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Abstract

Burkholderia cenocepacia is an opportunistic human pathogen that encodes two LuxlI-type
acylhomoserine lactone (AHL) synthases and three LuxR-type AHL receptors. Of these, cep/and
cepR form a cognate synthase/receptor pair, as do cci/ and cciR, while cepR2 lacks a genetically
linked AHL synthase gene. Another group showed that a cepR2 mutant overexpressed a cluster of
linked genes that appear to direct the production of a secondary metabolite (Malott et a/., 2009).
We found that these same genes were upregulated by octanoylhomoserine lactone (OHL), which
is synthesized by Cepl. These data suggest that several cepR2-linked promoters are repressed by
CepR2 and that CepR2 is antagonized by OHL. Fusions of two divergent promoters to /acZ were
used to confirm these hypotheses, and promoter resections and DNase | footprinting assays
revealed a single CepR2 binding site between the two promoters. This binding site lies well
upstream of both promoters, suggesting an unusual mode of repression. Adjacent to the cepR2
gene is a gene that we designate cepS, which encodes an AraC-type transcription factor. CepS is
essential for expression of both promoters, regardless of the CepR2 status or OHL concentration.
CepsS therefore acts downstream of CepR2, and CepR2 appears to function as a CepS
antiactivator.

Introduction

The genus Burkholderia encompasses over 50 species that occupy extremely diverse
ecological niches (Vanlaere et al., 2009). Some species are of interest in the bioremediation
of xenobiotic contaminants (Chen et a/., 2003). Other members are capable of forming
nitrogen-fixing root nodules with legumes (Bontemps et a/., 2010). Some members protect
host plants against fungal pathogens (Parke & Gurian-Sherman, 2001), while other species
are pathogenic against plants, animals, and humans. B. mallei causes glanders in equines,
while B. pseudomallei causes melioidosis in a variety of animals. Both can also be
transmitted to humans, and are select agents of concern as possible bioweapons (Godoy et
al., 2003, Wheelis, 1998).

Seventeen pathogenic species, including B. cenocepacia, B. cepacia, B. vietnamiensis, and
B. multivorans are members of the Burkholderia cepacia complex, or BCC (Vandamme et
al., 1997, Vanlaere et al., 2009, Vanlaere et al., 2008). Among these, B. cenocepaciais
recognized as an opportunistic pathogen of humans and is a particular threat to cystic
fibrosis (CF) patients (Mahenthiralingam et a/., 2005, Vandamme et al., 1997). Colonization
of the CF lung by B. cenocepacia (Vandamme et al., 2003) tends to occur in patients already
infected with Pseudomonas aeruginosa (Jones & Webb, 2003, Vandamme et al., 1997). B.
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cenocepacia strains are resistant to most antibiotics, making them virtually impossible to
eradicate (Nzula et al., 2002).

Many or possibly all Burkholderia spp. encode at least one regulatory system that resembles
the LuxR and Luxl proteins of Vibrio fischeri, where Luxl synthesizes an acylhomoserine
lactone (AHL)-type pheromone, also called an autoinducer, and LuxR is an AHL-dependent
transcriptional regulator (Ng & Bassler, 2009). Regulatory systems of this family are found
in countless proteobacteria, where they are thought to allow bacteria to estimate their
population size and for individual bacteria to coordinate their physiology with their siblings
(Stevens et al., 2012, Galloway et al., 2011, Churchill & Chen, 2011). In general, target
genes are transcribed preferentially at population densities high enough to favor AHL
accumulation, a phenomenon sometimes referred to as quorum sensing.

A few members of this family are antagonized by their cognate autoinducers, and bind DNA
only in their absence (Tsai & Winans, 2010). Most of these are closely related to each other
and include EsaR of Pantoea stewartii, EXpR of Pectobacterium caratovorum (formerly
Erwinia caratovord), and YenR of Yersinia enterocolitica (Castang et al., 2006, Cui et al.,
2005, Fineran et al., 2005, Minogue et al., 2005, Sjoblom et al., 2006, Tsai & Winans,
2011). At least one LuxR-type protein that is not closely related to EsaR, EXpR, or YenR is
also antagonized by its cognate (Delrue et al., 2005). We will demonstrate that B.
cenocepacia encodes a protein with similar properties.

B. cenocepacia J2315 encodes three LuxR homologs and two Luxl homologs (Lewenza et
al., 1999, Malott et al., 2005, Malott et al., 2009). Among these, CepR and Cepl are well
conserved within the BCC (Venturi et al., 2004). Cepl synthesizes primarily
octanoylhomoserine lactone (OHL), and lower levels of hexanoylhomoserine lactone (HHL)
(Aguilar et al., 2003, Gotschlich et al., 2001, Huber et al., 2001, Lewenza et al., 1999). Null
mutations in cep/ or cepR increase the production of the siderophore ornibactin, and
decrease the production of secreted lipases and metalloproteases ZmpA and ZmpB (Kooi et
al., 2006, Lewenza et al., 1999, Lewenza & Sokol, 2001, Sokol et a/., 2003). Cepl and CepR
are also required for swarming maotility and biofilm formation (Huber et al., 2001) and for
pathogenicity in several animal models (Kothe et a/., 2003, Sokol et al., 2003). B.
cenocepacia J2315 also encodes Ccil and CciR, which are found on a genomic island called
cci (cenocepaciaisland), that is found only in a subset of B. cenocepacia strains (Malott et
al., 2005). The CepIR and CcilR systems extensively interact, in that CciR negatively
regulates cep/, while CepR is required for expression of the cci/R operon (Malott et al.,
2005). Transcriptional profiling studies indicate that CepR and CciR regulate many of the
same genes, but do so in opposite ways (O'Grady et al., 2009).

B. cenocepacia also encodes a third LuxR-type transcription factor, CepR2, whose gene is
not linked to any apparent AHL synthase gene. In an elegant study, the cepR2 gene was
reported to be autorepressed and repressed by CciR (Malott et al., 2009). A cepR2 mutation
increased the expression of 64 genes and decreased the expression of 127 others (Malott et
al., 2009). These included genes involved in virulence, chemotaxis, heat shock, and signal
transduction, and pyochelin production. Differential expression was strongest in a group of
genes that are closely linked to cepRZ2, including cepRZ2itself, an adjacent gene bcam0189,
which encodes an AraC type protein (that we designate CepS), a two gene operon
(bcam0191-0190), a divergent five-gene operon (bcam0192-0196), and a nearby four gene
operon (bcam0199-0202). Bcam0190-0196 are predicted to direct the synthesis of a
secondary metabolite, while Bcam0199-0202 are predicted to direct the efflux of a small
molecule. All of these genes were expressed more strongly in the mutant than in wild type,
indicating that CepR2 inhibits their expression. CepR2 was fully functional in the absence of
any AHL. In a heterologous system, the ability of CepR2 to activate a /ux operon was not
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affected by the addition of any AHL. It was concluded that CepR2 functions independently
of AHLs and does not detect them (Malott et al., 2009).

Members of our laboratory are interested in the genetic and biochemical properties of
several LuxR-type proteins, including CepR. To further those studies, we used
oligonucleotide microarrays to identify genes that are differentially expressed by exogenous
OHL, and were surprised to find that several genes that are induced by OHL were
previously found to be repressed by CepR2 (Malott et al., 2009). Taking the two findings
together, this would suggest that OHL antagonizes CepR2 activity, though this model was
difficult to reconcile with the report that CepR2 was unaffected by any AHL (Malott et al.,
2009). This puzzle prompted the current set of experiments, which include determining the
roles of CepR2, OHL, and CepS on promoter activity in whole cells as well as biochemical
assays of the ability of CepR2 to bind OHL and its ability to bind to specific DNA
sequences near target promoters.

