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Burkholderia pseudomalfeiis the causative agent of melioidosis, a fatal human tropical disease. The
non-gpecific DNA-binding protein DpsA plays a key role in protecting B. pseudomallei from
oxidative stress mediated, for example, by organic hydroperoxides. The regulation of dpsA
expression is poorly understood but one possibility is that it is regulated in a cell population
density-dependent manner via N-acylhomoserine lactone (AHL)-dependent quorum sensing (GS)
since a fux-box motif has been located within the dpsA promoter region. Using liquid
chromatography and tandem mass spectrometry, it was first established that B. pseudomallei strain
PP844 synthesizes AHLs. These were identified as AN-octanoylhomoserine lactone {(C8-HSL),
N-(3-oxooctanoyDhomoserine lactone (3-oxo-C8-HSL), N-(3-hydroxyoctanoyl)-homoserine
lactone (3-hydroxy-C8-HSL), N-decanoylhomoserine lactone (C10-HSL), N-(3-hydroxydecanoyl)
homoserine lactone (3-hydroxy-C10-HSL) and N-(3-hydrexydodecanoy)homoserine lactone
{3-hydroxy-C12-HSL). Mutation of the genes encoding the Luxl homologue Bpsl or the LuxR
homelogue BpsR resulted in the loss of C8-HSL and 3-oxo-C8-HSL synthesis, demonstrating that
Bpst was responsible for directing the synthesis of these AHLs only and that bps/ expression and
hence CB-HSL and 3-oxo-C8-HSL production depends on BpsR. In bps/, bpsf and bpsiR
mutants, dpsA expression was substantially down-regulated. Furthermore, dpsA expression in
Escherichia coli required both BpsR and C8-HSL. bps/R-deficient mutants exhibited
hypersensitivity to the organic hydroperoxide tert-butyl hydroperoxide by displaying a reduction in
cell viability which was restored by provision of exogenous C8-HSL (bpsf mutant only), by
complementation with the bps/f genes or by overexpression of dpsA. These data indicate that in
B. pseudomallei, QS regulates the response to oxidative stress at least in part via the
BpsR/C8-HSL-dependent regulation of DpsA. :
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INTRODUCTION

inhalation of contaminated aerosols. Frequent relapse has
been observed after apparent cure and serological studies

Burkholderia pseudomallei is the causative agent of melioi-
dosis, a fatal tropical disease endemic in areas of Southeast
Asia and Australia (Wuthiekanun et al, 1995). The
organism can be isolated from soil and water. Human
infections occur mainly through skin abrasions and

have shown that a significant propertion of individuals in
endemic areas can be infected asymptomatically (Cheng &
Currie, 2005). In vitro studies have demonstrated that B.
pseudomaller can survive and multiply inside phagocytes
(Jones et al.,, 1996). To survive inside the phagolysosome, the

Abbreviations: AHL, N-acylhomoserine lactone; C8-HSL, MN-octanoyihomoserine  lactone; C10—|:SL, N-decanoyihomoserne  lactone;

3-hydroxy-C8-HSL,  A-{3-hydroxydecanoyl)homoserine  lactone;

3-hydroxy-C12-HSL,

N-(3-hydroxydodecanoyl)homoserine  lactone;

3-hydroxy-C8-HSL, N-(3-hydroxyoctanoythomosering lactone: 3-oxo-C8-HSL, N-(3-oxooctanoyl)homosenine lactone; LC MS/MS, fiqud chromato-
graphy tandem mass spectrometry; OS, quorum sensing; +BOOH, tert-butyl hydroperoxide.
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organism has to endure both acid and oxidative stress.
DNA-binding protein from starved cells (Dps) is an
abundant protein in stationary-phase Escherichia coli cells
(Almiron et al, 1992). Although Dps was originally
described as a non-specific DNA-binding protein involved
in resistance to oxidative stress, it is actually a bacterio-
ferritin and there are examples of Dps proteins which both
bind DNA and sequester iron (Martinez & Kolter, 1997;
Stillman et al, 2005). These are thought to protect DNA
from damage both as a physical shield and by inhibiting
oxyradical formation catalysed by the Fenton reaction.
Recently, the crystal structures of two Dps proteins (DpsA
and DpsB) from Lactococcus lactis have been described; both
proteins were demonstrated to bind DNA via an N-terminal
w-helix (Stillman et al, 2005)

In B. pseudomallei, DpsA has been shown to protect DNA
from damage by both acid and oxidative stress (Loprasert
et al., 2004). The dpsA gene in the B. pseudomallei genome is
located downstream of katG, which encodes a bifunctional
enzyme with both catalase and peroxidase activities.
Although the mechanism by which DpsA is regulated is
not well understood, it is known that expression increases in
response to oxidative stress through increased transcription
of the katG (catalase peroxidase) promoter, which is OxyR-
dependent (Loprasert et al., 2004). Furthermore, dpsA can
also be transcribed from its own promoter in an OxyR-
independent manner {Loprasert ef al, 2004).

Quorum sensing (QS) is a term used to describe the
phenomenon where bacteria coordinate the production of a
diverse array of phenotypic behaviours in accordance with
their cell population size via production of diffusible cell-to-
cell signal molecules (Swift et al., 200); Camara et al,, 2002).
Once a threshold concentration has been reached, a
response is triggered that leads to changes in gene expression
and consequently the phenotype of the cells. In Gram-
negative bacteria, the most intensively studied QS systems
rely upon the interaction of N-acylhomoserine lactone
(AHL) signal molecules, synthesized via LuxI-type AHL
synthases, with LuxR-type transcriptional regulator pro-
teins. Together, the LuxR-type protein and its cognate AHL
then activate the expression of specific target genes (Swift
et al, 2001). Many Gram-negative bacteria possess more
than one LuxR and/or LuxI gene and produce multiple
AHLs. For example, the opportunistic pathogen
Pseudomonas aeruginosa contains two LuxRI systems
which operate in a hierarchical manner to regulate an
arsenal of virulence determinants and secondary metabolites
(Camara et al., 2002; Lazdunski et al., 2004).

In B. pseudomallei, a LuxRl AHL-dependent QS system
termed BpsRI was first described in 2002 by P. Lumjiaktase
and co-workers (GenBank accession no. AF501236).
Subsequently, Valade et al (2004) reported that the Pmll-
PmIR QS system is required for full virulence in B.
pseudomallei strain 008 as a pmil mutant was significantly
less virulent than the parental strain in a murine infection
model. The Pmll protein exhibits 98 % sequence identity to

Bpsl (Valade et al., 2004). In B. pseudomallei strain KHW, a
LuxRI pair closely related to Bpsl-BpsR was described by
Song ef al. (2005), who reported that it positively regulated
phospholipase C but negatively regulated siderophore
production. Both bpsf and bpsR mutants were attenuated
in a Caenorhabditis elegans virulence assay (Song et al,
2005). Using HPLC and bioassays of B. pseudomallei spent
culture supernatants, Valade et al (2004) tentatively
identified N-decanoylhomoserine lactone (C10-HSL),
which they attributed to Pmll although they did not
examine the supernatant of the pmil mutant or express prmll
in E. coli 1o establish whether PmlI was indeed responsible
for C10-HSL synthesis. Song et al. (2005) expressed bpsi in
E. coli and, by HPLC, tentatively identified N-octanoylho-
moserine lactone (C8-HSL) but did not examine the AHL
profile of a B. pseudomallei bpsI mutant. Recently, three
LuxRI pairs together with two additional LuxR homologues
have been identified in B. pseudomallei DD503 (Ulrich et al.,
2004a). D503 was reported to produce at least five AHLs,
including C8-HSL, CI10-HSL, N-(3-hydroxyoctanoyl)
homoserine lactone (3-hydroxy-C8-HSL), N-3-hydroxy-
decanoyl homoserine lactone (3-hydroxy-C10-HSL) and N-
3-oxotetradecanoyl homoserine lactone (3-oxo-Cl14-HSL).
Mutation of individual B. pseudomallei luxi homologues was
reported to have no effect on the AHL profile (Ulrich et al,,
2004a).

The regulation of dpsA expression in Burkholderia is poorly
understood but one possibility is that it is regulated via
AHL-dependent QS since there is a hux box motif located
within its promoter region. Here we define the nature of the
AHLs synthesized by B. pseudomallei PP844 and show that
dpsA expression and resistance to oxidative stress is
dependent on QS via BpsIR and C8-HSL.

METHODS

Bacterial strains, plasmids and media. Bacterial strains and
plasmids used are shown in Table 1. Unless otherwise stated, bac-
teria were cultured using Luria—Bertani (LB) broth or agar with
appropriate antibiotics at 37°C. Tn the case of mixed cultures, e.g.
conjugations, incubations were at 30°C. Pseudomonas agar base
supplemented with SR 103E (cetrimide, fucidin and cephaloridine)
from Oxoid was used, after conjugation. as a selective medium to
inhibit growth of E. celii M9 minimal medium with 2% (w/v) ghu-
cose was used for fi-galactosidase activity assays. Antibiotics were
used at the following concentrations when required: ampicillin
100 pg ml™", trimethoprim 200 ug ml™' for B. pseudomallei and
100 ug ml™" for E. coli, spectinomycin 8§00 pg ml~! for B. pseudo-
mallei and 200 pg ml™' for E. coli, tetracycline 60 pg ml™' and
chloramphenicol 40 pug ml~".

