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ABSTRACT

The opportunistic pathogen Pseudomonas aeruginosa uses quorum-sensing systems to regulate collective behaviour in
response to the environment, by linking the expression of particular genes to population density. The quorum-sensing
transcription factors LasR and RhlR and their cognate N-acyl-homoserine lactone (HSL) signals N-3-oxo-dodecanoyl-L-HSL
(3OC12-HSL) and N-butanoyl-L-HSL (C4-HSL) control the expression of several hundred genes, which include those involved
in virulence and biofilm formation. Here, we have focused on regulation of the expression of the putative virulence factor
gene, rahU. We show that the intact las-rhl box immediately upstream of the −35 promoter element is needed for rahU
expression in P. aeruginosa. Using β-galactosidase assays and quantification of the mRNA levels for rahU, lasR and rhlR, we
provide evidence that for rahU promoter activity, 3OC12-HSL-LasR is not sufficient, and instead C4-HSL-RhlR is the trigger.
Furthermore, surface plasmon resonance analysis revealed that RahU binds the biosurfactant rhamnolipids. Thus, this is
the first report of a bacterial molecule that interacts with RahU.
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic pathogen that co-
ordinates gene expression of an array of virulence factors and
secondary metabolites through the quorum-sensing response
(Wagner et al. 2003). The diffusible signals involved at high cell
densities areN-3-oxo-dodecanoyl-L-homoserine lactone (3OC12-

HSL), which is produced by the synthetase LasI, andN-butanoyl-
L-homoserine lactone (C4-HSL), which is produced by the syn-
thetase activity of RhlI (Passador et al. 1993; Ochsner and Reiser
1995). The global transcriptional regulators LasR and RhlR serve
as the signal receptors for 3OC12-HSL and C4-HSL, respectively
(Fuqua, Parsek and Greenberg 2001). LasR can bind to spe-
cific DNA sequences only when coupled to 3OC12-HSL, and
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depending on C4-HSL binding to RhlR, this complex can acti-
vate or repress the expression of target genes (Medina et al.
2003; Schuster, Urbanowski and Greenberg 2004). These two net-
works are hierarchically organized, as the lasRI system can con-
trol the expression of rhlRI, and these are interconnected with
other regulatory pathways (Williams and Cámara 2009). Further-
more, the 3OC12-HSL signal shows post-translational control of
RhlR through its competition with C4-HSL for binding to RhlR,
which provokes dissociation and inactivation of the homodimer
(Pesci et al. 1997; Ventre et al. 2003).

Overall, more than 300 P. aeruginosa promoters are responsive
to las, rhl or las/rhl (Wagner et al. 2003; Schuster and Greenberg
2007). The promoter-specific determinants (i.e. las-rhl boxes) rec-
ognized by 3OC12-HSL-LasR and C4-HSL-RhlR are not clearly
understood (González-Valdez et al. 2014). For instance, las/rhl-
responsive promoters frequently harbour only one target site,
which indicates that both of these transcription factors can bind
to the same promoter nucleotide sequence (Gilbert et al. 2009).
Among quorum-sensing-regulated genes, there is also the con-
served putative virulence factor gene rahU (PA0122) (Wagner et al.
2003). RahU belongs to the aegerolysin protein family (Pfam
06355, InterPro IPR009413), which contains over 300 members
of small (∼15 kDa) β-structured proteins that are found in sev-
eral eukaryotic and bacterial taxa (Berne, Lah and Sepcić 2009;
Novak et al. 2015). Aegerolysin from oyster mushroom has been
shown to target sphingomyelin/cholesterolmembrane domains,
and when combined with a membrane attack complex/perforin
(MACPF)-like protein, the resulting pore-forming complex can
damage cell membranes (Ota et al. 2013). The putative MACPF-
like partner of RahU has not been identified. It has been sug-
gested that the RahU proteinmodulates P. aeruginosa biofilm for-
mation, and that by binding oxidized low-density lipoprotein or
lysophosphatidylcholine (lysoPC), this 15-kDa protein can sense
the host innate immunity (Rao et al. 2011a,b). Transcriptome
analysis has indicated that rahU is substantially activated by
3OC12-HSL alone, while for full promoter activation, the C4-HSL
signal is also required (Schuster et al. 2003). Using the chromatin
immunoprecipitation in conjunctionwith DNAmicroarray anal-
ysis, LasRwas shown to interact at position−52 to−37 relative to
the rahU transcription start site (Gilbert et al. 2009; Wurtzel et al.
2012), which makes it likely that LasR makes contact with RNA
polymerase (Browning and Busby 2004). However, independent
evidence for direct rahU promoter (prahU) regulation by LasR is
not available.