In previous studies, we identified a set of genes that are directly regulated by CepR (Wei et
al., 2011). In an effort to identify additional members of this regulon, we cultured the cep/
mutant strain CLW101 in the presence and absence of 1 M OHL, and screened for
differential gene expression using oligonucleotide microarrays. This strain contains a Pcep/-
lacZfusion that was created by an insertion of Tn5/acin cep/ (Weingart et al., 2005), which
allows us to do two parallel tests for induction, one by assaying for B-galactosidase activity,
and the other assaying for /acZ mRNA, as our microarrays include probes for this transcript.
Cultures containing OHL expressed 100 to 200 times moref-galactosidase than identical
cultures lacking OHL (Table 1). OHL caused a 3.2-3.5 fold increase in /acZ mRNA
abundance as measured by the microarrays (Table 1). These data indicate that the
microarrays reflected expression of this gene but show a compressed induction ratio,
perhaps due to facZ mRNA being less stable than p-galactosidase protein. Another CepR-
regulated operon composed of a/dA and aidB, was also strongly induced by OHL (Table 1).

In this transcriptional profiling experiment, we also detected OHL-inducible expression of a
number of additional genes (Table 1), including several that are closely linked to cepR2.
Interestingly, all of the OHL-inducible genes linked to cepR2were previously found to be
expressed more strongly in a cepR2 mutant than in a wild type strain (Malott et al., 2009).
The two studies taken together could suggest that apo-CepR2 represses these genes, and that
its ability to repress them is somehow antagonized by OHL. These genes are expressed in
six apparent operons (Fig. 1), including cepR2 and another possible regulatory gene cepS
(both of which are monaocistronic). The operon containing bcam0184-0186 and the divergent
bcam0187 were induced rather weakly compared to the others and were not pursued in the
present study. We focus first on the promoters of the bcam0191-0190 operon and of the
divergent the bcam0192-0196 operon. Later, we will describe the regulation of cepR2and
ceps.

Regulation of bcam0191 and bcam0192 by CepR2 and CepS

In order to study the bcam0191 and bcam0192 promoters more closely, we fused each to
lacZ on a low copy plasmid. Plasmid pGR130 contains the bcam0191 promoter on a 493
nucleotide fragment (Fig. 1), while plasmid pGR136 contains the bcam0192 promoter on a
527 nucleotide fragment. Expression of these fusions was tested in strains containing or
lacking cepR2or cepS, and in the presence or absence of exogenous OHL. All strains lacked
cepl, and so they did not synthesize OHL.
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A cepR2* strain expressing the bcam0191-lacZ fusion (nGR130) expressed 35 units of -
galactosidase in the absence of OHL (Table 2). This fusion was induced approximately 11-
fold by OHL, in reasonable agreement with the transcriptional profiling experiments
described above. This fusion was also expressed 11-fold more strongly in a strain lacking
CepR2 than in a CepR2* strain, in agreement with the data of the Malott study (Malott et al.,
2009). Addition of OHL did not stimulate expression in the strain lacking CepR2 (Table 2).
These data are consistent with the hypothesis that the bcam0191 promoter is repressed by
CepR2 and that repression is somehow antagonized by OHL.

As described above, the cepS gene is adjacent to cepR2Z, and encodes a possible transcription
factor of the AraC family. The genetic linkage of cepSto cepR2and to bcam0191 suggested
a possible role in their regulation. We therefore deleted cepS and tested for the expression of
the bcam0191-lacZ fusion in this mutant. Loss of cepS caused a severe decrease in
expression of this promoter, both in the presence and absence of OHL (Table 2). The lack of
stimulation by OHL in a cepS mutant indicates that when CepR2 is inactive and CepS is
absent, expression is very low. In other words CepS is epistatic to CepR2.

Similar results were obtained from the divergent bcam0192 promoter (Table 2). In a strain
expressing CepR2, the fusion in pGR136 was expressed 11-fold more strongly in the
presence of OHL than in its absence. In a strain lacking CepR2, the fusion was expressed
12-fold more strongly than in the presence of apo-CepR2 (Table 2) and was unaffected by
OHL. The cepS mutant expressed this promoter at low levels that were unaffected by OHL.
Evidently, the bcam0192 promoter is repressed by apo-CepR2 and activated by CepS,
similar to the bcam0191 promoter.

Reconstitution of regulated expression in a heterologous host

We sought to determine whether CepR2 and CepS regulate the bcam0191 and bcam0192
promoters directly, and therefore attempted to reconstitute regulated expression in £E. coli
MC4100. Plasmid pGR130 was introduced into derivatives of MC4100 containing plasmids
that express CepR2 and/or CepS. In a strain expressing neither CepR2 nor CepS, the
bcam0191- lacZ fusion expressed approximately 120 units of f-galactosidase and was not
significantly affected by OHL (Table 3). The fusion was repressed approximately 4-fold by
CepR2. Surprisingly, OHL had little or no effect on CepR2-mediated repression. CepS
enhanced expression of the fusion about 2.5 fold in the presence or absence of OHL. When
both proteins were provided in the absence of OHL, expression fell to the same levels as
with CepR2 alone (Table 3). However, when OHL was provided, expression increased to
the same levels as with CepS alone. Very similar data were obtained using £. coli strains
expressing the bcam0192-lacZ fusion (Table 3). The ability of CepR2 and CepsS to regulate
expression of these promoters in £. coliindicates that they both are likely to act directly
upon them.

Localization of DNA sequences required for regulated gene expression of bcam0191 and

bcam0192

The intergenic region between bcam0191 and bcam0192 start codons is 396 nucleotides in
length, and contains a strongly AT-rich region characteristic of many bacterial promoters
(Fig. S1). In order to identify the essential sequences required for regulated expression of
bcam0191, we made several resections of this promoter from its 5” end (Fig. 1) and fused
the remaining sequences to /acZ. Plasmids pGR132, pGR195, pGR133, and pGR134
resemble pGR130, but contain 207, 184, 128, and 90 nucleotides upstream of the bcam0191
translation start site, respectively. Plasmid pGR236 contains sequences from nucleotides
—-395 to —27 (Fig. 1). These plasmids were introduced into B. cenocepacia strain K56-12,
and the resulting strains were assayed for p-galactosidase activity. The fusion in pGR132
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was expressed at 3-fold higher levels than that of pGR130 in the absence of OHL, while the
two fusions were expressed at similar levels in the presence of OHL (Table 4). Both fusions
were expressed at equally high levels in the absence of CepR2 and at equally low levels in a
cepS mutant. Similar data were obtained using pGR195 and pGR236. Together, sequences
required for OHL-responsive expression are limited to nucleotides —184 to —-27.

The fusion of pGR133 was expressed at equally high levels in the presence or absence of
OHL (Table 4), and was not affected by a CepR2 mutation (Table 4). It was expressed at
very low levels in a cepS mutant. These data indicate that pGR133 lacks some sequence
required for repression by CepR2. Plasmid pGR195 contains all such sequences and is 56
nucleotides longer than pGR133 at the 5’ end.

The fusion of pGR134 was expressed at low levels in all backgrounds and was not
responsive to OHL. This plasmid therefore lacks sequences required for promoter
expression, either the promoter itself or the CepS binding site. Plasmid pGR133 contains all
sequences required of CepS-dependent expression and is 38 nucleotides longer (Fig. 1).

We noticed an imperfect dyad symmetrical DNA sequence
(GACAGCCCGATTTGCGGATGTC, symmetrical bases are underlined) present in all
CepR2-repressed plasmids and absent or partially absent in all CepR2-nonresponsive ones.
To determine whether this sequence plays a role in regulation, we constructed two additional
plasmids, pGR197 and pGR198 (Fig. 1 and Fig. 2). The first plasmid contains this sequence
plus 13 additional promoter-distal bases, while the second plasmid lacks five bases of this
sequence. Plasmid pGR197 was induced by OHL in an £. coli strain expressing CepR2,
while pGR198 was not affected (Fig. 2). We used site-directed mutagenesis to alter small
groups of nucleotides within this dyad symmetry. Plasmids pGR259, pGR260, and pGR261
have 3- or 4-nucleotide mutations in the upstream half of this sequence. All three mutations
significantly reduced induction by OHL (Fig. 2), providing additional evidence that this
dyad is essential for CepR2 activity. We will demonstrate that this site is bound by CepR2 in
vitro (see below).