Ampiification and cloning of bps! and bpsR genes. Using the
cepl and cepR genes of Burkholderia cepacia as a template for the
BLAST program (http://www.ncbi.nih.gov/blast/), homologues of this
AHL synthase and its cognate transcriptional activator were identi-
fied in the B. pseudomallei genome database (http://www.sanger.
ac.uk/Projects/B_pseudomallei/) and designated bpsi and bpsR
respectively. A PCR product of 663 bp containing the full-length
bpsi was amplified from B. pseudemaliei strain PP844 genomic DNA
using primers BPSIF {5'-CTGCAGCTCCTTGAATGACGAACGGC-
3"y and BPSIR (5"-AAGCTTCATGCGAACTTITCGTTCATGG-3")
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Table 1. Bacterial strains and plasmids

Source or reference

Lopraserl ¢f al. (2000)
This study
This study
This study
This study
This sfﬁdy
This study

Hanahan (1983)

Simon et al. (1983)

De Lorenzo et al. (1990)
Loprasert et al. (2004)
This study

This study

This study
Alexeyev (1999)

Alexeyev (1999)

Loprasert ef al. (2004)
This study
This study
This study
This study
Loprasert ef al (2004}
Loprasert et al. (2004)

Strain or plasmid Relevant genotype or charactetristic(s)*

B. pseudomallei

PP844 wild-type, virulent clinical isolate

PKI5 PP844 containing pKNOCK :: psip, Tc

PKR7 PP844 containing pKNOCK :: bpsRp, Cm"

KBIRS PP844 containing pKNQCK :: bpsRp; pKNOCK :: bpsip, T¢" Cm”

PKR7+R PKR7 containing pBBR-R2, Cm" Sp’

KBIR5+1R KBIR5 centaining pBBR-IR3, Tc" Cm" Sp'

KBIRS5 + dpsA KBIR5 centaining pDyps, Te' Cm" Sp’

E. coli

DHS5x F™ 480diaeZ AM15 A{lacZYA-argF) U169 recAl hsdRI7 (ry, m} ) supE4d 27 thi-l
relAl gyrA96

S17-1 ipir RP4-2-ter:: Mu-) kan::Tn7 (Tp" Sm') thi proA hsdR recA

CCl18 Strain used as a host for conjugation of transposable element pUT-mini-Tn5Cm

CpUT CC118 containing TnpD vector, Tp"

CpUT +R CpUT containing pBBR-R2, Tp” Sp”

EBPI DH52 containing pUCI, Amp’

Plasmids

pUCI pUCI19 containing the full-length B. pseudomallei bpsl gene, Amp®

pKNOCK-Te Mabilizable suicide vector for consiruction of gene knockouts in Gram-negative
bacteria, Tc"

pKNOCK-Cm Maobilizable suicide vector for construction of gene knockouts in Gram-negative
bacteria, Cm"

pBBR-Sp Broad-host-range cloning vector, $p°

pKEI pKNOCK containing a 298 bp internal segment of B. pseudomallei bpsl

pKBR pPKNOCK containing a 323 bp internal segment of B, pseudomallel bpsR

pBBR-R2 pBBR-3p containing full-length B. psewdomallei bpsR

pBBR-IR3 pBBR-Sp containing (ull-length B. pseudomallei bpsiR

pDps pBBR-Sp cootaining full-length B. pseudomallei dpsA

TopD A 654 bp fragment containing the 5’ end of dpsA and 400 bp of upstream dpsA
sequence inserted upstream of laeZ in pUT-Tn5lacZ!, Tp'

*Amp', ampicillin resistant; Tc', tetracycline resistant; Cm’, chloramphenicel resistant; Sp", spectinomycin resistant; Tp', trimetheprim resistant.

and cloned into the HindIMl and Psil sites of pUCI9 o create pUCL
A PCR product of 2-5 kbp containing both bpsI and bpsR (bpsIR)
was amplified using primers BPSIF and BPSRR (5'-CTGCAGG-
AACCGTTGATGGAGTGAGC-3') and clened into pBBR-Sp by
blunt-ended ligation to create pBBR-IR3. The 2-5 kbp PCR product
was cut by EcoRl 1o obtain a 1288 bp DNA fragment containing
full-length bpsR gene; this was cloned into pBBR-5p to create pBBR-
R2. The sequences of bps! and bpsR from B. pseudomallei strain
PP844 were deposited in GenBank (accession no. AF501236).

Construction of B. pseudomaliei bpsi and bpsR knockout
and complemented mutants. bpsi (PKI5), bpsR (PKR7} and
bpsIR (KBIR5) mutants were constructed in B. pseudomallei strain
PP844. Briefly, A 298 bp [ragment of the bpsI gene was amplified
from PP844 using primers BIPF (5'-GTCACGCCGATCAGTT-
GCTT-3") and BIPR (5'-AGTACGATCGCGACGATACC-3"). The
blunt-ended product was ligated into the suicide vector pKNOCK-
Tec 10 create pKBI, which was then mobilized from E. coli $17-1
2pir into PP844 by conjugation. Single-crossover insertion mutants
were selected on pseudomonas base agar containing 60 pg tetracy-
cline ml™'. A blunt-ended 323 bp fragment of the bpsR gene was
amplified vsing primers BRPF {5'-CGACACCTATCCGAACGGCT-
3’) and BRPR (5'-AACGGCTCATCAGCGAGTGC-3"). The result-
ing fragment was ligated into pKNQCK-Cm to <reate pKBR. After

conjugation into PP844, mutants were selecied on pseudomoenas
base agar containing 40 pg chloramphenicol ml™'. Finally, the
double bpsIR mutant KBIRS was created by conjugating pKBR into
the PKI5 mutant and selecting on pseudomenas base agar contain-
ing 60 pg tetracycline ml™" and 40 pg chloramphenicol ml~". For
complementation of the knockout strain, pBBR-R2 was conjugated
into PKR7 to create PKR7 + R, which was selected on pseudomonas
base agar containing 800 pg spectinomycin ml™' and 40 pg chlor-
amphenicol ml~', Plasmid pBBR-IR3 was conjugated into KBIRS to
creaie KBIR5+IR, which was selected on pseudomonas base agar
containing 800 pg spectinomyein ml~!, 60 pg tetracycline ml™" and
40 pg chloramphenicol ml ™%,

Construction of dpsA::lacZ transcriptional fusion strains.
TnpD is a mini-transposon vector containing the dpsA promoter
fused to lacZ and maintained in E. colf CC118 (CpUT') as described
in previous studies {Loprasert et al, 2004). Integration of the dpsA
promoter :: lacZ transcriptional fusion into the chromosome of 8.
pseudomallei PP844, the Q5 mutams PKI5, PKR7 and KBIR5 and
their corresponding complemented strains was achieved by conjuga-
tion of TnpD on plates containing trimethoprim (200 pug ml™’). In
order o express the DpsA protein in KBIRS5, pDps (Loprasert et al.,
2004) was transformed into this mutant to ¢reate KBIRS +dpsA. To
determine whether BpsR regulaled dpsA directly, pBBR-R2 was

http://mic.sgmjournals.org
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intreduced into E. coli CpUT 1o generate E. coli CpUT +R. The bac-
teria were selected on agar containing trimethoprim (100 pg ml™")
and spectinomycin (200 pg ml™").

Assay for f-galactosidase activity, Cell lysates taken from differ-
ent phases of growth of B. pseudomallei strains grown in MM9
medium with 0-5 pM NaCl and with or without C8-HSL (200 nM)
at 37°C were prepared using bacterial protein extraction reagent
(Pierce) and assayed for f-galactosidase activity in Miller units using
o-nitrophenyl-f-D-galactoside as a substrate (Miller, 1972). Similar
assays were undertaken for E. coli CpUT and CpUT + R grown in the
absence or presence of C8-HSL, 3-o0x0-C8-HSL, 3-hydroxy-C8-HSL,
C10-HSL, 3-hydroxy-C10-HSL and 3-hydroxy-C12-HSL (100 nM),

Growth on oxidant agar plates. Bacterial cultures were grown
overnight in M9 low-glucose medium, adjusted to ODggo 1:0 and
10-fold serially diluted. Ten microlitres of each dilution was spotted
onto LB agar comtaining 150 uM tert-butyl hydroperoxide (t-
BOOH) and the extent of growth was cbserved after 24 h incubation
at 37 °C (Loprasert et al., 2004).

Growth inhibition zone assay. Bacterial cultures grown overnight
in M9 low-glucose medium were adjusted to ODgyy 1-0 and added
to 3 ml warm top LB agar. The mixtures were overlaid onto LB agar
plates. Paper discs containing +-BOOH (250 uM) were placed on the
cell lawn. The diameters of growth inhibition zones were measured
after 24 h incubation (Loprasert er al, 2004).

Synthesis of AHLs. A range of AHLs with acyl side chains from
Cy to Cyy in length, with or without 3-ox0 or 3-hydroxy substitu-
ents, were synthesized as described by Chhabra et al {1993, 2003).

AHL extraction and LC MS/MS analysis. B. pseudomallel strains
were grown (0 ODggo 1-6 in 2 ] tryptic soy broth at 37 °C with shak-
ing at 250 r.p.m. Cells were removed by centrifugation and the
supernatant was extracted twice with equal volumes of acidified
ethyl acetate (100 pl glacial acetic acid per litre of ethyl acetate} and
concentrated by rotary evaporation at 40—45°C. The residue was
resuspended in 50 pl methanol prior to liquid chromatography
tandem mass spectrometry (LC-MS/MS). AHLs were separated by
reverse-phase chromatography (RP-HPLC) using an Exsil Pure
C18 MS 5p column (250 x 2-3 mm; Alltech Associates) coupled to a
tandem mass spectrometer (Applied Biosystems 4000 Q-TRAP) and
eluted with a 35-70% w/v acetonitrile/water gradient as described
by Yates et al (2002). Enhanced product trap experiments (EPI)
were triggered by precursor ion {m/fz 102} scanning for the m/z
range 150-350. The precursor ion m/z 102 is characterisitic of the

homoserine lactone ring moeity. EP1 spectra {m/z range 80~400)
containing an ion at mi/z 102 were compared with the product mass
spectra of the corresponding synthetic AHL standard.