In the present study, we undertook a systematic analysis of
P. aeruginosa PA01 prahU induction. We show here that the in-
tact las-rhl target site centred at position −44.5 relative to the
transcription start site is absolutely required for activation of
prahU. Our data show that 3OC12-HSL-LasR is insufficient to acti-
vate rahU expression. In contrast, sufficient rhlR expression and
the presence of its cognate signal C4-HSL can trigger prahU. As
C4-HSL-RhlR also promotes the expression of genes required
for the synthesis of L-rhamnose-containing glycolipids, which
are also known as rhamnolipids (Medina et al. 2003; Aguirre-
Ramı́rez et al. 2012), and as the aegerolysin family proteins target
organism-specific lipids, we investigated the RahU–rhamnolipid
interaction using surface plasmon resonance analysis. These
data show that RahU is a rhamnolipid-binding protein.

MATERIALS AND METHODS
Bacterial strains and plasmids

The bacterial strains, plasmids and oligonucleotide primers
used in this study are given in Table 1. The detailed information

on the cloning protocols, expression and purification of recom-
binant aegerolysins, fluorescencemicroscopy analysis, and RNA
extraction and quantitative polymerase chain reaction (PCR) is
provided in the Data S1–S5 (Supporting Information).

β-Galactosidase assay and manipulation of the
acyl-HSL concentrations in the growth media

To assay the activity of prahU, the pLP170 plasmid harbouring
either the wild-type promoter fragment or its promoter vari-
ant with two nucleotides changed in the LasR/RhlR operator
were transformed into P. aeruginosa PAO1 wild-type and its mu-
tant strains: PAO1 �lasR, PAO1 �rhlR, PAO1 �lasR�rhlR and PAO1
�lasI�rhlI (MW1 strain) (see Table 1), as previously described
(Sinclair and Morgan 1978). To measure the promoter activity,
40mL LBmedium containing 50mMMOPS, pH 7 (LB-MOPS) sup-
plemented with carbenicillin (300 μg mL−1), and 2 μM 3OC12-
HSL and/or 10 μM C4-HSL in the case of MW1 strain were inoc-
ulated for the overnight cultures at an optical density at 600nm
(OD600) of 0.05. The cells were grown aerobically in 250-mL flasks
at 37◦C, with shaking at 190 rpm. To remove and substitute acyl-
HSL in the growth medium, the cells were removed from the
medium by centrifugation (2000 × g, 5 min, room temperature),
washed with sterile 0.9% NaCl and resuspended in fresh growth
medium with the selected acyl-HSL. The cultures were sampled
(1 mL) throughout the growth phase, and then the cells were
pelleted by centrifugation, frozen in liquid nitrogen and stored
at −80◦C. After thawing, the cells were lysed and assayed for β-
galactosidase activity, as reported previously (Miller 1972). The
β-galactosidase activities aremeans± standard deviation (SD) of
at least three independent experiments. Representative growth
curves are presented.

