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Virulence factors of Pseudomonas aeruginosa include hydrogen cyanide (HCN). This secondary metabolite is
maximally produced at low oxygen tension and high cell densities during the transition from exponential to
stationary growth phase. The hcnABC genes encoding HCN synthase were identified on a genomic fragment
complementing an HCN-deficient mutant of P. aeruginosa PAO1. The hcnA promoter was found to be controlled
by the FNR-like anaerobic regulator ANR and by the quorum-sensing regulators LasR and RhlR. Primer
extension analysis revealed two transcription starts, T1 and T2, separated by 29 bp. Their function was
confirmed by transcriptional lacZ fusions. The promoter sequence displayed an FNR/ANR box at 242.5 bp
upstream of T2 and a lux box centered around 242.5 bp upstream of T1. Expression of the hcn genes was
completely abolished when this lux box was deleted or inactivated by two point mutations in conserved
nucleotides. The lux box was recognized by both LasR [activated by N-(oxododecanoyl)-homoserine lactone]
and RhlR (activated by N-butanoyl-homoserine lactone), as shown by expression experiments performed in
quorum-sensing-defective P. aeruginosa mutants and in the N-acyl-homoserine lactone-negative heterologous
host P. fluorescens CHA0. A second, less conserved lux box lying 160 bp upstream of T1 seems to account for
enhanced quorum-sensing-dependent expression. Without LasR and RhlR, ANR could not activate the hcn
promoter. Together, these data indicate that expression of the hcn promoter from T1 can occur under
quorum-sensing control alone. Enhanced expression from T2 appears to rely on a synergistic action between
LasR, RhlR, and ANR.

Pseudomonas aeruginosa is a gram-negative bacterium that
can cause serious infections in patients suffering from cystic
fibrosis, cancer, infection with human immunodeficiency virus,
or severe burn wounds (16, 29). The pathogenesis of P. aerugi-
nosa infections is due to the production of both cell-associated
and extracellular virulence factors. One of these extracellular
compounds, hydrogen cyanide (HCN), has been found at rel-
atively high concentrations in patients with freshly infected
burns (27). Evidence for HCN being a virulence factor comes
from an experimental infection model in which an hcn inser-
tion mutant of P. aeruginosa had a strongly reduced ability to
kill the nematode Caenorhabditis elegans (L. Gallagher and C.
Manoil, Abstr. Pseudomonas ’99: Biotechnol. Pathog., abstr.
75, 1999). Cyanide is a potent inhibitor of cytochrome c oxi-
dase, the terminal component of the aerobic respiratory chain
in many organisms, and of several other important metalloen-
zymes (52).

In Pseudomonas spp., HCN biosynthesis is catalyzed by the
membrane-bound enzyme HCN synthase, which forms HCN
and CO2 from glycine (8). The enzyme is sensitive to molecular
oxygen and has been purified only partially from a Pseudomo-
nas species (60); hence, little is known about the biochemistry
of the enzymatic reaction. In P. fluorescens, the structural
hcnABC genes encoding HCN synthase are clustered and
probably form an operon (34). From an analysis of nucleotide
sequence data, it can be concluded that HCN synthase essen-

tially functions as a glycine dehydrogenase/oxidase, transfer-
ring four electrons to a cyanide-resistant branch of the aerobic
respiratory chain (5).

In P. aeruginosa and P. fluorescens, cyanogenesis proceeds at
low oxygen concentrations (9, 11) and depends on ANR (an-
aerobic regulator of arginine deiminase and nitrate reductase),
a transcriptional regulator, which is converted to its active form
under low oxygen supply. ANR belongs to the FNR (fumarate
and nitrate reductase regulator) family of transcriptional reg-
ulators (53); anr mutants of both species produce little HCN
(34, 62). ANR can activate target promoters by binding to
conserved sequences known as ANR boxes, with a recognition
specificity which is similar but not identical to that of FNR
(58).

Cell density is a second parameter that influences cyanogen-
esis in Pseudomonas spp. It was discovered 20 years ago that
optimal expression of HCN synthase occurs during the transi-
tion from the exponential to the stationary phase (12). This
expression pattern is characteristic of regulatory mechanisms
which more recently have been termed quorum sensing (21). In
P. aeruginosa, the production of virulence factors and second-
ary metabolites is under quorum-sensing control involving N-
acyl-homoserine lactone signals (20). These signals are pro-
duced by an autoinduction mechanism with increasing cell
density, and they are assumed to diffuse freely through the cell
envelope. When reaching a threshold concentration, they ac-
tivate LuxR-type transcriptional regulators which control the
expression of target genes by recognizing conserved sequences
termed lux boxes (17, 20). P. aeruginosa contains two interde-
pendent quorum-sensing systems (43, 44, 57). In the lasRI
system, the LasI protein directs the synthesis of N-(3-oxodo-
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decanoyl)-homoserine lactone (OdDHL), which triggers the
transcriptional activator, LasR, to induce the expression of
virulence factors such as elastases (LasB and LasA), exotoxin
A, and alkaline protease (47). In addition, the las system au-
toregulates the lasI gene, leading to the production of more
OdDHL (51), and upregulates the second quorum-sensing sys-
tem, consisting of the transcriptional activator RhlR and the
RhlI protein, which directs the synthesis of N-butanoyl-homo-
serine lactone (BHL). The rhlRI system regulates the produc-
tion of multiple exoproducts including rhamnolipids, elastase
(LasB), pyocyanin, and cyanide (7, 33, 57).