RESULTS

B. pseudomallei strain PP844 produces multiple
AHLs

Spent stationary-phase culture supernatants prepared from B.
pseudomallef strain PP844 were extracted with ethyl acetate
and subjected to LC MS/MS. The data obtained are sum-
marized in Table 2. Six AHLs were unequivocally identified by
comiparison of their retention times, and their molecular and
principal fragment ions with synthetic standards. These AHLs
were C8-HSL, 3-oxo-C8-HSL, 3-hydroxy-C8-HSL, C10-HSL,
3-hydroxy-C10-HSL and 3-hydroxy-C12-HSL.

C8-HSL and 3-oxo-C8-HSL production is
dependent on bps/ and bpsR

The gene encoding the Luxl homologue bpsI was cloned
from the B. pseudomallei PP844 chromosome and
sequenced. bpsl is 97% and 98% identical to the
corresponding genes from B. pseudomallei strains K96243
and KHW respectively (data not shown). Since the identity
of the AHL(s) synthesized via Bpsl have not been
unequivocally chemically identified, the bpsI gene was
expressed in E. coli EBPL. Ethyl acetate extracts of EBPI
culture supernatants were subjected to LC MS/MS and a
molecule with m/z 228 was identified with fragmentation
ions of m/z 127 and 102, characteristic of C8-HSL (Table 2).

To evaluate the impact of bpsf and bpsR mutations on the
AHL profile of B. pseudomallei PP844, we constructed bpsi
(PK15) and bpsR (PKR7) mutants. Table 2 compares the
AHL profiles derived from LC MS/MS analysis of the
corresponding spent culture supernatants. In both mutants,
the only compounds absent are C8-HSL and 3-oxo0-C8-HSL,
a finding which indicates that bps/ is responsible for their
synthesis in B. pseudomalle; PP844 and that the BpsIR
system does not affect the expression of the other AHL

Table 2. AHL profiles, by LC MS/MS analysis, of the spent culture supernatants of B. pseudomaliei PP844, its QS mutants,

and an E. coli strain harbouring bps/

AHL Struciure m/z  Retention Principal PP344 PKI5 PKR7 EBPI
time (min) fragment ions (wild-type) (Bpsl™) (BpsR™) (E. coli+ bpsi)
C8-HSL T T 59 228, 127, 102 + - - +
3-Oxo-C8-HSL AL 22 4 242, 141, 102 + - - -
3-Hydroxy-C8HSL  ~~ Sl 244 46 244, 226, 125, 102 + + + -
C10-HSL Al 256 g5 256, 155, 102 + + + ~
3-Hydroxy-C10-HSL NV\MHQ 272 54 272, 254, 153, 102 + + + -
3 Hydroxy-CI2-HSL o~ LALY 300 7.9 300, 282, 181, 102 + + + -
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synthases present in this organism. Table 2 also shows that
bpsI is regulated by BpsR, since mutation of bpsR results in
the loss of C8-HSL and 3-oxo-C8-HSL synthesis.

Expression of dpsA4 in B. pseudomallei is
BpsIR/C8-HSL-dependent

In the promoter region {—74 to —55) of dpsA, we identified
a 20 bp sequence (GCATCCCGCATCGGGATGC) as a fux
box motif characteristic of genes which are regulated via
LuxRI/AHL-dependent QS. Without the lower-case c, this
motif will be perfectly palindromic. Nevertheless, this motif
matches the consensus sequence for the Vibrio fischert fux!
luxbox at 11 out of 21 positions as well as the P. aeruginosa
rhil lux box (12/20 bases). To assess whether QS is involved
in regulating the response of B. pseudomallei to oxidative
stress, we first introduced a dpsA::lacZ transcriptional
fusion via TnpD onto the chromosome of B. pseudomallei
PP844, the isogenic bpsl (PKI5), bpsR (PKR7) mutants and
the bpsIR double mutant (KBIRS) as well as the correspond-
ing complemented strains.

Fig. 1 shows that dpsA expression is induced in the late
exponential phase of growth (6 h post-inoculation). The
bpsl, bpsR and bpsIR mutants all exhibited substantially
reduced levels of -galactosidase activity throughout growth
when compared to the PP844 wild-type, indicating that dpsA
is regulated via bpsIR. Provision of exogenous, synthetic C8-
HSL to the bpsI mutant (PKI15) or genetic complementation
of the bpsR (PKR7) and &psiR (KBIR5) mutants completely
restored dpsA expression (Fig. 1), suggesting that dpsA is
directly or indirectly regulated by the bpsiR QS system. Fig. 1
also demonstrates that mutations in the bpsiR QS system
have no adverse effects on the growth of B. pseudomaliei
under these culture conditions and that exogenous synthetic
C8-HSL is unable to overcome the growth-phase depen-
dency of dpsA expression.

B. pseudomallei bpsiR QS mutants show
increased sensitivity to oxidative stress due to
reduction of dpsA expression

Mutation or overexpression of dpsA in B. pseudomallei
confers hypersensitivity or increased resistance respectively
to organic oxidants such as the organic hydroperoxide -
BOOH (Loprasert et al.,, 2004). To determine the sensitivity
of the bpsl, bpsR and bpsIR mutants to oxidative stress, each
strain was grown on oxidant agar plates containing 150 uM
t-BOOH. Each of the mutants was more sensitive to ¢
BOOH than the wild-type or the corresponding comple-
mented strains (Fig. 2a). The wild-type and complemented
strains grew when diluted to 107°-1077 c.fu. ml™’; how-
ever, in contrast, the QS mutants only grew when diluted to
107°-107* c.fu. ml™". This suggests that PKI5, PKR7 and
KBIRS5 are 1000-10 000 times more sensitive to hydroper-
oxide stress.

To evaluate whether the increased sensitivity of the QS
mutants was a consequence of reduced dpsA expression,
we analysed the response of the wild-type PP844, bpsiR
mutant KBIR5 and KBIRS carrying pDps (KBIRS + dpsA).
Plasmid pDps carries a copy of dpsA and was previously
shown to enhance the resistance of B. pseudomallei to t-
BOOH (Loprasert et al, 2004). Fig. 2(b) shows that the
wild-type grew to the dilution of 1077 c.fu. ml™" and
KBIR5 to 107 % c.fu. ml™", whereas KBIR5+dpsA grew
to 107° c.fu. ml™". Taken together, these results demon-
strate that the bps] and bpsR QS mutants are more
sensitive to oxidative stress and this is likely to be due to
a reduction in dpsA expression and hence DpsA production.
The growth inhibition zone assay (Fig. 2¢) further con-
firmed that both wild-type and complemented B. pseudo-
mallei strains were more resistant to +~BOOH than were
the QS mutants on LB agar. The dpsA-complemented
strain also showed more resistance to ¢BOOH, as
expected.

Fig. 1. Expression of dpsA promoter during

10—
oD §-Gal
- B PP844
—BES PKI5
* B3 PK15+C8
—o— R PKRY
1{ ——#B® PKR7+R
4 58 KBIRD
g — & KBIR5+IR
L=}
Q
O
0.14
0.014-

0500 growth of B. pseudomallei. fi-Galactosidase
activities (means+range) from triplicate
experiments in crude extracts of the dpsA-
facZ transcription fusion integrated into B.
psevdomafie; parent strain PP844, bps!
knockout mutant {(PKIS), bps/ knockout
mutant supplied with 200 nM  exogenous
C8-HSL (PKIS+C8), bpsR mutant (PKR7),
bpsR knockout mutant complemented with
bpsR plasmid pBBR-R2 (PKR7+R), bpsiR
double knockout mutant (KBIR5) and bpsiR
double knockout mutant complemented with
the bpsiR plasmid pBBR-IR3 (KBIRS +IR)
are shown by the patterned bars. The naga-
tive control used was the PPB844 parent
strain without the dpsA-facZ transcriptional
fusion. Growth (ODgeo) is shown by the
symbols and graph lines.

B-Galactosidase (Miller units mi-1)
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{a)

PP344

PKIS
PKI5+C8

PKR7?
PKR7+R

KBIRS

KBIR5+IR

{0

2 1 + o

h
e

Zone of inhibition {mm}
> o
—

o

PP844 PKIS PKIZ PKR? PKR7 KBIRS KBIRS  KBIRS
+C8 +R +IR +dpsA

Fig. 2. Sensitivity of B. pseudomallei QS mutants to +~BOOH:
determination of the levels of resistance to B. pseudomalles t-
BOOCH killing in the parent strain PP844, PKI5, PKIS with exo-
genous CB-HSL (PKI5+C8), PKR7, PKR7+R, KBIRS5,
KBIRS +IR and KBIRS +dpsA. (a, b} Growth on oxidant agar
plates assay. Serial 10-fold dilutions of cultures were spotted.
(c) Growth inhibition zone assay. The diameters of the growth
inhibition zone are shown (means £range of triplicate assays).

BpsR and C8-HSL are required for maximum
expression of dpsA in E. coli

To determine whether BpsR directly regulated the expres-
sion of dpsA in the presence or absence of AHLs, we used E.
coli CpUT habouring the dpsA :: lacZ transcriptional fusion
plasmid, TopD, together with pBBR-R2 to give E. coli strain

CpUT +R. Fig. 3 shows that dpsA promoter activity in E.
coli CpUT is ~800 Miller units ml™' and remains
unchanged on introducing bpsR (E. coli CpUT+R).
Exogenous provision of C8-HSL to E. coli CpUT +R but
not E. coli CpUT increased dpsA expression approximately
threefold (to ~ 2200 Miller units ml™"). None of the other
AHLs produced by B. pseudomailei strain PP844 enhanced
dpsA expression.

