to cepR. CepR is an OHL-dependent transcriptional activator.16:28
It is striking therefore that CepR and CepR2 detect the same pheromone but respond in
opposite ways, in that CepR is a ligand-dependent transcriptional activator, while CepR2 is a
ligand-hindered transcriptional repressor. In both cases, the ligand stimulates expression of
target genes. Although these proteins detect the same ligand, they are not closely related, as
their ligand binding domains are only 30% identical and 47% similar. While CepRz2 is found
only in a few isolates of B. cenocepacia, CepR and Cepl orthologs are widely conserved
throughout the genus.

To date, the structures of five LuxR-type proteins have been determined. The first was full
length TraR of Agrobacterium tumefaciens, crystallized with the pheromone 3-oxooctanoyl-
homoserine lactone (OOHL) and target DNA.2930 CviR of Chromobacter violaceum was
crystallized as a full length dimer complexed with the antagonist 4-(chlorophenoxy)-
butanoyl-HSL, as a full length monomer with the ligand hexanoyl-homoserine lactone, and
as dimers of the N-terminal domain complexes with a variety of AHLs.3! The N-terminal
domain of LasR of 2. aeruginosawas crystallized with 3-oxo-dodecanoyl-HSL (OdDHL).
32,33 Fyll length QscR of the same organism was crystallized with OdDHL.34 Full length
SdiA was crystallized with OOHL, and with OHHL, and with an unexpected compound
octanoyl-rac-glycerol.3> This compound was apparently co-purified with SdiA from extracts
of E. coli, although there are few if any reports that £. coli can synthesize such a compound.
In a separate study, full length SdiA was crystallized without ligand, though the binding
pocket contained two molecules of tetraethylene glycol, a component of the crystallization
buffer.36

Quorum-hindered members of the LuxR family provide an attractive opportunity to study
protein-pheromone interactions in the presence and absence of ligand. Those LuxR-type
proteins that require AHLSs for activity generally also require them for folding into a soluble
and stable, protease-resistant state.1415.17 Therefore, it has not been possible to purify those
proteins in the absence of their pheromones, and thus impossible to compare such proteins in
their liganded and unliganded forms. In contrast, YenR is fully soluble in both states,
allowing us to compare apo-YenR with YenR-OHHL complexes at near atomic resolution.
The structure of apo-CepR2 provides a second example of a LuxR-type protein that folds
and functions in the absence of an AHL.

MATERIALS AND METHODS

2.1. Cloning and purification of YenR-LBD and CepR2-LBD

The N-terminal domain of YenR was fused at its C-terminus to a hexahistidyl tag by PCR
amplification of the gene using primers 5’ -GATATACATATGATAATTGAC-3 and 5’-
GGGAGATCT TCAGTGATGGTGATGGTGATGGTCTCGCTCTATTTTCGGGT-3'. The
resulting PCR fragment had an Ndel site at the start codon of yenR and a Bglll site at the
opposite end. This fragment included codons 1-179 of yenR followed by six His-encoding
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codons, followed by TGA, which encodes a stop codon, followed by the Bg///site. This
fragment was digested with Ndel and Bglll, and introduced into plasmid pRSETA after
digestion with Ndel and Bglll. The resulting plasmid, pGF102, was introduced into E. coli
strain BL21 (DE3) carrying plasmid pMAGIC, which encodes the rare £. colitRNA (Arg
[AGG/AGA]).

The CepR2-LBD (1-170) gene was amplified from B. cenocepacia J2315 genomic DNA
with KOD DNA polymerase using the forward primer 5’-
TACTTCCAATCCAATGCCATGGACCTGACAATACTGCACG ACT-3’ and the reverse
primer 5'-TTATCCACTTCCAATGTTACGCG ATCGGATCGGCGAG-3” with conditions
and reagents provided by the vendor (Novagen, Madison, WI). The gene was cloned into
plasmid pMCSG68 using a modified ligation-independent cloning protocol.37:38 The
pMCSG68 vector encodes a TEV protease cleavage site and creates a construct with a
cleavable Hisg-tag fused into the N-terminus of the target protein and adds three artificial
residues (Ser-Asn-Ala) on that end. The resulting plasmid was introduced into £. coli strain
BL21 (DE3) carrying plasmid pMAGIC.