From previous studies, it appears that both autoinducers
OdDHL and BHL contribute to the regulation of the hcn
genes in P. aeruginosa (33, 45, 56, 57). However, it is not clear
whether the OdDHL-LasR team can exert its effect on hcn
gene expression directly or indirectly, i.e., by activating the
rhlRI system. Furthermore, the question arises of how anaer-
obic control by ANR and quorum-sensing control by LasR and
RhlR may cooperate during initiation of transcription of the
hcn genes. In the present study, we have undertaken a systematic
analysis of the hcn promoter region of P. aeruginosa. We show
that the simultaneous action of three activators ANR, LasR, and
RhlR ensures optimal expression of the hcnABC cluster.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The strains and plasmids used in this
study are listed in Table 1. P. aeruginosa and Escherichia coli strains were
routinely grown on nutrient agar plates and in nutrient yeast broth (NYB) with
aeration at 37°C, whereas P. fluorescens strains were cultivated on these media at
30°C. For determination of HCN production, P. aeruginosa strains were grown
with shaking at 180 rpm under mild oxygen limitation in 100-ml Erlenmeyer
flasks containing 40 ml of a synthetic glycine minimal medium (MMC) described
by Castric (10). Severe oxygen limitation was achieved by growing the cells in
tightly closed 125-ml bottles containing 60 ml of MMC, with gentle shaking; at
the end of growth, the oxygen present initially was consumed by the cells.
Antibiotics were used at the concentrations (in micrograms per milliliter) indi-
cated in parentheses: for P. aeruginosa strains, carbenicillin (250), chloramphen-
icol (250), gentamicin (10), tetracycline (125), and mercuric chloride (10); for
P. fluorescens, gentamicin (10) and tetracycline (125); and for E. coli, ampicillin
(100), chloramphenicol (25), gentamicin (10), and tetracycline (25). 5-Bromo-4-
chloro-3-indolyl-b-D-galactoside (X-Gal) was incorporated into solid media at
0.02% to monitor b-galactosidase expression (49).

DNA techniques and nucleotide sequencing. Small-scale preparations of plas-
mid DNA were carried out by the cetylmethylammonium bromide method (15),
and large-scale preparations were performed using Qiagen-Tips (Qiagen). Chro-
mosomal DNA was extracted from P. aeruginosa and purified as described
elsewhere (24). Restriction enzyme digestions, ligations, and agarose gel elec-
trophoresis were performed using standard procedures (49). Restriction frag-
ments were purified from agarose gels using GeneClean II (Bio 101). Trans-
formation of E. coli, P. aeruginosa, and P. fluorescens was carried out by
electroporation (18). Southern blotting of P. aeruginosa DNA with Hybond N
membranes (Amersham), random-primed DNA labeling of a 3.1-kb EcoRI-XhoI
hcnABC fragment from pME3071 (Table 1) with digoxigenin-11-dUTP (Boehr-
inger Mannheim), hybridization with this probe, and detection were all per-
formed according to the protocols of the supplier. Nucleotide sequences of the
hcnA gene with its upstream region and of the proximal 0.4 kb of the hcnB gene
as well as of all PCR-derived constructs were determined by the dideoxy chain
termination method using [35S]dATP (Amersham), 7-deaza-dGTP, and Seque-
nase version 2.0 (United States Biochemical Corp.). Sequence analysis was per-
formed using the Genetics Computer Group programs FASTA (for homology
searches in the Genbank/EMBL and SwissProt databases), GAP, and BESTFIT
(for comparisons of pairs of sequences).

Plasmid construction and mutagenesis. (i) Construction of a translational
hcnA*-*lacZ fusion. The 0.78-kb EcoRV fragment from plasmid pME3336 con-
taining the hcn promoter region and the first nine codons of the hcnA gene was
fused in frame to the 9lacZ fragment from pNM482, in pME6010, resulting in
plasmid pME3826. The same hcnA9-9lacZ fusion was also cloned on a 3.88-kb
fragment into vector pKT240, giving pME3823.

(ii) Construction of the deletion derivatives pME3832, pME3835, and
pME3837. The deletion derivatives were obtained by PCR. Plasmid pME3826
was used as the template to amplify the respective hcnA9 fragments by the use of
primers homologous to positions 2111 (59-GATCGAATTCACCTACCAGAA
TTGGCAGG-39; pME3832), 288 (59-GCTCGGATCCGATACCCACCTGTC
ATGG-39; pME3835), and 2143 (59-GCTCGGATCCGTTCGACTTTTCCGC
GCG-39, pME3837) and of a primer annealing within the lacZ sequence (59-T

GCTGCAAGGCGATTAAGTTGG-39). The positions are given relative to the
translational start (see Fig. 2B). These primers contain a restriction site (under-
lined) at the 59 end: an EcoRI site for pME3832, and a BamHI site for pME3835
and pME3837. For the amplification reactions, thermostable DNA polymerase
(Eurobio) was used. Thermal cycling (15 cycles) consisted of denaturation at
95°C for 1 min, primer annealing at 58°C for 1 min, and elongation at 72°C for
1 min. The PCR fragments obtained were digested with EcoRV and EcoRI or
BamHI, cloned into pBluescript II SK, and sequenced. The deleted promoter
regions were fused to the 9lacZ gene (40) in pME6010, resulting in pME3832,
pME3835, and pME3837 (see Fig. 6).

(iii) Site-directed mutagenesis of the hcnA promoter region. The two-base
substitution in plasmid pME3844, which is otherwise identical to pME3837, was
generated by the overlap extension method (39). Primer 59-CCCACTTACCAG
AATTGGCAAGGGAAG-39 was used to generate the mutations (boldface) in
the lux box (see Fig. 5). The mutation was verified by sequencing. An SphI
restriction site was introduced between the ANR box and the lux box by PCR,
using as template pME3336, which contains the hcn promoter on a 0.78-kb
EcoRV insert. The whole 3.78-kb plasmid was amplified using primers I1 (59-
GTCCGCATGCACCCACCTGTCATGGAT-39) and I2 (59-GTCCGCATGCA
TCTTCCCCTGCCAATT-39), each containing an SphI restriction site (under-
lined). The PCR product was digested with SphI and ligated. The 6-bp insertion
was verified by sequencing, and the 0.78-kb EcoRV insert was fused in frame with
the 9lacZ reporter gene from pNM482 in vector pME6010, creating plasmid
pME3852.