Surface plasmon resonance

We studied the interactions of immobilized recombi-
nant aegerolysins from P. aeruginosa (RahU), Vibrio cholerae
and Clostridium bifermentans (cbm17.1) as ligands with
mixtures of monorhamnolipids and dirhamnolipids (Sigma-
Aldrich, L510025), 90% pure monorhamnolipids (Sigma-
Aldrich, L511218), (C:16) 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (lysoPC) (Avanti Polar Lipids, 855675), C4–HSL
(Santa Cruz Biotechnology, 205402), 3OC12–HSL (Sigma-Aldrich,
O9139) and mono/di/trisaccharides as analytes. Recombinant
RahU and the aegerolysins from V. cholerae and C. bifermentans
(cbm17.1) were immobilized by amine coupling on CM5 sensor
chips (Series S; GE Healthcare) using a Biacore T100 instrument
(GE Healthcare). The surface of reference and the ligand ffiow
cells were initially activated according to the coupling procedure
recommended by the manufacturer, which uses a 1:1 mixture
of 0.4 M 1-ethyl-3–(3-dimethylaminopropyl)-carbodiimide hy-
drochloride and 0.1 M N-hydroxysuccinimide. The ligands were
diluted into 10 mM sodium acetate buffer, at pH 4.5, 5.0 and 5.5
for RahU, aegerolysin from V. cholerae and cbm17.1, respectively.
The ligands were then separately immobilized to saturate the
second flow cell, and each ligand was immobilized on its own
flow cell. We used filtered phosphate-buffered saline (20 mM
Na2HPO4/NaH2PO4, 140 mM NaCl, pH 7.2) as running buffer, at a
flow rate of 10 μL min−1. The ligand immobilization levels of the
aegerolysins from P. aeruginosa (RahU), V. cholerae and C. bifer-
mentans (cbm17.1) were 1500 resonance units (RU), 850 RU and
1150 RU, respectively. After immobilization, both of the ffiow
cells were blocked with a 7-min pulse of 1.0 M ethanolamine.
The interactions with rhamnolipids, (C:16) lysoPC, C4-HSL
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Table 1. Bacterial strains, plasmids and oligonucleotide primers used in this study.

Strain, plasmid or primer Relevant property Reference or source

Strains Escherichia coli DH5α F− �80lacZ�M15 �(lacZYA-argF) U169 recA1 endA1 hsdR17
(rK−, mK+) phoA supE44 λ− thi-1 gyrA96 relA1

Novagen

E. coli BL21(DE3) pLysS F− dcm ompT hsdS(rB− mB−) gal λ(DE3) [pLysS CamR] Novagen
P. aeruginosa PAO1 Wild type Holloway, Krishnapillai and

Morgan (1979)
P. aeruginosa PAO1
�lasR

PAO1 derivative; �lasR::TcR Rahim et al. (2001)

P. aeruginosa PAO1
�rhlR

PAO1 derivative; �rhlR::GmR Rahim et al. (2001)

P. aeruginosa PAO1
�lasR �rhlR

PAO1 derivative; �lasR::TcR �rhlR::GmR Rahim et al. (2001)

P. aeruginosa MW1 PAO1 derivative; a lasI, rhlI mutant that does not synthesite
acyl-HSL signals

Whiteley, Lee and Greenberg
(1999)

Plasmids pCF430R Broad host-range vector, contains the araC-PBAD promoter
and the rhlR open reading frame

Gupta, Gobble and Schuster
(2009)

pET-21c(+) T7 expression vector Novagen (Merck, USA)
pET-21c(+).rahU pET-21c(+) derivative, contains rahU CDS region This study
pET-21c(+).Vc pET-21c(+) derivative, contains the aegerolysin CDS region

from V. cholerae
This study

pET-21c(+).cbm17.1 pET-21c(+) derivative, contains the cbm17.1 CDS region This study
pLP170 Promoterless lacZ transcriptional fusion vector; CbR;

capable of replicating in P. aeruginosa
Preston et al. (1997)

pLP170.prahU pLP170 derivative, contains the prahU region This study
pLP170.mprahU pLP170.prahU derivative with the two point mutations

(p–52C to A, p–51T to C) in las-rhl box
This study

pLP170.prahU-R pLP170.prahU derivative, contains the intact prahU region
and the araC-PBAD promoter-controlled rhlR open reading
frame

This study

pLP170.prahU.mCherry pLP170 derivative, contains the prahU region linked by a
30-nt linker to the gene for the mCherry reporter protein

