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4-Hydroxy-2-alkylquinolines (HAQs), especially 3,4-dihydroxy-2-heptylquinoline (Pseudomonas quinolone
signal) and its precursor, 4-hydroxy-2-heptylquinoline, are attracting much attention, mainly because of their
role as signaling molecules in Pseudomonas aeruginosa. The pgsABCDE operon is centrally involved in their
biosynthesis. The presence of a homologous operon in Burkholderia pseudomallei and B. thailandensis was
recently reported. Thus, we have investigated the abilities of 11 Burkholderia species to produce HAQ-like
molecules by liquid chromatography/mass spectrometry. We have identified 29 different HAQ derivatives
produced by the only three Burkholderia species where a pgsABCDE homologue was found among available
sequenced Burkholderia species genomes, including B. ambifaria, a member of the Burkholderia cepacia complex.
In contrast with those of P. aeruginosa, Burkholderia HAQs typically bear a methyl group, hence their desig-
nation as 4-hydroxy-3-methyl-2-alkylquinolines (HMAQs). We identified three families of HMAQs with a
saturated or unsaturated alkyl chain at the 2’ position, in contrast with the 1’ position of P. aeruginosa,
including one with an N-oxide group. Furthermore, the operon in these species contains two more genes
downstream of the pgsE homologue, resulting in the hmg4dBCDEFG operon. While the inactivation of hmgA4
inhibits the production of HMAQs, the methylation of the quinoline ring requires a putative methyltransferase
encoded by hmqG. Interestingly, hmgA or hmgG mutations increase the production of acyl homoserine lactones
and, consequently, phenotypes under the control of quorum sensing in B. ambifaria: antifungal activity,
siderophore production, and proteolytic activity. These results indicate that only HAQs bearing a methyl group
(HMAQs) are involved in quorum-sensing regulation.

Bacteria produce and release an array of secondary metab-
olites. These molecules possess biological activities that endow
the producer with increased fitness to compete with other
species, infect various hosts, and colonize diverse ecological
niches. 4-Hydroxy-2-alkylquinolines (HAQs), originally named
“pyo compounds,” have been long known as a class of antimi-
crobials produced by the opportunistic bacterial pathogen
Pseudomonas aeruginosa (10, 25, 58). Notably, some of these
compounds inhibit the growth of Staphylococcus aureus and
other gram-positive bacteria and even the development of phy-
toplankton (35, 36). Many HAQs also act as iron chelators (2,
49) and even immune modulants (28). HAQs have recently
attracted much attention because of their role as intercellular
signaling molecules in P. aeruginosa (14, 45).

P. aeruginosa produces a large variety of HAQs belonging to
various families characterized by the presence of a hydrogen or
hydroxyl group at the 3 position, an N-oxide group in place of
the quinoline nitrogen, and an unsaturation on the alkyl side
chain (32). Among these compounds, 3,4-dihydroxy-2-hep-
tylquinoline (Pseudomonas quinolone signal [PQS]) and 4-hy-
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droxy-2-heptylquinoline (HHQ) act as signaling molecules and
are implicated in the regulation of the expression of multiple
virulence genes in this bacterium (17, 39). The pgsABCDE
operon encodes the primary proteins mediating HAQ biosyn-
thesis (Fig. 1) (14, 22). PgsA is probably an anthranilate-coen-
zyme A (CoA) ligase (33), while pgsB, pgsC, and pgsD encode
proteins similar to B-keto-acyl-acyl carrier protein synthases
(22). The last gene of the operon, pgsE, is not involved in the
biosynthesis of HAQs but is instead required for the cellular
response to these compounds (13, 14, 22).

The phnAB operon catalyzes the biosynthesis of anthranilic
acid, the primary precursor of HAQs (14). Both pgsABCDE
and phnAB are positively controlled by the LysR-type tran-
scriptional regulator MvfR (PqgsR) (5, 14, 38), whose coinduc-
ing ligands are HHQ and PQS (57, 61). The conversion of
HHQ into PQS is mediated by PqsH, a putative monooxygen-
ase not controlled by MvfR (14, 61), while the synthesis of
HAQ N-oxides requires the pgsL gene (14). The production
and activity of HAQs are part of a sophisticated regulatory
network mediated by small intercellular signaling molecules
called quorum sensing (QS) (15). QS, which relies on the
activation of specific transcriptional regulators by autoinducers
functioning as diffusible signals, regulates the expression of
factors involved in host-microbe interactions, such as virulence
factors (29, 59). In P. aeruginosa, the QS system, via the reg-
ulators LasR and RhIR, influences the production of HAQs on
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FIG. 1. (A) Biosynthetic pathway of HAQs in P. aeruginosa and HMAQs in Burkholderia. (B) Comparison of the P. aeruginosa PAl4
(http://pseudomonas.com) region containing the pgsABCDE operon with the B. ambifaria AMMD region containing the hmgABCDEFG operon
(http://burkholderia.com). Values represent identities/similarities between the different gene products of these operons. Searches for identity and
similarity were performed using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/). ¥, indicates that, as reported in the text,
HmgB exhibits identity/similarity only with the amino-terminal half of PqgsB.

various levels: LasR upregulates the transcription of both mvfR
and pgsH, while RhIR represses the transcription of pgsAB-
CDE (57, 62). The production, regulation, and functions of
HAQs in P. aeruginosa are thus under intense scrutiny in order
to obtain a better understanding of virulence expression in this
bacterium.

Formerly included in the pseudomonad family, the Burk-
holderia genus, of the Betaproteobacteria, comprises more than
40 species that inhabit remarkably diverse ecological niches, as
they have been isolated from soil, plant rhizosphere, water,
insects, fungi, hospital environments, and infected humans.
Many Burkholderia species have developed beneficial interac-
tions with their plant hosts and have considerable ecological
importance: several species of Burkholderia have proven to be
very efficient biocontrol and bioremediation agents (7, 53). In
contrast, a number of Burkholderia species, especially members
of the Burkholderia cepacia complex, are also increasingly prev-
alent opportunistic human pathogens that cause severe respi-

ratory infections in people suffering from cystic fibrosis (CF) or
chronic granulomatous disease (8). In addition, two other spe-
cies, B. mallei and B. pseudomallei, are well-characterized pri-
mary pathogens of animals and humans. B. mallei is the etio-
logical agent of glanders, which is mainly a horse disease but
affects humans in rare cases (44). The saprophyte B. pseudoma-
llei is the causative agent of melioidosis, a potentially fatal
septicemic infection of animals and humans (6). B. thailanden-
sis is very closely related to B. pseudomallei but is generally
considered to be avirulent (4).