(iv) Construction of pME3850.1 and pME3850.2 containing a transcriptional
lacZ fusion. Plasmids pME3850.1 and pME3850.2 were obtained by PCR ampli-
fication of the hcn promoter regions using an EcoRI-tagged primer (the EcoRI
site is underlined), homologous to position 2188 (59-GCTCGAATTCACGGG
TGAGCCGGC-39), and two primers which anneal at the 11 transcriptional start
sites T1 (59-GCTCCTGCAGGCGGACATTGATCC-39 for pME3850.1) and
T2 (59-GCTCCTGCAGAGCCGGCGACACTAG-39 for pME3850.2) and which
each create an artificial PstI site (underlined). The 136- and 165-bp EcoRI/PstI-
digested PCR fragments were fused to the lacZ gene of pME6522, resulting in
pME3850.1 and pME3850.2, respectively.

Construction of P. aeruginosa mutant strains. The chromosomal hcnA9-9lacZ
reporter strains PAO6289 (hcnA9-9lacZ), PAO6290 (anr hcnA9-9lacZ), PAO6293
(rhlR hcnA9-9lacZ), and PAO6326 (lasR hcnA9-9lacZ) were obtained as follows.
The translational hcnA9-9lacZ fusion from plasmid pME3826 was cloned into the
suicide plasmid pME3087DE. The resulting plasmid pME3825 was mobilized by
the helper plasmid pRK2013 into the different derivatives of P. aeruginosa and
chromosomally integrated with selection for tetracycline resistance (Tcr). Exci-
sion of the vector by a second crossover was obtained by enrichment for tetra-
cycline-sensitive (Tcs) cells (61). The chromosomal insertions of the hcnA9-9lacZ
translational fusion were checked by Southern blotting (data not shown) and by
testing their b-galactosidase-positive phenotype. The P. aeruginosa rhlR lasI
double-mutant strain PAO6351 was constructed by transduction. The transduc-
ing phage E79tv2 (41) was propagated on strain PAOJP1 and then used to
transduce the lasI::Tcr mutation into the rhlR mutant strain PDO111. The trans-
ductants were selected on nutrient agar plates containing tetracycline and mer-
curic chloride.

RNA isolation and transcriptional start site mapping. Extraction of total
RNA from P. aeruginosa cells grown in MMC (for conditions, see the legend to
Fig. 4) was performed by a single-step RNA isolation method (14) using the
TRIzol reagent (GIBCO-BRL). After treatment with amplification-grade DNase
(Pharmacia), 10-mg aliquots of the isolated RNA were analyzed by primer ex-
tension as described elsewhere (54). The oligonucleotide PE 59-GAGGTGGAT
GGTCATGTCTGCCCGCGAGAG-39 (positions 165 to 136), which anneals
to the coding strand of hcnA, was 59-end labeled with 20 mCi of [g-32P]dATP
(Amersham) and 10 U of T4 polynucleotide kinase (Pharmacia) at 37°C for 30
min; 0.05 pmol of the [32P]dATP-labeled primer, purified with a nucleotide
removal kit (Qiaquick; Qiagen) was dissolved in 20 mM Tris-HCl (pH 8.3)–200
mM NaCl–0.1 mM EDTA together with 10 mg of total RNA in a final volume of
30 ml. The solution was boiled for 3 min and incubated at 60°C for 2 h, then at
37°C for 30 min, and at room temperature for 30 min. Avian myeloblastosis virus
reverse transcriptase (30 U; Pharmacia) was used to extend the primer in a
reaction mixture containing 94 mM Tris-HCl (pH 8.3), 10 mM MgCl2, 10 mM
dithiothreitol, 45 U of RNase inhibitor (Pharmacia), and 0.5 mM (each) de-
oxynucleoside triphosphate. The reaction was carried out in a total volume of 100
ml at 42°C for 1 h. After phenol-chloroform extraction, the extended product was
precipitated by the addition of 0.1 volume of 3 M sodium acetate and 3 volumes
of ethanol. The pellet was washed with 75% ethanol, dried, and redissolved in 10
ml of H2O. The unlabeled primer was used to generate a nucleotide sequence
ladder using a T7 sequencing kit (Pharmacia) with [35S]dATP. Primer extension
products were separated in an 8 M urea–8% polyacrylamide gel, in parallel with
the sequencing reactions to map the transcription initiation sites.

Assay for regulation by LasR and RhlR in a heterologous background. To
develop an RhlR/BHL assay in P. fluorescens CHA0, we cloned the 2-kb PstI
fragment containing the rhlRI9 genes (33) behind the lac promoter of the vector
pME6001, producing pME3840. Although the rhlI gene lacks nine codons at the
39 end in this construct, BHL synthase activity was not affected. For a LasR/
OdDHL assay, the 1.1-kb PvuI fragment containing lasR (23) was similarly
expressed from the lac promoter of vector pME6001, resulting in pME3827. The
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two plasmids obtained were electroporated separately into P. fluorescens strain
CHA0, which additionally contained an hcnA9-9lacZ translational fusion of P.
aeruginosa on plasmid pME3837 or pME3844. To examine the effect of the las or
rhl autoinduction system on hcnA expression, we measured b-galactosidase ac-
tivities.

HCN production. HCN was quantified in P. aeruginosa culture supernatants as
described previously (26). Strains growing on plates were tested qualitatively for
HCN production by an indicator paper method (9).

Assay of b-galactosidase activity. Pseudomonas cells were routinely grown in
100-ml flasks containing 40 ml of MMC with shaking at 180 rpm. b-Galactosidase
specific activities were determined by the Miller method (49).