Similar experiments were carried out to identify cis-acting sites necessary for regulated
expression of the divergent gene bcam0192. Four plasmids, pGR137, pGR138, pGR139,
and pGR140 were constructed that resemble pGR136 but have 324, 268, 202, or 114
nucleotides of upstream DNA, respectively (Fig. 1). Plasmid pGR243 also resembles
pGR136 but contains sequences from nucleotides -400 to -46 (Fig. 1). Significantly,
pGR137 contains all of the dyad symmetry described above and 21 additional nucleotides,
while pGR138 lacks half of the dyad, and pGR139 and pGR140 lack all of it. Plasmid
pGR137 resembled pGR136 in that it was derepressed by OHL and by a cepR2 mutation,
and was expressed at very low levels in a cepS mutant (Table 5). In contrast, the fusions in
pGR138 and pGR139 were expressed at high levels and not significantly affected by CepR2
or OHL. They were expressed at low levels in a cepS mutant. Plasmid pGR140 expressed its
fusion at very low levels under all conditions. Expression of the fusion of pGR243 was
similar to wild type, indicating that all sequences required for regulation lie upstream of
nucleotide —46. These data suggest that the dyad symmetry is required for regulation of the
bcam0192 promoter, just as it was for the divergent bcam0191 promoter. In both cases, the
repressor binding site appears to lie well upstream of the regulated promoters.

Regulation of the cepR2 and cepS promoters

The microarray data described above shows that OHL may cause induction of cepR2and
cepS, though the effect is very slight. In contrast, microarray data of Malott and colleagues
indicate that both these genes are expressed far more strongly in a cepR2 mutant than in a
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cepRZ2* strain (Malott et al., 2009). Although these data do not directly contradict ours, the
two datasets are nonetheless somewhat difficult to reconcile.

In order to study the expression of the cepR2and cepS genes further, we constructed
plasmids containins PcepR2-lacZ or P cepS-lacZ fusions. These plasmids were introduced
into strains lacking one or the other of these genes, and cultured in the presence or absence
of OHL. Both fusions gave similar results. In the strain containing cepR2and cepsS,
expression was increased about 2-fold by OHL (Table S1). Perhaps surprisingly, this slight
increase also was detected in a cepR2 mutant, indicating that CepR2 is not required. The
cepS mutation caused a mild decrease in expression of both promoters, but did not affect the
very slight stimulation by OHL. These data tend to support our microarray data. In the
Discussion, we will present a possible explanation for the data of the Malott study.

Specificity of CepR2 for AHL-type pheromones

Throughout this study, we have used strains that have null mutations in cep/, and have been
providing exogenous OHL where indicated. These strains still have cci/, and therefore
presumably synthesize hexanoyl-HSL (HHL), and smaller amounts of similar pheromones.
The fact that OHL influences CepR2 indicates that Ccil-synthesized AHLs do not activate
this fusion, at least not fully. However, they could in principle play some role in CepR2
function. To address this question, we assayed the expression of a bcam0191-lacZ fusion in
the presence of different AHL-type pheromones, with acyl groups that vary in length and
substitution. Among these, OHL was the most effective at derepressing the fusion (Fig. 3).
The only other pheromone that showed significant activity was 3-oxooctanoyl-HSL
(OOHL). Decanoyl-HSL (DHL) showed a trace of activity when provided at high
concentrations, while five other AHL pheromones (hexanoyl-HSL, 3-oxo-hexanoyl-HSL, 3-
oxo-decanoyl, dodecanoyl-HSL, and 3-oxo-dodecanoyl-HSL) were inactive (data not
shown). We conclude that endogenous levels of pheromones synthesized by Ccil did not
detectably impact CepR2 activity.

Ability of cells expressing CepR2 to sequester AHLs

The hypothesis that CepR2 is antagonized by OHL and OOHL predicts that it should be able
to bind these AHLSs stably and preferentially. To test this, we overexpressed CepR2 using
the T7 promoter in £. coliin the presence of each of eight different AHLs, then washed the
cells of each culture to remove unbound or weakly bound AHLs, and bioassayed for CepR2-
bound AHLs. Of the eight AHLs tested, OHL was detected at the highest levels, followed by
OOHL and ODHL (3-oxodecanoyl-HSL) (Fig. 4). Trace amounts of HHL and OHHL (3-
oxohexanoyl-HSL) were bound, while DHL, dDHL and OdDHL (dodecanoyl-HSL and 3-
oxododecanoyl-HSL) were not detectably sequestered. These data agree fairly well with the
preference for OHL /n vivoas described above, except that DHL was more active then
ODHL in the former assay, while ODHL was sequestered more effectively than DHL. It
appears that ODHL can bind CepR2 without altering its DNA binding properties as
profoundly as other AHLSs.

AHL-independent folding of CepR2

Several LuxR-type transcription factors that require AHLSs for activity fail to fold into a
soluble, protease resistant form in the absence of AHLs (Zhu & Winans, 1999, Zhu &
Winans, 2001, Urbanowski et al., 2004, Schuster et al., 2004, Weingart et al., 2005). In
contrast, several LuxR-type proteins that are antagonized by cognate AHLSs fold into
soluble, protease-resistant forms in the absence of their cognate pheromones (Tsai &
Winans, 2011, Minogue et al., 2002, Castang et al., 2006). Solubility of some LuxR-type
proteins is also enhanced by artificial overexpression of the chaperone GroESL (Chai &
Winans, 2009, Choi & Greenberg, 1992). We assayed the accumulation of soluble CepR2 in
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the presence and absence of OHL, and in strains that express normal or elevated levels of
GroESL. CepR2 was detected in a soluble form only when GroESL was overproduced (Fig.
5). The yield of soluble CepR2 may have been enhanced somewhat by OHL, but it was
significantly soluble in the absence of OHL. CepR2 therefore resembles at least three other
LuxR-type proteins that function as apo-proteins in that none requires its ligand for folding
into a soluble form.

Electrophoretic mobility shift assays with CepR2

Data described above suggested that CepR2 binds to a dyad symmetrical DNA sequence in
the intergenic region between bcam0191 and bcam0192. We sought to obtain biochemical
support for this hypothesis by carrying out electrophoretic mobility shift assays (EMSA)
using radiolabelled DNA fragments containing this sequence. Several attempts to purify
CepR2 failed to yield soluble and active protein. However clarified supernatants from an £.
colf strain that overexpresses CepR2 were found to be active and were used for all binding
experiments.

Clarified supernatants containing apo-CepR2 shifted a DNA fragment containing 83
nucleotides of DNA that contains this sequence (Fig. 6, Fragment 2) under conditions
including a 10,000-fold excess non-specific competitor DNA. The extract containing apo-
CepR2 did not shift two fragments containing nearby sequences (Fragments 1 and 3). We
also tested two fragments identical to Fragment 2 (denoted Fragments 4 and 5) that
contained either a 3-nucleotide or 4-nucleotide alterations in the dyad sequence (Fig. 6,
bottom panel). Binding was virtually abolished with these mutant DNA fragments.

The data described above using fusions indicates that CepR2 is antagonized by OHL and
suggests that its ability to bind DNA might be inhibited by this pheromone. To test this, we
set up binding reactions using Fragment 2, apo-CepR2, and a range of OHL concentrations.
As predicted, OHL inhibited DNA binding by CepR2 (Fig. 6, right panel).

Earlier in this study we provided evidence that CepR2 does not autoregulate, nor does it
regulate cepS. Supporting these conclusions, CepR2 did not detectably shift a DNA
fragment containing the cepR2-cepS intergenic region (Fig. S2).

DNase | footprinting of the CepR2 binding site

In order to further localize the CepR2 binding site, we carried out DNase | footprinting
experiments using fluorescently end-labeled DNA fragments containing this sequence.
Clarified supernatants containing apo-CepR2 protected a region of approximately 20
nucleotides that contains this dyad symmetry (Fig. 7). On the basis of promoter resections,
point mutations, EMSA, and DNase | footprinting, we conclude that CepR2 binds
specifically to this dyad DNA sequence.