DISCUSSION

In common with Gram-negative bacteria such as P.
aeruginosa (Winson et al., 1995), Rhizobium leguminosarum
(Lithgow et al, 2000) and Yersinia pseudotuberculosis
(Atkinson et al, 1999), B. pseudomallei possesses several
Lux] homologues and produces multiple AHL QS signal
molecules. B. pseudomallei PP844 is an extremely viruient
strain isolated from a patient who died from the most severe
clinical manifestaticn of melioidosis (Utaisincharoen et al.,
2001). PP844 produces six AHLs with Cq, Cy9 and C,; acyl
side chains with or without C-3 position substituents. Of
these, 3-0x0-C8-HSL and 3-hydroxy-C12-HSL have not
previously been identified in B. pseudomallei while C8-HSL,
3-hydroxy-C8-HSL, C10-HSL and 3-hydroxy-Cl10-HSL
were previously reported by Ulrich et al (2004a) in B.
pseudomaliei strain DDO03. This strain also made 3-oxo0-C14-
HSL, an AHL which was not present in B. pseudomallei
PP844 culture supernatants. In bacteria which possess
multiple LuxRI homologues, these QS systems are usually
interdependent. In B. pseudomallei DD03, mutation of any
of the three individual AHL synthase genes had no effect on
the AHL profile apart from the pmil1 mutant, which did not
produce 3-hydroxy-C14-HSL. These data do not however
define which AHLs are synthesized by which Luxl
hemologue and suggest that there is substantial redundancy
in the system. Here we have shown that mutation of &ps/
results in the specific loss of two AHLs, CB-HSL and 3-oxo-
C8-HSL, from the AHL profile of the parental PP844 strain.
To confirm these data, bpsl was expressed in E. coli
However, only C8-HSL was synthesized, suggesting either
that E. coli is unable to synthesize 3-0x0-C8-HSL via Bpsl or
that 3-oxo-C8-HSL is produced via a different AHL
synthase, the expression of which depends on the presence
of C8-HSL. When expressed in a heterologous host, LuxI
homologues do not always generate the same AHL profile as
in the original bacterium (Atkinson et al,, 1999} and this is
the most likely explanation for our observation. Our
unequivocal demonstration that Bpsl directs the synthesis
of C8-HSL is consistent with the HPLC and bioassay data
reported by Song et al (2005) for B. pseudomallei strain
KHW. However, it is not possible to conclude that C10-HSL
is the main AHL produced via Pmll (the equivalent gene to
bps) in B. pseudomallei strain 088 since the authors only
examined culture supernatants from the parent strain
(Valade et al, 2004}, which produces multiple AHLs.

In B. pseudomallei and the closely related obligate animal
pathogen Burkholderia mallei, QS mutants are highly
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attenuated in experimental animal infection models (Ulrich
et al., 2004a, b). Although B. mallei appears to possess only
two luxI homologues, nevertheless it also produces C8-HSL,
3-hydroxy-C8-HSL, CI10-HSL and 3-hydroxy-C10-HSL
(Ulrich et af, 2004b) whereas the non-pathogenic
Burkholderia thailandensis does not produce any of the 3-
hydroxy or 3-oxo compounds although it does synthesize
C6-HSL, C8-HSL and C10-HSL (Ulrich et al., 2004¢). It is
therefore possible that the QS systems employing the
substituted AHLs are more closely associated with the
regulation of virulence.

Mutation of &psR in PP844 also resulted in the loss of C8-
HSL and 3-0x0-C8-HSL synthesis, indicating that BpsR is
required for the synthesis of these two AHLs, presumably by
controlling bps! expression. Indeed, Song et al. (2005) have
shown that C8-HSL is required to activate transcription of
both &psl and bpsR. Our data also indicate that the bpsiR
system does not control the expression of the two other lux/
homologue systems present in B. pseudomallei although it
remains possible that the other LuxR proteins and AHLs
may intfluence bpsiR expression.

The organic hydroperoxide +-BOOH has been shown to
cause DNA damage in mammalian cells because it reacts
with metals to generate terf-butoxyl radicals (Altman et al,
1994). DpsA-type proteins have previously been demon-
strated to prevent iron-dependent hydroxy radical forma-
tion (Yamamoto et al,, 2002) and in B. pseudomaller, DpsA
conferred protection against ~BOOH (Loprasert et al,
2004). As bpsland bpsR mutants exhibit reduced expression

of dpsA, we thought it likely that they would show increased
sensitivity to +-BOOH. This was indeed the case, with both
mutants being more sensitive to +-BOOH. This defect could
be complemented by provision of C8-HSL to the bps!
mutant or by genetic complementation of the bpsR and
bpsRI mutants. In addition, the viability of the QS mutants
was reduced in the presence of BOOH when compared
with the parent strain cultured under similar conditions.
Protection against +-BOOH could also be achieved in the
bpsRI mutants by increasing the expression of dpsA. The
data suggest that the increased sensitivity to +~BOOH
observed in the bpsRI mutants is due specifically to a
reduction in dpsA expression. Thus the response of the B.
pseudomallei wild-type to oxidative stress is partially
controlled in a cell population density dependent manner
through QS as demonstrated in this study, perhaps
reflecting the need to protect DNA from oxidative
damage in high-density ‘overcrowded’ stationary-phase
cultures. In P. aeruginosa, the response to oxidative stress
imposed by hydrogen peroxide and the O -generating
agent phenazine methosulphate is also QS controlled since
sodA, sodB and katA are regulated by both the /asand rhI QS
systems (Hassett ef al, 1999).

B. pseudomallei can resist phagocytic intracellular killing
(Egan & Gordon, 1996) and remain dormant within a host
for many years (Nathan et al., 2005). It has evolved a variety
of mechanisms to protect its DNA from oxidative damage
from either cellular metabolism or the environment, and
under such conditions will produce high levels of the non-
specific DNA-binding protein DpsA, which effectively
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protects DNA against oxidants (Almiron et al, 1992;
Loprasert et al, 2004). In B. pseudomallei (and also
Burkholderia cenocepacia strain J2315) dpsA is located
adjacent to katG. In the former, the two geénes are co-
transcribed during oxidative stress but under conditions
where katG is not highly induced, dpsA is transcribed from a
second promoter within the katG—dpsA intergenic region
(Loprasert et al,, 2003). This region also contains a lux box
motif and here we have shown that dpsA expression is
positively controlled by the BpsRI QS system. In B. cepacia
ATCC 25416, Aguilar et al. (2003) identified a genomic
clone (P80) that was activated in an £. coli strain carrying
CepR when supplied with C8-HSL. Although they were
unable to identify the target gene(s) regulated by CepR in
ATCC 25416, from the sequence data obtained they noted
that a DpsA homologue was present 200 bp downstream of
the identified sequence in B. cenocepacia 2315, a strain
whose genome has been sequenced. Although no direct
evidence was presented, it is possible that the response of B.
cepacia complex to oxidative stress may also be QS
controlled.

In B, pseudomalles, dpsA expression is not completely
dependent on bpsRI since p-galactosidase activities of
~ 450 Miller units ml~' are observed in the QS mutants
(Fig. 1). It is therefore likely that dpsA expression is also
subject to control by a number of regulatory systems where
QS provides the population density signal required to
trigger dpsA expression in combination with other environ-
mental signals. This is a characteristic of many AHL-
dependent QS systems (Withers et al,, 2001). Furthermore,
it is noteworthy that dpsA expression was not advanced in B.
pseudomallei by provision of exogenous C8-HSL and
remained population and growth-phase dependent. This
phenomenon has also been noted in P. aeruginosa, where
provision of exogenous AHLs at the start of growth does not
induce early induction of QS-dependent virulence determi-
nants (Diggle et al,, 2002, 2003).

In conclusion, we show that (a) B. pseudomallei PP844
synthesizes six AHLs, two of which (3-ox0-C8-HSL and 3-
hydroxy-C12-HSL) have not previously been identified in B.
psetidomallet; (b) Bpsl directs the synthesis of C8-HSL and
3-ox0-C8-HSL; and (¢} BpsR, in conjunction with C8-HSL,
contributes to the oxidative stress response by positively
regulating dpsA expression.
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Summary

Pseudomonas aeruginosasynthesizes diverse 2-alkyl-
4(1H)-quinolones (AHQs), including the signaling mol-
ecule 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS), via
the pgsABCDE locus. By examining the genome data-
bases, homologs of the pgs genes were identified in
other bacteria. However, apart from P. aeruginosa, only
Burkholderia pseudomallei and B. thailandensis con-
tained a complete pgsA—E operon (termed hhqA-E).
By introducing the B. pseudomallei hhqA and hhqE
genes into P. aeruginosa pqsA and pqsE mutants, we
show that they are functionally conserved and restore
virulence factor and PQS production. B. pseudomallei,
B. thailandensis, B. cenocepacia, and P. putida each
produced 2-heptyl-4(1H)-quinolone (HHQ), but not
PQS. Mutation of hhqA in B. pseudomallei resulted in
the loss of AHQ production, altered colony morphol-
ogy, and enhanced elastase production, which was
reduced to parental levels by exogenous HHQ. These
data reveal a role for AHQs in bacterial cell-to-cell
communication beyond that seen in P. aeruginosa.