Autoinducer estimation by thin-layer chromatography. Cultures (200 ml) of
strains PAO1, PDO111, PAO6261, PAO6330, PAOJP1, PAOJP2, PAO6351,
CHA0, and CHA0 containing pME3840 were grown in NYB at 37°C (P. aerugi-
nosa) or at 30°C (P. fluorescens) with shaking to an optical density at 600 nm
(OD600) of 1.7 to 2.0. Cells were removed by centrifugation (10,000 rpm for 10
min), and the cell-free supernatants were adjusted to pH 5.0 prior to extraction
with an equal volume of dichloromethane in a separating funnel. The solvent
phase was treated with anhydrous MgSO4 to eliminate H2O and evaporated to
dryness using a rotary evaporator. The total extract was concentrated 200-fold by
dissolving it in 1 ml of 50% (vol/vol) acetonitrile and was stored at 220°C. The
presence of N-acyl-homoserine lactones in 1 to 5 ml of extract was tested by C18

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Genotype or description; phenotype Reference or origin

Strains
P. aeruginosa

PAO1 Wild type 30
PAO2324 met-9020 catA1 nar-9011 tyu-9009 puuD6 hcn 36
PAO6261 Danr 61
PAO6289 hcnA9-9lacZ This study (Fig. 2)
PAO6290 Danr hcnA9-9lacZ; PAO6261 derivative This study
PAO6293 rhlR::Tn501 hcnA9-9lacZ; Hgr; PDO111 derivative This study
PAO6326 lasR::pUC19 (carrying 9lasR9 on a 0.4-kb PstI fragment) hcnA9-9lacZ; Cbr; PAOR

derivative
This study

PAO6330 DlasRI C. Reimmann, unpublished
PAO6351 rhlR::Tn501 derivative of PAOJP1; Hgr Tcr This study
PAOJP1 DlasI::Tcr; Tcr 43
PAOJP2 DlasI::Tcr DrhlI::Tn501; Tcr Hgr 43
PAOR lasR::pUC19 (carrying 9lasR9 on a 0.4-kb PstI fragment); Cbr 32
PDO111 rhlR::Tn501; Hgr 7

P. fluorescens CHA0 Wild type 55

E. coli DH5a recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 deoR D(lacZYA-argF)U169 l-(f
80dlacZDM15)

49

Plasmids
pBluescript II KS Cloning vector, ColE1 replicon; Apr Stratagene
pBBR1MCS Broad-host-range cloning vector; Cmr 31
pJF118EH Cloning vector, ColE1 replicon, lacIq, ptac; Apr 22
pKT240 Cloning vector, IncQ replicon, Mob; Apr Kmr 3
pME3071 pMMB67EH with a 5-kb XhoI-HindIII fragment of CHA0 containing hcnABC9 34
pME3087DE Suicide vector, ColE1 replicon, Mob; EcoRI site deleted; Tcr 59
pME3326 pBBR1MCS with a 6.6-kb BamHI fragment of PAO1 containing the hcnABC region This study
pME3333 pBBR1MCS with a 4.25-kb SalI-XbaI fragment of PAO1 containing the hcnABC genes This study (Fig. 2A)
pME3336 pBluescript with a 0.78-kb EcoRV fragment of PAO1 containing the hcn promoter region

and the first 9 codons of hcnA
This study

pME3823 pKT240 with a 0.78-kb EcoRV hcnA upstream fragment and a translational hcnA9::9lacZ
fusion at the EcoRV site in hcnA

This study

pME3825 pME3087DEcoRI with a 4.8-kb EcoRV-SmaI fragment containing a translational
hcnA9::9lacZ fusion

This study (Fig. 2C)

pME3826 pME6010 with a 0.78-kb hcnA upstream fragment and a translational hcnA9::9lacZ fusion
at the EcoRV site in hcnA

This study

pME3827 pME6001 carrying lasR on a 1.1-kb PvuI-KpnI fragment; Gmr This study
pME3832 pME6010 with the 111-bp hcnA upstream fragment and a translational hcnA9::9lacZ fusion

at the EcoRV site in hcnA
This study (Fig. 6)

pME3835 pME6010 with the 88-bp hcnA upstream fragment and a translational hcnA9::9lacZ fusion
at the EcoRV site in hcnA

This study (Fig. 6)

pME3837 pME6010 with the 143-bp hcnA upstream fragment and a translational hcnA9::9lacZ fusion
at the EcoRV site in hcnA

This study (Fig. 6)

pME3840 pME6001 carrying rhlRI9 on a 2-kb PstI fragment; Gmr This study
pME3844 Derivative of pME3837 carrying 2 point mutations This study (Fig. 6)
pME3850.1 pME6522 with 130 bp upstream of transcriptional start site T1 This study (Fig. 2D)
pME3850.2 pME6522 with 159 bp upstream of transcriptional start site T2 This study (Fig. 2D)
pME3852 Derivative of pME3826 with 6-bp insertion specifying an SphI site This study (Fig. 6)
pME6000 Cloning vector derived from pBRR1MCS; Tcr 37
pME6001 Gmr derivative of pME6000 6
pME6010 pACYC177-pVS1 shuttle vector; Tcr 28
pME6522 pME6010 containing the promoterless lacZ gene on a 3.3-kb PstI/DraI fragment 6
pMJG1.7 pSW200 carrying the lasR gene on a 1.7-kb EcoRI-SacI fragment of P. aeruginosa PAO1;

Apr
23

pMMB67EH Cloning vector, IncQ replicon, lacIq, ptac; Apr 22
pMP21 pMMB190 carrying the rhlRI9 genes on a 2-kb PstI fragment; Apr 33
pNM482 ColE1 replicon; 9lacZ; Apr 40
pRK2013 Helper plasmid, ColE1 replicon, Tra; Kmr 18
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reverse-phase thin-layer chromatography, developed with methanol-water (60:
40, vol/vol), and revealed by the indicator organisms, Chromobacterium viola-
ceum mutant CV026 (38) for BHL and Agrobacterium tumefaciens (traG-lacZ)
(13) for OdDHL. By comparison with known amounts of BHL and OdDHL
standards, we estimated that P. aeruginosa wild-type strain PAO1 and the anr
mutant PAO6261 produced about 5 mM BHL and 2 mM OdDHL. The rhlR
mutant strain PAO6293 showed about 2 mM each BHL and OdDHL. Strains
PAO6330 and PAOJP1 were defective for the production of OdDHL and pro-
duced eight times less BHL than did the wild type. Strain PAOJP2 was com-
pletely defective for both autoinducers, while the rhlR strain PAO6351 produced
only 2 mM BHL. The introduction of plasmid pME3840, which contains the rhlR
gene and almost the whole rhlI gene, resulted in the production of 2 mM BHL in
P. fluorescens strain CHA0; without this plasmid, neither BHL nor OdDHL was
detectable.