Not surprisingly, these versatile bacteria release a large
variety of extracellular products including proteases, sid-
erophores, toxins, antifungals, and antimicrobials, many of
which are under QS control (56). While many Burkholderia
strains, including B. ambifaria, carry only one QS system ho-
mologous to the P. aeruginosa Las and Rhl systems, some
strains, such as B. pseudomallei and B. thailandensis, harbor five
different QS transcriptional regulators and three acyl homo-
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TABLE 1. Burkholderia strains used in this study

Reference or

Strain® Source and location
source

B. cepacia (gen. I) LMG1222 Onion, United States 37

B. cepacia (gen. I) LMG18821 CF, Australia 37

B. multivorans (gen. 1I) LMG17588 Soil, United States 37

B. multivorans (gen. 1I) LMG16660 CF, United Kingdom 37

B. cenocepacia (gen. 11I) LMG19240 Wheat, Australia 55

B. cenocepacia (gen. 11I) J2315 CF, United Kingdom 37

B. cenocepacia (gen. 11I) LMG18830 CF, Australia 37

B. stabilis (gen. IV) LMG18870 CF, Canada 37

B. vietnamiensis (gen. V) LMG22486 Water treatment, United States 43

B. vietnamiensis (gen. V) LMG18835 CF, United States 37

B. dolosa (gen. VI) LMG21819 CF, United States 9

B. dolosa (gen. VI) LMG21443 Root, Senegal 9

B. ambifaria (gen. VII) HSJ1 CF, Canada This study
B. pyrrocinia (gen. IX) LMG21824 CF, United Kingdom 9

B. thailandensis E264 Soil, Thailand 4

B. mallei ATCC 23344 Mule, China 12

B. pseudomallei 1026b Clinical isolate 11

“ For B. cepacia complex strains, genomovar (gen.) status is indicated in parentheses.

serine lactone (AHL) synthases (19). Evidence that the QS
systems operating in Burkholderia are crucial for full virulence
in various animal models has accumulated over the past few
years.

With the help of a bioassay, HAQs similar to those produced
by P. aeruginosa were recently detected in concentrated ex-
tracts of B. pseudomallei and B. thailandensis cultures (16). We
have investigated the abilities of Burkholderia species to pro-
duce HAQ-like molecules. The present work describes the
precise identification of the distinct HAQ derivatives produced
by three Burkholderia species, including B. ambifaria, a mem-
ber of the B. cepacia complex, and unique insights into their
biosynthetic pathway. We found that in contrast with those of
P. aeruginosa, Burkholderia HAQs contain predominantly an
unsaturated aliphatic side chain and are typically methylated
(at the 3 position), hence their designation as 4-hydroxy-3-
methyl-2-alkylquinolines (HMAQs). This methylation results
from the presence of a putative methyltransferase encoded by
the last gene of the hmqABCDEFG operon. Finally, we show
that the synthesis of HMAQs negatively regulates the produc-
tion of AHLs in B. ambifaria and consequently modulates
QS-regulated phenotypes.

MATERIALS AND METHODS

Bacteria and culture conditions. Burkholderia strains used in this study are
shown in Table 1. Escherichia coli SM10 \pir (thi-1 thr leu tonA lacY supE
recA::RP4-2-Tc::Mu Km" Apir) served as a donor for conjugation experiments
(51). Unless otherwise stated, B. thailandensis and B. cepacia complex strains
were routinely grown in tryptic soy broth (TSB) (Difco) at 37°C with shaking (240
rpm) or on TSB agar plates. B. pseudomallei strain 1026B and B. mallei strain
ATCC 23344 were grown with shaking (200 rpm) in LB broth (Difco) for 36 h at
37°C. When required, chloramphenicol was used at 40 wg/ml for B. ambifaria
HSJ1 and at 100 wg/ml for B. thailandensis E264.

Feeding experiments with labeled anthranilic acid were performed by supple-
menting cultures at an optical density at 600 nm [ODgq] of 2.0 with 20 mg/liter
3,4,5,6-tetradeutered anthranilic acid. The experiment with '>N-anthranilic acid
(CDN isotopes) was performed in the same way but with 50 mg/liter. Experi-
ments with tryptophan were performed in M63 medium plus 0.1% dextrose
supplemented with 10 mg/liter 2',4',5',6',7'-pentadeutered L-tryptophan (CDN
isotopes).

Assays with 6-FABA. Anthranilic acid analogue 6-fluoro-2-aminobenzoic acid
(6-FABA) stock was prepared at a concentration of 300 mM in methanol. B.

ambifaria cells were grown as previously described in TSB minus or plus
6-FABA. Concentrations of 0.25 mM, 0.5 mM, and 1 mM were tested. Samples
were taken when the maximum production of HMAQs is normally achieved
(stationary phase) and prepared for liquid chromatography (LC)/mass spectrom-
etry (MS) analysis as explained below. Cultures were performed in triplicate.

The competing concentration of anthranilic acid used for complementation
was twice that of the analogue. Samples were taken at the beginning of the
exponential phase and prepared for LC/MS analysis. Cultures were performed in
triplicate.

Construction of hmgA and himgG mutants. Briefly, a 757-bp internal fragment
of hmgA and a 525-bp fragment of hmqG were amplified from B. ambifaria HSJ1
using primers hmgAKOF, with an Xbal site (Table 2), and hmqAKOR, with a
Kpnl site, for the hmqgA gene and using primers hmqGR and hmqGF with the
same restriction sites for the 4mqG gene. The PCR products were digested with
Kpnl and Xbal and ligated into the Xbal and Kpnl sites of the suicide vector
pKNOCK-Cm (1). The construct was then electroporated in E. coli SM10 cells.
The resulting plasmid was mobilized from E. coli SM10 into B. ambifaria HSJ1
cells by mating. Single-crossover insertion mutants were selected on TSB agar
containing 20 wg/ml gentamicin and 40 wg/ml chloramphenicol. The insertion of
the plasmid into the target gene was confirmed by PCR.

The same procedure was used for the construction of the B. thailandensis E264
hmgA mutant: a 788-bp internal fragment of AimgA was amplified from E264
using primers hmqTKOF, with a Kpnl site, and hmqTKOR, with an Xbal site,
and cloned into the Xbal and Kpnl sites of pKNOCK-Cm. Single-crossover
insertion mutants were selected on TSB agar containing 20 wg/ml gentamicin and
100 pg/ml chloramphenicol.

LC/MS analyses. For HAQ quantification, culture samples were prepared, as
described previously (14, 31), by adding methanol containing 20 mg/liter internal
standard (PQS-d, [5,6,7,8-tetradeutero-3,4-dihydroxy-2-heptylquinoline]) to cul-
ture samples for a final concentration of 50%. The mixture was centrifuged for
10 min, and the supernatant was collected for analysis. For B. pseudomallei 1026b
and B. mallei GBS, cell-free supernatants were obtained by centrifugation at
10,000 X g for 20 min. Five milliliters of the supernatants was acidified by the
addition of glacial acetic acid (20 pl/ml medium), and this was extracted three
times with ethyl acetate (1:1, vol/vol); the extracts were combined and evapo-

TABLE 2. Primers used in this study

Primer Primer sequence (5'-3")"
hmgAKOF.... ....GCTCTAGAGCAAGTTCGACGCTACGAGACG
hmgAKOR .GGGGTACCCCAGGTTCCAGCCGTACTTGAC

hmqTKOF.
hmqTKOR.
hmqGR ..
hmqGF...

.GGGGTACCCCGGTGCTACGACACTGAAGA
.GCTCTAGAGCTAGCCGTCCTCGTCCAGATA
.CTAGTCTAGACTAGTTGTGGACCAGGAACATGAA
....CGGGGTACCCCGTTGCTCGACGAACTCCTGT

“ Restriction sites designed into the primers are underlined.
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rated at 35°C under a gentle stream of nitrogen. The residue was then resus-
pended in 5 ml of methanol. For AHL quantification, 480 pl of culture samples
was mixed with 120 pl of acetonitrile containing 50 mg/liter of internal standard
(PQS-d,) for a final concentration of 10 mg/liter.

