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Acyl-homoserine lactones (HSLs) serve as quorum-sensing signals for many Proteobacteria. Members of the
LuxI family of signal generators catalyze the production of acyl-HSLs, which bind to a cognate receptor in the
LuxR family of transcription factors. The obligate animal pathogen Burkholderia mallei produces several
acyl-HSLs, and the B. mallei genome has four /uxR and two luxI homologs, each of which has been established
as a virulence factor. To begin to delineate the relevant acyl-HSL signals for B. mallei LuxR homologs, we
analyzed the BmaR1-Bmall system. A comparison of acyl-HSL profiles from B. mallei ATCC 23344 and a B.
mallei bmall mutant indicates that octanoyl-HSL synthesis is Bmall dependent. Furthermore, octanoyl-HSL
is the predominant acyl-HSL produced by Bmall in recombinant Escherichia coli. The synthesis of soluble
BmaR1 in recombinant E. coli requires octanoyl-HSL or decanoyl-HSL. Insoluble aggregates of BmaR1 are
produced in the presence of other acyl-HSLs and in the absence of acyl-HSLs. The brmall promoter is activated
by BmaR1 and octanoyl-HSL, and a 20-bp inverted repeat in the bmall promoter is required for bmall
activation. Purified BmaR1 binds to this promoter region. These findings implicate octanoyl-HSL as the signal

for BmaR1-Bmall quorum sensing and show that octanoyl-HSL and BmaR1 activate bmall transcription.

Burkholderia mallei is a rod-shaped proteobacterium that
exists as an obligate animal pathogen. Members of the equine
family (including horses and mules) serve as the natural hosts
for B. mallei, which causes a disease called glanders (9). B.
mallei can infect other animals including mice, hamsters,
guinea pigs, monkeys, and humans (27). Human glanders, if
untreated, is often fatal. B. mallei can be transmitted by aero-
sol, and because the infectious dose is very low, it is considered
to be a biowarfare threat. Little is known about B. mallei
pathogenesis, and there is no effective B. mallei vaccine. To
identify suitable glanders therapies, it is important to begin to
understand B. mallei virulence genes. This obligate animal
pathogen has several putative acyl-homoserine lactone (HSL)
quorum-sensing signal generators and receptors that are crit-
ical for virulence in animal models (39).

Quorum sensing allows bacteria to monitor their population
density and affect gene transcription at critical population lev-
els (17, 41). Many host-associated Proteobacteria utilize small
amphipathic acyl-HSL signals for quorum sensing. These sig-
nals can diffuse out of and into cells and, upon reaching a
threshold concentration, bind transcriptional regulators that
control the expression of specific sets of genes. Acyl-HSL sig-
naling was first identified in the luminescent marine bacterium
Vibrio fischeri, which produces blue light at high cell densities
(28). The V. fischeri quorum-sensing circuit depends on two
proteins, LuxI and LuxR (11). The LuxI protein is an N-3-
(oxohexanoyl)-HSL (30C4-HSL) synthase, and LuxR is a
30C,-HSL-responsive luminescence gene transcriptional acti-
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vator. The luminescence of V. fischeri is used for its mutualistic
symbiosis in the light organs of marine animal hosts (16, 34).
Quorum sensing allows V. fischeri to discriminate between a
high population density inside the animal host and a low pop-
ulation density in the seawater environment.

Many other Proteobacteria that associate with animal or
plant hosts in a nonobligate fashion possess systems homolo-
gous to the V. fischeri quorum-sensing system. These systems
often control virulence or symbiosis functions and are thought
to allow the discrimination between host and nonhost environ-
ments (for reviews, see references 16 and 41). Acyl-HSL quo-
rum sensing involves paired LuxI-LuxR homologs. The LuxI
homologs produce acyl-HSLs with different side chain lengths,
different substitutions on the third carbon in the side chain
(fully protonated, carbonyl, and hydroxyl), and sometimes a
single carbon-carbon double bond in the center of the side
chain. A LuxR homolog shows the greatest sensitivity to the
signal produced by its cognate LuxI homolog. Genomes often
contain additional unpaired LuxR homologs, and the functions
of these homologs are just beginning to be understood (6, 32).

The genomes of numerous obligate animal pathogens have
been sequenced, and sequence analyses indicate that they do
not have acyl-HSL quorum-sensing systems, yet B. mallei pos-
sesses several such systems, and these systems are critical for
virulence (39). The reasons why B. mallei acyl-HSLs are in-
volved in virulence are unknown. We hope that by studying B.
mallei quorum sensing, we can learn about the general signif-
icance of acyl-HSL signaling in pathogenic bacteria.

There are two other Burkholderia species that are very
closely related to B. mallei, Burkholderia thailandensis, which is
a soil bacterium with relatively low animal virulence, and Burk-
holderia pseudomallei, an opportunistic pathogen that is the
causative agent of an emerging disease called melioidosis (3, 4,
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42). The B. mallei genome appears to be a degenerate form of
the B. pseudomallei genome (30). For example, the genome of
B. pseudomallei has three luxI-luxR homolog pairs and two
additional /uxR homologs. The B. mallei genome is missing one
of the luxI-luxR pairs. Two recent studies of quorum sensing in
B. pseudomallei focused on a cognate acyl-HSL synthase and
receptor pair called BpsR and Bpsl (24, 38). These studies
indicate that the relevant signal for this system is octanoyl-HSL
(C4-HSL) and that BpsR activates siderophore synthesis and
the synthesis of a nonspecific DNA binding protein called
DpsA. Quorum sensing has been studied in more depth in a
different complex of Burkholderia species, the Burkholderia
cepacia complex. In Burkholderia cenocepacia, there are two
luxI-luxR homolog pairs. The primary product of Cepl is Cg-
HSL, and the primary product of Ccil is hexanoyl-HSL (Cq-
HSL) (22, 26). Another member of the complex, Burkholderia
vietnamiensis, appears to have a similar set of systems (8). All
known members of the B. cepacia complex are soil bacteria.
Some species cause significant plant diseases, and some also
infect humans with underlying health issues (25).