YenR-LBD and CepR2-LBD were purified from the respective strains by immobilized
nickel-affinity chromatography (IMAC). The cells were cultured using selenomethionine
(SeMet) containing enriched M9 medium and under conditions known to inhibit methionine
biosynthesis.3® The cells were cultured at 37°C to an ODgp of 1 and protein expression was
induced with 0.5 mM IPTG in the presence of SeMet (90 mg per L of culture) at 18°C. The
cells were grown overnight with shaking at 18°C. The harvested cells were re-suspended in
4 volumes of lysis buffer (50 mM HEPES pH 8.0, 500 mM NaCl, 20 mM imidazole, 10 mM
B-mercaptoethanol, and 5% v/v glycerol) and stored at —80°C. The thawed cells were lysed
by sonication after the addition of inhibitors of proteases (Sigma, P8849). The lysate was
clarified by centrifugation at 30,0009 (RC5C-Plus centrifuge, Sorvall) for 90 min, followed
by filtration through a 0.45 pm filter (Gelman). The filtrate was purified by IMAC using a 5-
mL HisTrap HP column charged with Ni*2 ions followed by buffer-exchange
chromatography on a HiPrep 26/10 desalting column (both GE Healthcare Life Sciences),
carried out using an AKTAXxpress system (GE Healthcare Life Sciences). The YenR-LBD
with an un-cleavable His-tag in the C-terminus was then further purified by size-exclusion
chromatography using a HiLoad superdex 200 26/600 PG column on an AKTAXxpress
system. For the CepR2-LBD, the N-terminal Hisg-tag was cleaved using recombinant TEV
protease expressed from the vector pRK508. The protease was added to the target protein at
a mass ratio of 1:30 and the mixture was incubated at 4°C for 48 h. The CepR2-LBD protein
was then purified by applying a second IMAC step using the same Ni*2 ion charged column.
The flowthrough and the wash fractions contain cleaved CepR2-LBD while the Hisg-tag,
uncleaved proteins, His-tagged TEV protease were retained by the column. Both proteins
were dialyzed against a solution containing 20 mM HEPES (pH 8.0), 250 mM NaCl, 2 mM
DTT and concentrated using Amicon Ultra-15 centrifugal filter units (Millipore) to 48
mg/ml for YenR-LBD and to 14 mg/ml for CepR2-LBD.
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2.2. Protein crystallization and data collection

Initial crystallization screens were set up using a Mosquito robot (TTP Labtech) and sitting
drop vapor diffusion technique in a 96-well CrystalQuick plate (Greiner). The crystallization
conditions for the proteins were screened using commercially available 96-well format
screening Kits including MCSG1-4 (Microlytic, Woburn, MA), PEG/lon, and Index
(Hampton) by vapor diffusion in hanging drops by mixing 0.4 ul of the protein solution with
0.4 pl of reservoir solution of crystallization conditions. The YenR-LBD protein was
crystallized from MCSG-2 suite condition H9 containing 0.1 M sodium acetate pH 4.6 (pH
was adjusted using HCI) and ammonium sulfate and equilibrated at 289 K over 140 ul of the
same reservoir solution. Crystals were washed for a few seconds in reservoir solution plus
15-25% glycerol, ethylene glycol or glycerol-ethylene glycol mixture as a cryo-protectant,
then flash-cooled in liquid nitrogen prior to data collection. The crystals of the YenR-LBD-
OHHL complex were prepared by soaking the YenR-LBD crystals in the same reservoir
condition plus 50 mM OHHL for 15 min. These soaked crystals were washed with the same
cryo-protectant solution for a few seconds and flash-cooled in liquid nitrogen prior to data
collection. The CepR2-LBD protein was crystallized in PEG/lon suite condition F9 (0.2 M
Sodium formate, 20% w/v polyethylene glycol 3350).

All diffraction data were collected at 100 K on the ADSC quantum Q315r charged coupled
device detector in the 19-1D beamline of the Structural Biology Center at the Advanced
Photon Source, Argonne National Laboratory.? Single wavelength anomalous dispersion
(SAD) data near the selenium absorption peak (0.9792 A) were collected from SeMet-
substituted proteins. All diffraction data were processed by using the HKL3000 suite of
programs.*! For the YenR-LBD, 21587 unique reflections up to 2.20 A resolution with the
space group C222; were obtained. For the YenR-LBD-OHHL crystal, 29198 reflections
were collected, with the same (as the apo-form) space group C222; up to 2.00 A resolution.
For CepR2-LBD, the 2.75 A, P2, data with 48,922 reflections were collected. Data
collection statistics are summarized in Table 1.