Identification of the transcription start sites of bcam0191 and bcam0192

In an effort to identify possible transcription start sites for the two promoters, we isolated
total mMRNA from strain K56-12 cultured in the presence or absence of OHL and hybridized
it with a 5’ fluorescently labeled oligonucleotide complementary to bcam0191 mRNA, and
in a separate reaction, did the same experiment using an oligonucleotide complementary to
bcam0192 mRNA. These oligonucleotides were used as primers for DNA synthesis by
reverse transcriptase, and resulting cDNA transcripts were size-fractionated by automated
capillary electrophoresis.

Using the former primer, the major reverse transcripts were 61, 62, and 63 nucleotides in
length, corresponding to apparent start sites lying 54, 55, and 56 nucleotides upstream of the
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bcam0191 translation start site (Fig. 8). Upstream of these sites are sequences that resemble
the -10 and -35 motifs of proteobacterial vegetative promoters. The promoter motif and
apparent starts sites are A1eaan, TATITITTATTAZR, Where Single underlined sequences resemble
consensus promoters, and the double underlines indicate the three apparent transcription
start sites. Plasmid pGR134 contains this putative promoter with no additional upstream
sequences. It expresses this promoter at very low levels, suggesting that it may lack a
binding site for CepS. The CepR2 binding site is centered 75 nucleotides upstream of this
putative transcription start site.

Using the fluorescent primer that hybridizes to bcam0192 mRNA, we detected several
reverse transcripts ranging in size from 40 to 53 nucleotides (Fig. 8). These correspond to
apparent transcription start sites between and 112 and 126 nucleotides upstream of the
bcam0192translation start site. Upstream of these apparent start sites is the sequence
TTGRRTILTRTTTAGCATCEACGCCTGARR | where single underlined sequences resemble consensus
promoters, and the double underlines indicate the apparent transcription start sites. The
positioning of a promoter motif with respect to the three candidate start sites suggests that
the middle candidate, a G residue, may represent the true transcription start site. The CepR2
binding site is centered 150 nucleotides upstream from this putative transcription start site.

Discussion

CepR2is active only as an apo-protein

This study was initiated while trying to reconcile transcriptional profiling data of our lab
with that of another group. Malott and colleagues showed that a strain lacking CepR2
overexpressed a number of genes tightly linked to cepR2 (Malott et al., 2009), while we had
found that OHL stimulated the expression of an overlapping set of genes. The hypothesis
that CepR2 was a repressor whose activity was blocked by a cognate pheromone seemed
worth exploring, as most LuxR-type proteins require a cognate AHL for activity. Our data
confirm that CepR2 is antagonized by OHL, making it functionally similar to VjbR and to
members of the EsaR clade, all of which function only as apo-proteins. EsaR-type proteins,
CepR2, and VjbR are only distantly related to each other (28-35% identical), suggesting that
the ability of these proteins to function only as apo-proteins may have evolved at least three
times independently. It seems quite plausible that additional LuxR-type proteins will turn
out to be AHL-inhibited rather than AHL-stimulated.

The study of Malott and colleagues provided data that CepR2, when expressed in £. coli,
activated the /ux/promoter in the absence of any AHL (Malott et al., 2009). Activation was
not affected by addition of ten different AHLSs, including OHL. It was concluded that CepR2
does not detect AHLs. The ability of CepR2 to function in the absence of AHLs agrees well
with our findings. The lack of inhibition by AHLSs is also reminiscent of data in the current
study. CepR2, when expressed in E. coli, repressed both the bcam0191 and bcam0192
promoters whether or not OHL was provided (Table 3). OHL-responsiveness was restored
only when CepS was co-expressed. In both studies, CepR2 was expressed by fusing the
cepR2 gene to the P/ac promoter. We believe that in both studies, CepR2 may inadvertently
have been overexpressed. If so, perhaps this overexpression may overcome the inhibitory
activity of OHL. One could imagine that CepR2 binds DNA only as a dimer, that OHL
weakens dimerization, and the overexpression of CepR2 may shift the equilibrium toward
dimers, such that enough dimers exist to populate the binding site and repress transcription
(in our study) or activate transcription (in the Malott study).
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CepR2 acts as arepressor

Although EsaR-type members of the LuxR family are sometimes referred to as repressors, at
least some of them can act as both repressors and activators, depending largely on the
position of their binding sites relative to the target promoter (Schu et al., 2011, Tsai &
Winans, 2011). In the present study, CepR2 was demonstrated to act as a repressor.
However, it is plausible that it could also activate one or more other promoters in this
organism. The fact that CepR2 can activate the /ux/promoter of V. fischeriin a system
reconstituted in £. coli provides further evidence that it could act as an activator in B.
cenocepacia. Malott and colleagues reported that the cepR2 mutation caused decreased
expression of 127 genes, though the effects were generally modest (Malott et al., 2009).
CepR2 also enhanced expression pchR, a regulator of a pyochelin biosynthesis operon, and
as expected, did so in the absence of pheromone.

CepR2 inhibited expression of two target promoters in £. coli, and CepS activated both, just
as they did in B. cenocepacia, strongly suggesting that these proteins act directly. The
expression of both promoters in the absence of these proteins was far higher in £. colithan
in B. cenocepacia, probably due at least in part to a ColE1 replication origin in the reporter
plasmid that replicates at high copy number in £. colibut which is inactive in B.
cenocepacia. It was initially surprising that OHL did not seem to block CepR2 repression,
though these results were rationalized as due to CepR2 overproduction. The fact that OHL-
responsiveness was restored by CepS could be due to synergistic effects of OHL and CepS.

Regulation of cepR2 and cepS

In the present study, we found that the divergent cepR2and cepS genes were very slightly
up-regulated by OHL in transcriptional profiling experiments. Fusions between these
promoters and /acZ confirmed these results, and showed curiously, that the effect was
CepR2-independent. In another study, a mutation in cepR2was described as causing a large
increase in the expression of cepR2and of cepS (Malott et al., 2009) . We believe that the
apparent discrepancy between those data and ours could be due to cis-acting effects of the
cepR2 mutation used in the Malott study. In that study, a cepR2 null mutation was
constructed using a trimethoprim resistance cassette inserted near the 5’ end of the gene
(Fig. S3). Significantly, this cassette has two divergent promoters (DeShazer & Woods,
1996). We believe that transcription from one promoter may have continued into cepR2
while transcription from the other promoter continued into cepS. If so, the mutant would
express both genes at higher levels than the wild type, exactly as reported. However, the
implication that this enhanced expression originated at the native promoters of the two genes
would have to be re-evaluated. If we are right that the cepR2 mutation caused increased
expression of ceps, the increased accumulation of CepS protein could increase the
expression of all CepS-dependent promoters described in the Malott study. In other words,
the high level expression of these genes could be due both to the lack of CepR2 and to CepS
overexpression.

Identity of a secondary metabolite

The functions of the regulated genes remain a matter for speculation. Analysis of these
protein sequences suggests a role in synthesizing a secondary metabolite. The N-terminal
half of Bcam0195 is predicted to bind ATP and leucine, while the C-terminal half contains a
phosphopantatheine binding site and a reductase domain. bcam0191 is a condensation
domain while Bcam0190 is an aminotransferase. Based on these homologies, one could
hypothesize that this pathway could convert a yet unknown ketone into an amine, condense
it to leucine, and then reduce the dipeptide into a terminal aldehyde. Further chemistry
probably could occur on the reactive aldehyde (Michael Burkart, personal communication).