We are interested in identifying which acyl-HSL synthases of B.
mallei are responsible for the production of specific acyl-HSLs
and which LuxR homologs respond to these acyl-HSLs. There are
two fundamental reasons to address these issues: First, there are
robust animal models for B. mallei infections (15, 19), and iden-
tifying signals and receptors is a first step in developing B. mallei
quorum-sensing inhibitors. The efficacy of such virulence inhibi-
tors in preventing or resolving infections can be tested in precise
ways with animal models. Second, B. mallei represents an unusual
case in that quorum sensing is often important for infection by
nonobligate but not by obligate bacterial pathogens. We hope
that a systematic molecular study of B. mallei quorum sensing will
reveal why it is important for this obligate animal pathogen to
maintain acyl-HSL quorum-sensing systems.

MATERIALS AND METHODS

Bacterial culture conditions. Unless otherwise specified, all Escherichia coli
strains were grown in Luria-Bertani (LB) broth. For growth of B. mallei, we used LB
broth plus glycerol (4%, vol/vol). The acyl-HSL bioassay strain Agrobacterium tume-
faciens KYCS5 was grown in tryptone-yeast extract broth (2). Antibiotics were added
to growth media at the following concentrations (per ml): 100 g ampicillin, 34 pg
chloramphenicol, and 15 g gentamicin for E. coli; 5 ng gentamicin for B. mallei; and
100 pg spectinomycin, 25 pg gentamicin, and 5 pg tetracycline for A. tumefaciens.
For the induction of the arabinose promoter, we used 0.4% L-arabinose. For the
induction of lac promoters, we used 0.4 mM isopropyl-B-p-thiogalactoside (IPTG).
All E. coli and B. mallei cultures were incubated at 37°C with shaking, and A.
tumefaciens was incubated at 30°C with shaking.

Strain and plasmid construction. The bacterial strains and plasmids used are
described in Table 1. We used standard cloning protocols. Oligonucleotides (Table
1) were purchased from Integrated DNA Technologies (Coralville, IA). Genomic
DNA was used as a template for the PCR amplification of all B. mallei quorum-
sensing genes. To create the Bmall expression plasmid pBD2, the open reading
frame of the bmall gene (BMA_A1347) from bp +1 to +612 relative to the
predicted translational start site was PCR amplified by using primers brmalIB5 and
bmallIB6 (for this and all other sequence information, refer to The Institute for
Genomic Research Burkholderia mallei Genome website at http://cmr.tigr.org
/tigr-scripts/CMR/GenomePage.cgi?org=gbm). This procedure introduced EcoRI
and Xbal restriction sites at the ends of the bmall fragment. The bmall PCR
product was ligated into EcoRI-Xbal-digested pBAD24, which carries an L-
arabinose-inducible promoter (Pgp) (18). To generate pBD1, we used PCR by
using primers bmaRIB1 and bmaRIB2 to create a bmaR1 (BMA_A1345)-con-
taining DNA fragment (bp +1 to + 720 with respect to the start of bmaRI
translation). This PCR fragment was ligated into Ndel-Xhol-digested pET17b
(Novagen, Madison, WI). To construct bmall::lacZ expression vector pBDS, we
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used PCR to amplify a fragment of B. mallei genomic DNA extending from —395
to —1 bp relative to the predicted translational start site of bmall by using
primers PbrmallB7 and PbmalIB8. The fragment was cloned into NcoI-HindIII-
digested pQF50 (13). To obtain a bmaRI expression plasmid compatible with
pBDS5, we constructed pBD4 by PCR amplification of a bmaRI-containing frag-
ment of B. mallei genomic DNA (bp +1 to +720 in relation to the start of brmaR1
translation) using primers bmaRIB3 and bmaRIB4. The fragment contained
EcoRI and Sacl restriction sites and was subsequently cloned into EcoRI-Sacl-
digested pJN105 (29), putting bmaR1 under the control of the Py, promoter.
The lux box mutant plasmid pBD5a was created by overlap extension PCR with
primers Pbmall(Alux1) and Pbmall(Alux2). This yielded a DNA fragment with
a deletion from nucleotides —80 to —71 (with respect to the predicted transla-
tional start codon) of the bmall promoter (1). We performed a second PCR with
primers PbmalIB7 and PbmalIB8 to amplify this mutant promoter for cloning
into Ncol-HindIII-digested pQF50. To construct N-terminal histidine fusion
vector pQF5016b.bmaR1, we cloned the bmaR1 DNA fragment at bp +1 to +720
into Ndel-BamHI-digested pJLQhis (21).

Detection of '“C-labeled acyl-HSLs. A radiotracer assay similar to that described
previously by Singh et al. (37) was used to monitor acyl-HSLs produced by recom-
binant E. coli. Briefly, a 50-ml culture of E. coli DH5a containing pBD2 was grown
to an optical density at 600 nm (ODg) of 0.3, at which point we added L-arabinose.
When the ODgy reached 0.7, the culture was centrifuged at 2,750 X g for 20 min,
and the cell pellet was suspended in 2 ml of phosphate-buffered saline containing 10
mM glucose. After 10 min at 37°C with shaking, we added 5 p.Ci of L-[1-'*C]me-
thionine (American Radiolabeled Chemicals, St. Louis, MO). After an additional
3 h of incubation, the cell suspension was extracted with two equal volumes of
acidified ethyl acetate (glacial acetic acid, 0.1 ml/liter). The ethyl acetate fraction was
evaporated to dryness under a stream of N, gas. The residue was suspended in 50%
methanol, and the entire extract was separated by C,g reverse-phase high-perfor-
mance liquid chromatography (HPLC). Each HPLC fraction was mixed with 4 ml of
Complete Counting Cocktail (catalog no. 3a70B; Research Products International,
Mt. Prospect, IL), and radioactivity was detected by using a Beckman LS 1800 liquid
scintillation counter.