2.3. Structure determination, refinement, and analysis

YenR-LBD and CepR2-LBD structures were solved by the SAD phasing method using
selenium near absorption peak data. The YenR-LBD-OHHL structure was determined by
molecular replacement using the YenR-LBD structure as a search model. All procedures for
SAD phasing, phase improvement by density modification, and initial protein model
building as well as molecular replacement phasing were done by SHELXC/D/E,42:43
MLPHARE,* dm,* HKL Builder (or BUCCANEER),*6 and MOLREP*’ as a part of the
structure module of the HKL3000 software package.*! The mean figure of merit and the
phasing power of the phase set for YenR-LBD were 0.282 and 1.22 for 50-2.40 A data and
for CepR2-LBD, they were 0.315 and 1.27 for 50-3.86 A data. After the density
modification (DM) and the phase extension to observed data resolution limits the structures
were built using HKL builder. For the YenR-LBD structure, the HKL Builder built 309 out
of 358 residues (2 protein molecules of 179 residues in the asymmetric unit). A total of 979
out of 1020 residues (6 protein molecules of 170 residues in the asymmetric unit) were built
by HKL Builder for CepR2-LBD. For the YenR-LBD-OHHL complex structure, a monomer
of the refined YenR-LBD model (5-169) was used as a search model for the molecular
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replacement using MOLREP.47 For the refinement, iterative alternating rounds of
phenix.refine?® and COOT4® were used for computation and manual adjustment,
respectively, until the models converged with the corresponding data. The YenR-LBD was
refined with all data to Reyystal/Rfree Of 17.5/21.4% t0 2.20 A, and 17.1/20.3% to 2.00 A, and
18.4/21.8% to 2.75 A for YenR-LBD-OHHL and CepR2-LBD, respectively. The final model
of the YenR-LBD structure contains two protein chains (chains A and B) with residues A:5-
169 (92-94 missing) and B:5-169 (93-94 missing) and 4 sulfate molecules, 5 acetate
molecules, 6 ethylene glycol molecules and 75 well-ordered water molecules. The final
YenR-LBD-OHHL structure has two protein chains (chains A and B) of A:2-164 (92-94
missing) and B:5-169, with each protein molecule holding a well-defined OHHL in its
binding site as well as 8 ethylene molecules, 4 acetate molecules, 3 sulfate molecules and
136 well-ordered water molecules. The final model of the CepR2-LBD structure consists of
three protein dimers (chains A-F, A:-1-170, B:-1-168, C:0-167, D:0-167, E:-1-167, and
F:0-167). In addition, there are 7 glycerol molecules, 5 formate molecules, one ethylene
molecule, and 100 ordered water molecules. Both glycerol and ethylene molecules may be
from the cryo-solvent used which contains both components. The final detailed refinement
parameters are shown in Table 1. The stereochemistry of the structures were checked with a
Ramachandran plot and Molprobity®? and the final structures and the data for YenR-LBD,
YenR-LBD-OHHL, and CepR2-LBD were deposited in the PDB with PDBIDs of 5L07,
5L09, 5L.10, respectively.

3. RESULTS

3.1. YenRtertiary structure

We overproduced and purified full length YenR and the YenR N-terminal ligand binding
domain (YenR-LBD, residues 1-179), which was predicted to contain the full pheromone-
binding domain and the interdomain linker. Full length apo-YenR tended to precipitate at
high protein concentrations and was not characterized further. In contrast, apo-YenR-LBD
remained highly soluble and was purified by immobilized nickel-affinity chromatography.
Apo-YenR-LBD was crystallized by vapor diffusion in sitting drops as described above.
These crystals were then incubated in a buffer containing OHHL to obtain crystals of
protein-pheromone complexes. The crystal structure of apo-YenR-LBD was determined at
2.20 A resolution while YenR-LBD-OHHL complexes were determined at 2.00 A.

YenR-LBD forms dimers both in the presence and absence of pheromone and shows two-
fold symmetry (Figure 1A). Each subunit of the dimer folds into an a/p/a sandwich. The
core of each subunit consists of four antiparallel g strands (B1, residues 29-37, B2, residues
45-48, B3, residues 109-115, and B4, residues 120-128) that form a slightly twisted sheet.
These are flanked on one side by three a helices (a1, residues 9-26, a7, residues 133-142,
and a8, residues 144-169) and on the other side by five short helices (a2, residues 52-60,
a3, residues 63-66, a4, residues 68-75, a5, residues 85-90, and a6, residues 96-104, see
Figure 1B).
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3.2. The dimerization interface

The two YenR-LBD subunits contact one another primarily via a8 helix and by three loops
of each subunit (Figure 1C). One loop lies between 1 and B2 (residues 38—44), another
between a4 and a5 (residues 76-84), and the third between 3 and 4 (residues 116-119).
The total solvent excluded interaction surface is 848 A2 for the apo-form and 896 A2 for the
ligand-bound form, as calculated by PISA server. The two a8 helices of each subunit contact
one another at their N-terminal ends and are arranged at approximately 90° angles so that the
C-termini of the two helices lie >50 A apart.

Glu156 of each subunit forms a salt bridge with Lys76 of the opposite subunit (Figure 1C;
for clarity, only one of the two symmetrical bonds is shown, see also Figure 1B), while
Asnl117 of each subunit forms hydrogen bonds with Lys38, Lys74 and Asp75 of the opposite
subunit. A water-mediated hydrogen bond is formed between Glu145 of each subunit
(Figure 1C), while a second water-mediated hydrogen bond is formed between His115 of
each subunit. Numerous hydrophobic contacts are also observed on the subunit interface (not
shown).

3.3. The OHHL binding site

In the apoprotein structure, one subunit contains one water molecule in the presumed ligand
binding pocket, while the other contains two water molecules and one molecule of acetate
(not shown). The acetate likely originated from the crystallization conditions. These and
presumably other small molecules must prevent the inward collapse of the binding cavity in
the apo-form, as there is little net expansion of this binding site in the pheromone-bound
form (see below).