The analyses were performed with a Quattro II (Waters, Mississauga, Ontario,
Canada) triple-quadrupole mass spectrometer in positive electrospray ionization
mode. Collision-induced dissociation was performed with argon as the collision
gas at 2 X 1073 mTorr. The mass spectrometer was coupled to an HP 1100
(Agilent Technologies, Saint Laurent, Quebec, Canada) high-performance liquid
chromatograph equipped with a 3- by 150-mm Cg Luna (Phenomenex, Torrance,
CA) reverse-phase column. The flow rate was 0.4 ml/min split to 10% through a
Valco Tee. A water-acetonitrile gradient with 1% acetic acid was used as the
mobile phase. Analysis of all the HMAQs and HAQs was performed in full scan
mode using the response factor of 4-hydroxy-3-methyl-2-nonenylquinoline
(HMNQ) and using PQS-d, as an internal standard (31). Assays of cultures were
carried out in triplicate, and detailed quantification of HMAQs/HAQs was per-
formed at the time of maximum production of HMAQs (for B. ambifaria and B.
thailandensis) or at the early stationary phase (B. pseudomallei). For B.
pseudomallei and B. mallei, a single analysis was made from cultures sampled at
18 and 36 h, respectively. For AHL, data acquisition was performed in full scan
mode with a scanning range of 130 to 350 Da. The precise quantification of
Cg-HSL was performed with tandem MS (MS/MS) as described previously (13).

NMR. HMNQ was dissolved in deuterochloroform for nuclear magnetic res-
onance (NMR) analysis. The NMR apparatus was a Bruker SpectroSpin model
operating at 500 MHz.

Phenotype assays. Antifungal and proteolytic activities of the culture super-
natants were measured by a zone-of-inhibition assay. Proteolytic and antifungal
activities were evaluated on agar plates containing 1% skim milk powder and on
TSB agar plates inoculated with 100 wl of Candida albicans culture, respectively.
Briefly, B. ambifaria strains were grown in TSB until an ODj of 5.0 (end of the
exponential phase) was achieved. After centrifugation and filter sterilization,
supernatant samples were loaded into wells made by removing agar plugs. The
plates were incubated for 24 h at 30°C. Antifungal and proteolytic activities were
estimated from the area (mm?) of the inhibition zone surrounding the wells. This
experiment was performed in triplicate and repeated twice with similar results.

Siderophore production was determined by use of the Chrome Azurol S
(CAS) assay. On CAS agar, siderophores remove iron from the CAS dye com-
plex, resulting in a blue-to-orange color change in zones surrounding the colonies
(50). B. ambifaria strains were grown in TSB until an ODy, of 2.0 was reached
and were spotted (3 wl) onto CAS agar. The plates were incubated for 24 h at
37°C. The production of siderophores was estimated by measuring the area of
the halo (mm?) surrounding the colonies. After 24 h, the number of CFU present
in each colony was determined by plating serial dilutions on TSB agar, and
siderophore production values were corrected for the number of CFU. Eight
colonies per strain were examined, and the experiment was repeated twice, with
similar results.

RESULTS

Homologues of the pgsABCDE operon in Burkholderia spe-
cies. A search for pgsABCDE homologues in completed and
uncompleted Burkholderia genome sequences (http://www.ncbi
.nlm.nih.gov/sutils/genom_table.cgi) confirmed the presence of
homologues to these genes arranged as a putative operon on
chromosome II of B. pseudomallei (BPSS00481 to BPSS00485
for strain K96243) and B. thailandensis (BTH_II1935 to
BTH_I11931 for strain E264), as recently reported (16). B.
oklahomensis, a new species closely related to B. pseudomallei
(23), was also found to contain a putative pgsABCDE operon.
We noticed pgsABCDE homologues in all available sequenced
B. pseudomallei, B. thailandensis, and B. oklahomensis strains.
Interestingly, in silico analysis of the sequenced B. mallei ge-
nomes indicates that this species, while closely related to B.
pseudomallei, does not carry this putative operon arrangement.
Furthermore, we also found a corresponding putative operon
on chromosome III of the biocontrol B. ambifaria strain
AMMD, which belongs to the B. cepacia complex as genomovar
VII (Fig. 1) (7). This region displays a GC content of 66.4%, a
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typical value for the B. cepacia complex. Compared with P.
aeruginosa PA14 pgsABCDE gene products, B. ambifaria
AMMD gene products exhibit from 31% identity for the ho-
mologue of PgsA to 54% identity for the homologue of PgsD.
Interestingly, however, the second open reading frame of the
B. ambifaria AMMD operon encodes a protein showing 40%
identity with only the first 150 amino acids of PqgsB, the region
containing a domain similar to B-keto-acyl-acyl carrier protein
synthases. This putative operon is well conserved among the
various Burkholderia strains carrying it and demonstrates a
high level of protein sequence identity. For example, between
B. ambifaria. AMMD and B. pseudomallei K96243, protein
identities range from 59% for the PqsB homologues to 84% for
the PgsD homologues. A search for pgsH confirmed the ab-
sence of homologues in these Burkholderia species.

In several other Burkholderia genomes, especially strains
belonging to the Burkholderia cepacia complex and B. mallei,
putative homologues of pgsA, pgsB, pgsC, and pgsD are found
dispersed throughout the genomes, but none carries a homo-
logue of pgsE, which encodes the response effector.

Apart from the homology with pgsABCDE, the genomic
context surrounding this operon is quite different in these
bacteria compared with P. aeruginosa. The phnAB operon,
encoding anthranilate synthase, is not found near pgsABCDE
homologues or elsewhere in the genomes. Furthermore, no
homologue of mvfR, which codes for the transcriptional regu-
lator of pgsABCDE and phnAB in P. aeruginosa, is present in
close vicinity of the Burkholderia pgsABCDE homologues. In-
stead, this operon contains two additional genes at the end in
all strains of Burkholderia where a putative pgsABCDE operon
was identified. In silico analysis did not reveal the presence of
a putative promoter upstream from these two open reading
frames. These two genes are well conserved among the strains
of Burkholderia carrying the pgsABCDE homologues, e.g., 72%
and 75% identity, respectively, between the B. ambifaria
AMMD and the B. pseudomallei K96243 homologues. Homo-
logues to these two genes are not found in any other sequenced
Burkholderia or P. aeruginosa species. In B. ambifaria and B.
thailandensis, we confirmed their inclusion as part of the poly-
cistronic operon by reverse transcription-PCR (data not
shown). Accordingly, a GC-rich hairpin-forming sequence fol-
lowed by several thymines, which could function as a transcrip-
tional terminator, lies only at the 3’ end of the last gene of this
operon in B. ambifaria AMMD.

Because HAQ derivatives produced by these bacteria are
usually methylated (as described below) and are thus respon-
sible for the synthesis of HMAQs, we named this operon
hmqABCDEFG, with hmgF and hmqG as the two additional
genes (Fig. 1).

LC/MS and LC/MS/MS identification and characterization
of HMAQs produced by Burkholderia species. We tested the
following Burkholderia species for the production of HAQ
derivatives: B. pseudomallei, B. thailandensis, B. mallei, and 14
other strains covering most of the species belonging to the B.
cepacia complex (Table 1). HMAQs were found only in cul-
tures of the species carrying an hmgABCDEFG operon: B.
pseudomallei, B. thailandensis, and B. ambifaria.