Acyl-HSL bioassays. To compare the acyl-HSL profiles from wild-type B. mallei
ATCC 23344 and bmall mutant strain RJ16, we used the A. tumefaciens bioreporter
strain KYCS5S, which carries a tral-lacZ fusion and a P-fraR overexpression plas-
mid. The fral-lacZ fusion in this strain is induced by an array of acyl-HSLs with side
chain lengths ranging from Cg to Cy. The third carbon of the acyl group can either
be fully reduced, contain a carbonyl, or contain a hydroxyl moiety (44) (data not
shown). Ten-milliliter cultures of B. mallei ATCC 23344 and bmall mutant strain
RJ16 were grown to an ODg, of 1.8, after which the cells were removed by
centrifugation, and the culture fluid was extracted twice with acidified ethyl acetate
and dried under N, gas. The dried material was reconstituted in 50% methanol, and
the entire extract was separated by HPLC. A 40-pl sample of each HPLC fraction
was added to 0.5 ml of the A. tumefaciens bioreporter. The cells were incubated with
shaking at 30°C for 16 h. We then added 50 pl of chloroform to each culture tube.
The samples were incubated at room temperature for 10 min, and B-galactosidase
activity was monitored using a Tropix Galacto-Light Plus kit according to the man-
ufacturer’s protocol (Applied Biosystems, Foster City, CA).

To measure the BmaR1 response to acyl-HSLs directly, we used recombinant E.
coli with a bmall-lacZ fusion and bmaRI on compatible plasmids as follows. A
culture of E. coli MG4 containing pBD4 and pBD5 grown overnight was used as the
inoculum (starting ODgg, of 0.05). When the ODy, reached 0.5, we added L-
arabinose to induce BmaR1 expression. This culture was added to tubes containing
dried C¢-HSL, C,y-HSL, dodecanoyl-HSL (C,,-HSL), or 3-hydroxy-octanoyl-HSL
(30HC,-HSL) as indicated. The volume of culture in each tube was 0.5 ml. After 2h
at 37°C, the B-galactosidase activity was measured as described above. To assess the
necessity of the /fux-box-like element for the transcriptional activation of the bmall-
lacZ fusion, we tested a bmall promoter lacking the distal half-site of the /ux-box-
like element. One-milliliter cultures of E. coli MG4(pBD4, pBD5a) were grown to
an ODyy, of 0.5, induced with arabinose, and transferred into tubes containing either
20 nM Cx-HSL or no Cg-HSL. Growth was continued for 2 h with shaking, and
B-galactosidase activity was measured as described above.

Assessing the solubility of BmaR1. A culture of E. coli BL21(DE3)(pLysS) con-
taining pBD1 was used to inoculate flasks containing 25 ml of LB broth plus 50 mM
MOPS (morpholinepropanesulfonic acid) buffer (pH 7.0) and 5 pM Cg-HSL, 5 uM
C,o-HSL, or no acyl-HSL as indicated. When the culture reached an optical density
of 0.7, we added IPTG to induce BmaR1 expression. After 17 h with shaking at 16°C,
cells were harvested by centrifugation at 2,750 X g for 20 min. Cell pellets were
frozen, thawed at room temperature, suspended in 1 ml of purification buffer (25
mM Tris-HCl [pH 7.8], 150 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, 10%
glycerol, 0.05% Tween 20) (35), and sonicated on ice. The cell lysates were clarified
by ultracentrifugation at 163,000 X g for 30 min at 4°C. The soluble and insoluble
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TABLE 1. Bacterial strains, plasmids, and primers used in this study

J. BACTERIOL.

Bacterial strain, plasmid, or

Genotype, phenotype, or primer sequence” (5'-3")

Reference, source, or

primer description
Strains
B. mallei
ATCC 23344 Wild-type strain 30
RJ16 bmall mutant of ATCC 23344; bmall::;pRUI1 Gm" 39
E. coli
DH5« F~ $80lacZAM15 A(lacZYA-argF)U169 hsdR17(ry~ my ") recAl Invitrogen
endAl phoA supE44 thi-1 gyrA96 relA1 N~
MG4 F~ N ilvG rfb-50 1ph-1 recA A(argF-lacIPOZYA)205 33
BL21(DE3)(pLysS) F~ ompT gal dem lon hsdSg(rg~ my~) N(T7 RNAP) pLysS Cm" Novagen
A. tumefaciens KYC55 Derivative of R10 carrying pJZ384, pJZ410, and pJZ372; Gm" Sp" Tc" 44
bioreporter
Plasmids
pBAD24 araC-Pg,p, cloned into pDHB60, optimized SD; Ap* 18
pET17b T7 expression vector; Ap" Novagen
pJN105 araC-Pgp, cloned into pBBRIMCS-5; Gm" 29
pQF50 Broad-host-range lacZ fusion vector; Ap" 13
pUC19 Commonly used plasmid cloning vector; Ap" Invitrogen
pBD1 pET17b containing the bmaR1 gene; Ap" This study
pBD2 pBAD24 containing the bmall gene; Ap" This study
pBD4 pIN105 containing the bmaR1 gene; Gm" This study
pBDS5S pQF50 containing a 395-bp fragment of the bmall promoter This study
extending from position —1 with respect to the translation
start site to position —395; Ap”
pBD5a pBD5 with a deletion of the first 10 bp of the bmall promoter lux This study
box; Ap”
pQF5016b.bmaR1 N-terminal histidine fusion vector pJLQhis containing the bmaR1 This study
gene; Ap"
pJLQhis N-terminal histidine fusion vector containing the gscR gene; Ap" 21
Primers
bmaRIB1 NNNNNNCATATGGAACTGCGCTGGCAAGACG bmaR1 forward primer
bmaRI1B2 NCTCGAGTTACGGCGCGTCGATGA bmaRI reverse primer
bmaRIB3 NGAATTCATGGAACTGCGCTGGCAAGACG bmaR1 forward primer
bmaR1B4 NNGAGCTCTTACGGCGCGTCGATGA bmaRI reverse primer
bmallB5 AAGAATTCAAAATGCGAACTTTCGTTCATGGCG bmall forward primer
bmallB6 TTTCTAGATCAGGCGGCTTCGGCGGG bmall reverse primer
PbmallB7 NNCCATGGGACGTGCGCAGCAACGTGAT bmall promoter forward
primer
PbmallB8 NNNAAGCTTGTCGTCCTCGTGCGTGTGC bmall promoter reverse
primer
Pbmall(Alux1) CAGCCCCGCTTTCCCGAGTTAACAGTTACCTGTCC Forward primer for
overlap extension PCR
Pbmall(Alux2) GGACAGGTAACTGTTAACTCGGGAAAGCGGGGCTG Reverse primer for
overlap extension PCR
1p99a AACTGAACTGGCCGTCCGC Specific probe forward
primer
1p99%b GCCCGTCGCCATGAACG Specific probe reverse
primer
M13F TGTAAAACGACGGCCAGT Nonspecific probe
forward primer
M13R GTGTGGAATTGTGAGCGG Nonspecific probe

reverse primer

¢ SD, Shine-Dalgarno sequence. Endonuclease restriction sites are underlined.

protein fractions were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). The gels (12% polyacrylamide) were stained with Coo-
massie brilliant blue dye. Protein concentrations were estimated by using a Bradford
assay (Bio-Rad, Hercules, CA), and bovine serum albumin (New England Biolabs,
Beverly, MA) was used as a standard.

