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ABSTRACT

Pseudomonas aeruginosa possesses at least three
well-defined quorum-sensing (QS) (las, rhl and pqs)
systems that control a variety of important functions
including virulence. RsaL is a QS repressor that re-
duces QS signal production and ensures homeosta-
sis by functioning in opposition to LasR. However,
its regulatory role in signal homeostasis remains elu-
sive. Here, we conducted a ChIP-seq assay and re-
vealed that RsaL bound to two new targets, the in-
tergenic regions of PA2228/PA2229 and pqsH/cdpR,
which are required for PQS synthesis. Deletion of
rsaL reduced transcription of pqsH and cdpR, thus
decreasing PQS signal production. The �rsaL strain
exhibited increased pyocyanin production and re-
duced biofilm formation, which are dependent on
CdpR or PqsH activity. In addition, we solved the
structure of the RsaL–DNA complex at a 2.4 Å res-
olution. Although the overall sequence similarity is
quite low, RsaL folds into a HTH-like structure, which
is conserved among many transcriptional regulators.
Complementation results of the rsaL knockout cells
with different rsaL mutants further confirmed the
critical role of the DNA-binding residues (including
Arg20, Gln27, Gln38, Gly35, Ser37 and Ser42) that
are essential for DNA binding. Our findings reveal
new targets of RsaL and provide insight into the de-
tailed characterization of the RsaL–DNA interaction.

INTRODUCTION

Bacteria use small diffusible molecules, also known as au-
toinducers, as signals for monitoring population density
and coordinating gene regulation via a process termed

quorum-sensing (QS) (1,2). Many Gram-negative bacte-
rial species, including several human and plant pathogens,
use acylated homoserine lactones (AHLs) as QS signal
molecules (3,4). AHLs are synthesized by LuxI-type syn-
thases and detected by LuxR-type regulators, which serve
as the signal receptors. Once AHL concentration reaches a
specific threshold, the LuxR–AHL complex binds to palin-
dromes within quorum-controlled promoters and activates
the expression of QS-dependent genes (1).

Pseudomonas aeruginosa is an opportunistic human
pathogen that can cause both acute and chronic infec-
tions in hospitalized and immunocompromised hosts. Pseu-
domonas aeruginosa frequently causes life-threatening in-
fections in cystic fibrosis patients; such infections are me-
diated by multiple QS-regulated virulence factors such as
protease, exotoxin, pyocyanin, and biofilms (5–7). Two well-
defined AHL QS systems, las and rhl, exist in P. aeruginosa
(8). The las system consists of the transcriptional regulator
LasR and the QS signal synthase LasI. The lasI gene prod-
uct directs the biosynthesis of 3-oxo-C12-HSL, which inter-
acts with LasR and activates target promoters. The rhl sys-
tem consists of the transcriptional activator RhlR and the
enzyme RhlI that is responsible for the biosynthesis of C4-
HSL (5,9). In addition to 3-oxo-C12-HSL and C4-HSL, P.
aeruginosa produces diverse 2-alkyl-4-quinolones (AHQs)
as the third group of QS signal molecules (10). The ma-
jor AHQ signals include 2-heptyl-3-hydroxy-4-quinolone
(the Pseudomonas quinolone signal [PQS]) and 2-heptyl-4-
quinolone (HHQ) (10,11). PQS synthesis is catalyzed by
enzymes encoded by the pqsABCDE and phnAB operons
as well as pqsH (11). DNA microarray analysis has re-
vealed that hundreds of genes are controlled by the quorum-
sensing systems in P. aeruginosa (12).

The P. aeruginosa QS circuitry is complex and hierarchi-
cal. For example, the post-transcriptional regulator RsmA
modulates production of virulence determinants and QS
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signals by binding to the lasI and rhlI promoters (13,14);
VqsM is a global regulator of QS and virulence factors in P.
aeruginosa (15). Previously, we have shown that VqsM binds
directly to the promoter region of lasI, thus controlling QS-
regulated phenotypes (16). A number of regulators involved
in controlling the activation threshold of quorum-related
genes, such as QscR (17,18) and QteE (19), have also been
identified. QslA is an anti-activator of QS that regulates vir-
ulence factor production by interacting with LasR and pre-
venting it from binding to its target DNA sequence (20,21).
Recently, we identified a novel regulator, CdpR, which is re-
quired for PQS production and virulence factor expression
(22).

Another important regulator, RsaL, acts as a major
repressor of the las system by binding to the lasI pro-
moter, which controls the maximal level of AHLs and thus
virulence factor production (23). Microarray results have
shown that RsaL regulates at least 341 genes, including the
most important virulence genes (i.e. lasA, rhlA and phzA1)
(24). As a global regulator, RsaL controls gene expression
through different mechanisms including repression of 3-
OC12-HSL signal production, direct binding to target genes
(such as phzA1, phzM and hcnA), and indirect regulation
of several genes via other unknown regulators (25). More-
over, it has been shown that in P. aeruginosa 3OC12-HSL
concentration reaches a steady state long before stationary
phase (25), indicating that unidentified homeostatic mech-
anisms contribute to limiting 3OC12-HSL production. In
this study we searched for additional RsaL targets using
a ChIP-seq assay. Our results revealed that RsaL binds to
the intergenic region between pqsH and cdpR, which are
involved in PQS signal synthesis. Furthermore, our exper-
iments demonstrated that the altered phenotypes of the
�rsaL strain are dependent on PqsH or CdpR expression.
Additionally, we report the crystal structure of RsaL bound
to DNA, which is reminiscent of a HTH transcription fac-
tor bound to dsDNA. In summary, the work presented here
identifies RsaL targets involved in QS and provides a molec-
ular structure of RsaL interacting with the promoter region
of a QS target.