The reconstructed total-ion chromatogram (TIC) obtained
from the supernatant of B. thailandensis cultivated until the
maximum production of HMAQs was achieved reveals a large
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R= [M+ HI* Ret.2 Ba® Bt° Bpd
C.H, 228 14.77 1.00 (0.06) ND 0.027
OH CeH,, 242 16.37 0.55 (0.08) ND ND
(:(%[crls C,H,, 256 18.00 58.80 (5.20) 0.79 (0.09) 0.102
_ CeHis 270 19.65 1.50 (0.15) ND 0.044
N~ SR CH, 284 2117 2773 (2.49) 17.59 (2.95) 1.87
sy  BgHg 298 2218 0.02 (0.00) ND 0.088
C, Ha, 312 24.38 ND 0.15 (0.04) 0.014
C.H,, 230 15.85 0.25 (0.02) ND ND
I on CeHyg 244 17.70 0.03 (0.01) ND ND
X C,Hs 258 19.46 3.23 (0.32) 0.08 (0.01) 0.005
(:d;(n CgH 272 21.28 0.02 (0.01) 0.02 (0.00) ND
FAMILY B CoHe 286 23.00 4.88 (0.46) 0.065 (0.11) ND
SATURATED HMAQ & W, 300 2473 0.04 (0.01) ND ND
OH CeHi; 258 15.67 ND ND 0.002
: ,l\ cH, CoHis 272 16.95 ND ND 0.024
CeHis 286 18.62 ND 0.22 (0.03) 0.068
N N GoHyy 300 20.36 ND 4.29 (0.46) 0.68
$ CioHio 314 21.38 ND 0.01 (0.00) 0.005
HMAG 2 N-OXIDE Ci;Hy, 328 22.40 ND 0.04 (0.00) 0.006
OH C.H, 230 16.04 ND ND ND
ij\ C,H,s 244 17.98 0.05 (0.01) ND ND
_ CeH,; 258 19.89 0.01 (0.00) ND ND
N~ "R C.H,, 272 21.94 0.09 (0.01) ND ND
ATRATOBAG  CrgHy 286 24.00 ND ND ND
OH C,H,, 242 17.01 0.37 (0.02) ND ND
m CeHis 256 18.18 ND ND ND
CeH,, 270 19.35 0.15 (0.02) 0.09 (0.02) ND
N R CioHye 284 20.73 ND ND ND
el CyHy 298 22.44 0.02 (0.00) 0.07 (0.02) ND

FIG. 2. Chemical structures, retention times, and concentrations (mg/liter) of the various congeners of the five families of HMAQs and HAQs

a

identified in Burkholderia cultures.

, chromatographic retention time (Ret.) (minutes); °, B. ambifaria (Ba); ¢, B. thailandensis (Bt); ¢, B.

pseudomallei (Bp); ©, standard deviations of triplicate assays (in parentheses); !, not detected.

number of peaks dominated by one presenting a pseudomo-
lecular ion at m/z 284. The corresponding molecule was iso-
lated by flash chromatography and by high-performance LC,
and its NMR was found to correspond to HMNQ, including
the trans configuration of the double bond between the 2’ and
3’ carbons of the side chain (42). The MS/MS spectrum of
HMNQ shows an intense ion at m/z 173 along with other ions
of decreasing intensities at m/z 184, 186, 198, and 212. Having
characterized this compound, we found two other compounds
with pseudomolecular ions at m/z 256 and 312 that present the
same MS/MS spectra as HMNQ. In addition to these three
compounds, four additional ones are found, which present
pseudomolecular ions at m/z 228, 242, 270, and 298 in B.
ambifaria culture supernatants. They present the same MS/MS

spectra as HMNQ and occur at regular intervals in the TIC
chromatograms. All these characteristics are typical of com-
pounds belonging to a family of molecules sharing a common
structure and differing from one another by 14 Da, which
corresponds to the addition of a methylene unit on a side chain
(Fig. 2). B. pseudomallei also produces many molecules belong-
ing to family A (Fig. 2).

Having isolated pure HMNQ, we could determine its re-
sponse factor under our analytical conditions. The concentra-
tions of the members of this family and of all the other families
of HMAQs were hence determined using this response factor.
While the main HMAQ is HMNQ (m/z 284) in B. thailanden-
sis, it is 4-hydroxy-3-methyl-2-heptenylquinoline (17/z 256) in B.
ambifaria (Fig. 2). The HMAQ production kinetics for B. am-
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FIG. 3. Production in function of growth of the major HMAQs
produced by B. thailandensis (A) and B. ambifaria (B). Production was
monitored until the stationary phase was reached. Error bars represent
the standard deviations of data for triplicate cultures.

bifaria and B. thailandensis performed with this response factor
reveal distinct and characteristic production patterns (Fig. 3).

Most of the family B congeners, which display pseudomo-
lecular ions at m/z 230, 244, 258, 272, 286, and 300, were found
in B. ambifaria and B. thailandensis supernatants (Fig. 2). They
also occur at regular intervals in the TIC chromatogram, and
their MS/MS spectra all display ions at m/z 173, 186, and 200.
The molecular weights of these compounds indicate that they
are saturated analogues of the compounds belonging to the
unsaturated HMAQ family A with a Cs-to-C,, side chain.
Fewer members of family B are produced and at lower con-
centrations in B. thailandensis than in B. ambifaria, while only
minute amounts of the C, congener are found in B. pseudoma-
llei cultures (0.005 mg/liter).

In order to confirm that the double bond of the other mem-
bers of family A is indeed between the 2’ and 3’ carbons of the
side chain, as in HMNQ, and to further support the hypothesis
that compounds from family B are saturated analogues of

J. BACTERIOL.

family A, the culture supernatants were hydrogenated using
deuterium gas. The ions at m/z 228, 242, 256, 270, 284, 298, and
312 disappeared and new ions appeared at m/z 232, 246, 260,
274, 288, 302, and 316 at the same retention time as those of
their corresponding saturated analogues. The MS/MS spectra
of these deuterated compounds all presented fragment ions at
m/z 173, 187, and 202. These results confirmed the hypothesis
that family B congeners are linear saturated analogues of fam-
ily A.

Cultures of B. thailandensis and B. pseudomallei also contain
another family of congeners (family C) presenting pseudomo-
lecular ions at m/z 272, 286, 300, 314, and 328 (Fig. 2). The
molecular masses of these ions are 16 Da higher than those of
the corresponding congeners of family A, indicating that they
could be analogues of HMNQ containing an N-oxide and an
unsaturated alkyl chain in C,, Cg, Co, C,,, and C,;. Their
MS/MS spectra present fragment ions at m/z 172, 173, 184, 186,
and 198. Upon treatment of the B. thailandensis supernatant
with zinc in acetic acid, conditions known to reduce N-oxides,
these pseudomolecular ions disappeared, and the levels of
pseudomolecular ions of family A increased, supporting the
hypothesis that family C congeners are N-oxide derivatives.
Interestingly, no family C congeners are produced by B. am-
bifaria. Since in P. aeruginosa, the production of HAQ N-
oxides requires the presence of pgsL (32), we analyzed the
Burkholderia genomes and found genes coding for proteins
with a very good level of homology to PqsL in B. pseudomallei
K96243 (BPSS0829) (52% identity and 64% similarity) and B.
thailandensis E264 (BTH_I11576) (51% identity and 65% sim-
ilarity) but, consistently, none in B. ambifaria.