BmaR1 purification and in vitro DNA binding assay. BmaR1 was purified
from recombinant E. coli as an N-terminal histidine fusion protein by using
nickel affinity chromatography according to a previously published protocol for
the purification of His-tagged QscR (21). Briefly, pQF5016b.bmaR1 was used to
transform E. coli BL21(DE3)(pLysS). His-tagged BmaR1 was expressed in a
400-ml culture of BL21(DE3)(pLysS, pQF5016b.brmaR1) according to the pro-

tocol described above for the expression of native BmaR1 from pBD1. The
clarified cell extract was separated by nickel column chromatography (QIAGEN,
Valencia, CA), proteins were eluted in a step gradient of imidazole, and the
fractions containing His-tagged BmaR1 (200 mM to 300 mM imidazole) were
pooled and dialyzed in 1 liter of purification buffer for 12 h followed by dialysis
in fresh purification buffer for an additional 12 h. All purification and dialysis
steps were performed at 4°C. The concentration of the purified His-tagged
BmaR1 preparation was determined as described above.

To measure DNA binding activity of purified His-tagged BmaR1, we used a gel
shift assay similar to those described elsewhere previously (35, 40). A 332-bp target
DNA was generated by PCR with primers 1p99a and 1p99b and end labeled with
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FIG. 1. Methanol gradient HPLC separation of acyl-HSLs pro-
duced by B. mallei and recombinant E. coli containing bmall.
(A) HPLC profile of ethyl acetate-extracted culture fluid from B.
mallei (O) and bmall mutant strain RJ16 (@). Acyl-HSL-containing
HPLC fractions were identified by using a broad-specificity 4. tume-
faciens bioreporter strain. Peak sizes in this assay do not correlate with
relative abundances, and although it has a broad specificity, the re-
porter does not respond to all acyl-HSLs. B-Galactosidase activity is
reported in relative light units. (B) HPLC profile of ethyl acetate-
extracted E. coli containing bmall vector pBD2. This analysis involved
a radiotracer assay (see Materials and Methods). The radiotracer assay
provides a measure of the relative abundances of acyl-HSLs present
and serves to identify any acyl-HSL that is sufficiently hydrophobic to
move into the ethyl acetate phase during extraction. This method will
identify all acyl-HSLs reported to date. Short-chain acyl-HSLs are less
efficiently extracted than long-chain acyl-HSLs, and their concentra-
tions could be underestimated by up to 25%. The percent methanol is
indicated as the dashed line. The arrow indicates the fraction in which
synthetic Cq-HSL is eluted.

v-22P as described previously (35). An end-labeled nonspecific 120-bp molecule
generated by PCR amplification with pUC19 as the template and M13F and M13R
as primers was included in reaction mixtures as a control. The DNA binding reaction
mixtures contained 4 fmol each of target and nonspecific DNA in a final volume of
20 pl of 20 mM Tris - HCI (pH 7.5), 50 mM KCI, 1 mM EDTA, 1 mM dithiothreitol,
100 pg per ml bovine serum albumin, and 5% glycerol. Purified BmaR1 was added
to the DNA binding reactions at the indicated concentrations, and after 20 min at
room temperature, the DNA molecules were resolved on a 5% Tris-glycine-EDTA
polyacrylamide gel. Radioactivity was detected with a Storm PhosphorImager (GE
Healthcare, Piscataway, NJ).

RESULTS

Bmall functions as a Cg-HSL synthase. Fluid from B. mallei
cultures contains several acyl-HSLs in unknown abundances (39).
To better understand which acyl-HSL signal is produced by
Bmall, we fractionated stationary-phase culture extracts from
either wild-type B. mallei or a bmall mutant (RJ16) by HPLC and
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. ~
- ~
- ~
-
~
g ~
- ~

CCCTGTAAGGGTTAACAGTT
lux-box like sequence

lux! JAICCT GT A[EIGALNC[ERNA CA G[ET
soll CCCT RATC EBIACAGTT
rhil LYETNT G G[oF.X€]

cepl CCCTGTAAGA[CARTINGCAGT T
bmal1 CCCTGTAAGICICARTINACAGT T

FIG. 2. The bmaRI-bmall B. mallei genomic region. (A) Map
showing the divergently transcribed bmaR1-bmall region and the se-
quence of a lux-box-like element centered 70.5 bp upstream of the
bmall translation start site. (B) Alignment of the lux box element
shown in A with the fux boxes of V. fischeri lux] (GenBank accession
no. Y00509) (12), R. solanacearum soll (accession no. AF021840) (14),
Pseudomonas aeruginosa rhll (accession no. U40458) (5), and B. cepa-
cia cepl (accession no. AF019654) (22).

compared the acyl-HSL elution profiles by monitoring bioactivity.
There were two acyl-HSLs evident in the wild-type extract, and
the extract from the bmall mutant showed only one of these
acyl-HSLs (Fig. 1A). This suggests that the acyl-HSL missing in
the brmall mutant is synthesized by Bmall. This acyl-HSL coe-
lutes with Cg-HSL. We calculated that the concentration of Cg-
HSL in the B. mallei culture fluid was 50 nM. The acyl-HSL that
was eluted in the 50% methanol fraction for both extracts was
identified as being 30OHCg-HSL (Fig. 1A). We calculated that this
molecule was 1 to 2 nM in the wild-type culture fluid. To establish
that Bmall is a C4-HSL synthase and to determine whether it
produces other acyl-HSLs, we expressed this protein in E. coli and
monitored acyl-HSL production using a ['*C]methionine incor-
poration assay (37). The radiotracer assay will identify acyl-HSLs
regardless of whether they are detected by the bioassay, which has
a limited range, and because one '“C is incorporated into each
molecule of acyl-HSL, the radiotracer assay provides information
on the relative abundances of acyl-HSL products. As shown by
this assay, fluid from a recombinant E. coli culture contained one
major fraction of radioactivity that coeluted with C4-HSL (Fig.
1B). A low level of 30HC4-HSL was also detected. The level of
30OHC¢-HSL was about 1% of the Cg-HSL level.