This study

Primers rahUpromoter-f CCCCTCGAGGCCCTGCTCGATGCCCTGGA This study
(cloning) rahUpromoter-r CCCGGATCCCACCGTGCCGATGGATTTGG This study

rahU-f CCCCATATGGCATACGCAGAATGGATCGC This study
rahU-r CCCCTCGAGGGAGAAGCGGCCGAGGGTCA This study
Vc-f CCCCATATGGCCTATGCACAATGGGTAAC
Vc-r CCCCTCGAGAATTTTGGTCGTTTGAATGA
cbm17.1-f CCCCATATGAATAATAATTGTGAAGTTAA This study
cbm17.1-r CCCCTCGAGTGCCCATATTTTTGATACTT This study
egeroPAcherrP1 CCCGGATCCGGCAGCGAAGGCAAAAGCAGCGG This study

CAGCGGCGTGAGCAAGGGCGAGGAGGATAAC
egeroCHERP2 n GCGGGATCCTCACTTGTACAGCTCGTCCATGCC This study

QuickChange rahUpromoter s. CCCCGGCCGCCGCACACCAGATCTGGCA This study
mutagenesis rahUpromoter antis. TGCCAGATCTGGTGTGCGGCGGCCGGGG This study

Primers pLP170-r(1) CCCAAAGTTAAAATGCCGCGCCC This study
(sequencing) pLP170-r(2) CCCTGTAAAACGACGGCCAGTGA This study

qPCR 16S rRNA-F GGAGTACGGCCGCAAGGT Mahnič et al. (2012)
16S rRNA-probe /56–FAM/AAAACTCAAATGAATTGACG/MGB/ Mahnič et al. (2012)
16S rRNA-R CATGCTCCACCGCTTGTG Mahnič et al. (2012)
lasR-F ACCAGCCGGGAGAAGGAAG Modified from Cabrol et al.

(2003)
lasR-probe /56-FAM/CCGATGGCGCACCAC/36-TAMSp/ Cabrol et al. (2003)
lasR-R CCGATATCTCCCAACTGGTCTTG Cabrol et al. (2003)
rahU-F ACCCAGGGCAGCTTCGA This study
rahU-probe /56–FAM/TGCTACGACGGCAACACCAAGATGG/36-TAMSp/ This study
rahU-R GGGTCATCCCAGCTGAAGGT This study
rhlR-F AACGCGAGATCCTGCAATG Takaya et al. (2008)
rhlR-probe /56–FAM/TGAGCATCTCCGAGAGCACGGT/36-TAMSp/ Takaya et al. (2008)
rhlR-R GCGCGTCGAACTTCTTCTG Takaya et al. (2008)
rpoD-F CCTGCCGGAGGATATTTCC Modified from Belete, Lu and

Wozniak (2008)
rpoD-probe /56–FAM/ATCCGGAACAGGTGGAAGACATCATCC/36-TAMSp/ Belete, Lu and Wozniak (2008)
rpoD-R GATCCCCATGTCGTTGATCAT Belete, Lu and Wozniak (2008)



4 FEMS Microbiology Letters, 2015, Vol. 362, No. 10

Figure 1. RhlR, and not LasR, is sufficient to trigger the P. aeruginosa rahU promoter. (A) Schematic diagram of the prahU region. The previously proposed las-rhl box
(Gilbert et al. 2009; Wurtzel et al. 2012) identified in the intergenic region (standard font) between the PA0121 and the rahU gene (italic font) is highlighted in red.
(B) Sequence of the prahU region from −74 to +114 relative to the transcription start site (+1) (Wurtzel et al. 2012). The proposed Shine–Dalgarno sequence and the −35

and −10 hexamer elements are underlined and labelled. The base substitutions described in the text are indicated by the vertical arrows and highlighted in violet. The
rahU start codon is in bold type. (C) β-Galactosidase activities (solid lines) measured in P. aeruginosa PA01 wild-type carrying pLP170 containing either the wild-type
prahU region or the prahU region with the −52A and −51C mutations that abrogate LasR/RhlR binding (Table 1). The empty pLP170 vector was used as the negative
control. The rahU promoter activity measured in the P. aeruginosa PA01 wild-type, �rhlRmutant or in the �rhlRmutant carrying prahU-R were 9540 ± 1111, 404 ± 30 and