Nucleotide sequence accession number. The sequence of the complete
hcnABC cluster of P. aeruginosa is available under GenBank accession number
AF208523 and at http://www.pseudomonas.com.

RESULTS

Relative importance of ANR, LasR, and RhlR for cyanogen-
esis in P. aeruginosa. To assess quantitatively the contribution
of each of the transcriptional regulators, we measured HCN
formation in mildly oxygen limited P. aeruginosa cultures grow-
ing in MMC. In the wild-type strain PAO1, HCN production
strongly depended on cell density (Fig. 1). Both an anr and an
rhlR mutant excreted about six times less HCN than did the
wild type, at 109 cells per ml (corresponding to an OD600 of
1.0) (Fig. 1). A lasR mutant did not produce any detectable
quantities of HCN (data not shown). These results demon-
strate that LasR is absolutely required for cyanogenesis and
suggest that LasR, RhlR, and ANR do not act independently
of each other.

Identification and characterization of the P. aeruginosa
hcnABC genes. We used the hcnABC genes of P. fluorescens
CHA0 (34) as a probe for Southern hybridization analysis to
detect the homologous genes with their promoter in P. aerugi-
nosa PAO1. A chromosomal 6.6-kb BamHI fragment of strain
PAO1 gave a hybridization signal and was inserted into the
broad-host-range vector pBBR1MCS, resulting in pME3326.
Subcloning of a 4.25-kb SalI-XbaI fragment (Fig. 2A) into the
same vector produced pME3333, which complemented the
HCN-negative mutant PAO2324 for HCN production, as de-

termined by a qualitative test. The nucleotide sequence of this
fragment revealed three open reading frames showing 77%
identity with the hcnABC genes of P. fluorescens CHA0. The
order of the hcn genes and their organization as a putative
operon are conserved in both Pseudomonas species. The de-
duced amino acid sequences of the HcnA, HcnB, and HcnC
polypeptides of P. aeruginosa show 69, 70, and 76% identity,
respectively, with the corresponding gene products of P. fluo-
rescens. In particular, the [2Fe-2S] motif in HcnA and the
dehydrogenase motifs in HcnB and HcnC were conserved. By
contrast, the promoter region upstream of hcnA in P. aerugi-
nosa (Fig. 2B) diverges from the hcnA promoter of P. fluore-
scens (34), showing only 40% identity on a stretch of 210
nucleotides. This suggests that there may be differences in the
regulatory mechanisms that control hcn expression in these
two species.

Inactivation of the chromosomal hcnABC genes of P. aerugi-
nosa by deletion resulted in an HCN-negative phenotype (data
not shown), confirming the function of these genes. A trans-
lational hcnA9-9lacZ fusion (Fig. 2C) was introduced by gene
replacement into the chromosome of the wild type and the anr,
lasR, and rhlR mutants. b-Galactosidase activities measured in
the resulting PAO derivatives (Fig. 3) closely paralleled HCN
levels (Fig. 1), confirming the regulatory roles of the three
transcription activators in cyanogenesis.

Mapping and characterization of the P. aeruginosa hcnA
promoter region. The region upstream of hcnA was mapped by
primer extension using primer PE, which anneals to positions
165 to 136 relative to the translational start (Fig. 2B). Total
RNA was extracted from P. aeruginosa wild-type strain PAO1
grown in MMC under mild oxygen limitation to different cell
densities (Fig. 4, lanes 1 and 2). Two hcn transcripts were
found (Fig. 4), suggesting two transcriptional start sites, T1 and
T2 (Fig. 2B). At high cell density, the upstream T1 transcript,
which mapped to nucleotide 259 (relative to the hcnA start
codon), was more abundant than was the downstream T2 tran-
script starting at nucleotide 230, whereas at low cell density
the opposite transcript abundance was observed (Fig. 4). This
suggests that quorum-sensing control might be particularly im-
portant for transcription from start site T1. In agreement with
this interpretation, RNA isolated from the rhlR mutant
PDO111 gave only the downstream T2 transcript (Fig. 4, lane
5). No attempt was made to map transcripts in a lasR mutant
because in this background hcn gene expression was extremely
low (Fig. 3). When RNA was extracted from the wild-type
strain PAO1 grown under anaerobic conditions, only the
downstream T2 transcript was detectable (Fig. 4, lane 3). Fur-
thermore, this transcript was absent from the anr mutant
PAO6261 (Fig. 4, lane 4). These data suggest that transcription
starting at T2 is basically under the control of the anaerobic
regulator ANR.

A potential ANR/FNR box (CTGTC. . . .ATCAA) was
found centered at 242.5 bp from the transcriptional start site
T2 (Fig. 2B). As shown below, this box is functional although
it deviates in the left half-site from the ANR/FNR consensus
box (TTGAT. . . .ATCAA) (53, 58). The right ANR half-site
overlaps with the 210 sequence of the upstream promoter.
Centered at 242.5 bp from the start site T1 of this promoter,
there is a palindromic sequence resembling the Vibrio fischeri
lux box (17, 21). This potential lux box (designated a in Fig. 2B)
is very similar to the quorum-sensing-controlled operators of
the P. aeruginosa rhlI, lasB, rhlA, and phzA promoters (1, 42,
43, 48, 56). An alignment (Fig. 5) shows that 13 out of 16
conserved nucleotides in a P. aeruginosa consensus lux box are
also present in box a, which therefore could be recognized by
LasR and/or RhlR. The postulated lux and ANR boxes in the

FIG. 1. Cell density-dependent HCN production in P. aeruginosa. The wild
type PAO1 (h), the anr mutant PAO6261 (E), and the rhlR mutant PDO111 (‚)
were grown with oxygen limitation in 40 ml of MMC at 37°C. HCN was measured
as described in Materials and Methods. Each point is the mean of three inde-
pendent experiments.
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hcn promoter both had a canonical distance of 42.5 bp from
the respective transcription start sites, T1 and T2 (17, 53, 58).
Interestingly, there is a second, less conserved lux box-like
sequence (designated b in Fig. 2B) 108 bp upstream of lux box
a (Fig. 5).