MATERIALS AND METHODS

Bacterial strains, primers, plasmids and growth conditions

The bacterial strains and plasmids used in this study are
listed in Supplementary Table S1. The primers used are de-
tailed in Supplementary Table S2. P. aeruginosa PAO1 and
derivative strains were grown at 37◦C on LB agar plates or
in broth with shaking at 220 rpm. Antibiotics were used at
the following concentrations: for Escherichia coli: 15 �g/ml
gentamicin (Gm), 100 �g/ml ampicillin, and 10 �g/ml
tetracycline; for P. aeruginosa: 50 �g/ml gentamicin (Gm)
in LB or 150 �g/ml in PIA (Pseudomonas Isolate Agar);
150 �g/ml tetracycline in LB or 300 �g/ml in PIA, and 500
�g/ml carbenicillin in LB.

ChIP-seq analyses

Chromatin immunoprecipitation (ChIP) was performed as
previously described (16,26) with minor changes. Wild-type

P. aeruginosa containing empty pAK1900 or pAK1900-
RsaL-VSV were cultured in LB medium supplemented with
ampicillin until mid-log phase (OD600 = 0.6), then treated
with 1% formaldehyde for 10 min at 37◦C. Cross-linking
was stopped by the addition of 125 mM glycine. Bacterial
pellets were washed twice with a Tris buffer (20 mM Tris–
HCl [pH 7.5] and 150 mM NaCl), re-suspended in 500 �l
IP buffer (50 mM HEPES–KOH [pH 7.5], 150 mM NaCl, 1
mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate,
0.1% SDS, and mini-protease inhibitor cocktail (Roche),
and then subjected to sonication to produce 100–300 bp
DNA fragments. Insoluble cellular debris was removed by
centrifugation at 4◦C and the supernatant was used as the
input sample in IP experiments. Both control and IP sam-
ples were washed with protein A beads (General Electric)
and then incubated with 50 �l agarose-conjugated anti-
VSV antibodies (Sigma) in IP buffer. Washing, crosslink re-
versal, and purification of the ChIP DNA were conducted
as previously described (26). DNA fragments (150–250 bp)
were selected for library construction and sequencing li-
braries were prepared using the NEXTflex™ ChIP-Seq Kit
(Bioo Scientific). The libraries were sequenced using the
HiSeq 2000 system (Illumina). ChIP-seq reads were mapped
to the P. aeruginosa genome, using TopHat (Version 2.0.0)
with two mismatches allowed (27). Only uniquely mapped
reads were kept for subsequent analyses. The enriched peaks
were identified using MACS software (version 2.0.0) (28).
The ChIP-seq data files have been deposited in National
Center of Biotechnology Information’s Gene Expression
Omnibus (GEO) and can be accessed through GEO Series
accession number GSE87157.

Quantitative PCR

For ChIP-seq peak validation, relative abundance qPCR
was performed with Kapa Biosystems Fast Sybr green mix
using 16S and 5S rDNA targets as the internal relative
standards. Relative target levels were calculated using the
��Ct method with normalization of ChIP targets to the
16S rDNA signal (29).

Expression and purification of the RsaL protein

The full-length rsaL gene was amplified by polymerase
chain reaction (PCR) from P. aeruginosa chromosomal
DNA using primers pET-rsaL-F/pET-rsaL-R (Supplemen-
tary Table S2). This PCR product was cloned into pET28a
and the resulting plasmid, pET28a-rsaL, was transformed
into strain BL21 star (DE3). To express the recombinant
protein, BL21 strains carrying the pET28a-rsaL plasmid
were grown in LB medium at 37◦C to an OD600 of ∼0.6
and the temperature was then reduced to 16◦C. Protein ex-
pression was induced with 1 mM IPTG (Isopropyl �-D-1-
thiogalactopyranoside). And the induced cells were further
grown at 16◦C for 20 h. To express the seleno-methionine-
labeled protein, a 10-ml overnight culture of strain BL21
containing pET28a-rsaL was collected and resuspended
into 1-l M9 minimal media. The cells were grown at 37◦C to
an OD600 of ∼0.6 and then supplemented with an amino-
acid mixture (100 mg lysine (hydrochloride), 100 mg threo-
nine, 100 mg phenylalanine, 50 mg leucine, 50 mg isoleucine,
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50 mg valine and 60 mg seleno-methionine). The cells were
grown at 37◦C for 15 min prior to the addition of 1 mM
IPTG and then grown overnight at 37◦C before collection.

To purify the recombinant proteins, the cells were resus-
pended in buffer A (10 mM Tris–HCl [pH 7.5], 500 mM
NaCl, 1 mM DTT, and 10 mM PMSF). The cells were lysed
by sonication and then centrifuged at 12 000 rpm for 25 min.
The supernatant was filtered through a 0.45 �M filter and
applied to a Ni-NTA column (Qiagen). The proteins were
further purified using a gel-filtration column (Superdex 75,
GE Healthcare) with buffer B (10 mM Tris–HCl [pH 7.5],
100 mM NaCl, and 1 mM DTT). Protein purity was verified
by SDS-PAGE gel (Supplementary Figure S6A).

Electrophoretic mobility shift assays

Different concentrations of RsaL were incubated with var-
ious PCR products (Supplementary Table S2) in 20 �l of
gel shift-loading buffer (20 mM Tris–HCl [pH 7.5], 50 mM
KCl, 5.0 mM MgCl2, 10% glycerol, and 3 �g/ml sheared
salmon sperm DNA). Following incubation at room tem-
perature for 20 min, the samples were analyzed by 6% poly-
acrylamide gel electrophoresis in 0.5 × TBE (Tris/boric
acid/EDTA) buffer at 90 V for 90 min. The gels were stained
by SYBR GOLD dye and visualized using a phosphor
screen (Tanon 5500).