23 460 ± 630 arbitrary units, respectively. (D) β-Galactosidase activities (solid lines) measured in P. aeruginosa PA01 wild-type or its �lasR, �rhl or �rhlR �lasR variant
strains carrying pLP170 containing the wild-type prahU region (Table 1). (E) Restoration of the RhlR phenotype in the P. aeruginosa PA01 �rhlR �lasR strain. The �rhlR

�lasR mutant was supplied with the pLP170.prahU-R vector containing the wild-type prahU region derivative expressing rhlR from the pBAD promoter (prahU-R), and
was grown in the presence of 50 mM L-arabinose and 10 μM C4-HSL. The prahU activities in the wild-type or the �rhlR �lasR strain that contained either prahU or

prahU-R were measured when the cells reached the stationary phase of growth, after 8 h of inoculation. Dashed lines in (C–E) show OD600. Data are means ± SD of
three biological replicates.

and 3OC12-HSL were studied at a flow rate of 30 μL min−1 at
25◦C, using filtered 130 mM NaCl, 50 mM Tris, 50 μM EDTA, 1%
dimethyl sulfoxide, pH 7.4, as the running buffer. The interac-
tions with mono/di/trisaccharides were studied under the same
conditions in running buffer without dimethyl sulfoxide. The
carbohydrates were injected for 30 s, and the dissociation was
monitored for 15 s, while the binding of the lipids was followed
for 60 s, followed with a 30-s dissociation period. After each
injection, the surface was stabilized with 60 s of buffer flow, and
regeneration was not needed. The sensorgrams were double
corrected for the untreated surface ffiow-cell response and the
buffer response, and where indicated, the data were fitted to a
steady-state affinity model to obtain the equilibrium dissocia-
tion constant (KD), using the Biacore T100 Evaluation software
(GE Healthcare). Representative sensorgrams of triplicates are
shown.

RESULTS AND DISCUSSION
C4-HSL-RhlR activates the rahU promoter

To investigate the growth-phase-dependent activity of the prahU
and the importance of the las-rhl box upstream of the rahU gene,

we exploited the entire prahU region, which includes 350 bp
upstream and 57 bp downstream of the translation start site,
and also its derivative that carried the nucleotide substitutions
that disrupted two of the conserved nucleotides in the quorum-
sensing operator (Fig. 1A and B; Table 1). The fragments were
cloned into a broad host-range promoterless lacZ pLP170 plas-
mid (Preston et al. 1997). Measurements of β-galactosidase ac-
tivity in P. aeruginosa PA01 (Table 1) containing pLP170 carrying
either the wild-type prahU region (pLP170.prahU) or its deriva-
tives demonstrated the importance of the las-rhl operon for in-
duction of prahU. In agreement with previous studies (Wagner
et al. 2003; Schuster and Greenberg 2007; Rao et al. 2008), we con-
firmed here that prahU is strongly activated at the onset of the
stationary phase (Fig. 1C). Furthermore, prahUwas also activated
in biofilm P. aeruginosa cells carrying the reporter prahU–mCherry
transcriptional fusion vector (Fig. S1, Supporting Information).
Therefore, our data indicate that rahU expression during plank-
tonic and biofilm growth of P. aeruginosa is dependent on the
quorum-sensing circuitry.