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Ryan et al. Page 10

Opposing roles for CepR2 and CepS

The two CepR2-repressed promoters that we examined are unusual in that the repressor
binding site appears to lie upstream of the regulated promoters. In the case of bcam0191, the
binding site is centered 75 nucleotides upstream of the transcription start site, while in the
case of bcam0192, the binding site is centered 150 nucleotides upstream. These positions are
unusual, as repressor binding sites generally lie within the target promoter or directly
downstream (Perez-Rueda et a/., 1998). We believe that this unusual promoter geometry can
be explained only in the context of CepS, a positive regulator of both promoters. Data
obtained from promoter resections can be used to predict the region of the CepS binding
site. We have several 5’ resections that are blind to CepR2 yet are still CepS-dependent,
indicating that CepS must bind downstream of CepR2. Data presented in this paper strongly
suggest that CepS binds DNA between the promoter and the CepR2 binding site.

A cepS mutant expressed both promoters at very low levels irrespective of OHL status. This
indicates that when CepS is absent, CepR2 has no effect on expression of these promoters.
In other words, CepS appears to work downstream of CepR2, and CepR2 appears to act by
inhibiting CepS activity. One possibility is that CepR2 binding sterically blocks CepS
binding, and that OHL, by blocking CepR2 activity, allows CepS to bind and activate the
two promoters. If so, there must be two CepS binding sites, as plasmid pGR133 and
pGR138, which share no B. cenocepacia DNA, have two different CepS-dependent
promoters and therefore two different CepS binding sites. When CepR2 and CepS function
were reconstituted in £. coli, CepR2 was able to decrease expression even in the absence of
CepS, while this was not true in B. cenocepacia. It seems possible therefore that CepR2 may
regulate these promoters in two ways, one dependent on CepS, and one that is independent.

The interactions of the CepR2 repressor and the CepS activator are somewhat reminiscent of
the CytR repressor and CAP activator of £. coli; which function antagonistically at several
promoters (Shin et al., 2001, Tretyachenko-Ladokhina et a/., 2006, Valentin-Hansen et al.,
1996). CytR binds to a site centered 70 nucleotides upstream of the deoP2 promoter, flanked
by two binding sites for CAP, one centered at —40.5 and the other at —93.5. Binding of CytR
does not dislodge CAP, but may block the proper positioning of the C-terminal domain of
the alpha subunit of RNA polymerase (RNAP). By analogy, apo-CepR2 could act by
blocking the interactions between CepS and RNAP (Fig. 9) or might block the binding of
CepsS to a site near these promoters.

Experimental Procedures

Strains, oligonucleotides, and growth conditions

Bacterial strains and plasmids used in this study are listed in Tables S2 and S3.
Oligonucleotide primers (IDT, Coralville, lowa) used for PCR amplification and DNA-
mutagenesis are listed in Table S4. Burkholderia cenocepacia and Escherichia coli were
cultured at 37°C in Luria-Bertani (LB) medium and Agrobacterium tumefaciens was
cultured at 28°C in AT minimal medium. Antibiotics were added where described at the
following concentrations: 100 g mi~1 ampicillin, 100 g mi~1 kanamycin, 35 g mi~1
chloramphenicol, and 12 pg mi~2 tetracycline for £. cofi; 300 g mi~1 tetracycline, 700ug
ml~1 kanamycin, 400 g mi~1 gentamicin for B. cenocepacia; 100 g mi~1 spectinomycin
and 15pg mi~1 tetracycline for A. tumefaciens. Media was supplemented with 500 M
isopropyl B-d-galactopyranoside (IPTG) where indicated.

Transcriptional activity of bcam0191 and bcam0192 promoters

Recombinant DNA techniques were performed using standard methods (Sambrook &
Russell, 2001). The intergenic region containing promoter and regulatory elements for each
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divergent promoter was resected by PCR amplification. For each resection, the amplicon
was cloned into the promoterless transcriptional /acZ reporter plasmid pYWN302 at Kpnl
and Xbal sites creating a transcriptional reporter fusion. Reporter fusion plasmids were
transformed into B. cenocepaciaor E. colistrain MC4100 by electroporation (Cangelosi et
al., 1991). To assay promoter activity, overnight cultures were diluted to 1:100 into LB
medium and grown at 37°C to an ODgqg of 0.35 with the appropriate antibiotics and 1pM
OHL. £ colistrains containing cloned P /ac-cepR2 or P lac-cepS fusions were also
supplemented with IPTG to a final concentration of 0.5 mM. Cultures aliquots (150 L)
were transferred to the wells of opaque microtitre plates containing 4 pl of a 1.5 mg/ml
solution of 4-methylumbelliferyl-p-D-galactopyranoside (MUG) dissolved in DMSO. B-
galactosidase specific activities were measured using a Biotek Synergy HT microplate
fluorescence reader. The data are averages of three independent experiments, each
experiment performed with three independent isolates of each strain. Standard deviations are
indicated in parentheses.

To construct a plasmid expressing a regulated P /ac-cepR2 fusion, the cepR2 gene was
cloned into the pPSRKKm broad-host range vector (Khan et a/., 2008) to create pGR192.
This promoter is regulated by Lacl9 encoded on the plasmid and is induced with IPTG.
pSRKGm was used to construct plasmid pGR193, which expresses an IPTG-inducible cepS
gene. Expression from both pSRK vectors were induced using 0.5 mM IPTG. Constitutive
expression of CepS was obtained by cloning the cepS gene into plasmid pSW208 to create
pGR276.

Construction of deletion mutations in cepR2 and cepS

To create an internal deletion cepR2 mutant, oligonucleotides GR329 and GR330 were used
to PCR amplify a 741-nucleotide fragment upstream of cepR2, while oligonucleotides
GR331 and GR332 were used to PCR amplify a 737-nucleotide fragment downstream of
cepR2. These fragments were digested with EcoRl, ligated, and PCR amplified using
oligonucleotides GR329 and GR332, creating a 1.5 kb fragment with a 633 nucleotide
deletion of cepR2 (nucleotides 21-652 of the cepR2 reading frame). This fragment was
digested using Hindlll and Xbal and ligated into pEX18Tet-pheS (Barrett et a/., 2008), and
introduced into strain SM10(A p/r) by transformation, creating pGR178. This plasmid was
introduced into B. cenocepacia K56-12 by conjugation. Tetracycline-resistant single-
crossover recombinant mutants were screened by PCR for correct integration of the plasmid
and double crossover recombinants were selected using M9 agar supplemented with 0.1% p-
chlorophenylalanine (Sigma-Aldrich) (Barrett et al., 2008). The resulting colonies were
screened by PCR amplification for the 633 nucleotide cepR2 deletion and verified by DNA
sequencing (Cornell Biotechnology Resource Center). The resulting cepR2 deletion was
designated GR141.

A similar strategy was used to delete cepS. Oligonucleotides GR345 and GR346 were used
to amplify a 474-nucleotide fragment upstream of cepS, while GR347 and GR348 were used
to PCR amplify a 492-nucleotide fragment downstream of cepS. These fragments were
digested with Spel, and PCR amplified using oligonucleotides GR345 and GR348, yielding
a 0.95 kb fragment that contains a 0.9 kb deletion of cepS. This fragment was digested using
BamHI and EcoRI and ligated into pEX18Tet-pheS, to create pGR182. The cepS deletion
was crossed into the genomic DNA of strain K56-12 as described above, creating strain
GR145.

AHL detection by CepR2

To measure CepR2 AHL ligand specificity, strains K56-12(pGR130) and K56- 12(pGR136),
was cultured at 37°C to mid-log phase (ODggg 0.4) in 2 ml LB medium supplemented with
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tetracycline and AHLSs at concentrations ranging from 1 pM to 1 .M. Promoter activity was
determined by measuring p-galactosidase activity of three isolates from each strain as
described above in three independent experiments.

Overexpression of CepR2

To overexpress CepR2 in E. coli, the cepR2 gene was PCR amplified using oligonucleotides
GR295 and GR288 and inserted into pRSETa (Invitrogen) after digesting both with Ndel
and Xhol, creating pGR107. E. coli strain BL21 (DE3) (Novagen) harboring plasmids
pGR107 and pT7-groESL (which expresses the chaperone GroESL) were grown in LB
medium supplemented with 0.4% glucose, 400 g mI~1 ampicillin and 35 g mi~2
chloramphenicol at 37°C. At an ODggg of 0.4, cultures were cooled to 28°C and 10 M
OHL was added as indicated. Protein expression was induced using 0.5 mM IPTG and
growth was continued for three additional hours at 28°C. Cells were harvested and
resuspended in TEDG buffer (50 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT, 20%
glycerol) supplemented with 200 mM NaCl. Cells were disrupted using a French press
(three passages, 10,000 psi) and the lysate was clarified by ultracentrifugation (106,000 x g,
30 min, 4°C). Protein fractions from lysates obtained from three cultures grown
independently were analyzed on SDS-PAGE gels stained with Coomassie blue.