To confirm the function of the two promoters, P1 and P2,

corresponding to the transcriptional starts T1 and T2, respec-
tively, we constructed two transcriptional lacZ fusions. To this
end, both promoters were fused precisely at their 11 transcrip-
tion start sites to the lacZ reporter gene (Fig. 2D). The b-ga-
lactosidase activities of the resulting plasmids pME3850.1 and
pME3850.2 were measured in P. aeruginosa wild type and in
anr, rhlR, and lasRI mutants grown in MMC with mild oxygen
limitation (Table 2). Plasmid pME3850.1, which contains only
the quorum-sensing-dependent promoter P1, depended on
RhlR and LasR for expression, whereas the presence or ab-
sence of ANR did not influence the activity significantly (Table
2). Plasmid pME3850.2, which contains both promoters,
showed higher b-galactosidase activity and a clear dependence
on ANR, LasR, and RhlR (Table 2). The impact of ANR
appears to be greater on the translational hcnA9-9lacZ fusion
(Fig. 3) than on the transcriptional hcn (P2)-lacZ fusion (Table
2), for unknown reasons. Under the conditions chosen (ca. 109

cells/ml), the promoter activity of P1 was slightly stronger than
that of P2 (Table 2).

Mutational analysis of the hcnA promoter region. To ex-
plore further the role of the potential operator sequences
associated with the hcnA promoter, we used a translational
hcnA9-9lacZ reporter with the entire upstream region (in
pME3826) (Fig. 6). Progressive deletions removed the up-
stream lux box b and neighboring sequences (in pME3837 and
pME3832) and then the downstream lux box a (in pME3835).
The ANR box was not deleted, as this would also have abol-
ished the 210 sequence of the promoter P1. All constructs
were assayed in the wild type and in the anr, rhlR, and lasRI
mutants at a uniform cell density (109 cells/ml) under mild
oxygen limitation. None of the constructs was active in the

FIG. 2. The hcnABC cluster, its promoter region, and lacZ constructs. (A) The hcnABC biosynthetic genes (indicated by arrows) were cloned on a 4.25-kb SalI/XbaI
fragment into pBRR1MCS, giving pME3333. (B) The hcnA promoter region (indicated by s in panel A) was mapped as shown in Fig. 4. Numbering is relative to the
hcnA ATG start codon. The transcriptional start sites T1 and T2 are indicated by arrows. The putative translation initiation codon (deduced by comparison with the
HcnA polypeptide of P. fluorescens [34]) and the potential ribosome binding site (S/D) are underlined. Double underlining indicates the 210 promoter regions. The
ANR box and the palindromic lux boxes a and b (Fig. 5) are indicated in boldface. The primer (PE) used in the primer extension experiment (Fig. 4) is indicated by
an arrow above the sequence. The insertion of an SphI restriction site in plasmid pME3852 (Fig. 6) is indicated by an inverted triangle. (C) A translational hcnA9-9lacZ
fusion was integrated into the chromosome of the wild type and various mutants (Fig. 3) via homologous recombination. (D) PCR-amplified fragments, containing 130
bp upstream of T1 or 159 bp upstream of T2, were fused to the promoterless lacZ gene of pME6522, resulting in two transcriptional fusions, pME3850.1 and
pME3850.2, respectively. The EcoRI site used was created by PCR.

FIG. 3. Cell density-dependent expression of a translational hcnA9-9lacZ fu-
sion in P. aeruginosa. Cultures of PAO6289 (h), the anr mutant PAO6290 (E),
the rhlR mutant PAO6293 (‚), and the lasR mutant PAO6326 (■) were grown
with oxygen limitation in 40 ml of MMC at 37°C. Each b-galactosidase measure-
ment is the mean of three independent experiments.
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lasRI background (Fig. 6), confirming the essential role of
the las system. Deletion of the lux box a or introduction of
two point mutations into this box at conserved nucleotides
(pME3844 [Fig. 5]) also prevented expression completely (Fig.
6). This indicated that lux box a is required for the functioning
of both promoters and that ANR alone is insufficient to acti-
vate the promoter via its (imperfect) ANR box. The region
lying upstream of lux box a enhanced expression about three-
fold; part of this effect could be due to the poorly conserved
lux box b (Fig. 6). In the anr mutant PAO6261, constructs
pME3826, pME3837, and pME3832 were expressed at levels
about fivefold below the levels in the wild type, indicating that
ANR acts as a downstream activator at the ANR box (Fig. 6).
In the rhlR mutant PDO111, expression of the same constructs
was 7 to 17 times lower than in the wild type PAO1 but above
the background levels in the lasRI mutant PAO6330 (Fig. 6).
These data indicate that LasR, together with either RhlR or
ANR, can provide some expression, but that a synergy between
all three regulators is necessary for maximal expression. Spac-
ing between the lux box and the ANR box could be altered by
a 6-bp insertion (in pME3852), without significant effects on

expression (Fig. 6). In conclusion, the data in Table 2 and Fig.
4 and 6 show that quorum-sensing control operates on pro-
moter P1 and, when boosted by ANR and low oxygen avail-
ability, also on promoter P2.