HHAQ along with its saturated Cg and C, congeners (family
D), typically produced by P. aeruginosa, are found only in B.
ambifaria cultures and at very low levels (Fig. 2). However,
another family of congeners presenting pseudomolecular ions
at m/z 242, 270, and 298 (family E) was detected in B. thailan-
densis and B. ambifaria but not in B. pseudomallei (Fig. 2).
These congeners are structurally related to family D but with
an unsaturated C,, Cy, and C,, side chain. The retention times
of these compounds are slightly different from those bearing
the double bond between the 1" and the 2’ carbons of the side
chain, such as those produced by P. aeruginosa, an indication
that the double bond could be located further along the chain.
In B. ambifaria cultures treated with deuterium, the pseudo-
molecular ions at m/z 242 and 270 disappear, and two new ions
are observed at m/z 246 and 274 at the corresponding retention
times of C; and C, saturated congeners. Their MS/MS spectra
present ions at m/z 159 and 173. A single C, HAQ congener
containing a double bond at the 1'-2" position was detected in
B. pseudomallei but at a very low concentration (0.02 mg/liter).

Importantly, and similarly to a pgs4 mutation in P. aerugi-
nosa, knocking out himgA in B. thailandensis and B. ambifaria
completely abrogated the production of all five families of
HAQ derivatives, in agreement with the proposed role of the
hmgq operon in the synthesis of these molecules.

Anthranilic acid is the precursor of HMAQs. In order to
verify that hmg operon-carrying bacteria derive all HMAQs
from anthranilic acid, like P. aeruginosa, we fed B. thailandensis
and B. ambifaria cultures with deuterium-labeled anthranilic
acid. Upon LC/MS analysis of the cultures, all the ions as-
signed to HMAQ or HAQ congeners displayed the expected
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addition of 4 Da to their pseudomolecular ions, confirming the
incorporation of anthranilic acid into their structures. Feeding
with "*N-anthranilic acid led to an increase of 1 Da in all the
pseudomolecular ions mentioned above, indicating that the
nitrogen of anthranilic acid is also incorporated into all
HMAQ and HAQ congeners. This 1-Da increase was also
found in all the MS/MS fragment ions mentioned above.

Interestingly, we noticed that anthranilic acid accumulates in
hmgA mutant cultures (at an ODg, of 6.0 [0.16 mg/liter for the
wild type versus 8.13 mg/liter for the imqA mutant of B. thai-
landensis]), suggesting that a source of excess anthranilate is
available in these Burkholderia strains, contributing to the syn-
thesis of HMAQs. In P. aeruginosa, three sources supply an-
thranilic acid to the cellular pool for HAQ synthesis: the
anthranilate synthases TrpEG and PhnAB and the kynBUA-
encoded kynurenine pathway, which provides anthranilic acid
through the degradation of tryptophan (Fig. 1) (20). Although
B. ambifaria and B. thailandensis do not seem to carry PhnAB
homologues, anthranilate synthase #rpEG genes are present
(Bamb_0439 and Bamb_0438 for #rpE and trpG, respectively, in
B. ambifaria AMMD), and a complete set of kynBUA genes is
found as a cluster on the Burkholderia genomes (Bamb_2625 to
Bamb_2627 in B. ambifaria AMMD). To verify whether the
kynurenine pathway contributes to HMAQ synthesis, we fed B.
ambifaria and B. thailandensis cultures with deuterium-labeled
tryptophan, and this led to the labeling of all HMAQs in both
bacteria. This showed that tryptophan degradation via the
kynurenine pathway provides at least part of the anthranilic
acid pool used for HMAQ synthesis (data not shown).

We recently reported that halogenated anthranilic acid an-
alogues inhibit the synthesis of HAQs in P. aeruginosa and B.
thailandensis, presumably by targeting the function of PgsA
and/or HmgA (33). We therefore tested the effect of the an-
thranilic acid analogue 6-FABA on B. ambifaria cultures. The
level of production of HMAQs decreased with increasing con-
centrations of 6-FABA added to the culture (Fig. 4A). Fur-
thermore, the exogenous addition of anthranilic acid partially
complemented this inhibition (Fig. 4B), supporting the hypoth-
esis that HmqA is the target of 6-FABA in B. ambifaria.
6-FABA similarly inhibits B. thailandensis HMAQ production
(data not shown).

HmgqG is required for the addition of the methyl group at
the 3 position of HMAQs. Since the hmg operon produces
molecules similar to those from the pgs operon, we hypothesize
that HmqA, HmgB, HmqC, HmgD, and HqmE perform func-
tions similar to those of their homologous proteins in P. aerugi-
nosa. However, the hmg operon presents two supplemental
genes downstream of hmgE, which have no homologues in P.
aeruginosa. We therefore performed BLAST analyses and con-
served-domain investigations to obtain hints as to the function
of the products of hmgF and hmgG, the two last genes of the
Burkholderia hmg operons.

hmgF (Bamb_5768 and BTH_I11930) encodes a protein of
1,292 amino acids showing homology with several putative
AMP-dependent synthetases and ligases and several putative
nonribosomal peptide synthetases. Analysis of HmqF protein
motifs and conserved domains in the Pfam 22.0 database (http:
/[pfam.janelia.org/) revealed that this putative protein contains
several conserved domains: an N-terminal region showing ho-
mology to the AMP-binding enzyme family (PF00501),
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two predicted acyl-CoA dehydrogenase domains (PF02770 and
PF00441), and a predicted phosphopantetheine attachment
site in the C-terminal region (PF00550).

Interestingly, the same analysis for HmqG (712 amino acids)
revealed the presence of a predicted methyltransferase domain
(PF08242) that is part of the S-adenosyl-L-methionine (SAM)-
dependent methyltransferase family. Therefore, we hypothe-
sized that HmqG might be involved in the methylation at the
3 position of HMAQs. Accordingly, in a B. ambifaria hmqG
mutant culture, the two major ions at m/z 256 and 284 (unsat-
urated HMAQ) disappear and are replaced by two intense ions
at m/z 242 and 270 occurring at a retention time corresponding
to those of C, and C, unsaturated HAQs of family E. This is
consistent with the loss of the methyl group of the correspond-
ing HMAQ congeners, supporting the hypothesis that HmqG
acts as a methyltransferase, adding a methyl group at the 3
position of HAQs. Accordingly, the inactivation of himgG re-
sults in the complete absence of methylation on the HMAQs
normally produced (loss of families A, B, and C), with an
accumulation of the unmethylated molecules (families D and
E) (Table 2).