Introduction

Bacterial cells are highly interactive and capable of cell-
to-cell communication through the production and
detection of small, diffusible signal molecules that co-
ordinate gene expression as a function of cell population
density. This phenomenon has been termed “quorum
sensing” (QS) [1]. While there is considerable chemical
diversity in the nature of signal molecules employed,
QS systems are conserved throughout the bacterial
kingdom [2]. In Gram-negative bacteria such as the
opportunistic human pathogen Pseudomonas aerugi-
nosa, QS signal molecules regulate virulence, secondary
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metabolism, swarming motility, and biofilm develop-
ment via an intricate global gene regulatory network
[2-4]. This network incorporates two N-acylhomoserine
lactone (AHL)-dependent QS systems, the las and rhl/
systems [5-7]. These consist of a response regulator
protein (LasR or RhIR) activated upon binding the cog-
nate AHL, either N-(3-oxododecanoyl)-L-homoserine
lactone (3-oxo-C12-HSL) or N-butanoyl-L-homoserine
lactone (C4-HSL), which are synthesized via Lasl or
Rhll, respectively [6-8] (Figure 1A). P. aeruginosa also
produces a variety of 2-alkyl-4(1H)-quinolones (AHQs),
some of which were originally identified from their anti-
bacterial properties [9-12] (Figure 1A). Indeed, P. aerugi-
nosa has been shown to produce over 50 AHQs [12],
although the biological function of many of these is not
known. One of these compounds, 2-heptyl-3-hydroxy-
4(1H)-quinolone (PQS), was discovered to function as
adiffusible signal molecule and was termed the pseudo-
monas quinolone signal (PQS; Figure 1A) [3]. Subse-
quently, PQS was shown to regulate P. aeruginosa viru-
lence gene expression [13-15] and to function as an
integral component of the QS network, since PQS pro-
duction is modulated by both the las and rhl systems
[3, 14, 16]. Furthermore, P. aeruginosa strains carrying
mutations in the MexGHI-OpmD efflux pump are unable
to produce PQS [15] and are severely attenuated in both
mouse and plant experimental infection models. PQS
has been found in the lungs of cystic fibrosis patients
infected with P. aeruginosa [17], and it exhibits potent
immune modulatory activity [18]. It is derived from
anthranilate [19], and its biosynthesis requires a func-
tional pgsABCDE operon [20]. The PQS biosynthetic
genes pqsA-D [20] are responsible for the production
of more than 50 AHQs, including the PQS precursor
2-heptyl-4(1H)-quinolone (HHQ) (Figure 1A) (R = n-C;H5)
[14, 19]. Although the precise enzymatic contribution
of each pgs biosynthetic gene to AHQ biosynthesis
has not been determined, it is clear from isotope-
labeling experiments that AHQs are synthesized in
P. aeruginosa via a “head-to-head” condensation of
anthranilate and B-keto fatty acids [21] (Figure 1B).
From sequence comparisons, pgsA codes for a putative
coenzyme A ligase, pgsB and pgsC code for two p-keto-
acyl-acyl carrier protein synthases, and pqgsD is pre-
dicted to be a transacetylase homologous to FabH1.
The last gene in the pgs operon is pgsE. Since pgsE
mutants produce parental levels of PQS and HHQ
but do not exhibit any PQS-associated phenotypes
[14,19, 20], PgsE is considered to facilitate the response
to PQS [14, 22].

Many QS signal molecules are derived from primary
cellular metabolites such as S-adenosyl-L-methionine
(SAM), which is required for AHL and autoinducer-2
(Al-2) synthesis, while fatty acids are required for both
AHL and AHQ production [23]. AHQ biosynthesis also
requires anthranilate, an intermediate in aromatic amino
acid metabolism. Given that AHQ synthesis employs
common substrates from primary metabolism, this sug-
gests that other bacteria may also be capable of making
AHQ signal molecules, although, to our knowledge,
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these have not been isolated from any other species of
bacteria except P. aeruginosa. Previously, Lépine et al.
[22] assayed culture supernatants of several species of
Pseudomonas, including P. fluorescens, P. fragi, and
P. syringae, for PQS and the N-oxide isomer of PQS,
but they did not detect either quinolone.

Examination of the currently completed bacterial ge-
nomes revealed that many species of both Gram-posi-
tive and Gram-negative bacteria contain putative pgs
gene homologs, but we focused on several species of
the genera Pseudomonas and Burkholderia, which con-
tain genes that could potentially be involved in AHQ bio-
synthesis. Here, we show that the human pathogens
B. pseudomallei and B. cenocepacia and the nonpatho-
genic B. thailandensis and P. putida produce AHQs.
While none of the strains examined synthesized PQS,
all produced HHQ; B. thailandensis produced a range
of AHQs; and at least one B. pseudomallei strain made
2-nonenyl-4(1H)-quinolone (NEHQ). Mutation of hhgA
in B. pseudomallei resulted in the loss of AHQ synthesis,
altered colony morphology, and enhanced elastase syn-
thesis. Exogenous HHQ reduced elastase production in
the B. pseudomallei hhqgA mutant, consistent with a role
for HHQ in cell-cell signaling. In addition, the B. pseudo-
mallei hhgA and hhqE genes both complemented the
corresponding P. aeruginosa pqsA and pgsE mutants,
demonstrating that the genes required for AHQ synthe-
sis and response are functionally conserved across the
two genera, and that AHQ signaling is not restricted to
P. aeruginosa.

Results

Identification of Putative AHQ Biosynthesis Genes

in Burkholderia and Pseudomonas

A search of completed and uncompleted microbial
genomes (National Center for Biotechnology Informa-
tion; http://www.ncbi.nim.nih.gov/genomes/Iproks.cgi)
revealed that several species belonging to the genera
Pseudomonas and Burkholderia as well as the plant
pathogen Ralstonia contain putative homologs of the
P. aeruginosa pqs biosynthetic genes pgsA, pgsC, and
pgsD, respectively (Table S1; see the Supplemental Data
available with this article online). However, apart from
P.aeruginosa, only strains of the primary human pathogen
B. pseudomallei and the serologically and genetically re-
lated B. thailandensis were found to contain a complete,
putative pqgsABCDE operon (Figure 1C) located on chro-
mosome 2. When compared with P. aeruginosa, the
B. pseudomallei gene products exhibit from 31% to 53%
identity (Figure 1C). Similarly, the B. thailandensis pqsA-
E genes demonstrate a high level of DNA sequence iden-
tity with those from B. pseudomallei (pgsA, 92%; pgsB,
89%; pgsC, 94%; pgsD, 94%; pqgsE, 91%). Interestingly,
neither B. pseudomallei nor B. thailandensis possess a
homolog of the P. aeruginosa pgsH gene. This gene facil-
itates the conversion of HHQ to PQS in P. aeruginosa, and
its absence from B. pseudomallei would suggest that
production of PQS was unlikely in this organism. There-
fore, we have designated the putative B. pseudomallei and
B. thailandensis AHQ biosynthesis operon hhgABCDE.
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Transcomplementation of P. aeruginosa pgsA

and pgsE Genes with the Corresponding

B. pseudomallei Homologs

The identification of a putative pgsABCDE AHQ biosyn-
thetic operon in B. pseudomallei (Figure 1C) suggested
that these genes may be functionally equivalent to those
of P. aeruginosa PAO1 and PA14 strains. To test this
hypothesis, we separately cloned the hhgA (BPSS0481)
and hhqE (BPSS0485) genes into the plasmid pUCP18
[24] and introduced the constructs into P. aeruginosa
pgsA and pgsE mutants, respectively. Figure 2A shows
that the loss of PQS (and HHQ) production in the pgsA
mutant can be restored by complementation with the
hhgA gene from B. pseudomallei, which also restores
pyocyanin synthesis (Figure 2B). In P. aeruginosa, muta-
tion of pgsE has little effect on PQS synthesis, as PqsE
is required for the response of the organism to PQS
[20]. The introduction of the B. pseudomallei hhqE
gene did not affect PQS biosynthesis when introduced
into the PAO1 pgsE mutant (data not shown). However,
Figure 2B shows that pyocyanin production was re-
stored in the P. aeruginosa pqsE mutant when transcom-
plemented with the hhgE gene. Previously, we have
demonstrated that mutation of the pgsE gene results in
the loss of production of the galactophilic lectin, LecA
(PA-IL) [14]. To investigate whether this defect could
also be complemented by the hhgE gene from B. pseu-
domallei, we introduced a lecA::lux reporter gene fusion
into the chromosome of a PAO1 pgsE mutant. In this
genetic background, there is an 80% reduction in the
level of lecA expression (Figure 2C). The introduction
of a plasmid-borne copy of the B. pseudomallei hhqgE
gene restores lecA expression to ~45% that of the par-
ent strain, indicating that the hhgE gene has a similar
function in both P. aeruginosa and B. pseudomallei.

Burkholderia pseudomallei and Burkholderia
thailandensis Produce AHQs

The presence of a putative PQS biosynthetic operon
and the ability of the hhgA and hhgE genes to comple-
ment the corresponding P. aeruginosa mutants sug-
gested that B. pseudomallei and B. thailandensis were
likely to employ AHQ-dependent QS. To determine
whether they produced AHQs, cell-free culture super-
natants were extracted with acidified ethyl acetate
and subjected to thin-layer chromatography (TLC), and
the plate was overlaid with the AHQ bioreporter PAO1
lecA::lux 4pqgsA as described in the Experimental Proce-
dures. This reporter responds sensitively to a range of
AHQs, including both PQS and HHQ (to be described
in detail elsewhere). Figure 3A shows that three B. pseu-
domallei strains and one B. thailandensis strain (E30)
produce at least one compound capable of activating
the AHQ bioreporter. However, the migration of this
compound on TLC suggested that it is not PQS, but
a closely related AHQ, possibly HHQ. To unequivocally
identify the B. pseudomallei K96243 compound(s), the
solvent-extracted culture supernatant was examined
by LC-MS/MS. A compound with a molecular ion of
m/z 244 [M + H] was identified with fragmentation ions
of m/z 172 and 159 (Figure 3B), which are characteristic
of HHQ (Figure 3D) rather than PQS (Figure 3C) and are
produced by cleavage of the C7 alkyl chain [12]. B. thai-
landensis E30 culture supernatants contained a number
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Figure 2. The B. pseudomallei Genes hhqA and hhqE Are Function-
ally Equivalent to the P. aeruginosa Genes Required for PQS Bio-
synthesis and Response

(A) TLC overlaid with an AHQ bioreporter and viewed with a Bert-
hold Luminograph photon video camera. AHQs are visualized as
bioluminescent spots. This demonstrates that the B. pseudomallei
hhgA gene introduced on pUCP18 restores AHQ production in
a P. aeruginosa pqsA mutant.

(B) P. aeruginosa pqsA and pgsE mutants grown on LB agar do not
produce the green phenazine pigment pyocyanin. Complementa-
tion with the B. pseudomallei hhqA or hhqE genes restores pyocya-
nin production.