Both LasR and RhlR individually can activate the hcnA
promoter. The lasI rhlI double mutant PAOJP2 expressed an
hcnA9-9lacZ fusion poorly. Addition of both OdDHL and BHL
restored b-galactosidase activity to near the wild-type level,
whereas each autoinducer added singly had a smaller effect
(Table 3), confirming the data of Whiteley et al. (56) obtained
with an hcnB-lacZ fusion. Since LasR/OdDHL activates the
expression of the rhlR and rhlI genes (32, 44) in the quorum-
sensing cascade, the effect of OdDHL in strain PAOJP2
might have been indirect. Therefore, a lasI rhlR double mu-
tant (PAO6351) was constructed. In this mutant, addition of
OdDHL stimulated hcnA9-9lacZ expression about fivefold (Ta-
ble 3). To confirm that LasR/OdDHL and RhlR/BHL can
individually activate the hcnA promoters, we used P. fluore-
scens strain CHA0 as a heterologous host which does not syn-
thesize N-acyl-homoserine lactones (6). (E. coli DH5a proved
unsuitable for this experiment because the hcnA promoter was
not expressed in this background.) In strain CHA0, the P.
aeruginosa hcnA9-9lacZ fusion carried by pME3837 (Fig. 6) was
expressed at a basal level (103 Miller units [Table 4]). Intro-
duction of the P. aeruginosa rhlRI genes on pME3840 en-
hanced expression fourfold (Table 4). The production of BHL

FIG. 4. Primer extension analysis of the 59 end of the hcnABC transcripts.
The 59-end-labeled oligonucleotide PE (Fig. 2B) was used as described in Ma-
terials and Methods. Lanes 1 and 2 show the extension products obtained with
RNA from P. aeruginosa PAO1 grown semianaerobically to OD600 of 2.3 and 0.4,
respectively, under the same conditions as for Fig. 1 and 3. Lane 3 contains the
extension product of the hcn transcript from PAO1 grown to an OD600 of 0.9
under anaerobic conditions (in 60 ml of MMC; tightly closed 125-ml bottles).
Lanes 4 and 5 show transcriptional start sites obtained with RNA from an anr
mutant (PAO6261) and an rhlR mutant (PDO111), respectively, grown semi-
anaerobically to an OD600 of 0.9. In lanes A, G, C, and T, the sequencing ladders
obtained with the unlabeled oligonucleotide PE were run in parallel. Because of
the 59 phosphate, the primer extension products move 0.5 nucleotide ahead of
the corresponding band in the ladder.

FIG. 5. Alignment of the lux boxes found in the hcnABC promoter region
with other lux boxes of P. aeruginosa. The sequences shown are found in the
promoters of four autoinducible genes, rhlI (42), lasB (48), rhlA (43), and phzA
(GenBank accession number AF005404). A similar palindromic (34) consen-
sus sequence has been proposed previously by Whiteley et al. (56). Highly
conserved nucleotides (six out of seven) are boxed, and less conserved nucleo-
tides (five out of seven) are indicated in boldface. Two nucleotides that were
mutated in the hcnA9 a lux box of pME3844 are shown in ovals.

TABLE 2. b-Galactosidase activities of two transcriptional hcnA-
lacZ fusions constructed at T1 and T2 in P. aeruginosa

wild type and regulatory mutantsa

Strain (genotype)

b-Galactosidase activity (Miller units)

pME3850.1
(P1)

pME3850.2
(P11P2)

PAO1 (wild type) 2,299 6 259 3,971 6 183
PAO6261 (anr) 1,887 6 80 2,721 6 111
PDO111 (rhlR) 186 6 32 281 6 4
PAO6330 (lasRI) 99 6 1 98 6 1

a Strains were grown in 40 ml of MMC in 100-ml Erlenmeyer flasks at 37°C
with shaking to an OD600 of 1.0 and 1.2. b-Galactosidase activities were deter-
mined in triplicate; means 6 standard deviations of three independent experi-
ments are given. The hcnA-lacZ transcriptional fusion constructs are shown in
Fig. 2D.
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(and N-hexanoyl-homoserine lactone) by strain CHA0 con-
taining pME3837 and pME3840 was verified by a bioassay (see
Materials and Methods); in the vector control (CHA0 harbor-
ing pME6001 instead of pME3840), no BHL was detected.
Introduction of the P. aeruginosa lasR gene on pME3827 into
P. fluorescens CHA0/pME3837 also enhanced hcnA9-9lacZ ex-
pression fourfold, provided that 50 nM OdDHL was added to
the culture medium (Table 4). When the crucial lux box a was
mutated at two positions (pME3844 [Fig. 6]), hcnA9-9lacZ ex-
pression was stimulated by neither LasR/OdDHL nor RhlR/
BHL in P. fluorescens (Table 4). Attempts to introduce both
LasR and RhlR into P. fluorescens were unsuccessful. Never-
theless, the data presented in Table 4 show that LasR/OdDHL
alone or RhlR/BHL alone can activate the hcn promoter to
some extent.

DISCUSSION

Early physiological experiments on HCN formation in P.
aeruginosa, which showed that both the growth phase and re-

duced oxygen levels are important for induction (9, 11, 12), can
now be explained in the light of this study on the hcn promoter.
With increasing cell density, expression of the quorum-sensing
regulators LasR and RhlR increases as does the concentration
of OdDHL and BHL (32, 44, 45). As a consequence, transcrip-
tion from start site T1 is enhanced in parallel (Fig. 4), presum-
ably because both LasR/OdDHL and RhlR/BHL can bind to
lux box a. Although each regulator alone can achieve partial
activation of this promoter (Table 4), the combined action of
both regulators is more effective (Table 3); for this reason, our
model (Fig. 7) pictures a hypothetical RhlR-LasR hetero-
dimer. The RhlR-LasR order shown is arbitrary; the opposite
order could also be true. Expression of elastase in P. aeruginosa
shows a similar dependence on LasR and RhlR, whereas the
expression of rhamnolipid biosynthetic genes is regulated
tightly by RhlR alone (7). In the hcn promoter, lux box a is
centered at 242.5 bp relative to the transcription start T1.
As noted previously for LuxR in V. fischeri, a 42.5-bp spacing
between the center of the lux box and the transcription

FIG. 6. Effects of deletions and site-directed mutations on hcnA promoter activity. b-Galactosidase activities were determined in P. aeruginosa wild type PAO1 and
in mutants PDO111 (rhlR), PAO6330 (lasRI), and PAO6261 (anr) containing the hcnA9-9lacZ fusion plasmids shown. Cells were grown in 40 ml of MMC with mild
oxygen limitation to an OD600 of 1.0 to 1.3. Restriction sites introduced artificially are indicated by p. The mutated lux box a of pME3844 is indicated by two
nucleotides mutated (T, A), and the hcnA gene is shown in gray. b-Galactosidase activity is provided along with the standard deviation (mean of three
independent experiments).