When crystals of the apoprotein were incubated in a buffer containing OHHL, each subunit
bound one molecule of the pheromone. Well-defined electron density was found within the
protein precisely at the predicted OHHL binding site, strongly suggesting that it corresponds
to the bound pheromone molecule. As seen with several other LuxR-type proteins, the
protein completely enveloped the pheromone such that there is virtually no contact between
pheromone and bulk solvent (Figure 2A,B). The ring of OHHL makes hydrophobic contacts
with Val69, Trp82, Phe98, and 1le106, while the acyl chain of OHHL makes hydrophobic
contacts with Tyr58, Tyr50, and Leu34 (not shown). YenR also makes four hydrogen bonds
with the ligand (Figures 1B and 2C). Trp54 forms a hydrogen bond (3.03 A) between its ring
nitrogen and the ring keto group (04) of OHHL. Asp67 forms a hydrogen bond (2.75 A)
between its carboxyl group (OD2) and the OHHL imino group (N). Tyr50 forms a hydrogen
bond (2.82 A) between its hydroxyl group (OH) and the 1-oxo group (02) of OHHL.
Finally, Ser32 forms a hydrogen bond (2.80 A) between its hydroxyl group (OH) and the 3-
oxo group of OHHL. The first three of these contacts are completely conserved in all other
LuxR-type proteins for which structures are available (see below). The bond between Ser32
and OHHL is somewhat unusual among YenR homologs, which tend to make water-
mediated contacts to the 3-oxo group (see Discussion). The structures of apo-YenR-LBD
and YenR-LBD-OHHL complexes are largely superimposable, though a loop between p4
and a7 shifts considerably (see below).
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3.4. OHHL-induced changes in the YenR structure

YenR is one of only two LuxR-type proteins to be crystallized in the presence and absence
of its pheromone (the other being SdiA, see Discussion). As described above, YenR-LBD
fully envelops OHHL and allows no significant contact between the pheromone and bulk
solvent. However, apo-YenR detects and binds OHHL /77 vivo and in vitro,?8 so its binding
site must be accessible to this pheromone. Comparing the structures of apoprotein and the
ligand-bound form provides evidence for a channel to the binding site in the apoprotein that
closes upon pheromone binding (Figure 3). Lys91, Phe98, and Arg102 lie at the opening of
this putative channel. In the apoprotein, Phe98 protrudes outward toward the solvent (Figure
3A,B). This is a rather unusual conformation for a hydrophobic side-chain; perhaps Phe98
acts as a lure to attract the hydrophobic pheromone. In contrast, the side chains of Lys91 and
Arg102 are directed inward, toward the binding site. The positive charges of these residues
helps maintain the electrostatic potential and hydrophilicity of the channel, allowing solvent
and small molecules to gain access to the binding site. In addition, four residues connecting
helix 5 (a5) with helix 6 (a.6) (Ser92, Thr93, Asp94, Ser95) are disordered in the crystal
structure, indicating that these residues are highly flexible. These four residues are invisible
in Figure 3A,B. The flexibility of these residues and the outward orientation of Phe98 seems
to keep the channel open. Moreover, the side chains of Lys91 and Arg102 may be quite
flexible, and if so, their movement out of the channel would further widen it.

Binding of OHHL causes at least four changes in this channel. First, Phe98 swivels
dramatically inward, away from the solvent, and toward the pheromone (Figures 3C,D and
4A). In this conformation, the aromatic ring of Phe98 makes hydrophobic contacts with
lactone ring carbons of OHHL. Second, the movement of Phe98 toward OHHL causes a
shift of the N-terminal region of helix a6, pulling it toward the pheromone, and most likely
stabilizing the ligand-bound form (Figure 4A). In this conformation, Val97 contributes to the
hydrophobic environment of the binding site. Third, the side chains of Lys91 and Arg102
move away from the binding site and toward the solvent (Figure 3C,D), thereby decreasing
the hydrophilicity of the environment. Fourth, the four disordered residues in apo-form
(Ser92-Ser95) become more ordered. These residues are fully visible in subunit B (Figures
3C and 4D, depicted in orange) while in the subunit A, two residues (Ser92, Thr93) remain
disordered (not shown). The inward movement of Phe98 and Val97, the outward movement
of Lys91 and Arg102, and the increased order of Ser92-Ser95 all contribute to enclose
OHHL within the binding site. All of these changes were found in both subunits, although
the movement of Phe98 and Val97 is somewhat more pronounced in the B subunit than in
the A subunit.

As described above, OHHL makes hydrogen bonds to four YenR residues, Ser32, Tyr50,
Trp54, and Asp67. We have compared the environments of these four residues in the
presence and absence of pheromone. In the ligand-bound form, Ser32 makes a hydrogen
bond with the 3-oxo group of OHHL (Figures 2C and 4B, red dashed line). In the
apoprotein, Ser32 swivels approximately 90° and forms a hydrogen bond with Asn125
(Figure 4B, black dashed line). In one subunit of the apoprotein, Ser32 makes an additional
bond with water (not shown). In the ligand-bound protein, Asp67 makes a hydrogen bond
with the imino nitrogen of OHHL (Figures 2C and 4C, red dashed line). In one subunit of
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the apoprotein, the carboxyl group of Asp67 forms a bond with water, while in the other
subunit, it bonds with acetate (not shown).

More dramatic shifts occur at Tyr50 and Trp54. In the apoprotein, Trp54 extends well into
the OHHL binding site to partly fill the volume of the cavity. Binding of OHHL causes
Trp54 to swivel approximately 120°, avoiding a steric clash with the pheromone and
allowing for a hydrogen bond to the ring keto group (Figure 4D, red dashed line). This
movement distorts the helix a2, disrupting a hydrogen bond between the backbone nitrogen
of Trp54 and the backbone carbonyl group of Pro51 (Figure 4D). This outward movement of
Trp54 also necessitates the movement of Leu100 toward the solvent so as to avoid a steric
clash (Figure 4D).