AHL sequestration assays

E. colistrain BL21(DE3)(pGR107) was used to test for the sequestration of AHLs. Cells
were cultured at 18°C in 10 ml LB medium supplemented with 100 g mi~1 ampicillin.
When the ODgqg reached 0.4, IPTG was added to a final concentration of 0.5 mM, and
AHLs were added at a final concentration of 10 M. When the cultures reached an ODgqg of
0.7 (approximately 4 hours), they were harvested, washed twice with LB, then washed three
times with TE buffer (10 mM Tris (pH 8), 0.5 mM EDTA) and resuspended in lysis buffer
(200 mM Tris (pH 8), 400 mM EDTA, 0.7 mM sucrose). Cell-associated autoinducers were
extracted twice with ethyl acetate:acetonitrile (99.5:0.5 v/v) (HPLC grade, Fisher). Organic
phase extracts were pooled and dried under nitrogen gas. Pellets were resuspended in 10 pl
ethyl acetate and added to cultures inoculated with the biosensor strain A. tumefaciens
WCF47(pCF218)(pCF372), which detects a wide range of AHLs (Zhu et a/., 1998). The
detection of each AHL was calibrated using known concentrations of each AHL. Cultures
from three isolates were grown for 12 h at 28° and assayed for B-galactosidase specific
activity in three independent experiments.

Electrophoretic mobility shift assays

For all EMSA reactions, a clarified supernatant from BL21(DE3)(pGR107)(pT7-groESL)
was dialyzed against EMSA buffer (50 mM Tris-HCI pH 7.0, 2 mM EDTA, 2 mM DTT, 60
LM potassium acetate, 39 LM potassium glutamate, 20% glycerol). DNA fragments were
PCR amplified using oligonucleotides described in Table S2 and end-labeled with T4
polynucleotide kinase and [y-32P]-ATP (Perkin Elmer). Binding reactions contained 2.5 pM
of DNA and varying concentrations of CepR2 protein in a 15 pl total volume containing
EMSA buffer, 20 g mi-1 of calf thymus DNA, and 20 g mi-1 of BSA. Reactions were
incubated at room temperature for 30 minutes, and complexes were size-fractionated at 4°C
using 10% polyacrylamide gels (Dgel Sciences) containing 20 mM Tris-acetate pH 8.5, and
1 mM EDTA (0.5 x TAE). Gels were analyzed using a Storm B840 Phosphorimager
(Molecular Dynamics). All binding reactions were performed in at least two experiments
with similar results.
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DNase | protection assay

A fluorescently labeled 84-bp fragment was PCR amplified using primers GR280 and
GRA458 (Table S3). Binding reactions contained ~ 200 ng DNA and a clarified supernatant
of strain BL21(DE3)(pGR107)(pT7-groESL) (10 mg ml~1 total protein) or BSA (for
control) diluted in 20 .l EMSA buffer and incubated at room temperature for 30 minutes.
MgCl, (2.5 mM), CaCl, (0.5 mM) and 0.1 units of DNase | (Ambion) were added to the
reaction and allowed to incubate at room temperature for 2.5 minutes. The reaction was
stopped by addition of 0.75 p.l stop solution (20 mM EDTA (pH 8.0), 200 mM NaCl, 1%
SDS). DNA was purified with the Qiagen PCR kit and eluted in 20 .l water. DNA
fragments were analyzed using an Applied BioSystems 3730xI DNA Analyzer (Cornell
University Life Sciences Core Laboratories Center).

Primer extension assays

Strain K56-12 was cultured to mid-log phase in LB with or without 1 pM OHL at 37°C.
DNA-free mRNA preparations were isolated from 2 ml cell culture aliquots using Qiagen
RNeasy Plus Mini kit. Residual DNA in mRNA extracts was degraded using Turbo DNA-
free kit (Applied Biosystems) and mRNA was purified by isopropanol precipitation. cDNA
transcripts containing bcam0191 and bcam0192 transcriptional start sites were obtained with
the Superscript 111 RT kit (Invitrogen) using GR458 or GR459 fluorescently labeled primers,
respectively. cDNA transcripts were purified (Qiagen PCR purification kit) and DNA
fragment analysis was performed as above.

Transcriptional profiling

Whole genome microarray slides containing 3-5 different probes for each gene of the B.
cenocepacia genome were purchased from Agilent (AMADID #016249). Bacterial strains
were cultured to exponential phase in AT minimal medium and subjected to RNA extraction
as described previously (Cho & Winans, 2005). Preparation of fluorescent cDNA was
performed following a published procedure (Hegde et a/., 2000). Hybridization and washing
of slides was performed according to the manufacturer’s protocol. Fluorescence intensity
was analyzed using a GenePix 400B scanner (Axon). Induction ratios were calculated after
normalization with locally weighted linear regression (lowess) analysis. Experiments were
performed in duplicate, with independent bacterial culturing, RNA preparation, cDNA probe
synthesis, dye coupling and hybridizations. The Cy3 and Cy5 dyes were swapped in the two
trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Resections of the bcam0191 and bcam0192 promoters

Chromosomal organization of OHL-inducible genes is indicated using gray arrows. Genes
are named in accordance with the genome sequence of strain J2315 (Holden et a/., 2009).
Promoter-proximal portions of the bcam0191 and bcam0192 genes are indicated using
hatched boxes. Endpoints of each resection are calculated with respect to the translation start
site of the regulated gene. The solid black box represents the CepR2 binding site.
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Experiment 1

> <€

pGR132 GCRATTCTTATCCTAGACAGCCCGATTTGCEGATGTCAATTCCETGCGETTTTGTTE
pGR197 GCRATTCTTATCCTRAGACAGCCCGATTTGCEGATGTCAATTCCETEGCGETggTaccs
pGR1%E8 GCRATTCTTATCCTAGACAGCCCGATTTGCGGggtaCcgagCtecgaatteaaTtCge
pGR133 GCRATTCTTATCCTRGACAGCCCGATggtaccgaGetcocgaattecaattecggegtTaa
Experiment 2

pGR1%7 GCAATTCTTATCCTRAGACAGCCCGATTTGCGGATGTCAATTCCGTGCEETggTaces
pGR25% GCARATTCTTATCCTRAGACAGCCCGATTTGCEGATCAGRATTCCETGCGETggTaccs
pGR2E0 GCRATTCTTATCCTREGACAGCCCGATTTGCCCTAGTCAATTCCETGCGETggTaccs

pPGR2€1 GCRATTCTTATCCTAGACAGCCCGATRACGGGATGTCAATTCCGTGCGETggTaceG

Fig. 2. Resections and alterations of the CepR2 binding site
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The dyad symmetrical CepR2 binding site is indicated using inverted arrows. All sequences
shown were part of bcam0191-lacZ fusions. B. cenocepacia sequences are capitalized while

vector sequences are shown in lower case. Vector sequences that fortuitously match the
original DNA sequence are capitalized. Site-directed mutations of the CepR2 binding site

are underlined.p-galactosidase specific activities were determined for cells cultured for 12

hours in the presence or absence of OHL. The values shown are the means and standard

deviations (error bars) of three independent experiments.
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Fig. 3. Detection of cognate and heterologous AHL sby CepR2

Strains K56-12(pGR130) and K56-12(pGR136) were used to test the induction of the
bcam0191 (A) and bcam0192 promoters (B), respectively. Strains were cultured with AHLs
in the indicated amounts for 12 hours, and assayed forp-galactosidase specific activity; OHL
(triangles), 3-oxooctanoyl-HLS (OOHL, squares), and decanoyl-HSL (DHL, circles). The
values shown are the mean standard deviation (error bars) from triplicate experiments. Five
other AHLs (hexanoyl-HSL, 3-oxo-hexanoyl-HSL, 3-oxo-decanoyl-HSL, dodecanoyl-HSL,
and 3-oxo-dodecanoyl-HSL) did not detectably induce expression of the fusion (data not
shown). The values shown are the means and standard deviations (error bars) of three
independent experiments. RFU: relative fluorescence units.
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Fig. 4. Ability of CepR2 overproduced in E. coli to sequester eight different AHLs

E. colistrain BL21(DE3)(pGR107) was incubated in medium containing 10 nM of the
indicated AHL. Bound AHLs were extracted and bioassayed (Zhu et al., 1998). The
bioassay strain was calibrated using each AHL. The values shown are the means and
standard deviations (error bars) of three independent experiments. RFU: relative
fluorescence units.