TABLE 3. Effects of added autoinducers OdDHL and BHL on a translational hcnA9-9lacZ fusion (pME3823) in
P. aeruginosa wild type and regulatory mutantsa

Strain (genotype)
b-Galactosidase activity (Miller units)

No addition 1BHL 1OdDHL 1BHL 1OdDHL

PAO1/pME3823 (wild type) 3,022 6 112 ND ND ND
PAOJP2/pME3823 (rhlI lasI) 24 6 6 400 6 13 455 6 4 2,197 6 22
PAO6351/pME3823 (lasI rhlR) 112 6 1 123 6 8 581 6 70 766 6 76

a The activity of an hcnA9-9lacZ translational fusion construct (pME3823) was determined when cells grown in 40 ml of MMC (in 100-ml Erlenmeyer flasks) at 37°C
with shaking reached an OD600 of 1.0 to 1.2. BHL was dissolved in 15% acetonitrile and added at a concentration of 10 mM; OdDHL was dissolved in 50% acetonitrile
and added at a concentration of 10 mM. b-Galactosidase activities were determined in three independent experiments; means 6 standard deviations are given. ND,
not determined.
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start site (17) is characteristic of ambidextrous transcriptional
activators, such as CRP (cyclic AMP receptor protein) and
FNR, which interact with the C-terminal domain of the a
subunits of RNA polymerase and with s70 (4, 46).

At low oxygen levels, the ANR protein provides additional
hcn expression, by activating transcription from start site T2
(Fig. 4 and 6). The ANR protein itself appears to be expressed
constitutively in P. aeruginosa (50). Interestingly, the function
of promoter P2 was strictly dependent on the quorum-sensing
machinery. As shown by pME3835, which lacks lux box a, and
pME3844, which has a mutant variant of this lux box, ANR
alone does not promote hcn transcription under mild oxygen
limitation (Fig. 6). Even under severe oxygen limitation, no
significant expression was observed with these constructs (data
not shown). The reason for ANR not acting as an independent
activator probably lies in the poorly conserved left half-site of
the ANR box. The tandem arrangement of the lux and ANR
boxes spaced 29 bp apart (Fig. 7) allows synergistic promoter
activation by LasR, RhlR, and ANR (Fig. 6; Table 2). An
analogous situation has been studied extensively by Belyaeva et
al., who showed that E. coli promoters carrying tandem recog-
nition sites for CRP at 241.5 and 271.5 bp are synergistically
activated by CRP (4). The spacing between the sites can be
increased with relatively minor consequences for promoter

strength, suggesting a remarkable flexibility of the interactions
between CRP and the subunits of RNA polymerase. It is there-
fore not surprising that a 6-bp insertion between the lux box
and the ANR box affected hcn expression very little (Fig. 6).
Because CRP, FNR, ANR, LuxR, LasR, and RhlR all have
similar spacing requirements for their recognition sites, we
have modeled the hcn promoter P2 (Fig. 7) after the tandem
CRP promoter (274.5/241.5) (4). Binding of ANR to the hcn
promoter not only activates transcription from T2 but also
represses that from T1 (Fig. 6). The promoter region upstream
of lux box a enhances hcn expression about threefold (Fig. 6).
This region contains a second, suboptimal lux box (b) (Fig. 2B
and 5), which could account for part of the enhancing effect.
Although we did not investigate this in detail, we wish to point
out the resemblance to the lasB promoter of P. aeruginosa,
where two LasR recognition sites lying 60 bp apart synergisti-
cally enhance lasB promoter strength (1).

In P. aeruginosa, ANR is known to control anaerobic respi-
ration with nitrate or nitrite as the electron acceptor (2) and
the anaerobically inducible arginine deiminase pathway en-
coded by the arcDABC operon (62). It is interesting to com-
pare the role of ANR as an activator of the arc and hcn
promoters. At the arc promoter, ANR and the ANR box (lo-
cated at 241.5 bp from the transcriptional start site) are suf-
ficient to give strong anaerobic activation (25, 58). In the pres-
ence of arginine, the ArgR regulatory protein boosts the
expression of the arc promoter by binding to the 270 region
(35). Without ANR, ArgR does not activate this promoter
(35). At the hcn promoter, by contrast, it is ANR that has an
auxiliary role and the regulators (LasR and RhlR) binding to
the upstream region can function autonomously.

In P. fluorescens CHA0, cyanogenesis also depends on ANR
(34) and on cell density (6). However, in this organism the hcn
promoter does not contain any lux box, and deletion of the
region upstream of the ANR box does not affect hcn expres-
sion (5a). Furthermore, P. fluorescens CHA0 does not appear
to produce N-acyl-homoserine lactones, although heterologous
expression of the P. aeruginosa rhlI gene results in the synthesis
of BHL by this strain (Table 4). A posttranscriptional mecha-
nism of quorum-sensing regulation has been proposed for
P. fluorescens CHA0 (6). Whether such a mechanism is con-
served in P. aeruginosa remains to be seen. We find it striking
that HCN production in one fluorescent pseudomonad, P. aeru-
ginosa PAO, depends on the complex interactions between the
las and the rhl systems, whereas in a closely related species,
P. fluorescens CHA0, cyanogenesis can do without.
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