To understand the interplay of the quorum-sensing factors
that affect rahU expression, we first modified the las-rhl box
at position −44.5 relative to the rahU transcription start site
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Figure 2. Signal manipulation confirms that rahU promoter activity is dependent on C4-HSL-RhlR. (A) β-Galactosidase activities (solid lines) of the signal-generation
mutant P. aeruginosa MW1 carrying pLP170 with a prahU-lacZ transcriptional fusion vector (Table 1) grown in the absence (black squares) and presence of either 2
μM 3OC12-HSL (blue triangles) or 10 μM C4-HSL (red circles), or in the presence of both 2 μM 3OC12-HSL and 10 μM C4-HSL (inverted cyan triangles). Arrows in (B)
in representative colours indicate time of centrifugation for each condition, for removal of indicated acyl-HSLs from the growth media, and suspension of cells in
acyl-HSL-free or in C4-HSL-rich or in OC12-HSL medium. Arrow in (C) indicates the time of substitution or removal of 10 μM C4-HSL and re-addition of HSLs, according
to the representative colours. Dashed lines show OD600. Data are means ± SD of three biological replicates.

(Schuster et al. 2003; Wurtzel et al. 2012). The introduction of two
point mutations into the las-rhl box conserved region (i.e. p-52C
to A; p-51T to C; Fig. 1A–C) prevented prahU activation, which
suggested that this region that is located immediately upstream
of the −35 promoter element is essential for correct promoter
function through the direct binding of either LasR or RhlR, or of
both of these transcription factors.

To determine the role of the quorum-sensing transcription
factors at prahU, we first assayed the promoter activity from the
prahU-lacZ reporter plasmid in derivatives of P. aeruginosa PAO1
deleted for either lasR or rhlR, or for both of these genes (Table 1).
Fig. 1D illustrates that negligible difference in the promoter ac-
tivity was detected among the strains, in comparison to the con-
trol (i.e. the empty vector in the wild-type strain). In contrast to
the transcriptome analysis (Schuster et al. 2003), we observed de-
fective rahU expression in the rhlRmutant, which indicated that
3OC12-HSL-LasR and the system components under its control
are not sufficient for prahU induction (Fig. 1D). In addition, RhlR
complementation in the lasR, rhlR mutant strain fully restored
prahU activity (Fig. 1E).

To confirm the observation that members of the LasR regu-
lon cannot induce prahU in the absence of the subordinate rhl
system, we assayed prahU-lacZ fusion in P. aeruginosa MW1, as
a lasI and rhlI double mutant that does not produce diffusible
acyl-HSL (Table 1). We examined a series of removal and reposi-
tioning of the extracellular signals in a similar manner to that
used to study LasR activity in vivo (Sappington et al. 2011). In
the 3OC12-HSL-replete medium, the las system was induced in
P. aeruginosa MW1 (Schuster et al. 2003); however, prahU activa-
tion was minimal, which supported the view that 3OC12-HSL-
LasR alone cannot induce prahU activation. Furthermore, C4-HSL
alone was also not sufficient to induce prahU. Thus, these data
indicated that both of these signals are required to obtain the full
response (Fig. 2A). To obtain further insight into the regulation
of rahU expression, we took advantage of the reversible bind-
ing of 3OC12-HSL to LasR (Sappington et al. 2011). Pseudomonas
aeruginosa MW1 cells harbouring the prahU-lacZ reporter were
grown in either 3OC12-HSL or 3OC12-HSL plus C4-HSL medium
until the onset of the stationary phase of growth, when 3OC12-
HSL was either substituted with C4-HSL or these signals were
removed from themedium (Fig. 2B). In this way, a pool of signal-
free LasR was formed in the cells, which removed the LasR tran-

scriptional activation (Sappington et al. 2011). In both cases, 5
or 6 h after inoculation, when the cells were resuspended in
the signal-free medium, there was no increase in prahU activ-
ity. This indicated that the signals were efficiently removed from
the medium. In contrast, prahU induction was detected as a re-
sponse to the substitution of 3OC12-HSL with C4-HSL (Fig. 2B).
These data indicated that C4-HSL-RhlR was essential for prahU
induction, although we cannot exclude that the prahU activity is
coregulated by another transcription factor that is under direct
LasR/RhlR control. After the removal of the signals, prahU activa-
tion stopped (Fig. 2B). This indicated that C4-HSL binds reversibly
to RhlR, which was also shown previously to be the mechanism
of binding of the LasR protein and its cognate signal (Sapping-
ton et al. 2011). When the bacteria were growing at the onset of
the stationary phase in 3OC12-HSL medium and the growth me-
dia was exchanged for fresh 3OC12-HSL medium, no induction
of prahU was observed (Fig. 2B). Furthermore, when MW1 bac-
teria were grown in media supplemented with C4-HSL, or when
the HSL was removed or exchanged for 3OC12-HSL at the onset
of the stationary phase of growth, neither of the signals induced
prahU activity (Fig. 2C), which supports the activation of prahU
by C4-HSL-RhlR.