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.

Page 21



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Ryan et al. Page 22

=~ = = 4 £ = # = £ GEESL
+ + + OHL

A - W |- cepR2
-.—lll -Lep
25kDa- e ERNEES
£
hi
4] 7] 74]
¥ Y I FIF s &
¢ § S 5 S oSS
SN @ L N G O N 8 D
S % S o S o
- -~ ~

Fig. 5. Ability of CepR2to fold into a soluble form requires GroESL but does not require OHL
E. colistrain BL21(DE3)(pGR107) containing or lacking pT7-GroESL was cultured in
medium containing or lacking 1 .M OHL, lysed, and clarified extracts were size-
fractionated by SDS-PAGE and stained using Coomassie Brilliant Blue. Results are
representative of three experiments with similar results.
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A.
+98  bcam0191 bcam0192  +126
(S aa S
Fragment 1 (213 bp)
—— Fragment 2,4, 5 (83 bp)
Fragment 3 (329 bp)
B.
CepR2 OHL
w .. ’ .‘-.‘ -
(3L LA L (dhd i d 2 gl bk d ARUE T
Dewwwns D amne® bimenee Dissnus Donssy o
Fragment 2 Fragment 1 Fragment 3 Fragment 4 Fragment 5 Fragment 2
+ CepR2
C.

Fragment 2: N, TCTTATCCTAGACAGCCCGATTTGCGGATGTCRATTCCGTGCG

Fragment 4: N, TCTTATCCTA[GACAGCCCGATTTGCGGATCAGRATTCCGTGCG

Fragment 5: N, TCTTATCCTAGACAGCCCGATTTGCCCTAGTCRATTCCGTGCG

Fig. 6. Electrophoretic mobility shift assays of fragments containing the CepR2 binding site

A: location and size of DNA fragments used in Part B. B. Clarified supernatants containing
CepR2 were used for all binding reactions. A 65-bp PCR amplified /acZ DNA fragment was
used as a negative control (open arrowhead). Free DNA is indicated using a black
arrowhead, while CepR2-DNA complexes are indicated using a grey arrowhead. CepR2
supernatants were diluted serially in 3.16-fold increments in reactions with DNA fragments
in the absence of OHL (gels 1-5). In gel 6, binding reactions containing CepR2 and
Fragment 2 were amended with OHL to final concentrations of 0 uM, 0.032 pM, 0.1 M,
0.315 M, and 1.0 M. C. Sequence of fragments containing the wild type CepR2 binding
site (Fragment 2) or near-identical fragments having the indicated sequence alterations
(Fragments 4 and 5). The dyad symmetrical CepR2 binding site is boxed, and altered
sequences are underlined. Results are representative of at least two experiments with similar
results.

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Ryan et al.

Page 24

No protein

| /44[‘/ N
:“JW‘ R\u“mh \ “\lfk‘lu ) .. u ' r.‘J‘ ﬁ "l\\.-{ IR -bl
CepR2

._J.UN l) A ;-' HauanL.;JL Mo aL '* MJ' LY
No proteiV' 3

o
ﬁl LL( T| | [ ‘1

H" “ln‘ .ln’n L'yl ! N
CepR2 i

fr|

il" / Wi l‘ll | r”.\‘l“'}'jl {l‘l ' l"l l" ||‘|

f
‘ll 1’ r |l IIII\'I II i .I'i' || h ]
Al "H'.fl AR AL A INT JI whity |

TATCCTAGACAGCCCGATTTGCGGATGTCAATTCC

ATAGGATCIGICGGGCTAAMCGCCTACAGTTARGGC
127 148

Fig. 7. DNase| protection of the CepR2 binding site by CepR2

A fluorescently end-labeled DNA fragment was combined with a clarified extract containing
CepR2 (second and fourth panel) or an extract lacking CepR2 (first and third panel),
partially digested with DNase |, and size fractionated by automated capillary
electrophoresis. The bottom two panels are enlargements of the right third of the top two
panels. The DNA sequence of the protected region is shown at the bottom. The CepR2
binding site is indicated using inverted arrows, and symmetrical nucleotides are underlined.
Nucleotides are numbered with respect to the 5’-end of the fluorescently-labeled amplicon.
Results are representative of three experiments with similar results.
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Fig. 8. Localization of the bcam0191 and bcam0192 promoters

Total RNA was purified from strain K56-12 cultured in the absence (B and D) or presence
(A and C) of 1 M OHL. Oligonucleotides GR458 and GR459 were used to prime reverse
transcription of bcam0191 (A and B) and bcam0192 (C and D) mRNA, respectively, and the
resulting cDNA fragments were size-fractionated by automated capillary electrophoresis.
Sizes are relative to the 5’ ends of the two fluorescently labeled primers. Results are
representative of two experiments with similar results.
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Fig. 9. A model of proposed activities of CepR2 and CepS

In this model, apo-CepR2 binds to a single site between the bcam0191 and bcam0192
promoters. Bound CepR2 inhibits the stimulatory activity of CepS, which binds between
CepR2 and the two target promoters. At high-cell density, OHL accumulates and releases
CepR2 from the DNA, permitting CepS to activate both promoters. CepR2 thus functions as
an antiactivator of CepS.

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



Page 27

Ryan et al.

$watermark-text

pu €2 (0T'1)09°C | (59°0) 98°T | crsTwesqg
(TT0Z "2 30 19A0) Dpre pu vS'€ (61°€) 06'¢ | (09°T) 8G'E | BeTHTUMRIG
pu A% (sT0)v9C | (80°0) 6S°E | regoWeIg
pu 062 (evT) ve'e | (68°0) Sv'e | c6coweag
feoneylodAy peAjesuod (te)s08 62'S (6Te) 05 | (c0€)80°L | 96TOWRI
aseyufs apndad fewosoq1i-uoN (c9) e85 00'S (€eT) 099 | (9L T)Tr'e | SeTOWRI
feoneylodAy peAjesuod (8v) 15T 2e9 (ozT)8T'S | (69T) 9V L | v6TOWRI
feo1ylodAy panesuod ((ZAR9A) 297 (e2'1)5T9 | (82'T) 80°E | E6TOWED
feoreylodAy peAjesuod (zo)ett 8Ly (622) €9y | e T) 26y | 26TOWRI
aseyufs apndad fewosoqii-uoN (0e)se v0'€ (FeT)TTY | (L€0)96'T | TETOWRI
I11Sse|D 8k djsUe oUWy (60)9TT 29¢ (rs0)Se'e | (18°0) 00C | O6TOWEI
S0 (9v) 88T 65T (ov0)sTZ | (92°0)€0'T | 68TOWEDY
240e0 e 1Te €5¢C (69°0) 292 | (66'0) G2 | 83TOWRI
pu 494 (ce0)vze | (ez0)66'0 | L8TOWED
(unoe)) wpg (80)6C e (¢s0) 18T | (OV0)2re | 9gTowedq
unoe pu 659 (96'1)8'TT | (SV0) €T | S8TOWRI
unoe pu oLe (€ce)o0r | (8c0)vET | vBTOWR
pu et (sre)8yy | (12'1) LGC | reooweag
pu 66'€ (LzR)oes | (tr1) €9C | ocooweag
pu 62'C (¥50) 60 | (Tv°0) 6v'T | 82161829
pu 85z (e6'0) 95°€ | (v2'0)SS'T | 8rTZIP9G
aqyd pu 80'T (8z°0) 62T | (5T°0) L8°0 | ccs01P29
pu lee (t8'0)88'¢ | (02°0)99'T | re80/w2g
(TTOZ "[e 19 13M0) pateInfal-ydaD o’Pu 10°L (ov'0) 19 | (85'T) T9'L | 01S0/P99
18u0dal Zogy-1ds2 g*®u 8e'e (zeo)vee | (1g0)15°e | 2081
S90UB Jojoy ‘S1uBWIWOD ‘swreN areu el | (6002 “Ie 1 10 IA) LM SAZHded | abeleny | Z feliL TreuL CLC)