Effect of HMAQs on QS-regulated phenotypes and produc-
tion of AHLs. Very few QS-regulated functions have so far
been identified in B. ambifaria. These functions include the
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production of extracellular proteases, siderophores, and an
unknown antifungal compound (60). We investigated whether
these QS-regulated phenotypes are affected by HMAQ pro-
duction. The AmgA mutant shows increased siderophore pro-
duction and proteolytic and antifungal activities compared to
those of the wild type (Fig. 5). Results obtained with C. albi-
cans were further confirmed with the same bioassay using
Cryptococcus neoformans and Candida glabrata. In both bioas-
says, a strain deficient in HMAQ synthesis produced larger
amounts of antifungal compounds (data not shown). Also,
colonies of the hmgA mutant showed higher levels of protease
activity on agar plates containing 1% skim milk powder and
0.2% yeast extract than did the wild type (data not shown).
As several QS-regulated phenotypes are upregulated in an
hmgA mutant background, we reasoned that the production of
octanoyl homoserine lactone (Cg-HSL), the predominant AHL
produced by B. ambifaria (63), would be altered. Indeed, as
shown in Fig. 6, the absence of HMAQs correlates with a
significant increase in levels of Cg-HSL production. At the end
of the exponential phase, the concentration of Cg-HSL de-
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tected in the supernatant of the hmgA mutant strain was two-
fold higher than that observed for wild-type B. ambifaria
(Fig. 6).

Results obtained for phenotypic assays and the production
of AHLs in the hmqG mutant, which produces only unmethyl-
ated molecules, are identical to those obtained for the hmgA
mutant. These results suggest that the unmethylated HAQs are
not implicated in QS regulation in B. ambifaria. Collectively,
these findings indicate that only the methylated HAQs pro-
duced by B. ambifaria (HMAQs) participate in the negative
regulation of Cg-HSL production and consequently modulate
QS-regulated phenotypes.

DISCUSSION

The homologue of pgsABCDE in Burkholderia species. B.
thailandensis and B. pseudomallei were recently reported to
produce HAQs similar to those produced by P. aeruginosa (16).
The importance of these versatile molecules, especially as coin-
ducing signals in QS for the regulation of virulence in the latter
bacterium, prompted us to investigate the nature and diversity
of HAQ-related molecules produced by the Burkholderia ge-
nus. We searched for the presence of a pgsABCDE operon
homologue in available sequenced genomic data. Like Diggle
et al. (16), we confirmed the presence of homologues of the
pgsABCDE genes in an operon arrangement in B. pseudomallei
and in the genetically related species B. thailandensis, but we
also identified another species carrying a similar operon, B.
ambifaria, a member of the B. cepacia complex. Our hypothesis
was that bacteria would be producers of HAQ derivatives only
when carrying homologues of the pgsABCDE genes in an
operon arrangement as in P. aeruginosa. Of the 11 related
Burkholderia species tested, only those three produce HMAQs,
supporting our hypothesis.

Moreover, we showed that the operon found in the Burk-
holderia strains mentioned above contains two more genes
downstream of the gene homologous to pgsE that we thus
named hmgF and hmgG. Apart from the homology with
PpgsABCDE, the genomic context surrounding hmgABCDEFG
is quite different in these bacteria compared to P. aeruginosa.
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No anthranilate synthase reminiscent of phnAB is found
nearby, and no homologue of the gene coding for the MvfR
transcriptional regulator is present in the vicinity of the Amg
operon. Furthermore, no putative LysR box seems to be
present within the promoter of the hmgABCDEFG operon.

Chemical analysis of HMAQs. While we actually found only
traces of P. aeruginosa-type HAQs (family D), we observed
that the principal products in hmgABCDEFG-carrying Burk-
holderia species are HAQ analogues methylated at the 3 posi-
tion. After a detailed analysis of the literature, we were able to
find that bacterially produced methylated HAQs with an un-
saturated aliphatic side chain had been detected previously.
4-Hydroxy-3-methyl-2-heptenylquinoline from an uncharacter-
ized Pseudomonas strain was identified (24) and was later
found in various B. cepacia (unidentified genomovar) strains
(48) along with HMNQ (27) and a series of congeners from
family B (41). As with P. aeruginosa HAQs, HMAQs are pro-
duced as mixtures of various congeners with an alkyl chain of
variable length with or without an unsaturation and/or an N-
oxide function on their quinoline amino group. In order to
ascertain the structures of these compounds, we first used
high-performance LC to isolate the most abundant HMAQ
congener produced by B. thailandensis, as its TIC chromato-
gram shows predominantly one major congener, compared
with B. ambifaria, which produces a greater diversity of com-
pounds. The compound isolated was determined to be HMNQ
by NMR. This analytical tool confirmed that the double bond
is in the trans configuration. Considering that each congener of
family A with a given m/z value appears at only one retention
time, and considering the regular intervals between the reten-
tion times of the various congeners of this family, we assume
that all the other unsaturated HMNQ congeners also share this
trans configuration.

The fragmentation patterns of the pseudomolecular ions of
the unsaturated HMAQs and the unsaturated HAQs (32) are
quite similar, although the double bond is between the 2" and
3’ carbons in the former and between the 1’ and 2’ carbons in
the latter. The two most abundant ions of the MS/MS spectra
of unsaturated HMAQ family A are at m/z 173 and 186, which
correspond to the m/z 159 and 172 ions observed for unsatur-
ated HAQs (32), with the 14-Da difference being due to the
additional methyl group at the 3 position of the quinoline ring
(Fig. 7). The m/z 173 fragment ion of HMNQ, or the corre-
sponding m/z 159 fragment ion of HHQ, is a radical cation and
not a cation produced by a rearrangement that would have led
to the loss of the nitrogen. This is demonstrated by the fact that
when '*N-anthranilic acid was fed to the bacteria, the m/z 173
ion was increased by 1 Da, thus proving that it still contains one
nitrogen atom. The other daughter ion at m/z 212 in the
MS/MS spectra of unsaturated HMAQs could also be struc-
turally analogous to the m/z 198 ion observed in unsaturated
HAQs. The relatively intense ion at m/z 184, however, does not
have an analogous m/z 170 ion in the unsaturated HAQ
MS/MS spectra and could arise from the cyclization of the 2’
carbon of the side chain with the methyl at the 3 position,
followed by a loss of the residual alkyl chain with the formation
of a double bond. It is also possible that the same fragmenta-
tion pathways involving the 3’ carbon of the side chain and
leading to an unsaturated six-membered ring could produce
that m/z 198 ion. Another possibility is that the m/z 198 and 212
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ions in the MS/MS spectra of unsaturated HMAQ ions have
their side chains cyclized with the quinoline nitrogen, as pro-
posed for the HAQ MS/MS spectra.

The MS/MS spectra of the saturated HMAQs (family B)
present two intense ions at 772/z 173 and 186 that are analogous
to those of their corresponding saturated HAQs (family D) but
with the addition of 14 Da corresponding to the extra methyl
on the quinoline ring. These two ions correspond to the quin-
oline moiety with the 1’ and 2’ carbons attached to it. We took
advantage of this fragmentation pattern to demonstrate that
the double bond of the unsaturated HMAQ congeners, as for
HMNQ, is indeed between the 2’ and 3’ carbons. To do so, B.
thailandensis and B. ambifaria culture supernatants were hy-
drogenated using deuterium, and the location of the label in
the corresponding saturated compounds was investigated by
MS/MS. The daughter ions of the corresponding deuterated
pseudomolecular ions at m/z 260, 274, 288, and 302 were ob-
served at m/z 173 and 187 instead of m/z 173 and 186 in the
corresponding unlabeled saturated HMAQs. If the double
bond had been between the 1’ and 2’ carbons, both ions would
have been labeled. On the other hand, if the double bond had
been located further than the 2’ position, none of these daugh-
ter ions would have been labeled. This proves that the double
bond is located between the 2’ and 3’ carbons for the C,, Cg,
C,, and C,, members of this family, as we assumed, based on
the NMR for the C, congener HMNQ.