Plasmid construction

Plasmid p-rsaL was constructed by PCR amplifying frag-
ments with the corresponding primer pairs (Supplemen-
tary Table S2) p-rsaL-F/p-rsaL-R. The PCR products
were digested with the indicated enzymes and cloned into
pAK1900 (30). These same digested PCR products were
also cloned into Mini-CTX-lacZ to generate CTX-rsaL.

Plasmid pMS402 carrying a promoterless luxCDABE
reporter gene cluster was used to construct a promoter-
luxCDABE reporter fusion of the cdpR gene, as previ-
ously described (31,32). The cdpR promoter region was
PCR amplified using primers cdpR-lux-F (with XhoI site)
and cdpR-lux-R (with BamHI site) (Supplementary Table
S2). The PCR products were cloned into pMS402, yield-
ing pMS402-cdpR-lux. In addition, an integration plasmid
CTX6.1, originating from plasmid mini-CTX-lux, was used
to construct a chromosomal fusion reporter; the pMS402
fragment containing a kanamycin-resistance marker, the
MCS, and the promoter-luxCDABE reporter fusion were
isolated and ligated into CTX6.1, yielding CTX-cdpR-lux.
This plasmid was first transformed into E. coli SM10-� pir
and the P. aeruginosa reporter integration strain was then
obtained using biparental mating, as previously reported
(33). All constructs were sequenced to verify that no mu-
tations had occurred.

Construction of the P. aeruginosa �rsaL mutant

A SacB-based strategy was employed for the construc-
tion of gene knockout mutants, as previously described
(22,34). To construct the rsaL null mutant (�rsaL), se-
quences upstream (1925 bp) and downstream (1866 bp)
of the intended deletion were PCR amplified; the up-
stream fragment was amplified from PAO1 genomic DNA

using primer pair pEX-rsaL-up-F and pEX-rsaL-up-R,
while the downstream fragment was amplified with primer
pair, pEX-rsaL-down-F and pEX-rsaL-down-R (Supple-
mentary Table S2). Both PCR products were digested and
then cloned into BamHI/HindIII-digested gene replace-
ment vector pEX18Ap, yielding pEX18Ap-rsaL. A 0.9 kb
gentamicin resistance cassette cut from pPS858 with XbaI
was then cloned into pEX18Ap-rsaL, yielding pEX18Ap-
rsaL-Gm. The resultant plasmids were electroporated into
PAO1 with selection for gentamicin resistance. Colonies
were selected for gentamicin resistance and loss of sucrose
(5%) susceptibility on LB agar plates containing 50 �g/ml
gentamicin and 5% sucrose, which typically indicates a
double-cross-over event and thus gene replacement. The
�rsaL mutant was further confirmed by PCR.

Luminescence screening assays

Expression of the lux-based reporters in cells grown in liq-
uid culture was measured as counts per second (cps) of light
production using a Synergy 2 Plate Reader (Biotek), as pre-
viously described (35). Overnight cultures of the reporter
strains were diluted to an OD600 = 0.2 and cultivated for
an additional 2 h prior to use. The cultures were inoculated
into parallel wells of a black 96-well plate with a transparent
bottom. A 5-�l volume of the fresh cultures was inoculated
into the wells containing a total volume of 95 �l medium
and the OD600 was adjusted to approximately 0.07. A 60-�l
volume of filter-sterilized mineral oil was added to prevent
evaporation during the assay. Promoter activities were mea-
sured every 30 min for 24 h. Bacterial growth was monitored
simultaneously by measuring the OD at 595 nm with a Syn-
ergy 2 Plate Reader (BioTek).

To determine lux-based reporter activity under aerobic
conditions, overnight cultures of the reporter strains grown
in LB were diluted 1:100 and cultivated in 50 ml plastic
tubes. A 100 �l volume of the cultures was transformed ev-
ery hour into a 96-well black plate and luciferase activity
was determined using a Synergy 2 Plate Reader (BioTek).

Biofilm formation assay

Biofilm formation was measured in a static system, as pre-
viously described (36), with minor modifications. Visualiza-
tion of biofilm formation was conducted in 15-ml borosil-
icate tubes. Briefly, cells from overnight cultures were in-
oculated at 1:100 dilutions into LB medium supplemented
with the appropriate antibiotics and grown at 25◦C for 10
h. Biofilms were stained with 0.1% crystal violet (CV) and
tubes were washed with water to remove the unbound dye.
Quantification of biofilm formation was performed in 24-
well polystyrene microtiter plates. Cells were inoculated into
LB with appropriate antibiotics to a final OD600 of 0.01.
The plates were incubated for 8 h or 20 h at 25◦C. Crystal
violet was added to each tube and stained for 15 min prior
to removal by aspiration. Wells were rinsed three times by
submerging the tubes in distilled water and the remaining
crystal violet was dissolved in 1 ml of 95% ethanol. A 1 ml
aliquot of this solution was transferred to a new polystyrene
tube and the content was measured at OD600.
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Measurement of pyocyanin production

Pyocyanin was extracted from culture supernatants and
measured as previously described (37). Briefly, 3 ml chlo-
roform was added to 5 ml of culture supernatant. Follow-
ing extraction, the chloroform layer was transferred to a
fresh tube and mixed with 1 ml 0.2 M HCl. Subsequent to
centrifugation, the upper layer was removed and its OD520
was measured. Concentrations, expressed as �g pyocyanin
produced/ml culture supernatant, were determined by mul-
tiplying the OD520 by 17.072.