('@'s) oirey uoioNpuU| THO

2 THO INM T Jo 9ouasqe Jo aouasaid ayl ul painynd s|ja9 Jo saj1joid jeuondiiosuel |

T alqel

$watermark-text

$watermark-text

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



Page 28

Ryan et al.

$watermark-text

pauILLIBIaP 10N,

a|qeoljdde 10N
10edl| y

'SHUN GgT passaidxa THO Bulureluod ainynd ayl ajIym ‘syiun g T passaldxs THO Buiyoe] 81Ny nd 8y ‘g [eIIL U] 'SHUN 0EZ Passaldxa
TTHO Bulureluos a1myno sy ajIym ‘asepisoroefeb-g 1o suun Ja||IA 2'Z passaidxe THO Buioe] aimyno ayl T [euL Ul *(S00Z ‘e 18 UeBuIspn) UoISN) Zog/-/d82 d [eWOSOWOIYD e Suleluod TOTATD urens,

00T (2eT) 00T | (92'T) 00T | S8us9 IV
vawz (€0)F971 Lr'e (L9°0) ¥9'Z | (09°0) T€°C | 60P0SPIG
(TT0Z "2 39 1M0) pareInbai-ydad ‘wore (zo)FL1 1774 (9sT) 86T | (662) €62 | £6205899
(TT0Z “1e 30 13/0) pareinbai-yda) ‘gpre pu Tz (ztr) vee | (8TT) 6T | 6205299

pu 90¢ (tzo)8LT | (2v0) veT | £5T0S899
pu GTe (s80)teC | (LG0)00C | soECWRIG
gawz (Lo)FL1- 20'S (eze)60'L | (09°0) 96°C | Logzweag
(TT0Z “*[e 13 13/W) pare|nfai-ydad pu 95 (ezT) 9z°¢ | (G9°0) 98'T | 698TWwerg
SO0UB BJBY ‘SIBLILIOD ‘BWeN dreueY | (6002 e 1 HOEIN) LM SAZHdeo | sfeleny | z feliL T el a9
('a@'s) oirey uoNpU| THO

$watermark-text

$watermark-text

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



Page 29

Ryan et al.

“THO 40 32U3se By} Ul PaInyNd pue piwseld payeipul ay) BuiAired urens adAl pjim syl Jo 1ey) 01 pazijewou st ANAROR mmmu_mosm_mm.uu

"PaYedIPUI 318 SUOITRIASP PIBPURIS PUB 3NJRA UBSIAl ‘90U
pakesse (oes ‘Urelis yoes Jo saye|osi Juspuadapul 831y} Buisn Juswiiadxa aAleIussaldas 8]BuIS © WOy Paurelqo a1am ereq “ANAnoe asepisooefeB-g oy pakesse pue ‘40 Jo 009QQ ue 0} ‘paredlpul se THO
Bunioe| Jo Bulureluod pue ‘sonoiqnue ayeridoidde ‘91 dl INW G0 Ynm paruswialddns g ul D,/ e PININD 819M SUIRIIS 7082 Ul UOITRINW UOILBSUI U SB1LIBD UDIUM ‘Z|-9G> WO PAALIAP aJe Surels ||

q
‘AlA1oe asepisoloeleh

-d Jo suun z—T Ajuo passaldxa ‘ZoeMAd ‘spiwseld yiog 1oy 103198A 3y "9eTHOd Buisn papinoid sem uoisny Zagfz610weaq e aiym ‘0sTH9Od Ag papinoid sem uoisny [euonduasuely Zog-I6 Ioweaq <m

$watermark-text

et 9€ ¥ 96€ T (5dbo) geTYOd (§dd) GyTHO

€T TFey 0 (5dbo) geTYOd (§dd2) GYTHO

€T0 ZFY T woMysd (§d92) GYTHO

10 TF¢€ 0 woMHsd (§d92) GYTHO

LT YZFELE T (cydes) zoTdod | (24082) THTYD

TT TF9¢ 0 (codes) zoTdod | (24082) THTYO

GTT G2 ¥ 89¢ T wMYsd (£&/092) TYTYO

81T TEF9./€ 0 wMysd (e&d9) TYTHO

€11 ST ¥29¢ T auou 1M

(T €F2E 0 auou 1m z610ueq
81T EFLW 1 (sdb2) g6TYDM (5do) GyTHO

21T 8F TV 0 (5ds2) g6TYDM (5do9) GyTHO

10 ZF¢e T woMHsd (§dd) GYTHO

v10 €Fg 0 woMysd (8d92) SYTYD

71T TZ ¥ /8¢ T (cydso) zeTd0d | (Z&4092) THTHO

G6°0 vFee 0 (cyda0) zeTyod | (24089) THTHD

€T 2€F L6 T wy s (Z&d2) THTYD

60T vZ ¥ €8€ 0 wMdsd (e&d59) TYTUO

80T 0€ ¥ LLE T auou 1M

m 8 FGE 0 auou 1M 1610Wedq
sSeneA peziewoN | ssepsopees-d | (AN) THO | adAloueb piwse|d Qmabocmm [ewosowoyd | guosny

"THO pue ‘sda) ‘zyde)d AqzsToweraq pue I6T0Weq 1o sisyowold syl Jo uolenboy
¢ 9lgqel

$watermark-text

$watermark-text

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Ryan et al.

Table 3

Regulated expression of the bcam0191 and bcam0192 promoters in E. colF.

Page 30

Fusion® | Plasmids expressing B. cenocepaciagenes | OHL (uM) | B-Galactosidase Activity | Normalized Value®
bcam0191 none 0 121 +11 (1)
None 1 137+ 15 1.13

pGR192 (cepR2) 0 29+8 0.24

pGR192 (cepR2) 1 35+8 0.29

pGR276 (cepS) 0 310+ 21 2.6

pGR276 (ceps) 1 305 + 17 2.5

pGR192 (cepR2), pGR276 (cepS) 0 35+8 0.29

pGR192 (cepR2), pGR276 (cepS) 1 307 £ 30 25

bcam0192 None 0 101 +11 )
None 1 93 0.92

pGR192 (cepR2) 0 23+4 0.23

pGR192 (cepR2) 1 32+3 0.32

PGR276 (ceps) 0 300 + 11 3.0

pGR276 (ceps) 1 344 +23 3.4

pGR192 (cepR2), pGR276 (cepS) 0 32+3 0.32

pGR192 (cepR2), pGR276 (cepS) 1 293 + 30 2.9

aAII strains were derived from MC4100. Strains were cultured at 37°C in LB supplemented with 0.5 mM IPTG, appropriate antibiotics, and
containing or lacking OHL as indicated to an ODgQ( of 0.4, and assayed for B-galactosidase activity. Data were obtained from a single

representative experiment using three independent isolates of each strain, each assayed once. Mean value and standard deviations are indicated.

bA bcam0191-lacZ transcriptional fusion was provided by pGR130, while a bcam0192-lacZ fusion was provided using pGR136.

Dﬁ-galactosidase activity is normalized to that of the wild type strain carrying the indicated plasmid and cultured in the absence of OHL.
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