As in P. aeruginosa, B. thailandensis and B. pseudomallei
produce another family of HMAQs with their pseudomolecu-
lar ions at 16 Da above those of the unsaturated HMAQs
(family C). These molecules correspond to HMAQ N-oxides,
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as they disappeared when supernatants were treated with zinc
in acetic acid, conditions known to reduce N-oxides. Their
MS/MS spectra produced ions at m/z 172, 173, 184, 186, and
198 (Fig. 8). The mj/z 173 ion is probably a radical cation
related to the prominent m/z 159 ion observed in the corre-
sponding HMAQ N-oxide through the initial loss of a hydroxyl
radical (40). The m/z 172 and 298 daughter ions probably arise
from the concerted loss of water, followed by chain cleavage at
the positively charged carbon or at the conjugated 3’ position.
We confirmed the position of the double bond on the 2’ carbon
by the increase in the intensity of the unsaturated HMAQ
congeners upon the reduction of the N-oxide group by zinc.
The presence of these N-oxide derivatives in B. thailandensis
and B. pseudomallei is consistent with the presence of a gene,
which we call ~imgL, that is highly homologous to the P. aerugi-
nosa pgsL gene, which we found is required for the synthesis of
HAQ N-oxides in the latter species (32). Consistently, such a
pgsL homologue is absent in B. ambifaria, which does not
produce the family C HMAQ N-oxides. An Arthrobacter strain
from soil was previously reported to produce HMNQ N-oxide,
which inhibits various gram-positive bacteria, including multi-
ple-drug-resistant strains of Staphylococcus aureus and Staph-
ylococcus epidermidis (30). This compound was also effective
against Helicobacter pylori (52) and was found to be a potent
inhibitor of mitochondrial complexes I and III (46), consistent
with the well-known activities of HAQ N-oxide derivatives (26,
34, 36).

Another family of compounds that we found at low concen-
trations in B. thailandensis and in B. ambifaria cultures are
HAQ congeners bearing a double bond at the 2’ position
(family E). Although unsaturated HAQ congeners were de-

tected previously in P. aeruginosa (32), those produced by B.
thailandensis and B. ambifaria have a slightly different reten-
tion time, an indication that the position of the double bond is
not the same. Upon treatment of the supernatant with deute-
rium, the MS/MS spectra of the deuterated pseudomolecular
ions at m/z 246 and 274 present ions at m/z 159 and 173 instead
of the m/z 159 and 172 normally observed with unlabeled HAQ
congeners (32), while the MS/MS spectra of the deuterated
HAQ congeners bearing the double bond at position 1’ show
ions at m/z 160 and 174 (32). This proves that the double bond
is not at the 1’ carbon and is no further than the 2’ position, as
in family A (unsaturated HMAQS). In B. thailandensis, Diggle
et al. (16) reported the detection of only a series of C,.q,
Cs.1, and C,,., and their unsaturated HAQ congeners along
with a C, congener of 2-heptyl-4-hydroxyquinoline-N-oxide
(HQNO). In a recent report (33), we also observed ions with
m/z 242, 270, and 292 ions corresponding to HAQ congeners
with one unsaturation in B. thailandensis, and based on the
report of Diggle et al., we initially assumed that their double
bond had to be at the 1’ position. However, in view of our
current results showing that unsaturated HMAQs have their
double bond at the 2" position, we performed MS/MS analysis
of the product of deuteration of these unsaturated HAQ con-
geners. Diggle et al. assigned the position of the double bond
based only upon the MS/MS spectrum of these unsaturated
HAQ congeners, which could be misleading, as the position of
the double bond could shift in the fragmentation mechanism.
Catalytic hydrogenation with deuterium is a more reliable
method and confirms that the double bond is at the 2’ position,
like in all the other HMAQs, at least in the B. thailandensis
strain that we are studying. The concentration of unsaturated
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HAQ congeners was close to our limit of detection in B. am-
bifaria and B. thailandensis, while none were observed in B.
pseudomallei cultures.

The main difference between our results and those recently
described by Diggle et al. (16) regarding the HAQ derivatives
produced by B. pseudomallei and B. thailandensis is that those
authors did not report the production of HMAQs. Further-
more, we did not detect any saturated HHQ congener and no
saturated C, N-oxide, and we detected only very small concen-
trations of the unsaturated HAQ congener that they reported
for B. thailandensis. In addition, despite the sensitivity of our
method, we did not find HHQ in B. cenocepacia cultures ei-
ther. It is difficult to compare these last results with those of
Diggle et al., as they did not quantify the compounds that they
reported. We cannot exclude the possibility that B. thailanden-
sis might produce trace amounts of saturated HAQs (family D)
and HAQ N-oxide congeners; their findings could be explained
by the fact that while we directly injected culture supernatant
samples in our LC/MS assay without preconcentration, Diggle
et al. solvent extracted and concentrated their samples 1,000
times prior to analysis (16). The fact that they did not report
HMAQs is more surprising, however, since we show here that
these methylated derivatives are the prominent ones. We be-
lieve that this could be because they focused only on published,
known HAQ analogues described previously for P. aeruginosa
(32). Moreover, since they studied their Burkholderia strains
using a bioreporter designed to detect primarily PQS and
HHAQ, it is conceivable that it failed to detect HMAQs (21). It
is very unlikely that differences in the strains investigated or
culture conditions could explain these differences, as these
factors have no effect in P. aeruginosa or on our tested strains.
Nevertheless, it is clear that in B. ambifaria, B. thailandensis,
and B. pseudomallei and under our conditions, HMAQs are
more abundant, sometimes by more than 3 orders of magni-
tude, than unmethylated HAQs. This raises the question of the
biological significance of trace amounts of HAQs in these
species compared to amounts of HMAQs. In view of the very
small amounts of unsaturated HAQ congeners produced by
these strains in comparison with those of HMAQs, we named
these operons hmgABCDEFG.

Biosynthesis of HMAQs. Because anthranilic acid is the
precursor of all HAQs (14), we tested if it is also the common
precursor of HMAQs. Adding labeled anthranilic acid to a
culture results in the labeling of all the HMAQs. We then
found that the inactivation of hmgA in B. thailandensis and in
B. ambifaria leads to the abrogation of HMAQ production, as
observed for the loss of HAQs from the B. pseudomallei ho-
mologue (16) and the pgs4 mutant of P. aeruginosa (14). Fur-
thermore, 6-FABA, an analogue of anthranilic acid known to
competitively inhibit PgsA (33), also inhibits HMAQ biosyn-
thesis. The fact that this inhibition, as in P. aeruginosa, can also
be reversed by an exogenous supply of anthranilic acid indi-
cates that the genetic homology between hmgA and pgsA also
translates into a common biological activity. This is in line with
the reported complementation of a P. aeruginosa pgsA mutant
with a B. pseudomallei homologue (16). The homologies be-
tween PgsA and various aryl-CoA ligases indicate that HmgA
is likely responsible for the activation of anthranilic acid into a
CoA ester (Fig. 1). Such activation of the anthranilic acyl
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group would be required for the closing of the second ring of
the quinoline core.