Crystallization and data collection

Crystals of the RsaL–DNA complex were grown using the
sitting-drop vapor diffusion method at 16◦C. The concen-
trations of RsaL protein and DNA in the crystallization
sample were 0.5 and 1.0 mM, respectively. Droplets con-
tained equal volumes of crystallization sample and reservoir
solution (0.2 M sodium acetate trihydrate, 0.1 M Tris–HCl
[pH 8.5] and 30% polyethylene glycol 4000). Crystals were
cryoprotected using their mother liquid supplemented with
20% glycerol and flash-frozen by rapid dipping into liquid
nitrogen. The X-ray diffraction data were collected using a
beamline BL17U at Shanghai Synchrotron Radiation Fa-
cility (SSRF) at cryogenic temperature, maintained with a
cryogenic system. The data was collected at a wavelength
of 0.97915 Å and processed using the HKL2000 program.
Data collection and processing statistics are summarized in
Supplementary Table S3.

Structure determination and refinement

The structure of the RsaL–DNA complex was solved using
the SAD method (38) with the automatic SHELX C/D/E
program embedded in the CCP4i suit (39). The electron
density map obtained from the program showed traceable
density for the DNA duplex and several � helices, which
was manually constructed using the graphics program Coot
(40). The partial model was then refined against the diffrac-
tion data using the Refmac5 program of CCP4i. During
refinement, 5% data was randomly selected and set aside
for free R-factor cross validation calculations. The 2Fo −
Fc and Fo − Fc electron density maps were regularly calcu-
lated and used as a guide for the construction of the miss-
ing amino acids using Coot. Solvent molecules were also
manually built using Coot. The Rwork and Rfree of the final
structure were 22.3% and 25.6%, respectively; the root mean
square deviations (rmsds) of the bond and angle were 0.010◦
and 1.378◦, respectively. The detailed refinement statistics
are summarized in Supplementary Table S3. The structure
factors and atomic coordinates were deposited in the Pro-
tein Data Bank with access code 5J2Y.

RESULTS

Identification of RsaL-binding regions by ChIP-seq

Transcriptomic analysis revealed that RsaL is a global reg-
ulator that controls at least 341 genes (24). Several of these
targets are QS-controlled genes, whereas others are QS-
independent, indicating that RsaL regulates these genes via

different mechanisms. To explore the regulatory pathways
of RsaL, we performed a ChIP-seq assay to identify addi-
tional direct targets of RsaL in the Pseudomonas genome.
Sequence reads were obtained from two independent ChIP-
seq assays using the VSV specific antibody and mapped
to the P. aeruginosa genome. Using the MACS software,
we identified twelve enriched loci harboring RsaL-binding
peaks, including the intergenic regions of PA2228/PA2229
and pqsH/cdpR (Figure 1A), which were enriched by >2.0-
fold but were absent in the control samples containing
the wild-type rsaL gene from PAO1 without the VSV tag.
These data were confirmed by quantitative PCR (qPCR)
and shown that the enrichment of RsaL ChIP DNA at
PA2228 or pqsH was higher than the control (Figure 1B).

To verify the enriched P. aeruginosa genome loci har-
boring RsaL-binding peaks, we purified the RsaL protein
and performed EMSA on two selected targets, PA2228 and
pqsH. As shown in Figure 1D, RsaL bound efficiently to
both probes in a concentration dependent manner, whereas
the negative control smpB promoter remained unbound
even at the highest concentration (1.0 �M).

RsaL regulates pqsH expression and PQS synthesis

Given that RsaL bound to the intergenic region between
pqsH and cdpR, we sought to characterize the specific DNA
sequence that RsaL recognizes. To this end, we generated a
series of truncated intergenic region fragments (from pqsH-
P1 to pqsH-P8; Supplementary Figure S1A and Supple-
mentary Table S2) and used them to perform EMSAs. RsaL
bound to pqsH-P1 through pqsH-P6 and to pqsH-P8, but
not to pqsH-P7 (Supplementary Figure S1B), suggesting
that the binding site is present in pqsH-P8. Previous stud-
ies have identified a conserved RsaL binding sequence (TA
TGnAAnTTnCATA) (41). We observed that the sequence
(TATTCCATGCGGATG) in the pqsH-P8 was similar to
the RsaL binding site present in the lasI promoter (Figure
2A). Thus, we repeated the EMSA using a truncated pqsH
probe without this 15-bp motif, which abolished RsaL bind-
ing (Figure 2B). In addition, we found similar sequences
(TATCGCCCTTGGATG) in the PA2228 promoter region
(Supplementary Figure S2A); EMSA showed that RsaL
could not bind to the region when this motif was deleted
(Supplementary Figure S2B). This result confirmed that the
motif is crucial for the DNA-binding ability of RsaL.

Because RsaL binds to the promoter region of pqsH, we
hypothesized that the expression of pqsH is regulated by
RsaL. To this end, we generated an rsaL deletion strain
in the wild-type PAO1 background (�rsaL) as well as
a �rsaL complemented strain (�rsaL/CTX-rsaL). Subse-
quently, the expression of pqsH was evaluated in the wild-
type PAO1, �rsaL strain, and the complemented strain. As
shown in Figure 2C, the relative activity of pqsH was 3-fold
lower in the �rsaL strain than in the parental strain. Ex-
pression of CTX-rsaL in the rsaL mutant could partially
restore to wild-type levels. These results clearly suggest that
RsaL is a positive regulator of the PQS system.