To gain further evidence in support of the view that C4-HSL is
the essential environmental signal for rahU expression, we used
quantitative PCR to quantify the relative levels of the lasR, rhlR
and rahU transcripts in P. aeruginosa MW1 grown in 3OC12-HSL
or C4-HSL medium, or in medium in which the 3OC12-HSL sig-
nal was substituted for C4-HSL. The levels of these transcripts
were determined at the time of inoculation, in the exponential
phase, and at the onset of the stationary phase of growth. In
agreement with the β-galactosidase data, transcription of rahU
was minimal throughout the bacterial growth in either 3OC12-
HSL or C4-HSL medium, and the rahU transcript level was high
when 3OC12-HSL was replaced with C4-HSL (Fig. 3B). During ex-
ponential growth and at the onset of the stationary phase of
growth, the lasR and rhlR transcripts were up to 3-fold more
expressed in 3OC12-HSL medium, when compared to the tran-
script levels for P. aeruginosa grown in C4-HSL medium (Fig. 3C
and D). Thus, our data suggest that 3OC12-HSL-LasR alone, and
also signal-free RhlR, cannot induce prahU activity (Fig. 3B and
D). It has also been reported that in the logarithmic phase of
growth, small amounts of rhlR transcript do not result in RhlR
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Figure 3. Quantitative PCR confirms that signal-bound RhlR, but not LasR, trig-
gers the rahU promoter. (A) Representative growth curves of P. aeruginosaMW1 in
media supplemented with either 2 μM 3OC12-HSL (blue) or 10 μM C4-HSL (red),

or inmedia where 3OC12-HSL was substituted with C4-HSL at onset of stationary
phase (arrow). (B–D) Relative copynumbers of rahU, rhlR and lasR transcripts (as
indicated) in P. aeruginosaMW1 at time of inoculation (0 h), in exponential phase
(5 h), and at onset of stationary phase of growth (8 h), as in (A). Data are means

± 95% confidence intervals of three biological replicates (Table S2, Supporting
Information).

synthesis (Schuster and Greenberg 2007). Hence, this might ex-
plain why the rahU transcript levels were not significantly in-
creased in the C4-HSL-rich medium although small amounts
of the rhlR transcripts were detected intracellularly. When the
3OC12-HSL signal was replaced with C4-HSL in the exponen-
tial growth phase, an approximately 4-fold increase in the rahU
transcript levels was detected 3 h later (Fig. 3B). Our data indi-
cated that both the rhlR transcript and C4-HSL at concentrations
above the threshold level were prerequisites for prahU induction,
which indicates that C4-HSL-RhlR is the ultimate trigger for rahU
transcription.