C4-HSL serves as the cognate acyl-HSL for BmaR1. The
synthesis of many LuxR homologs in a soluble, active form
requires the presence of their cognate acyl-HSL or a closely
related acyl-HSL during bacterial growth. In the absence of an
appropriate acyl-HSL, these polypeptides form as inactive ag-
gregates (35, 40, 45). As a test of the hypothesis that Cg-HSL
is the Bmall-generated signal, we examined the solubility of
BmaR1, which is encoded by a gene adjacent to bmall (Fig.
2A), in cell extracts of E. coli containing a BmaR1 expression
vector grown in the presence of several different acyl-HSLs
(Fig. 3). In the presence of Cg-HSL (5 pM), a large proportion
of the overexpressed polypeptide was in the soluble fraction.
There was less soluble BmaR1 when cells were grown in the
presence of C,,-HSL (5 wM) than there was when the cells
were grown in the presence of Cg-HSL. However, there was
little or no soluble BmaR1 obtained from cells grown without



5038 DUERKOP ET AL.

kDa 1 2 3 4 5 6
175 —

83 — - =3
62 — Y —
475 —

325 —

25 —

16.5 —

Protein fraction

FIG. 3. Solubility of BmaR1 in extracts of recombinant E. coli
grown in the presence of acyl-HSLs. An SDS-PAGE analysis of soluble
(S) and insoluble (I) polypeptides from E. coli BL21(DE3)(pLysS)
containing the BmaR1 expression vector pBD1. Cells were grown in
the presence of Cg-HSL (lanes 1 and 2) or C,,-HSL (lanes 3 and 4) or
with no acyl-HSL (lanes 5 and 6). The predicted molecular weight of
BmaR1 is 26,600. A prestained protein ladder is shown in the left lane,
and the molecular masses of the markers are shown in kDa.

added acyl-HSL or cells grown in the presence of the following
acyl-HSLs: butanoyl-HSL (C,-HSL), 30C,-HSL, or C,,-HSL
(data not shown). This experiment supports the conclusion
that Bmall is a Cg-HSL synthase that generates a signal for its
cognate receptor, BmaR1.

The bmall promoter is activated by BmaR1 and Cg-HSL.
Many lux] homologs are autoregulated by the acyl-HSL gen-
erated by the enzymes that they encode together with their
LuxR homolog (5, 10, 23, 36). The promoters of these auto-
regulated /uxI homologs usually contain a recognizable [ux-
box-like sequence, an 18- to 20-bp element resembling the
20-bp lux box to which LuxR binds. There is a lux-box-like
sequence centered 70.5 bp upstream of the bmall translational
start site (Fig. 2B). Thus, we hypothesized that the brmall gene
is positively autoregulated by BmaR1 and Cg-HSL. To test our
hypothesis, a 395-bp DNA fragment containing the presumed
bmall promoter was fused to a promoterless lacZ (from posi-
tions —1 with respect to the translation start codon to —395).
Expression of the bmall::lacZ reporter required BmaR1 and
Cs-HSL (Fig. 4A). The concentration of Cg-HSL required for
half-maximal bmall promoter activation was 16 nM. This
value is within the range of responses for other LuxR homologs
to their cognate signals (20, 31, 43). We also measured
BmaR1-dependent bmall activation by C,,-HSL, C,,-HSL,
and 30HCg¢-HSL. All of these acyl-HSLs served as poor sub-
stitutes for C4-HSL (Fig. 4A). This finding supports the view
that Cg-HSL is the cognate acyl-HSL for the BmaR1-Bmall
system.

To test the hypothesis that the lux-box-like sequence in the
bmall promoter region is required for activation by BmaR1,
we constructed a plasmid with a deletion of the distal 10 bp of
the lux-box-like element. In E. coli containing this construct,
the basal level of lacZ expression was similar to that in E. coli
containing the full-length bmall-lacZ fusion, but lacZ expres-
sion from the lux-box-like sequence deletion plasmid was not
activated by BmaR1 and Cg-HSL (Fig. 4B). These findings
support the view that in the presence of Cg-HSL, BmaR1 binds
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FIG. 4. Dependence of bmall transcription on Cg-HSL, BmaR1,
and the lux-box-like sequence embedded in the bmall promoter re-
gion. (A) Acyl-HSL dose response of the bmall promoter in E. coli
containing a BmaR1 expression vector (pBD4) and a bmall-lacZ re-
porter (pBD5). The following acyl-HSLs were added at the concen-
trations indicated: Cg-HSL (M), C,,-HSL (@), C,,-HSL (V¥), or
30HC4-HSL (®). A, control showing the C¢-HSL response of E. coli
with the reporter plasmid but no BmaR1 expression plasmid. (B) Ex-
pression of the bmall-lacZ reporter in the full-length promoter con-
struct (P,,,.;;) and in a construct with a deletion of the distal 10 bp of
the [ux-box-like element (Alux box). The empty vector (pQF50) is
shown as a control. We added 20 nM Cg-HSL to all cultures. Values
are means * standard deviations for three independent experiments.

to the lux-box-like element that and this binding leads to tran-
scriptional activation.

Purified BmaR1 binds to the bmall regulatory element.
To study the interaction of BmaR1with the bmall promoter,
we purified BmaR1 as an N-terminal histidine fusion protein
from recombinant E. coli. The presence of Cg-HSL during
culture growth was required in order to obtain soluble His-
tagged BmaR1. Furthermore, all attempts to remove Cg-
HSL during purification resulted in the formation of insol-
uble aggregates of BmaR1 (data not shown). After nickel
affinity chromatography of the soluble polypeptides (in the
presence of Cg-HSL), we obtained a highly purified BmaR1
fraction for use in gel shift experiments (Fig. 5SA). When
incubated with 5 uM Cg-HSL, BmaR1 bound specifically to
a 332-bp promoter DNA fragment extending from positions
—304 to +28 with respect to the bmall translation start site
(Fig. 5B). Without C¢-HSL in the binding reaction, we did
not observe a band shift (data not shown). We presume that
BmaR1 did not remain in a soluble form without Cg-HSL.
Thus, in vitro data support the conclusion that BmaR1 reg-
ulates the transcription of bmall by interacting with bmall
regulatory DNA directly.