Biosynthesis of PQS is initiated with the conversion (by
the PqsABCD proteins) of anthranilate to HHQ, which is fi-
nally converted to PQS by the PqsH monooxygenase. Both
HHQ and PQS bind the PqsR regulator and the complex
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Figure 1. RsaL binds to the intergenic region of pqsH/cdpR, and PA2228/PA2229. (A) RsaL binding to the identified potential RsaL targets in P. aerug-
inosa, including the intergenic region of pqsH/cdpR and PA2228/PA2229. (B) RsaL ChIP enrichment of the pqsH and PA2228 promoter regions was
determined by qPCR relative to sample DNA input. Enrichment of a non-RsaL-dependent promoter (smpB) is shown as a control. Significance was deter-
mined by a t test relative to the smpB promoter. **P < 0.01. (C) Schematic representation of the location of these genes and the fragments for the EMSA
experiments. (D) EMSAs showing that RsaL binds to the promoter region of pqsH and PA2228. PCR products containing lasI, pqsH, PA2228, and smpB
promoter regions (as shown in C) were added to the reaction mixture at a concentration of 20 ng. The protein concentration for each sample is indicated
above its lane. RsaL can efficiently bind to the lasI promoter region (positive control); RsaL does not bind to the DNA-probe encompassing PsmpB even at
a high concentration (negative control).

activates gene expression (11). Because RsaL controls pqsH
expression, we postulated that it may also influence the ex-
pression of the pqsA operon and pqsR. As predicted, the
expression of pqsR was drastically decreased in the rsaL
mutant (Supplementary Figure S3A); however, no effect
on pqsA expression was observed (Supplementary Figure
S3B). Given that PqsH and PqsR are required for PQS syn-
thesis, we next determined PQS levels in the rsaL mutant.
PQS production was drastically decreased in the rsaL mu-
tant compared to wild-type PAO1. Introduction of plasmid
p-rsaL into the rsaL mutant restored PQS production to
wild-type levels (Figure 2D); no PQS was detected in the
�pqsR and �pqsH strains (negative controls). Similarly, we
observed that overexpression of pqsH in the rsaL mutant
produced higher levels of PQS than in the wild-type (Fig-
ure 2D). Therefore, we conclude that the decrease in PQS
production in the rsaL mutant was due to inhibition of PQS
biosynthesis gene expression during growth.

As previously reported, deletion of rsaL leads to the
overproduction of secreted virulence factors, including py-

ocyanin and elastase, and decreases biofilm production (24).
Given that RsaL positively regulated pqsH expression (Fig-
ure 2C), we hypothesized that the altered phenotypes of
the rsaL mutant were dependent on PqsH activity. Consis-
tent with previous reports, the rsaL mutant exhibited en-
hanced pyocyanin production and reduced biofilm forma-
tion (Figure 2E). Strikingly, induction of pqsH in the �rsaL
strain appears to complement the biofilm phenotype (Fig-
ure 2E and F), probably due to alterations in PQS produc-
tion. However, expression of pqsH in �rsaL strain was in-
sufficient to return pyocyanin production to wild-type lev-
els (Figure 2E and G), suggesting that the effect of RsaL on
pyocyanin is mediated via other pathways.

Deletion of rsaL affects the expression of cdpR

Given that the ChIP-seq data showed that RsaL binds to
the cdpR promoter region (the TATTCCATGCGGATG
binding sequence is located at −66 to −51 relative to the
cdpR translational start codon), we hypothesized that RsaL
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Figure 2. The rsaL deletion mutant exhibits reduced pqsH activity and PQS production. (A) Alignment of the RsaL binding site on PlasI with putative RsaL
binding sites found in the indicated promoters. Identical residues are highlighted in red. (B) Mutation of the binding sites affects the DNA-binding affinity
of RsaL. EMSAs show that RsaL cannot bind to the region lacking the binding sites. PCR products containing the pqsH-P9 (without the binding sites, see
Supplementary Figure S1A) and pqsH-P10 regions were added to the reaction mixtures (20 ng). The protein concentration in each sample is indicated above
its lane. (C) pqsH-lux expression was evaluated in the wild-type, rsaL mutant, and �rsaL complemented strain. (D) TLC showing that PQS production
is lower in the �rsaL strain than in the wild-type or complemented strains. Expression of pqsH in the �rsaL strain could restore PQS production to
wild-type levels. Approximately 400 �l of cultures were subjected to organic extraction and analyzed by TLC. PQS is indicated by the arrowhead. Lane:
1, 25 ng synthetic PQS; 2, wild-type PAO1; 3, rsaL mutant; 4, �rsaL complemented strain; 5, pqsR mutant; 6, pqsH mutant; 7, �rsaL strain containing
plasmid p-pqsH. (E) Pyocyanin production (upper row) and biofilm formation (lower row) in the indicated strains. Representative images from at least
three independent experiments. (F, G) Quantification of biofilm (F) and pyocyanin production (G) in wild-type, rsaL mutant, �rsaL complemented strain
and �rsaL strain containing plasmid p-pqsH. Error bars indicate SD from three independent experiments. **P < 0.01; t test.

might also modulate the expression of cdpR. Therefore,
we examined cdpR expression in the wild-type, �rsaL and
�rsaL complemented strains. Remarkably, the relative ac-
tivity of cdpR was reduced approximately 4-fold in the
�rsaL strain compared to the parental strain (Figure 3A).
Recently, we reported that CdpR is involved in PQS produc-
tion by directly regulating pqsH expression (22). Similar to
the findings for pqsH, expression of cdpR in the rsaL mu-
tant could restore PQS production to wild-type levels (Fig-
ure 3B). CdpR is a negative regulator of P. aeruginosa vir-
ulence factors (22). Therefore, we next investigated whether
the altered phenotypes of the rsaL mutant are dependent
on CdpR. Our results demonstrated that the increased py-
ocyanin production exhibited by the rsaL mutant could be
restored to wild-type levels by introducing plasmid p-cdpR
(Figure 3C and D).