Another dramatic shift occurs at Tyr50, with conformational consequences quite distant
from the binding site. In the ligand-bound form, Tyr50 forms a hydrogen bond with the 1-
oxo group of the pheromone (Figure 4E, red line), while in the apoprotein, Tyr50 moves
away from the binding site and bonds to Ser127 (blue line). This requires the movement and
rotation of both amino acids. In the pheromone-bound form, Ser127 bonds to the backbone
of Asn108 and Gly129 (red line). This causes the movement of a loop that lies between p4
and a7 (Gly129 to Ser132) (Figure 4E). In the apoprotein, this loop is stabilized by
hydrogen bonding between Asp132 and Ser135, between Ser135 and Asp131, between
Asp28 and Gly129, and between Asp28 and Ser130 (Figure 4E, black lines). In the ligand-
bound form, these bonds are broken as the loop shifts toward Asn108. In this new
conformation, the loop is stabilized by hydrogen bonding between Asn108 and Ser133,
between Ser127 and Asn108, (Figure 4E, red lines) and by two hydrogen bonds between
Asn128 and Asp131 (not shown). This displacement occurs in both subunits of the dimer,
thus maintaining overall symmetry. The movement of this loop therefore appears to be a
direct consequence of hydrogen bonding between Tyr50 and OHHL. This movement is the
only global change in YenR conformation caused by pheromone binding (Figure 4F).

We have previously hypothesized that OHHL might decrease the affinity of the YenR
subunits for each other, weakening the dimer interface.26 Such a model is not supported by
the current structural data. In fact, the YenR-OHHL complex has a slightly larger interface
than that of the apo-form (896 A2 vs. 848 A2). There is a conspicuous absence of movement
of the backbone in the dimerization interface and very little movement of side chains in this
region (not shown).

3.5. Structure of apo-CepR2-LBD

Efforts of crystalize full length CepR2 have so far been unsuccessful. However, CepR2-LBD
was highly soluble in solution and was crystallized as an apoprotein. Efforts to infuse these
crystals with the cognate ligand, octanoyl homoserine lactone (OHL) have been
unsuccessful. The asymmetric unit consists of a trimer of dimers (see below). Each
monomer resembles other LuxR-type proteins in that it consists of an a/B/a sandwich, with
five antiparallel strands forming a twisted p sheet that is flanked by three a helices (a1, a2,
and a.7) on one side and four (a3, a4, a5, and a.6) on the other (Figure 5A, see also
Supporting Information Figure S2). Pairs of subunits dimerize with two-fold symmetry.
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The dimerization interface consists of two perpendicular helices (a1, residues 4-15 and a7,
residues 145-163) and two loops (residues 84—88 and 121-125) of each of the two subunits
(not shown). The total solvent excluded interaction surface is 1421 A2 as calculated by PISA
server. Several interdimer hydrogen bonds are formed between His7, Asp11, and GIn14 of
each subunit (helix al1), which make direct or water-mediated hydrogen bonds with Ser144
or Argl147 (helix a.7) or Arg87 of the opposite subunit (not shown). An additional hydrogen
bond is formed between Ser152 of each subunit and the backbone oxygen of Alal48 of the
opposite subunit. Finally, Arg122 of each subunit forms hydrogen bonds with Ser84 and
Tyr120 of the opposite subunit (not shown).

Crystals of apo-CepR2-LBD contained a molecule of glycerol in each subunit at the sites
that are presumed to bind OHL (Figure 5B). Binding was stabilized by hydrogen bonds
between glycerol and Thr130 and Asp76. Thr130 corresponds to Thr129 of TraR, which
makes a water-mediated hydrogen bond with OOHL,2° while Asp76 corresponds to highly
conversed aspartate residues that bond with the imine group of AHLSs (see below). Binding
of glycerol is stabilized by van der Waals interactions with Met53 (SeMet53), Trp63, and
I1e78 (Figure 5B). Glycerol was used as a part of the cryo-protectant when crystals were
cryocooled in liquid nitrogen prior to collecting X-ray data. It is tempting to speculate that
LuxR-type proteins such as CepR2 and YenR, which must fold and function in the absence
of AHL-type pheromones, may be stabilized by binding of small molecules such as glycerol.
A similar idea has been proposed for SdiA, which was purified with bound octanoyl-rac-
glycerol.35

As described above, the asymmetric unit contains three dimers. These dimers are arranged
with a three-fold rotational symmetry (Figure 5C) and are stabilized by intermolecular
hydrogen bonding between Tyr72, His104, Asp105, Cys108, and Arg112, most of which lie
within or near helix a6 (Figure 5D). It is not known whether the full length CepR2 can form
hexamers Jin vivo or in solution. The majority of LuxR proteins that have been characterized
thus far form dimers /n vivoand in vitro.18