(C) Expression of a lecA::lux fusion in the parent strain PAO1 lecA::
lux, the P. aeruginosa pgsE mutant (pgsE) and the P. aeruginosa
pgsE mutant complemented with hhqgE on pUCP18 (pgsE+phhqE).
Error bars represent two standard errors of three independent
measurements.

of AHQs incorporating either a saturated or unsaturated
alkyl chain at position 2. Also an N-oxide, analyzed to
be 2-nonyl-4-hydroxyquinoline N-oxide, was identified.
All of these derivatives have previously been described
in P. aeruginosa. The results are summarized in Table 1.

HHQ Production in B. cenocepacia and P. putida

Using TLC in conjunction with the AHQ bioreporter
PAO1 pgsA lecA::lux, a range of Burkholderia and Pseu-
domonas species were screened for AHQ production.
The results are summarized in Table 2. Apart from P. aer-
uginosa strains PAO1 and PA14, which produce both
PQS and HHQ, no other species tested produced PQS.
P. putida KT2440 and a clinical isolate of B. cenocepacia
(J415) both produced detectable amounts of a com-
pound comigrating with HHQ on TLC (data not shown).
Consequently, cell-free supernatants from P. putida
and B. cenocepacia were subjected to LC-MS/MS, and
consistent with the TLC data, HHQ was identified from
the molecular ion m/z 244 [M + H] and daughter ions
(m/z 172 and 159; data not shown). Neither PQS nor any
other AHQs were detected in B. cenocepacia or P. putida
cell-free supernatants. Furthermore, no AHQs could
be detected in spent supernatants from P. mendocina,
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Figure 3. HHQ Is Produced by B. pseudomallei and B. thailandensis
(A) TLC analysis of solvent-extracted, cell-free supernatants from
B. pseudomallei strains 576, K96243, and 276 and B. thailandensis
strain E30. After chromatography, the TLC plate was overlaid with
PAO1 lecA::lux4pqsA and viewed under a Berthold Luminograph.
AHQs are visualized as bioluminescent spots.

(B) MS spectrum of a solvent-extracted culture supernatant
prepared from B. pseudomallei K96243 showing the presence of
HHQ.

(C) LC-MS/MS fragmentation pattern of PQS.

(D) LC-MS/MS fragmentation pattern of HHQ.

P. fragi, P. diminuta, P. aureofaciens, P. fluoresecens,
P. syringae, P. stutzeri, P. picketti, P. chlororaphis,
B. stabiliz, B. vietnamiensis, or B. anthina.

Table 1. AHQ Molecules Identified in B. thailandensis E30

Major

Saturated AHQs [M + H]* Fragment lons

C; (HHQ); 2-heptyl-4(1H)-quinolone 244 159, 172

Cy (NHQ); 2-nonyl-4(1H)-quinolone 272 159,172

Co (NQNO); 2-nonyl-4 hydroxyquinoline 288 159,172,186
N-oxide

C11 (UDHQ); 2-undecyl-4(1H)-quinolone 300 159,172

Unsaturated AHQs

C7.1 (HEHQ); 242 159, 172,184
2-(1-heptenyl)-4-(1H)-quinolone

Co:1 (NEHQ); 270 159, 172,184
2-(1-nonenyl)-4(1H)-quinolone

C11:1 (UDEHQ); 298 159,172,184

2-(1-undecenyl)-4(1H)-quinolone

The B. pseudomallei hhqA Gene Is Required

for AHQ Biosynthesis-Identification of NEHQ

To demonstrate that the putative hhq biosynthesis
operon from B. pseudomallei was responsible for the
production of AHQs, we mutated the hhgA gene in
B. pseudomallei 844 by inserting a 1026 bp internal frag-
ment of BPSS0481 on pKNOCK-Tc into the gene. Fig-
ure 4A shows an HPLC comparison of solvent-extracted
supernatants prepared from the parent strain and an
hhgA mutant recorded at 335 nm. A compound eluting
at 7.75 min was identified in the parent strain and is
absent from the hhqA mutant. This compound pos-
sesses a similar spectral profile (212, 247, 335 nm) to
HHQ (data not shown) that has characteristic absor-
bance peaks at 213, 231, and 315 nm. However, using
these HPLC conditions, HHQ elutes at 6.5 min; there-
fore, these data suggest that the compound eluting at
7.75 min is not HHQ, but a related AHQ. MS/MS analysis
revealed that this compound has a molecular ion of m/z
270 [M + H] and major fragment ions at m/z 172,159, and
130 (Figure 4B). These are consistent with NEHQ (Fig-
ure 1A), which has an unsaturated C9 alkyl side chain
and has previously been identified in P. aeruginosa cul-
ture supernatants [22]. The position of the double bond
in NEHQ is inferred from its MS data by the presence
of a fragment ion at 172, assignable to 2-vinyl-4(1H)-
quinolone arising from the loss of the C7H14 portion of
the chain.

Disruption of AHQ Signaling in B. pseudomallei
Results in Altered Colony Morphology

and Increased Elastase Synthesis

To begin characterizing the QS signaling function of
HHQ in B. pseudomallei, we investigated the effect of
mutating hhqA on the synthesis of exoproteases, sidero-
phores, elastase, and AHLs as well as the response to
oxidative stress. Plate assays to detect siderophores
and exoproteases revealed no obvious differences
between the parent and hhgA mutant (data not shown).
However, growth on LB plates revealed striking mor-
phological differences between wild-type and hhgA mu-
tant colonies. Wild-type B. pseudomallei colonies were
typically pigmentless, rounded, and smooth-edged,
with a mucoid phenotype, while the hhgA mutant pre-
sented with a wrinkled appearance with bacterial growth
over the primary colony (Figure 5). Complementation
with the hhqgA gene restored colony morphology to
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Table 2. PQS and AHQ Production in Clinical and Environmental Strains of Pseudomonas and Burkholderia

Strain PQS AHQ? Source Reference

P. aeruginosa PAO1 + + Wound infection Holloway collection
P. aeruginosa PA14 + + Burn wound [39]

P. mendocina ATCC25411 — — Environmental ATCC (American Type Culture Collection)
P. aureofaciens 30-84 — — Wheat rhizosphere W.W. Bockus

P. diminuta CIP7129 — - Soil Source unknown
P. fluorescens CHAO — — Soil [40]

P. putida KT2440 . + Biosafety strain [41]

P. syringae DC3000 — — Tomato [42]

P. stutzeri ATCC17588 — — Enviromental ATCC

P. chlororaphis PCL1391 — — Spanish tomato rhizosphere [43]

P. fragi ATCC4973 — — Environmental ATCC

P. pickettii ATCC27511 — — Soil ATCC

B. pseudomallei K96243 —_ + Clinical melioidosis isolate, Thailand [44]

B. pseudomallei 576 — + Clinical melioidosis isolate, Thailand [45]

B. pseudomallei 10276 — + Clinical melioidosis isolate, Bangladesh [45]

B. pseudomallei 844 —_ + Clinical melioidosis isolate, Thailand Srinagarind Hospital, Thailand
B. thailandensis E30 — + Environmental [46, 47]

B. cenocepacia J415 — + CF isolate [48]

B. stabilis — — CF isolate [48]

B. vietnamiensis G4 — — CF isolate [48]

B. anthina — — Environmental soil [49]

B. thailandensis E30 produced HHQ, NHQ, NQNO, UDHQ, HEHQ, NEHQ, and UDEHQ.

[

All AHQ-positive strains produced HHQ, except for 844, which produced NEHQ.

that of the wild-type (data not shown). The hhgA mutant
exhibited an increase in elastase production when
grown on elastin agar plates. A zone of clearing of
9.8 mm (x1 mm) was observed for the mutant, com-
pared to 5.3 mm (x0.5 mm) for the wild-type and
5.4 mm (0.5 mm) for the complemented mutant. The
enhanced elastase synthesis observed in the hhgA
mutant could be abolished by incorporating HHQ into
the elastin agar plate assay (data not shown).

B. pseudomallei possesses an AHL-based QS system
that is required for full virulence [25] and is also involved

A 160 m— 5 pseudomalsi 844 vikd type

140 mams B psadomalei oA mutant

120

200 400 600 800 1000 1200 1400 600 1800 20
Time (min)

1301 1721

2z
2 ] 2702
g
£

20 20 300 340 380
iz, amu

Figure 4. B. pseudomallei 844 Produces 2-(1-Nonenyl)-4(1H)-Qui-
nolone, which Is Abolished in an hhgA Mutant

(A) HPLC analysis of solvent-extracted, cell-free culture superna-
tants from B. pseudomallei strain 844 and the corresponding
hhgA mutant. The arrow marks the position of the major peak elut-
ing at 7.75 min, which is lacking in the hhgA mutant.

(B) LC-MS/MS spectrum for the peak eluting at 7.75 min, which has
a parent m/z 270 ion [M + H] and major daughter ions at m/z 172,
159, and 130, consistent with NEHQ.
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in controlling the response to oxidative stress (P.L.,
unpublished data). As PQS signaling has previously
been shown to be integrated into the AHL-dependent
QS system of P. aeruginosa, we wanted to determine
whether mutation of the B. pseudomallei hhgA gene
had any effect on AHL production and on the response
of B. pseudomallei to oxidative stress. The B. pseudo-
mallei 844 strain produces C8-HSL, 3-oxo-C8-HSL,
3-hydroxy-C8-HSL, C10-HSL, 3-hydroxy-C10-HSL, and
3-hydroxy-C12-HSL (P.L., unpublished data). Analysis
of the B. pseudomallei 844 hhqgA mutant culture super-
natant revealed that this strain produced the same spec-
trum of AHLs produced by the parent strain (data not
shown). Furthermore, both the parent and the hhgA
mutant were similarly susceptible to the organic hydro-
peroxide tert-butyl hydroperoxide.