Previously, we reported that CdpR binds to its own pro-
moter region (22). The results of the current study show that
RsaL also binds to the intergenic region between pqsH and
cdpR. However, RsaL and CdpR bind two distinct sites on
PcdpR, suggesting that the two proteins might compete for

binding to this promoter. To test this hypothesis, we per-
formed EMSAs with the DNA encompassing PcdpR and pu-
rified RsaL and CdpR. As shown in Figure 3E, a super-
shifted band was observed with both RsaL and CdpR,
which did not appear in the presence of RsaL or CdpR
alone. This result supports the concept that RsaL and CdpR
can bind PcdpR simultaneously.

The overall structure of RsaL

To gain additional insights into the interaction between
RsaL and its target DNA (TATGAAATTTGCATA, from
the lasI promoter), we performed structural studies. The
complex structure belongs to the P21212 space group and
the dsDNA duplex forms a complex with an RsaL dimer.
The full-length RsaL protein is comprised of 80 amino
acids (Figure 4A). However, in the structure, there are
six (1MASHER6) and eight (1MASHERTQ8) disordered
residues at the N-termini of the two RsaL monomers in the
dimer, respectively. The four residues (77KIRE80) at the C-
termini of both RsaL monomers are also disordered. The
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Figure 3. RsaL is required for cdpR expression and PQS production. (A) The expression of cdpR was examined in wild-type PAO1, the rsaL mutant,
and the �rsaL complemented strain. Error bars indicate SD from triplicates. (B) TLC showing PQS production is lower in the �rsaL strain than in the
wild-type or complemented strains. Expression of cdpR in the �rsaL strain could restore PQS production to wild-type levels. Approximately 400 �l of
cultures were subjected to organic extraction and analyzed by TLC. PQS is indicated by arrowhead. Lane: 1, 25 ng synthetic PQS; 2, wild-type PAO1; 3,
rsaL mutant; 4, �rsaL complemented strain; 5, pqsR mutant; 6, pqsH mutant; 7, �rsaL strain containing plasmid p-cdpR. (C) Pyocyanin produced by
the indicated strains. Representative images from three independent experiments. (D) Quantification of pyocyanin production in wild-type, rsaL mutant,
�rsaL complemented strain, and �rsaL strain containing plasmid p-cdpR. **P < 0.01 compared to wild-type by Student’s t test. (E) EMSA showing
that CdpR and RsaL can simultaneously bind to the promoter region of cdpR. RsaL and CdpR concentrations are indicated above the lanes. The probe
concentration for each sample was 20 ng. Arrows indicate the RsaL/DNA (a, blue), CdpR/DNA (b, green), and RsaL/CdpR/DNA (c, red) complexes.

conformation of both RsaL monomers is quite similar; the
root mean square deviations (rmsds) between them are 0.49
Å, based on an alignment of the Ca atoms of residues 7–
76. Each RsaL monomer is comprised of five �-helices (�1-
�5), which can be divided into two groups: group A and B.
Group A contains the first three helices (�1–�3), which as-
semble as a triangle. Group B is composed of �4 and �5,
which form a ‘V’ shape (Figure 4B). Both �4 and �5 are
connected by a three-residue loop (64GQI66, referred to as
the �4-�5 loop) and the angle between the two-helix axis is
∼60◦. The group A and group B helices form two layers in
the structure, which mainly interact through hydrophobic
packing at the N-terminal regions and hydrogen binding at
the C-terminal regions of �1 and �4.

RsaL contains several charged residues in its primary
amino acid sequence. Of the 80 amino acids of RsaL, 14
residues (including 10 Arg, 2 Lys and 2 His) are positive
and 9 residues (7 Glu and 2 Asp) have a negative charge.
As shown in Figure 4C, these charged residues form sev-
eral positive (colored in blue) or negative (colored in red)
patches on the surface of the RsaL structure. Interest-
ingly, there is also one hydrophobic patch on the surface
of RsaL (Figure 4C, left panel), which may play an im-

portant role in the dimerization of RsaL (Figure 4D). �4
(51PFPIYLLLHFYIE63) is extremely hydrophobic in na-
ture and sits at the center of the dimer interface (Supple-
mentary Figure S4A). The side chain of Phe60 also inter-
acts hydrophobically with Ile66 of the �4-�5 loop of the
partner molecule. Unlike �4, �5 (67TDRQLADLRG76) is
hydrophilic in nature. Of the ten �5 residues, only three
(Leu71, Ala712 and Leu74) are hydrophobic; however, in-
terestingly, the side chains of both Leu71 and Leu74 point
towards �4 and form hydrophobic interactions with the
surrounding residues, including Tyr55, Leu56, His59 and
Phe60 (Supplementary Figure S4B). Gln65 is positioned in
the middle of the �4-�5 loop and forms two hydrogen bonds
(H-bond) with the partner protein: one (2.6 Å) between its
NE2 atom and the O atom of Gln65 and the another (3.0
Å) between its OE1 atom and the NE2 atom of Gln70 (Sup-
plementary Figure S4C).

Target DNA recognition by RsaL

In the structure reported in this study, a single RsaL dimer is
bound to one target DNA duplex, which is distorted (Fig-
ure 5A and Supplementary Figure S5A). Compared with
the regular B-form DNA duplex, the width of the minor
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Figure 4. The structure of RsaL. (A) The primary sequence and secondary structure of RsaL. The disordered residues in the structure are indicated in
gray. (B) The overall fold of RsaL. (C) Electrostatic representation of RsaL. The positive, negative, and neutrally charged residues are indicated in blue,
red and gray, respectively. (D) The RsaL dimer observed in the structure.