In contrast with P. aeruginosa, there is no gene responsible
for the synthesis of anthranilic acid near the hmgABCDEFG
operon. Nevertheless, plenty of anthranilic acid seems to be
available, as this precursor accumulates in hmgA mutant cul-
tures, as we have previously seen in a pgs4 mutant of P.
aeruginosa (14). While TrpEG analogues responsible for the
biosynthesis of anthranilic acid in the formation of tryptophan
are present, part of the anthranilic acid used for HMAQ bio-
synthesis also comes for tryptophan degradation, presumably
through the kynurenine pathway, as shown by our labeled
tryptophan experiment.

Within each HMAQ family, the relative amounts of conge-
ners containing an odd number of carbons on their side chains
are larger than those with one extra carbon, often by 2 orders
of magnitude. This is analogous to the observations made with
HAQs and is likely due to the successive addition of acetate
groups to form an even-numbered 3-keto fatty acid interme-
diate, which reacts with anthranilic acid, as first hypothesized
by Wells (58) and later confirmed by others (3, 47). Because of
the location of the reactive keto group of the 3-keto fatty acid,
this produces predominantly an odd-numbered alkyl chain in
HAQs and HMAQs. The chain lengths of HMAQs also seem
to vary from one Burkholderia species to another, as HMAQs
in B. thailandensis and B. pseudomallei are predominantly C,
congeners, while in B. ambifaria, they are predominantly C,
congeners.

A difference between Burkholderia and P. aeruginosa is that
HMARQs are predominantly unsaturated, while Pseudomonas
HAQs are predominantly saturated, and in Burkholderia
HMAQs and HAQs, the double bond is at the 2’ position,
while in unsaturated Pseudomonas HAQs, it is at the 1’ posi-
tion. This probably arises from a difference in the biosynthesis
of the 3-keto fatty acid precursor. In P. aeruginosa, it is still
unclear if the pgsBCD genes, which all have analogies with
3-keto fatty acid acyl carrier proteins, are responsible for the
total synthesis of the 3-keto fatty acid intermediate or if they
simply divert some intermediates of general fatty acid biosyn-
thesis into the pathway leading to HAQs. In the Burkholderia
strains that we studied, the pgsBCD homologues hmgBCD
presumably play the same role in the biosynthesis of the 3-keto
fatty acid intermediates (Fig. 1). It remains to be determined if
they are responsible for the unsaturation generally encoun-
tered in HMAQs or if this occurs because of the difference in
the pool of produced fatty acid intermediates between Burk-
holderia and P. aeruginosa. It is also possible that the hmgBCD
genes are responsible for the coupling of the anthraniloyl-CoA
and the 3-keto fatty acid and in the closing of the second ring
of the quinoline core. An intriguing possibility is that HmqF,
which is predicted to contain two acyl-CoA dehydrogenase
domains and an attachment site for 3-phosphopantetheine, a
functional group present in all ACP proteins, might be respon-
sible for the 2’ unsaturation of HMAQs.

The most striking difference between HAQs and HMAQs is
obviously the presence of the methyl group at the 3 position.
As an hmqG mutant stops producing HMAQs and produces
HAQ-like molecules instead, HmqG is likely responsible for
the addition of the methyl group. Sequence analogies of the
hmqG product with many SAM-dependent methyltransferases
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TABLE 3. Concentrations of the major HMAQs and
HAQs produced by wild-type B. ambifaria AMMD
and its imgG mutant

Mean concn (mg/liter) (SD)“

HMAQ or I

HAQ [M + H]* B. ambifaria s er:lzzlgma

wild type mutant

HMAQ:2'

C2' 256 15.46 (0.86) ND

Coi2' 284 8.26 (0.43) ND
HMAQ

C, 258 0.80 (0.05) ND

C, 286 122 (0.07) ND
HHQ:2'

C2' 242 0.69 (0.07) 5.16 (0.40)

Cy2’ 270 0.39 (0.03) 2.31(0.20)
HHQ

C, 244 ND ND

G m ND 0.16 (0.01)

“ Values in parentheses are the standard deviations of data from triplicate
assays. ND, not detected.

indicate that SAM is likely to be the source of the methyl
group. We initially thought that this methyl group could simply
be the product of the reduction of the acid group of the
original 3-keto fatty acid intermediate, as this acid group must
be removed to produce HHQ in P. aeruginosa. However, such
an HAQ with a carboxyl function at the 3 position was never
detected in P. aeruginosa supernatants. The fact that HmqG
has homologies with a methyltransferase rather than a decar-
boxylase could be seen as a confirmation that this acid group is
spontaneously lost upon the closing of the second aromatic
ring or that another unknown enzyme is responsible for the
loss of this acid group in these bacteria. The finding that hmgG
is coexpressed with the rest of the operon substantiates that
HMAQs are indeed the final products of this pathway.

The kinetics of HMAQ production show that these mole-
cules start to accumulate in cultures near the end of the loga-
rithmic growth phase. This is very similar to the HAQ produc-
tion profile for P. aeruginosa (13, 31). In this organism, the
PpgsABCDE operon is controlled by MvfR, whose coinducing
ligands are HAQs (61). Thus, it is conceivable that the pro-
duction of HMAQs is controlled by a regulator induced by
HMAQs. Accordingly, we observed that the total level of pro-
duction of HAQs and HMAQs by the hmgG mutant is much
lower than that observed in the wild-type strain (26.82 mg/liter
total HAQs and HMAGQs for the wild type versus 7.63 mg/liter
for the himgG mutant) (Table 3), suggesting a regulation of the
hmqABCDEFG operon by HMAQs.

HMAQs and QS. In P. aeruginosa, some of the HAQs act as
signaling molecules and are implicated in the regulation of the
expression of multiple virulence factors, which includes prod-
ucts of genes controlled by AHL-mediated QS. However, in P.
aeruginosa, quinolone signaling has no direct effect on the
production of AHLs (13). In contrast, we show here that the
synthesis of HMAQs is directly implicated in the global QS
circuitry by negatively regulating the production of AHLs, at
least in B. ambifaria. Furthermore, we demonstrate that the
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methyl group of HMAQs is crucial for the effect on Cg-HSL
production and QS-controlled factors, as the hmgG mutant
behaves the same as the hmgA mutant. How HMAQs influ-
ence the production of AHLs is currently under investigation.
One possibility is a direct regulation at the level of expression
of the AHL synthase. Alternatively, the synthesis of HMAQs
might modulate the availability of AHL synthesis precursors or
the activity of the AHL synthase. Whether HMAQs play the
same role in B. pseudomallei and B. thailandensis is still unde-
termined. However, available data indicate that QS in B. thai-
landensis is much more complex than that in B. ambifaria, as it
involves multiple LuxIR homologues responsible for the pro-
duction of numerous AHL signals involved in both positive and
negative regulation (54).

Finally, HAQ derivatives may be more widespread than pre-
viously thought, raising the intriguing possibility of intergenus
communication (18). Still, the methyl group makes the Burk-
holderia HAQ derivatives distinct from those of P. aeruginosa.
Since these new HMAQs appear to be involved in the Burk-
holderia QS circuitry, and given the essential role of QS in the
expression of pathogenic traits in Burkholderia (19, 56), these
molecules and the enzymes involved in their biosynthesis could
represent attractive targets for the development of novel ther-
apeutics against hmgABCDEFG-carrying pathogenic Burk-
holderia species.
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