Aegerolysin RahU interacts with rhamnolipids

As the expression of genes involved in rhamnolipid biosynthe-
sis can also be activated by C4-HSL-RhlR (Medina et al. 2003;
Aguirre-Ramı́rez et al. 2012), and as RahU bound amphiphilic
lysoPC (Rao et al. 2008), we determined whether RahU was able
to bind rhamnolipids. Thus, surface plasmon resonance analy-
sis was carried out to determine the specific binding and the in-
teraction affinity between recombinant RahU and rhamnolipids.
The used recombinant RahU was more than 95% pure (Fig. S2,
Supporting Information). We injected different concentrations
of either monorhamnolipids or a mixture of monorhamnolipids
and dirhamnolipids, either with ß-hydroxyalkanoic acid tails
ranging from C:8 to C:14 that is also representative for rhamno-
lipids synthesized by P. aeruginosa (Abdel-Mawgoud, Lépine and
Déziel 2010), over RahU immobilized on the CM5 sensor chip.
These data showed that RahU interacts with monorhamno-
lipids, with a KD of 33.9± 1.4μM (Fig. 4). Monorhamnolipidswere
also applied over the V. cholerae and C. bifermentans (Cbm17.1)
chip- immobilized RahU orthologues, but no interactions were
detected (Fig. S3A, Supporting Information). Among these two
orthologues, the biological functionwas only determined for the
Cbm17.1 that is a part of the protein complex toxic to mosquito
larvae (Qureshi et al. 2014). Furthermore, (C:16) lysoPCwas exam-
ined for binding to immobilized aegerolysins. LysoPC interacted
with chip-immobilized RahU with a KD of 33.5 ± 4.7μM, which
is in agreement with a previous study (Rao et al. 2008) in which
(C:6) lysoPC was used (Fig. S3B, Supporting Information). In con-
trast, no lysoPC binding was detected for the other two ortho-
logues. In addition, RahU did not interact with C4-HSL, 3OC12-
HSL (Fig. S4A, Supporting Information), rhamnose and several
other carbohydrates, which were tested up to 1 mM (Fig. S4B,
Supporting Information). Here, these data show that RahU in-
teracts inμM range with P. aeruginosa-specific rhamnolipid bio-
surfactant molecules. Although our data show that this is a low-
affinity interaction, we believe that it is biologically significant,
for instance due to the observation that RahU protein synthe-
sis is induced at the onset of the stationary phase of growth
(Rao et al. 2008), when P. aeruginosa culture can produce approx-
imately 100μM of rhamnolipids (Mulligan, Mahmourides and
Gibbs 1989). In addition, the rahU mutant was shown to gener-
ate more biofilm in comparison to its isogenic variant (Rao et al.
2008) and as the P. aeruginosa surface attachment and the devel-
opment of biofilm structures is affected by rhamnolipids (Davey,
Caiazza and OÀTolle 2003), we predict that this process could be
modulated by RahU.

CONCLUSIONS

Our data demonstrate that RhlR coupled to C4-HSL activates
prahU. In addition, these data suggest that the signal binds re-
versibly to RhlR. Furthermore, we show that RahU is a novel
rhamnolipid-interacting protein. Thus, this study uncovers a
small molecule from P. aeruginosa that binds to aegerolysin
RahU, and provides a further contribution to the better under-
standing of the basic biology of these molecules, which can
also be used in biotechnology applications (Lang and Wull-
brandt 1999). The implications of this interaction relate to
modulation of the uptake of hydrophobic substrates, antimicro-
bial activity, motility or decreased biofilm formation by the op-
portunistic pathogen P. aeruginosa (Lang and Wullbrandt 1999;
Haba et al. 2003), thus lowering its virulence potential. In
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Figure 4. Surface plasmon resonance sensorgrams measuring the binding between rhamnolipids and aegerolysin RahU. The monorhamnolipid/ dirhamnolipid (m-
/diRL) mixture (A) or the 90% pure monorhamnolipids (mRL) (B) (concentration range, 1.56–200μM) were injected over the chip- immobilized 1500 RU of RahU for 60 s
at 30 μL min−1. Dissociation was followed for 30 s. (C) Determination of the equilibrium dissociation constant (KD) from the plot of the response as a function of the
monorhamnolipid concentration injected over RahU. The KD determined for the mRL–RhlR interaction was 33.9 ± 1.4μM. Data are means of three replicates.

addition, this study adds to the number of organism-specific
lipids that bind to aegerolysins, indicating interesting struc-
tural characteristics among the aegerolysins and their cognate
lipids.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSLE online.
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Abdel-Mawgoud AM, Lépine F, Déziel E. Rhamnolipids: diversity
of structures, microbial origins and roles. Appl Microbiol Biot
2010;86:1323–36.

Aguirre-Ramı́rez M, Medina G, González-Valdez A, et al. The
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