Figure 5. RsaL and target DNA recognition. (A) The overall structure of the RsaL–DNA complex. (B) DNA base specific recognition by RsaL. (C) and
(D) DNA backbone interaction with RsaL. Cartoon RsaL molecules are shown in purple and green, respectively. The DNA and protein residues involved
in DNA binding are depicted as sticks. (E) Schematic presentation illustrating the DNA–protein interactions observed in the structure.
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groove at the central segment (including base pairs T12:A16
to T16:A12) of the target DNA is ∼3 Å shorter; it was also
narrowed by 2–3 Å at two other regions: region A (including
base pairs A4:T24 to T7:A21) and region B (including base
pairs A21:T7 to T24:A4). The other segment of the target
DNA adopts a conformation similar to the regular B-form
DNA duplex; however, in contrast to the extended confor-
mation of the B-form DNA duplex, the helical axis of the
target DNA was bent at 30◦ toward the RsaL molecules at
both ends (Figure 5A).

RsaL interacts with the target DNA mainly via the group
A helices, especially �3 (37SQSCGSRFEN46), which packs
against the DNA major groove. The side chains of two
residues (Gln38 and Arg43) of �3 form sequence-specific
interactions with the target DNA. Gln38 is located at the
N-terminus of �3 and forms two H-bonds with the A8 nu-
cleotide of the A8:T20 base pair (Figure 5B, left panel): one
H-bond (2.6 Å) is between its OE1 and the N6 atom of A8
and the other (2.6 Å) is between its NE2 atom and the N7
atom of A8. Gln38 also forms one H-bond (2.8 Å) with the
side chain of Gln27, which may further stabilize the con-
formation of Gln38. Arg43 resides in the middle of �3 and
can recognize the G10:C18 base pair. Arg43 forms two H-
bonds with G10: one (3.0 Å) between its NH1 atom and
the O6 atom of G10 and the other (3.0 Å) between its NH2
atom and the N7 atom of G10 (Figure 5B, right panel).

In addition to the base pairs, RsaL also interacts with
the backbone of the target DNA via residues within the
group A helices. The residues of �3 are also involved in
these interactions. Ser37 is the first residue of �3 and its OG
atom forms one H-bond (3.0 Å) with the OP2 atom of nu-
cleotide T17, which in turn interacts with Gly35 via water-
mediated H-bonds (Figure 5C). Another two residues of �3,
Ser42 and Asn46 (which reside in the middle and at the C-
terminus, respectively), also interact with the DNA back-
bone. As depicted in Figure 5D, the side chains of Ser42
and Asn46 form H-bonds with the phosphate group of the
same nucleotide, A8. The distance between the ND2 atom
of Asn46 and the OP1 atom of A8 is 3.1 Å. The interaction
between Ser42 and A8 is stronger, indicated by the short dis-
tance (2.6 Å) between the OG atom of Ser42 and the OP2
atom of A8. Similar to Ser37, Ser42 can also interact with
the DNA backbone (the OP2 atom of T9) via water medi-
ated H-bonds.

Three residues from helices �1 and �2 also participate in
DNA backbone recognition (Figure 5D). Arg20 of �1 inter-
acts with the DNA via both a direct H-bond (the distance
between the NH1 atom of Arg20 and the OP1 atom of T7
is ∼2.8 Å) and an indirect water-mediated H-bond. Gln27
and Glu28 are the second and the third residues of �2, re-
spectively. Gln27 interacts with DNA via two H-bonds: one
(2.9 Å) between its backbone N atom and the OP2 atom
of T7 and the other (2.9 Å) between its NE2 atom and the
OP2 atom of A8. Glu28 also interacts with DNA (the OP1
atom of T7); however, unlike Gln27, the interaction between
Glu28 and T7 is mediated by a water molecule.

The target DNA duplex is comprised of two sin-
gle strand DNA sequences (Figure 5E), DNA F:
5′-AAAAATTATGAAATTTGCATAAATTC-3′ and
DNA R: 5′- TGAATTTATGCAAATTTCATAATTTT-
3′. Except for the two nucleotides at the 5′-end and one

nucleotide at the 3′-end, the sequences of DNA F and
DNA R are actually quite similar, as highlighted by the
underline. In the structure, the DNA duplex and the RsaL
dimer are related by a two-fold axis located at the middle of
the T14:A14 pairs (Supplementary Figure S5); the RsaL–
DNA interactions described above are also conserved for
the other RsaL molecule. The sequence of the DNA duplex
is palindromic, which parallels the dimeric conformation
of RsaL.

Validation of the key functional residues in RsaL

The crystal structure of the RsaL–DNA complex provides
insight into the protein-DNA interactions (Figure 5 and
Supplementary Figure S5). We next sought to experimen-
tally confirm the function of a number of conserved residues
in RsaL in vivo and in vitro. To this end, the residues pre-
dicted to contact DNA (Gln38, Gln27, Glu28, and Arg43)
and form the salt bridge (Arg20 and Glu45) were mutated
to Ala. Given that RsaL can efficiently bind to the lasI
promoter region, we compared the binding abilities of the
wild-type and mutated variants of RsaL in vitro by EMSA.
The mutated proteins were expressed and purified; SDS-
PAGE showed that all mutated derivatives of RsaL, except
for R20A, were expressed at the same level as wild-type
RsaL (Supplementary Figure S6A). The oligomeric state of
the RsaL mutants was examined by analytical size exclu-
sion chromatography; all mutants exhibited dimerization
(Supplementary Figure S6B). The EMSA data revealed that
RsaLwt was able to shift nearly 100% of the lasI probe at
a concentration of 25 nM, whereas RsaLQ38A, RsaLR43A,
RsaLQ27A, RsaLG35A, RsaLS37A and RsaLS42A, were unable
to shift the same DNA probe even at a concentration of 1.0
�M (Figure 6A). Taken together, the EMSA results con-
firm that Arg20, Arg43, Gln27, Gln38, Gly35, Ser37, and
Ser42, are important for establishing direct interactions be-
tween RsaL and DNA, which is consistent with our struc-
tural model.