Discussion

P. aeruginosa produces over 50 different AHQ mole-
cules that exhibit diverse biological activities [4, 9-12,
18, 19]. Of these, PQS is a key QS signal molecule that
regulates elastase, LecA lectin, rhamnolipid, and pyo-
cyanin production [3, 14, 20] and enhances biofilm

844 hhgA mutant

B.pseudomallei 844

Figure 5. A B. pseudomallei hhgA Mutant Displays an Altered
Colony Morphology
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development [14]. A mutation in pgsR (mvfR) that posi-
tively regulates PQS biosynthesis renders P. aeruginosa
PA14 avirulent in both plant and animal assays, with
320-fold less growth of Arabidopsis and a 65% reduc-
tion of mortality in mice [26]. In addition, mutation of
the MexGHI-OpmD multidrug efflux pump, which results
in the loss of PQS biosynthesis, also leads to the atten-
uation of virulence in both rat and plant experimental
infection models [15]. PQS therefore plays a key role in
regulating the virulence of P. aeruginosa, and, conse-
quently, PQS biosynthesis and signaling are potential
targets for novel antimicrobials. It was therefore of con-
siderable interest to determine whether AHQ-dependent
signaling is also employed by other bacteria.

Since AHQs are synthesized from common bacterial
metabolites (anthranilate and B-keto fatty acids), and
given that genes exhibiting homology with the P. aerugi-
nosa pqs biosynthetic genes are present in related bac-
teria that share similar ecological niches, it is likely that
AHQ signaling is employed by organisms other than
P. aeruginosa. For bacteria such as P. fluorescens,
P. syringae, and P. fragi, neither PQS nor HHQ, nor any
other AHQs, were detected in cell-free spent culture
supernatants, even though they possess genes that
share some homology with pgsA, pqsC, and pgsD. How-
ever, these bacteria lack a complete AHQ biosynthetic
operon, and the pgs genes are scattered throughout
their respective chromosomes. Furthermore, no homo-
log of pgsE, which is required for the response to PQS
in P. aeruginosa [14, 20, 27], could be identified in any
of the genomes of sequenced strains belonging to these
genera. A systematic search of completed bacterial ge-
nomes revealed that, apart from P. aeruginosa, only two
bacterial species (B. pseudomallei and B. thailandensis)
contained putative pgsB and pgsE homologs.

B. pseudomallei and the closely related B. thailanden-
sis both contain a putative pgsABCDE operon on
chromosome 2 similar to that of P. aeruginosa. B. pseu-
domallei is the causative agent of melioidosis, an infec-
tious disease of major public health importance in
southeast Asia and northern Australia [28], and it is even
found in survivors of the recent Asian tsunami [29]. It is
also regarded as a potential biothreat agent [28]. There
is, therefore, considerable interest in gaining new in-
sights into the mechanisms by which virulence and per-
sistence are regulated in B. pseudomallei. Here, we have
obtained evidence for the functional equivalence of the
B. pseudomallei genes corresponding to the P. aerugi-
nosa pqsA and pgsE genes that are involved in the con-
trol of P. aeruginosa virulence via AHQ-dependent QS.
This was obtained by transcomplementing the P. aeru-
ginosa pqsA and pgsE mutants with the B. pseudomallei
hhgA and hhqE genes, respectively. Both PQS and pyo-
cyanin synthesis were restored in the pgsA mutant, and
the production of pyocyanin and lectin was restored in
the pgsE mutant. These data indicate that both the bio-
synthesis of and the response to PQS can be reestab-
lished in P. aeruginosa by introducing the hhqgA and
hhqE genes, respectively, from B. pseudomallei. While
PgsA is required for PQS biosynthesis in P. aeruginosa,
the function of PqsE remains unclear, as a pgsE mutant
produces wild-type levels of both PQS [20] and HHQ [19]
but does not produce pyocyanin or the galactophilic
lectin, LecA [14, 20] and makes reduced amounts of

elastase [14]. Furthermore, addition of exogenous PQS
to a P. aeruginosa pqsE mutant does not restore pyo-
cyanin, lectin, or elastase production [14], suggesting
that either PgsE is required for the cellular response to
PQS [20] or that PgsE is involved in generating an, as
yet, unidentified signaling molecule from PQS, as the
protein has structural similarities to members of the
metallo-B-lactamase protein superfamily. Nevertheless,
these data indicated that AHQ-dependent cell-to-cell
communication was likely to be functional in B. pseudo-
mallei and in other bacteria that possess homologs of
the P. aeruginosa pgs biosynthetic genes.

A P. aeruginosa pqsA mutant does not make any
AHQs, but when complemented with B. pseudomallei
hhqgA, it produces both HHQ and PQS. This finding
raised the question as to the identity of the AHQ(s) syn-
thesized in B. pseudomallei itself since this human path-
ogen does not possess a homolog of the putative mono-
oxygenase PgsH, which is required for the conversion of
HHQ to PQS (Figure 1B). This is also the case for other
bacteria that possess pgs homologs but lack pgsH. To
assay for AHQ biosynthesis in different bacterial genera,
we developed a rapid method for screening culture su-
pernatants that employs a P. aeruginosa bioreporter
(to be described in detail elsewhere) that cannot synthe-
size AHQs as a consequence of the pgsA mutation, but
responds to exogenously supplied AHQs that activate
a chromosomally located lecA:lux promoter fusion.
The bioreporter can be incorporated within agar and
used as an overlay after TLC of the solvent-extracted
culture supernatants. AHQs such as PQS and HHQ are
readily identified as bioluminescent spots upon activa-
tion of the reporter. By using this bioreporter, we ob-
served that none of the Pseudomonas or Burkholderia
species examined produced PQS. However, B. pseudo-
mallei strains 276, 576, and K96243, B. thailandensis
strain E30, B. cenocepacia strain J415, and P. putida
strain KT2440 all activated the reporter, and the active
spot migrated on TLC with an R; value close to that of
the HHQ standard. The identity of the active compound
as HHQ in B. pseudomallei K96243, P. putida, B. thailan-
densis, and B. cenocepacia was confirmed by LC-MS/
MS. In addition, B. pseudomallei strain 844 and B. thai-
landensis produced NEHQ, a C9 analog of HHQ with an
unsaturated alkyl side chain. Furthermore, we also iden-
tified HNQ, NQNO, UDHQ, HEHQ, NEHQ, and UDEHQ
in B. thailandensis. These AHQs are all produced by
P. aeruginosa [12]. It is interesting that both pathogenic
(B. pseudomallei, B. cenocepacia, and P. aeruginosa)
and nonpathogenic species (B. thailandensis and
P. putida) can be AHQ producers. Furthermore, our
data also show that AHQ synthesis does not only take
place in bacteria where the pgs/hhq genes are clustered
as an operon, since P. putida KT2440 produces HHQ,
but the hhqg homologs are scattered throughout the
chromosome. This organism also lacks a readily identifi-
able pgsE homolog, suggesting that hhgE/pqsE may not
always be required for AHQ signal transduction.

Both the complementation of a P. aeruginosa pqsA
mutant with hhgA and the loss of AHQ synthesis upon
mutation of hhqgA unequivocally demonstrate the re-
quirement of this gene for AHQ biosynthesis in B. pseu-
domallei. Furthermore, the loss of AHQ synthesis in
B. pseudomallei resulted in a striking change in colony
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morphology and increased elastase production, which
could be reversed by providing exogenous HHQ, sug-
gesting that AHQ signaling is involved in the control of
at least two different phenotypes. The enhanced elas-
tase production observed in the hhgA mutant may be
due to increased levels of the B. pseudomallei metallo-
protease, MprA [30]. Whether AHQ-dependent QS is re-
quired for the regulation of virulence in B. pseudomallei
has yet to be established. In P. aeruginosa, the AHL- and
AHQ-dependent signaling pathways are closely inter-
linked [3, 14]. B. pseudomallei and B. thailandensis
both possess three AHL synthases and five AHL re-
sponse regulators and produce multiple AHLs [25, 31].
In B. pseudomallei, mutations in the AHL-dependent
QS system reduced the time to death in Syrian hamsters
[25], while, in B. thailandensis, mutation of the QS sys-
tem affected several cellular processes, including lipase
production, swarming, and twitching motility [31]. It is
therefore possible that AHL and AHQ signaling in
B. pseudomallei/B. thailandensis are also interlinked. It
is interesting to note that in B. thailandensis, mutation
of the LasR/RhIR homologous btaR3 gene resulted in
a significant wrinkled phenotype [31] similar to that ob-
served in the B. pseudomallei hhqA mutant in this study.
This suggests that AHL and AHQ signaling may consti-
tute a regulatory cascade in these bacteria. However,
examination of the AHL profile of the hhgA mutant
revealed no obvious differences when compared with
that of the parent strain. Whether B. pseudomallei AHL
mutants show either altered colony phenotypes or AHQ
levels has yet to be determined. Indeed, such a finding
would imply the existence of a regulatory link between
AHL and AHQ signaling in B. pseudomallei, such as
occurs in P. aeruginosa [14].