DISCUSSION

The genome of the obligate animal pathogen B. mallei has
four luxR homologs and two lux] homologs (39). Two of the
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FIG. 5. Binding of purified BmaR1 to bmall promoter DNA.
(A) SDS-PAGE of His-tagged BmaR1 after nickel column affinity
chromatography. The left lane shows the molecular mass markers, and
the right lane shows column-purified protein. (B) DNA mobility shift
assay. Each lane contained approximately 4 fmol of the 332-bp bmall
target DNA and a 120-bp nonspecific probe. The molar amount of
BmaR1 in each binding reaction is indicated. All binding reactions
contained 5 uM Cg-HSL.

luxR homologs (bmaR1 and bmaR3) are linked to adjacent lux]
homologs (bmall and bmal3, respectively). The two other luxR
homologs are examples of what have been called orphan quo-
rum-sensing receptors (6, 32). Such orphans are common in
bacteria that have cognate pairs, and in the cases where signal
binding to an orphan has been studied, the orphans are capa-
ble of responding to acyl-HSL signals for one of the cognate
pairs (21, 32). It is unusual for an obligate pathogen to possess
an acyl-HSL quorum-sensing system, much less multiple sys-
tems, and previous studies have implicated all of the quorum-
sensing signal generators and receptors in the virulence of B.
mallei (39). We have chosen to begin a systematic study of
acyl-HSL production and responses to specific acyl-HSLs in B.
mallei by determining the nature of the signal involved in
BmaR1-Bmall quorum sensing. The bmaRI-bmall region
shares a great degree of sequence identity with the bpsR-bpsl
gene pair in the closely related bacterial species B. pseudomallei.
The predominant acyl-HSL synthesized by BpsI is Cg-HSL
(24, 38). We have shown that B. mallei produces Cg-HSL,
whereas a bmall mutant does not (Fig. 1A). Furthermore,
Cq-HSL is the predominant acyl-HSL produced by recom-
binant E. coli expressing Bmall (Fig. 1B). Thus, we con-
clude that Bmall is a C4-HSL synthase. This appears to be
true for the closely related BpsI from B. pseudomallei and
the less closely related Cepl from B. cenocepacia (22). Un-
like B. mallei, neither B. pseudomallei nor B. cenocepacia is
an obligate animal pathogen (7).

Generally, luxR homologs linked to luxI homologs code for
proteins that sense the acyl-HSL coded by the linked lux/
homolog (5, 10, 23, 36). We have two lines of evidence that
support the hypothesis that this is true for BmaR1 and that
further support the conclusion that Bmall is a Cg-HSL syn-
thase. First, we know that many LuxR homologs require the
presence of their cognate acyl-HSL in order to fold into a
soluble active form. In fact, in cell lysates of recombinant E.
coli grown in the absence of added acyl-HSLs, little or no
BmaR1 is found in the soluble protein fraction. When Cg-HSL
is added to the growth medium, there is an abundance of
BmaR1 in the soluble protein fraction (Fig. 3). Growth of
bacteria in the presence of some but not all other acyl-HSL can
also lead to the production of soluble active BmaR1, but Cs-
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HSL serves this purpose more effectively than any of the other
acyl-HSLs that we tested (Fig. 3 and data not shown). Second,
we asked whether the bmall promoter was activated by
BmaRl1, as is the case for many other /ux/ homologs and their
cognate LuxR homologs. Expression of a bmall-lacZ fusion is
dependent on BmaR1 in recombinant E. coli, and it is also
dependent upon the presence of an acyl-HSL with the greatest
sensitivity to Cg-HSL (Fig. 4). Notably, C,,-HSL showed acti-
vation of the bmall promoter, but C,,-HSL activation was
weaker than the Cg-HSL response. BmaR1 is one of four LuxR
homologs in B. mallei, and at present, we cannot conclude
whether any of these other proteins might activate the bmall
gene. Analysis of a bmall deletion construct showed that the
activation of the bmall promoter required the presence of an
inverted repeat with sequence similarity to binding sites for
LuxR family members from other bacteria. Thus, we believe
that Bmall is a Cg-HSL synthase and that the cognate BmaR1
responds to Cq-HSL. The specific product of Bmal3 remains to
be determined, as do the signals to which BmaR3 and the two
B. mallei orphan receptors respond.

We also purified BmaR1 as a His-tagged protein to confirm
that it could bind to bmall promoter DNA directly (Fig. 5). In
a fashion similar to that of many LuxR homologs, the synthesis
of soluble BmaR1 in bacteria required the presence of the
cognate acyl-HSL, in this case, Cg-HSL. The continuous pres-
ence of Cg-HSL during purification was required to keep
BmaR1 in a soluble form. There is one other similar example
of which we are aware, which is LuxR itself (40). The interac-
tions of LuxR homologs and their cognate acyl-HSLs have
been divided into three classes: (i) those which require a signal
to fold into a soluble, active protein and bind the signal irre-
versibly, (ii) those which require a signal for folding but bind
the signal reversibly, and (iii) those which do not require a
signal to fold into an active conformation and bind signals
reversibly (M. Schuster and E. P. Greenberg, unpublished
data). We believe that BmaR1 is an example of the second type
of protein. If C¢g-HSL bound irreversibly, the solubility char-
acteristics of BmaR1 would not be expected to change upon
the removal of unbound Cg-HSL. Regardless, our DNA bind-
ing experiments with purified BmaR1 show that it can interact
with bmall promoter DNA directly. Based on the fact that the
activation of a bmall-lacZ reporter in recombinant E. coli
depends on BmaR1, Cg-HSL, and a 20-bp inverted repeat
similar in sequence to binding sites for LuxR homologs of
other bacteria, this demonstration of direct binding comes as
no surprise.