4. DISCUSSION

4.1. Structural diversity among LuxR-type proteins

The tertiary structures of YenR-LBD and CepR2-LBD generally resemble those of other
LuxR-type proteins, in that all consist of a/p/a sandwiches with the pheromone binding
pocket (or presumed binding site in case of CepR2) located between the concave surface of a
curved B sheet and a group of a helices. The hydrogen bonds formed between these proteins
and their pheromones are also quite conserved. Perhaps surprisingly however, the quaternary
structures of these proteins are quite diverse. The LuxR-type proteins that have been
crystallized are generally dimeric, but the dimerization interfaces vary considerably
(Supporting Information Figure S1). In every protein, there is a long helix at the C-terminus
of the domain that contributes to the dimerization interface (shown in red in Supporting
Information Figure S1). These helices in YenR and CepR2 intersect at 90° angles and make
minimal contact. In contrast, the corresponding two helices of TraR are approximately
parallel and make extensive contacts along their entire lengths. YenR and CepR2 subunits
make additional contacts via loops at residues 74-79 and 115-118. In contrast, the loop of
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TraR that corresponds to residues 74-79 of YenR faces toward the solvent. The loop of TraR
that corresponds to residues 115-118 of YenR contacts the opposite subunit, but in a
completely different region, along the N-terminal helix. YenR and CepR2 resemble LasR,
QscR, and SdiA in that all have the C-terminal helices arranged at right angles, while TraR
resembles CviR in that dimerization occurs primarily along two parallel helices (Supporting
Information Figure S1). This diversity in dimer interfaces could be a reflection of their
somewhat low level of sequence conservation. For example, YenR-LBD and TraR-LBD
show only 11.7% identity, and many pairs of these proteins show only 17-22% sequence
identity.

These proteins also differ at their extreme N-termini. Most of these proteins have two helices
(shown in blue) that lie between the N-terminus and the first g strand (B1). The only
exception is YenR, which is shorter at its N-terminus, and has just one helix (Supporting
Information Figures S1 and S2). The orientations of the N-termini with respect to the rest of
the domain are also quite diverse. In the cases of CepR2, SdiA, TraR, and CviR, the N-
terminus of each subunit interacts with the opposing subunit and contributes to the
dimerization interface. In the case of YenR, LasR, and QscR, the N-terminal helices are on
opposite faces of the dimer and make no contact (Supporting Information Figure S1).

Interactions between these proteins and the homoserine lactone ring of AHLSs are conserved
in some ways and dissimilar in others thus explaining pheromone specificity. As described
above, all AHL-type pheromones have identical homoserine lactone rings and diverse acyl
groups (or in a few cases aromatic groups). Interactions with the HSL moieties are strongly
conserved, while interactions with the acyl group are less so. The ring oxo groups of AHLs
invariably form a hydrogen bond with a Trp residue that corresponds to Trp54 of YenR.
Similarly, the imino group of HSLs invariably form a hydrogen bond with an Asp residue
that corresponds to Asp67 of YenR. The 1-oxo group of HSLs forms a hydrogen bond with a
Tyr residue that corresponds to Tyr50 of YenR. This tyrosine is conserved in six of the seven
proteins with available structures. The exception is CepR2, which has a histidine at this
position that could in principle make a similar hydrogen bond.

In contrast, interactions between these receptors and the acyl chains of their ligands show
much greater diversity. For example, many of these pheromones include a 3-oxo moiety as a
part of the acyl chain, and the interactions between these groups and their receptors vary
considerably. As described above, YenR residue Ser32 makes a direct hydrogen bond with
the 3-oxo group of OHHL. In contrast, TraR residue Thr129 makes a water-mediated
hydrogen bond with the 3-oxo group of OOHL. SdiA residue Ser134 makes a water-
mediated hydrogen bond to the 3-oxo group of OOHL. LasR residues Tyr56 and Tyr64 make
a water-mediated hydrogen bond to OdDHL, while QscR residues Tyr58 and Tyr66 make a
water-mediated hydrogen bond to OdDHL. The overall trajectory of the acyl chains within
their receptors also varies. In Supporting Information Figure S3, the conformation of the
HSL rings were fixed in order to more clearly visualize differences in the positions of acyl
groups. Most of these bound ligands have similar conformations, with the exception of
OdDHL bound to LasR and QscR. These pheromones have considerably longer acyl chains
that curve within the protein pocket. The 3-oxo groups of OdDHL bound to LasR and QscR
are oriented quite differently from the 3-oxo groups of AHLs bound to YenR, TraR, and
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SdiA. In that regard, it is interesting to note that TraR, when overexpressed, can detect
extremely long-chain AHLs,51:52 and it would be interesting to determine how these long
chains are accommodated, and specifically whether these AHLs are fully buried within the
protein, or whether part of the acyl group protrudes out of the protein and makes contact
with solvent.