In P. aeruginosa, HHQ is released into the external
milieu by the producing cells and is subsequently taken
up by neighboring bacterial cells, where it is converted
into PQS [19]. The conversion of HHQ to PQS is medi-
ated by the pgsH-encoded putative FAD-dependent
monooxygenase [19], which is under partial AHL-depen-
dent control via LasR/3-oxo0-C12-HSL [19, 20]. HHQ has
been suggested to function as a messenger molecule
that is converted to PQS rather than being a signal mol-
ecule per se, since its activity was reported to depend on
the conversion of HHQ to PQS [19]. However, B. pseudo-
mallei, for example, lacks a pgsH homolog, does not
synthesize PQS, and employs HHQ as a signal molecule,
at least in the context of colony morphology and elas-
tase production. This raises the question as to whether
HHQ can function as a signal molecule in P. aeruginosa
and whether the ability of the latter to convert HHQ to
PQS offers an ecological advantage by conferring a
novel functionality. Recent work in this laboratory has
revealed that, when introduced onto the chromosome
of a P. aeruginosa pqsH mutant, a lecA::lux gene fusion
responds to exogenously supplied HHQ (unpublished
data). This suggests that HHQ is able to function in
P. aeruginosa as a signal molecule per se since the
pgsH mutant cannot produce PQS. It is therefore pos-
sible that the oxidation of both endogenous and exo-
genous HHQ to PQS by P. aeruginosa ensures that
other bacteria occupying the same ecological niche are
unable to exploit PQS as a signal molecule. Since P. aer-
uginosa can respond to both AHQs, it may be able not
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only to “tune in” to cell-to-cell communication between
other bacterial genera, but also to interfere with such
signaling. However, confirmation of this hypothesis
will require extensive investigations of the response of
HHQ-producing bacteria to PQS.

Significance

Cell-to-cell communication (quorum sensing) is now
recognized to play a pivotal role in coordinating the
physiological behavior of unicellular microorganisms
with respect to secondary metabolite production,
biofilm development, and virulence. Communication
within and between bacterial species depends on the
deployment of chemically diverse QS signal mole-
cules. Understanding the chemical and biological
bases for such signaling systems and their function
and conservation within the bacterial kingdom is
central to their exploitation particularly as targets for
novel antibacterial agents. Using a combination of
bioinformatics, bioreporters, and analytical chemistry
together with bacterial genetics, we show for the first
time, to our knowledge, that AHQ signaling is em-
ployed not just by P. aeruginosa, but also by other im-
portant human pathogens, including B. pseudomallei,
which is responsible for the life-threatening disease
melioidosis, a major public health threat in southern
Asia and northern Australia. Furthermore, this organ-
ism is a concern, as it has potential uses as a bio-
terrorist weapon. Little is understood about the life-
style of this dangerous organism, and, consequently,
new findings, particularly those associated with viru-
lence, are important. Our study has revealed that while
the B. pseudomallei genes required for AHQ biosyn-
thesis (hhqA) and response (hhqE) are functionally
homologous to those of P. aeruginosa, the strains
B. pseudomallei, B. thailandensis, B. cenocepacia,
and P. putida do not produce the P. aeruginosa signal
molecule PQS but do produce the PQS precursor,
HHQ. Mutation of hhqA in B. pseudomallei resulted
inthe loss of AHQ production, altered colony morphol-
ogy, and enhanced elastase production. These data
demonstrate a role for AHQ signaling in B. pseudomal-
lei and highlight the future challenges with respect to
the nature of the AHQ regulon, its contribution to viru-
lence gene regulation, and the mechanism through
which AHQ signaling is transduced via HhqE/PqsE in
both B. pseudomallei and P. aeruginosa.

Experimental Procedures

Bacterial Strains, Plasmids, and Growth Conditions

The strains and plasmids used in this study include the P. aerugi-
nosa strains wild-type PAO1, a pgsA mutant [20], a pgsE mutant
[20], and an AHQ bioreporter PAO1 lecA::lux4pgsA strain (to be
described elsewhere). Other strains of bacteria used in this study
can be found in Table 2. For complementation studies, plasmids
were transformed into P. aeruginosa by electroporation [32]. All
bacterial strains were routinely grown in Luria-Bertani (LB) at either
37°C or 30°C with shaking (200 rpm) in 25 ml broth in 250 ml Erlen-
meyer flasks. Carbenicillin (300 ng/ml) and tetracycline (60 pug/ml)
were added to cultures where required.

DNA Isolation and Manipulation
DNA was isolated as previously described [33]. Sequence analy-
sis and database searches were performed with the Lasergene



Chemistry & Biology
8

(DNAstar) software package and the NCBI BLAST server (http://
www.ncbi.nlm.nih.gov/).

Complementation of PAO1 pgsA and pgsE Mutants by B.
pseudomallei hhqA and hhqE Genes

Using B. pseudomallei chromosomal DNA isolated from strain 844,
hhgA (BPSS0481; 1697 bp, BamHI, EcoRl) and hhqE (BPSS0485;
912 bp, Smal, EcoRl) were cloned into similarly digested pUCP18
and electroporated into the relevant P. aeruginosa strain. Mutants
containing the complementing plasmids were identified by their abil-
ity to grow in LB containing carbenicillin (300 pg/ml).

Construction of a B. pseudomallei hhqA Insertion Mutant

An hhgA insertion mutant was created in B. pseudomallei 844 by
cloning a 1026 bp internal fragment of the BPSS0481 gene into
PKNOCK-Tc by using Smal restriction sites [34]. The construct was
conjugated into B. pseudomallei, and mutants were selected by their
ability to grow in LB agar containing tetracycline (60 pg/ml). The
fidelity of the mutation was confirmed by PCR. The B. pseudomallei
hhgA mutant was complemented by introducing a plasmid-borne
copy of hhgA cloned into pUCP18. The construct was conjugated
into B. pseudomallei and selected on pseudomonas base agar con-
taining 60 ng/ml tetracycline and 500 pg/ml carbenicillin.

Extraction of AHQs from Pseudomonas and Burkholderia
Cultures

Aliquots of stationary phase cell-free supernatants were extracted
as previously described [14]. Briefly, aliquots of 10 ml P. aeruginosa
were extracted with 10 ml acidified ethyl acetate, vortexed vigor-
ously, and centrifuged at 10,000 rpm for 5 min. The organic phase
was transferred to a fresh tube and dried to completion under
a stream of nitrogen gas. The solute was resuspended in 50 pl meth-
anol for future analysis. Sterile supernatants of other Pseudomonas
and Burkholderia strains, including B. pseudomallei and B. thailan-
densis cultures, were extracted in the same way, although 50 ml
supernatant was extracted in 50 ml acidified ethyl acetate and resus-
pended in 50 ul methanol.

Synthesis of AHQs and AHLs

AHLs and AHQs were synthesized as previously described [14, 35].
Briefly, AHQs were synthesized as follows: 2-heptyl-4(1H)-quinolone
(HHQ), m.p. 145°C-146°C, was synthesized by the acid-catalyzed
cyclocondensation of ethyl 3-oxodecanoate with aniline in 50%
yield. Starting from HHQ, 3-formyl-2-heptyl-4(1H)-quinolone, m.p.
245°C-248°C (dec.), and 2-heptyl-3-hydroxy-4(1H)-quinolone
(PQS), m.p. 195°C-197°C, were synthesized in 40% and 70% yields,
respectively. PQS analogs were dissolved in methanol before being
added to growth media at the indicated concentrations.

Thin-Layer Chromatography Analysis of AHQs with

a Bioreporter Assay

Samples of ethyl acetate-extracted culture supernatants were spot-
ted onto a normal phase silica 60254 (Merck) TLC plate that had
been previously soaked for 30 min in 5% w/v KH,PO, and activated
at 100°C for 1 hr. Synthetic HHQ and PQS (1 or 2 pl of a 10 mM stock
concentration, respectively) were used as positive controls. Spots
were dried, and the TLC plate was developed by using dichloro-
methane:methanol (95:5) as the mobile phase. TLC plates were
visualized with a UV transilluminator and photographed. To confirm
the presence of AHQs, TLC plates were overlaid with a thin film
of 0.3% (w/v) LB agar seeded with the AHQ bioreporter PAO1
lecA::lux4pgsA (which responds to a range of AHQs, including PQS
and HHQ, and will be described in detail elsewhere), and incubated
at 37°C for 6 hr. Bioluminescence was detected with a Luminograph
LB 980 photon video camera (EG and G Berthold).

HPLC and LC-MS/MS of AHQs

HPLC analysis of AHQs was conducted with a Waters 996 Photodi-
ode Array Detector (PDA) coupled with a Waters 625 Quaternary
pump, and the data were collated by using Empower software
(Waters Corporation, UK). Acidified ethyl acetate extracts of cell-
free culture supernatants were eluted isocratically with 80% v/v ace-
tonitrile in water as the mobile phase and an Exsil Pure C18 MS 5 um
column (250 x 2.1 mm internal diameter; Alltech Associates, Inc.).

For LC-MS/MS, analyses were performed by using reverse phase
high-performance liquid chromatography (RP-HPLC) with an Exsil
Pure C18 MS 5 pM column (250 x 2.1 mm) coupled with LC-MS/
MS (Applied Biosystems 4000 Q-TRAP) and eluted with a 35%-
70% w/v acetonitrile/water gradient. The fragmentation ions of
each of the anticipated AHQs were monitored by using the positive
ion electrospray mode.

Phenotypic Assays

For elastase production, 10 ul of an overnight culture was spotted
onto nutrient agar containing 0.3% w/v elastin (Sigma) [36] with or
without 20 ul of a 100 pM solution of HHQ. Plates were incubated
at 37°C for 48 hr and stored at 4°C for 4 days, and the zones of clear-
ing were measured. Siderophore activity was determined by spot-
ting 10 pl aliquots of an overnight culture onto CAS plates that
were incubated overnight at 37°C [37]. To evaluate bacterial resis-
tance to oxidative stress, cultures were grown overnight in M9
low-glucose medium and adjusted to an ODggo of 1.0 and 10-fold
serially diluted. A total of 10 pl of each culture was spotted onto
LB agar containing 150 uM tert-butyl hydroperoxide, and the extent
of growth was noted after 24 hr of incubation at 37°C [38].

Time and Cell Population Density-Dependent Measurement of
Bioluminescence

Bioluminescence was determined as a function of cell density by
using a combined, automated luminometer-spectrometer (the
Anthos Labtech LUCY]) as previously described [14].

Supplemental Data

Supplemental Data include Table S1, which shows pgs gene homo-
logs in Pseudomonas, Burkholderia, and Ralstonia species, and
are available at http://www.chembiol.com/cgi/content/full/13/7/
Il H E/DC1/.
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