This study of B. mallei BmaR1 and Bmall function provides
important basic information about quorum sensing in B. mal-
lei, tools for identification of the genes controlled by this quo-
rum-sensing circuit, and discovery of inhibitors of this system.
We believe that this work represents a useful systematic way to
determine the cognate acyl-HSL for a given LuxR-LuxI pair of
genes by capitalizing on our general knowledge of acyl-HSL
signaling systems and employing an indiscriminant radiotracer
assay to determine relative abundances of acyl-HSLs produced
by any given LuxI homolog. This approach avoids artifacts that
can result from the vastly different relative sensitivities of bio-
assays to different acyl-HSLs.



5040 DUERKOP ET AL.

ACKNOWLEDGMENTS

This work was funded by an NIAID award for the Northwest Re-
gional Center of Excellence for Biodefense and Emerging Infectious
Diseases, U54A1057141. B.A.D. was supported in part by the National
Institute of General Medical Sciences (NSRA T32 GM07270).

We thank Amy Schaefer and Sudha Chugani for helpful discussions
concerning the manuscript and Steven Winans for the gift of the A.
tumefaciens KYCS5 bioreporter strain.

The opinions, interpretations, conclusions, and recommendations in
this paper are those of the authors and are not necessarily reflected by
the U.S. Army.

REFERENCES

1. Aiyar, A,, Y. Xiang, and J. Leis. 1996. Site-directed mutagenesis using over-
lap extension PCR. Methods Mol. Biol. 57:177-191.

2. Beringer, J. E. 1974. R factor transfer in Rhizobium leguminosarum. J. Gen.
Microbiol. 84:188-198.

3. Brett, P. J., D. DeShazer, and D. E. Woods. 1998. Burkholderia thailandensis
sp. nov., a Burkholderia pseudomallei-like species. Int. J. Syst. Bacteriol.
48:317-320.

4. Brett, P. J., D. Deshazer, and D. E. Woods. 1997. Characterization of Burk-
holderia pseudomallei and Burkholderia pseudomallei-like strains. Epidemiol.
Infect. 118:137-148.

5. Brint, J. M., and D. E. Ohman. 1995. Synthesis of multiple exoproducts in
Pseudomonas aeruginosa is under the control of RhIR-RhlI, another set of
regulators in strain PAO1 with homology to the autoinducer-responsive
LuxR-LuxI family. J. Bacteriol. 177:7155-7163.

6. Chugani, S. A., M. Whiteley, K. M. Lee, D. D. Argenio, C. Manoil, and E. P.
Greenberg. 2001. QscR, a modulator of quorum-sensing signal synthesis and
virulence in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 98:2752—
2757.

7. Coenye, T., and P. Vandamme. 2003. Diversity and significance of Burkholderia
species occupying diverse ecological niches. Environ. Microbiol. 5:719-729.

8. Conway, B. A,, and E. P. Greenberg. 2002. Quorum-sensing signals and quorum-
sensing genes in Burkholderia vietnamiensis. J. Bacteriol. 184:1187-1191.

9. DeShazer, D., and D. Waag. 2005. Glanders: new insights into an old disease,
p- 209-237. In L. E. Lindler, F. J. Lebeda, and G. W. Korch (ed.), Biological
weapons defense: infectious diseases and counterbioterrorism. Humana
Press, Totowa, NJ.

10. Devine, J. H., G. S. Shadel, and T. O. Baldwin. 1989. Identification of the
operator of the fux regulon from the Vibrio fischeri strain ATCC7744. Proc.
Natl. Acad. Sci. USA 86:5688-5692.

11. Engebrecht, J., and M. Silverman. 1984. Identification of genes and gene
products necessary for bacterial bioluminescence. Proc. Natl. Acad. Sci. USA
81:4154-4158.

12. Engebrecht, J., and M. Silverman. 1987. Nucleotide sequence of the regu-
latory locus controlling expression of bacterial genes for bioluminescence.
Nucleic Acids Res. 15:10455-10467.

13. Farinha, M. A., and A. M. Kropinski. 1990. Construction of broad-host-
range plasmid vectors for easy visible selection and analysis of promoters. J.
Bacteriol. 172:3496-3499.

14. Flavier, A. B., L. M. Ganova-Raeva, M. A. Schell, and T. P. Denny. 1997.
Hierarchical autoinduction in Ralstonia solanacearum: control of acyl-homo-
serine lactone production by a novel autoregulatory system responsive to
3-hydroxypalmitic acid methyl ester. J. Bacteriol. 179:7089-7097.

15. Fritz, D. L., P. Vogel, D. R. Brown, and D. M. Waag. 1999. The hamster model
of intraperitoneal Burkholderia mallei (glanders). Vet. Pathol. 36:276-291.

16. Fuqua, C., and E. P. Greenberg. 2002. Listening in on bacteria: acyl-homo-
serine lactone signalling. Nat. Rev. Mol. Cell Biol. 3:685-695.

17. Fuqua, C., S. C. Winans, and E. P. Greenberg. 1996. Census and consensus
in bacterial ecosystems: the LuxR-LuxI family of quorum-sensing transcrip-
tional regulators. Annu. Rev. Microbiol. 50:727-751.

18. Guzman, L. M., D. Belin, M. J. Carson, and J. Beckwith. 1995. Tight regu-
lation, modulation, and high-level expression by vectors containing the ar-
abinose Pgop promoter. J. Bacteriol. 177:4121-4130.

19. Jeddeloh, J. A., D. L. Fritz, D. M. Waag, J. M. Hartings, and G. P. Andrews.
2003. Biodefense-driven murine model of pneumonic melioidosis. Infect.
Immun. 71:584-587.

20. Kaplan, H. B., and E. P. Greenberg. 1985. Diffusion of autoinducer is
involved in regulation of the Vibrio fischeri luminescence system. J. Bacteriol.
163:1210-1214.

21. Lee, J. H., Y. Lequette, and E. P. Greenberg. 2006. Activity of purified QscR,
a Pseudomonas aeruginosa orphan quorum-sensing transcription factor. Mol.
Microbiol. 59:602-609.

22. Lewenza, S., B. Conway, E. P. Greenberg, and P. A. Sokol. 1999. Quorum
sensing in Burkholderia cepacia: identification of the LuxRI homologs
CepRI. J. Bacteriol. 181:748-756.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

J. BACTERIOL.

Lewenza, S., and P. A. Sokol. 2001. Regulation of ornibactin biosynthesis and
N-acyl-L-homoserine lactone production by CepR in Burkholderia cepacia. J.
Bacteriol. 183:2212-2218.