Here, we provide the first structural analysis of any quorum-hindered LuxR family member,
that is, proteins that are fully functional in transcription regulation only as apo-proteins.
YenR also is only the second member of the LuxR family to be crystallized both as a
pheromone complex and as an apo-protein. SdiA has been crystallized in complex with two
different AHL pheromones and an AHL-free protein that is complexed with a molecule of
octanoyl-rac-glycerol at the AHL binding site, which may mimic an AHL.3 In a different
study, SdiA was crystallized with either glycerol at the AHL binding site, or with two
molecules of tetraethylene glycol, another possible AHL mimic.38 All other LuxR-type
structures contain either AHLSs or similar analogs. In contrast, apo-YenR described here has
only water in the ligand binding site of one subunit and water and acetate in the other
subunit. Most likely, these binding sites may contain additional water molecules or other
small molecules that were not sufficiently ordered to be resolved. Comparing the structures
of YenR in the presence and absence of ligand allowed us to get a detailed picture of how the
ligand impacts the YenR structure.

Like all other LuxR-type proteins that have been crystallized, YenR completely engulfs its
pheromone, such that the pheromone makes no significant contact with bulk solvent. In
previous studies, we have shown that another member of this family, TraR, must bind its
pheromone during or immediately after its synthesis, and that failure to bind pheromone
leads to rapid proteolysis.24 Furthermore, overproduction of the molecular chaperone
GroESL leads to increased accumulation of TraR in A. tumefaciens®® while a GroESL
mutation decreases TraR activity in Sinorhizobium meliloti>* Both studies indicate a role
for GroESL in the TraR folding and pheromone binding. When LuxR, CepR, and LasR are
overexpressed in £. coli, their folding requires their cognate AHLs and each of these
proteins forms insoluble inclusion bodies in the absence of pheromone,14-17 suggesting that
they too need AHLs to fold correctly. In contrast, those LuxR proteins that are active as
apoproteins must be able to fold and function without the ligand. At the same time, the
binding site must be sufficiently accessible to bind OHHL in vivo. This is supported by our
finding that the binding site is accessible in YenR crystals. OHHL binding closes this
opening and makes the cavity inaccessible to solvent. We noted above that in the apoprotein,
residues Lys91, Phe98 and Arg102 can provide access to the binding site. In addition, the
residues between Trp83 and Val108 contain two helices that contribute residues to the
OHHL binding site. Trp83 and Val108 are close to one another; if these regions are
sufficiently flexible, they might create a hinge that would allow the region between them to
open slightly, allowing pheromone to enter the binding site. If so, bound OHHL could help
to stabilize these helices in a closed position. OHHL makes hydrophobic contacts with
Trp82, Phe98, Alal01, and 11106, all of which lie within this region. Binding of this portion
of YenR to OHHL would therefore sequester these nonpolar molecules from the solvent and
might therefore enhance binding of OHHL. It remains a mystery that YenR and CepR2 can
fold as apoproteins, while most LuxR homologs cannot.
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Implications for DNA binding

Binding of OHHL to YenR-LBD caused somewhat modest global conformational changes in
the protein dimer structure. These changes do not reveal the mechanism by which the
pheromone converts YenR from an active form to a less active one. We have previously
speculated that OHHL might act by decreasing the affinity of YenR subunits for each other,
enhancing dissociation into monomers that are unable to bind DNA.18 If so, this would be
difficult to detect in a protein crystal, and is contrary to the observed increase in surface of
the dimer interface caused by OHHL. However, one might expect to see at least small
changes in the binding interface, and we saw virtually none. Alternatively, OHHL could
support a conformational change that is propagated to the C-terminal DNA binding domain.
The helix at the C-terminus of the YenR-LBD is considerably longer than its counterparts of
other proteins (Supporting Information Figure S2), and the C-terminal residues of the dimer
are exceptionally far apart from each other. These C-terminal residues were less structured in
the holoprotein than in the apoprotein, though this could be due to a crystallography artefact.
Another possible way that OHHL could decrease YenR activity would be to decrease its
abundance and sensitivity to proteolysis. This would be analogous (though opposite) to the
effect of OOHL on TraR activity, as this pheromone dramatically increases protein
abundance and protease resistance.

Bacterial proteins that regulate transcription can function in diverse ways. Some function as
repressors while others function as activators, and a few can do both.55-57 Most
transcriptional regulators are interconverted between functional and nonfunctional forms by
either low molecular weight ligands or by protein modifications such as phosphorylation.
Among transcriptional activators, there are many examples of such proteins that function
only when ligand-bound, and these would include most LuxR homologs. In contrast, there
are very few activators known to function preferentially as apoproteins.>8-60 YenR and its
close relatives, which activate transcription preferentially as apoproteins, seem to belong to
this rare category of transcription activators.

5. CONCLUSION

While most LuxR-type transcription factors require there cognate pheromones for activity
and even for folding and protease-resistance, a few members function preferentially as
apoproteins. We describe the structures of the ligand binding domains of two such proteins,
YenR and CepR2. These are the first “quorum-hindered” LuxR-type proteins ever
crystallized, and virtually the first LuxR-type proteins crystallized as apoproteins. YenR was
solved in the presence and absence of its ligand and we were therefore able to visualize a
channel in the apoprotein between bulk solvent and the ligand binding site, and show how
this channel is sealed upon ligand binding. We also showed how ligand binding can cause
conformational changes far from the binding site that could help to explain how these
pheromones convert this protein to an inactive form.
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FIGURE 1.
A. Ribbon diagram of a dimer of the YenR-LBD in the absence of pheromone. Colors

indicate position from the N terminus (blue) to C terminus (red). a helices and B strands are
indicated and numbered from N terminus to C terminus. B. Amino acid sequence of YenR-
LBD. Helices a1-a8 are depicted using red letters while strands B1-p4 are depicted using
blue letters. Amino acid residues that make hydrogen bonds with OHHL are depicted using
red shaded boxes, while those important for subunit interactions are shown using blue
shaded boxes, and those at the opening of the OHHL binding cavity are shown using orange
boxes. C. Subunit interface of the YenR-LBD dimer. A salt bridge is formed between a side-
chain oxygen of Glu156 of each subunit and the side-chain amine of Lys76 of the opposite
subunit. For clarity, only one such bond is shown. A hydrogen bond is formed between the
side-chain oxygen of Asn117 of one subunit and the side-chain amine of Lys38 of the
opposite subunit, while another hydrogen bond is formed between the side-chain amine of
Asnl17 and a side-chain oxygen of Asp75. A water-mediated hydrogen bond is formed
between the backbone nitrogen of His115 of each subunit and the backbone oxygen of
His115 of the opposite subunit. A second water-mediated hydrogen bond is formed between
the backbone oxygen of Glu145 of each subunit [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2.
Binding of OHHL to YenR. A: OHHL lies within a cavity with a four-stranded p sheet on

one side and five short a helices on the other. B. YenR completely engulfs OHHL so that
there is no contact between the pheromone and bulk solvent. The figure shows the inner
surface of the protein in the presence of OHHL. C. YenR makes four direct hydrogen bonds
to OHHL. Ser32 binds the 3-oxo group of the acyl group, Try50 binds the 1-oxo group of
the acyl chain, Trp54 binds the ring oxo group, and Asp67 binds the imino group [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3.
YenR apoprotein has an aqueous channel that maintains access to the OHHL binding site.

The side chains of Lys91 and Arg102 are oriented inward and may be flexible in solution
(Figure 3A,B). In contrast, Phe98 is oriented outward to solvent in the apoprotein. Ser92-
Ser95 are disordered and not visible in the apoprotein. In the presence of OHHL, Phe98
swings inward and makes hydrophobic contacts with the pheromone, while Lys91 and
Arg102 swing outward to the solvent (Figure 3C,D). Ser92-Ser95 are structured in the
presence of OHHL (Figure 3C,D, residues in orange). These changes effectively seal the
pheromone within the protein. In parts A and C, all residues are depicted as space-filling
spheres, while in parts B and D, critical residues are depicted as stick figures. OHHL is
shown in red
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FIGURE 4.
OHHL changes the conformation of residues at the binding site. Apoprotein is depicted in

cyan, while the ligand-bound form is depicted in red. (A) OHHL causes Phe98 to swing
inward, causing a distortion of helix a6. In this conformation, Val97 is drawn close to
OHHL, contributing to the hydrophobic environment. (B) Ser32 makes a hydrogen bond
with OHHL, while in the apoprotein, Ser32 swivels 90° to bond with Asn125. (C) Asp67
forms a hydrogen bond with OHHL, and makes little or no movement in response to OHHL.
(D) Trp54 extends well into the binding pocket of the apoprotein, while OHHL causes Trp54
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to swivel approximately 120°, avoiding a steric clash, and allowing a hydrogen bond
between it and OHHL. This outward movement necessitates a movement of the nearby
residue Leul00, which protrudes into solvent. (E) Binding of OHHL causes a movement of
a loop between B4 and a.7. In the apoprotein, Tyr50 bonds with Ser127, and the loop (cyan)
is pulled to the right by bonds between Asp28 and Gly129-Ser130, and by bonds between
Ser135 and Asp131-Asp132 (black lines). OHHL bonds with Tyr50, releasing the bond
between Try50 and Ser127. Ser127 then can swivel and bond to the backbone of Asn108 and
Gly129 (red lines). This pulls the loop (red) toward Asn108. This conformation is further
stabilized by bonds between Ser133 and Asn108, and between Asn128 and Asp131 (not
shown). (F) The loop described in part E is the only extensive conformational change in the
protein induced by OHHL. All other tertiary structures can be closely superimposed [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5.
(A) Ribbon diagram of apo-CepR2-LBD. Coloring and labelling are as described in Figure

1. (B) CepR2-LBD is complexed with one molecule of glycerol in the presumptive OHL
binding site. Glycerol forms hydrogen bonds to Thr130 and Asp76 and makes van der Waals
contacts to 11e78, Trp63 and Mse53. Trp63, Asp76, and Thr130 correspond to residues of
homologous proteins that make hydrogen bonds with AHLs (see Supporting Information
Figure S2). (C) The CepR-LBD asymmetric unit contains three dimers and shows three-fold
rotational symmetry. D. Trimers of dimers of CepR2-LBD are stabilized by interprotein
hydrogen bonds between Cys108 and His104 and between Arg112 and Asp105. In two
subunits, Tyr72 also bonds to Arg112 [Color figure can be viewed at
wileyonlinelibrary.com]
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