Lumjiaktase, P., S. P. Diggle, S. Loprasert, S. Tungpradabkul, M. Daykin,
M. Camara, P. Williams, and M. Kunakorn. 2006. Quorum sensing regulates
dpsA and the oxidative stress response in Burkholderia pseudomallei. Micro-
biology 152:3651-3659.

Mahenthiralingam, E., T. A. Urban, and J. B. Goldberg. 2005. The multi-
farious, multireplicon Burkholderia cepacia complex. Nat. Rev. Microbiol.
3:144-156.

Malott, R. J., A. Baldwin, E. Mahenthiralingam, and P. A. Sokol. 2005.
Characterization of the ccilR quorum-sensing system in Burkholderia ceno-
cepacia. Infect. Immun. 73:4982-4992.

Miller, W. R., L. Pannell, L. Cravitz, W. A. Tanner, and T. Rosebury. 1948.
Studies on certain biological characteristics of Malleomyces mallei and Mal-
leomyces pseudomallei: 11. Virulence and infectivity for animals. J. Bacteriol.
55:127-135.

Nealson, K. H., T. Platt, and C. Hastings. 1970. Cellular control of the
synthesis and activity of the bacterial luminescent system. J. Bacteriol. 104:
313-322.

Newman, J. R,, and C. Fuqua. 1999. Broad-host-range expression vectors
that carry the L-arabinose-inducible Escherichia coli araBAD promoter and
the araC regulator. Gene 227:197-203.

Nierman, W. C., D. DeShazer, H. S. Kim, H. Tettelin, K. E. Nelson, T.
Feldblyum, R. L. Ulrich, C. M. Ronning, L. M. Brinkac, S. C. Daugherty,
T. D. Davidsen, R. T. Deboy, G. Dimitrov, R. J. Dodson, A. S. Durkin, M. L.
Gwinn, D. H. Haft, H. Khouri, J. F. Kolonay, R. Madupu, Y. Mohammoud,
W. C. Nelson, D. Rad C.M.R 0, S. Sarria, J. Selengut, C. Shamblin,
S. A. Sullivan, O. White, Y. Yu, N. Zafar, L. Zhou, and C. M. Fraser. 2004.
Structural flexibility in the Burkholderia mallei genome. Proc. Natl. Acad. Sci.
USA 101:14246-14251.

Pearson, J. P., K. M. Gray, L. Passador, K. D. Tucker, A. Eberhard, B. H.
Iglewski, and E. P. Greenberg. 1994. Structure of the autoinducer required
for expression of Pseudomonas aeruginosa virulence genes. Proc. Natl. Acad.
Sci. USA 91:197-201.

Pellock, B. J., M. Teplitski, R. P. Boinay, W. D. Bauer, and G. C. Walker.
2002. A LuxR homolog controls production of symbiotically active extracel-
lular polysaccharide II by Sinorhizobium meliloti. J. Bacteriol. 184:5067-5076.
Ralling, G., S. Bodrug, and T. Linn. 1985. Growth rate-dependent regulation
of RNA polymerase synthesis in Escherichia coli. Mol. Gen. Genet. 201:379—
386.

Ruby, E. G. 1996. Lessons from a cooperative, bacterial-animal association:
the Vibrio fischeri-Euprymna scolopes light organ symbiosis. Annu. Rev. Mi-
crobiol. 50:591-624.

Schuster, M., M. L. Urbanowski, and E. P. Greenberg. 2004. Promoter
specificity in Pseudomonas aeruginosa quorum sensing revealed by DNA
binding of purified LasR. Proc. Natl. Acad. Sci. USA 101:15833-15839.
Seed, P. C., L. Passador, and B. H. Iglewski. 1995. Activation of the Pseudo-
monas aeruginosa lasl gene by LasR and the Pseudomonas autoinducer PAI:
an autoinduction regulatory hierarchy. J. Bacteriol. 177:654-659.

Singh, P. K., A. L. Schaefer, M. R. Parsek, T. O. Moninger, M. J. Welsh, and
E. P. Greenberg. 2000. Quorum-sensing signals indicate that cystic fibrosis
lungs are infected with bacterial biofilms. Nature 407:762-764.

Song, Y., C. Xie, Y. M. Ong, Y. H. Gan, and K. L. Chua. 2005. The BpsIR
quorum-sensing system of Burkholderia pseudomallei. J. Bacteriol. 187:785—
790.

Ulrich, R. L., D. Deshazer, H. B. Hines, and J. A. Jeddeloh. 2004. Quorum
sensing: a transcriptional regulatory system involved in the pathogenicity of
Burkholderia mallei. Infect. Immun. 72:6589-6596.

Urbanowski, M. L., C. P. Lostroh, and E. P. Greenberg. 2004. Reversible
acyl-homoserine lactone binding to purified Vibrio fischeri LuxR protein. J.
Bacteriol. 186:631-637.

Whitehead, N. A.,, A. M. Barnard, H. Slater, N. J. Simpson, and G. P.
Salmond. 2001. Quorum-sensing in gram-negative bacteria. FEMS Micro-
biol. Rev. 25:365-404.

Wiersinga, W. J., T. van der Poll, N. J. White, N. P. Day, and S. J. Peacock.
2006. Melioidosis: insights into the pathogenicity of Burkholderia pseudomallei.
Nat. Rev. Microbiol. 4:272-282.

Zhang, L., P. J. Murphy, A. Kerr, and M. E. Tate. 1993. Agrobacterium
conjugation and gene regulation by N-acyl-L-homoserine lactones. Nature
362:446-448.

Zhu, J., Y. Chai, Z. Zhong, S. Li, and S. C. Winans. 2003. Agrobacterium
bioassay strain for ultrasensitive detection of N-acylhomoserine lactone-type
quorum-sensing molecules: detection of autoinducers in Mesorhizobium hua-
kuii. Appl. Environ. Microbiol. 69:6949-6953.

Zhu, J., and S. C. Winans. 1999. Autoinducer binding by the quorum-sensing
regulator TraR increases affinity for target promoters in vitro and decreases
TraR turnover rates in whole cells. Proc. Natl. Acad. Sci. USA 96:4832-4837.