The expression of lasI has been shown to increase in
an rsaL mutant of P. aeruginosa PAO1 (23). Thus, we
used this phenotype to compare the in vivo activity of the
wild-type and mutated variants of RsaL using a comple-
mentation assay. The wild-type and mutated coding se-
quences of rsaL were cloned into plasmid pAK1900 and
independently introduced into the �rsaL strain which con-
tained the lasI promoter fusion CTX-lasI-lux. The results
of this experiment showed that the expression of lasI was
enhanced approximately 5-fold in the rsaL mutant com-
pared with the parental strain (Figure 6B). Complemen-
tation of this mutant with rsaL or its mutated variants
rsaLE28A and rsaLN46A restored the activity of lasI to wild-
type levels. Conversely, the transcriptional level of lasI
was not complemented by introducing plasmids containing
rsaLR20A, rsaLR43A, rsaLQ38A, rsaLQ27A, rsaLG35A, rsaLS37A

or rsaLS42A (Figure 6B). Combined with the in vitro results,
these results clearly demonstrate that RsaL residues Arg20,
Arg43, Gln27, Gln38, Gly35, Ser37 and Ser42 are essential
for RsaL activity in the cell.
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Figure 6. EMSA and promoter activity experiments indicating that certain residues of RsaL are important for RsaL–DNA interaction. (A) EMSA carried
out with a DNA probe (PlasI) and either RsaLwt or its mutated derivatives (indicated above each gel). The protein concentration for each sample is indicated
above its lane. Free-DNA is indicated by a non-filled triangle and the RsaL–DNA complexes are indicated by filled triangles. (B) The Effects of wild-type
RsaL and its mutants on lasI promoter fusion expression in vivo. The �rsaL strain carrying a lasI-lux reporter was transformed with either an empty
vector (EV), wild-type rsaL, or its mutated derivatives, as indicated. Error bars indicate SD from three independent experiments. **P < 0.01 compared to
wild-type by Student’s t test.

DISCUSSION

The QS systems of P. aeruginosa consist of complex regula-
tory networks and play an important role in the pathogenic-
ity of this bacterium. However, the detailed regulatory
mechanisms of a number of QS regulators remain elusive.
Previous studies have shown that RsaL is a repressor of
the las system (23,25); however, it remains uncharacterized
otherwise. Here, we performed ChIP-seq and EMSA ex-
periments that identified two new in vivo binding sites of
RsaL in the P. aeruginosa genome. We also solved the crystal
structure of the RsaL–DNA complex. The combination of
the present ChIP-seq results and structural model of RsaL
should provide a much better understanding of the regula-
tory mechanisms of RsaL.

Of the two RsaL-bound regions, one is located in the
PA2225-PA2228 operon and the other is the intergenic re-
gion between pqsH and PA2588. However, other targets
identified from ChIP-seq assays are not bound by RsaL us-
ing EMSA. In addition, some previously established direct
targets (such as lasI, phzA1, phzM and hcnA) were not iden-
tified in the present work. The omission of these genes may
be due to the conditions used in the present study (i.e. us-
ing the pAK1900 vector and mid-log phase cultures), thus,
further optimization of this method is needed. Importantly,
the ChIP-seq data and EMSA analysis showed that RsaL
binds efficiently to the intergenic region between pqsH and
cdpR (Figure 1), which explains the reduction in pqsH/cdpR
transcription level and PQS production in the rsaL mutant
(Figures 2 and 3). Previous microarray results have shown
that RsaL can control several hundreds of genes, including
the most important virulence genes involved in biofilm for-
mation and pyocyanin production (24,25). Based on these
observations, RsaL most probably enables the control of
QS-regulated phenotypes via PqsH or CdpR. In agreement
with this hypothesis, expression of pqsH in the rsaL mu-
tant was sufficient to restore wild-type biofilm production
levels (Figure 2E and F). Moreover, RsaL is required for
cdpR expression and the altered pyocyanin production in

the �rsaL strain is dependent on CdpR (Figure 3). There-
fore, RsaL can control these virulence genes via multiple
pathways including direct binding to their promoters and
indirectly blocking las or pqs-dependent transcription.

To further elucidate the QS regulatory networks, the
crystal structures of two QS-related proteins have been
solved; the Bottomley et al. reported the crystal structure
of the LasR ligand-binding domain bound to its autoin-
ducer 3-oxo-C12-acylhomoserine lactone (42) and the Lintz
et al determined the structure of the QS repressor QscR
bound to N-3-oxo-dodecanoyl-homoserine lactone (18). A
BLASTP search of the RsaL amino acid sequence did not
reveal significant homology with functionally character-
ized proteins in P. aeruginosa. Therefore, we determined
the crystal structure of the RsaL–DNA complex. RsaL
mainly interacts with the target DNA using its �3 helix
(37SQSCGSRFEN46), which packs against the DNA ma-
jor groove and recognizes the base pairs (Figure 5). Fur-
thermore, one residue (Arg20) from �1 and two residues
(Gln27 and Glu28) from �2 also participate in DNA back-
bone recognition (Figure 5D). RsaL has no significant se-
quence similarity to any known proteins in other species;
however, the DALI server program (43) revealed that the
overall fold of RsaL is similar to the HTH domains (Supple-
mentary Figure S7A) conserved in many DNA transcrip-
tional regulators, such as HNF6 (44), SATB1 (45), MqsA
(46) and Oct1 (47). Although obvious differences can be
observed in the �1 and �5 regions, the conformations of
the three central helixes (�2–�4) of RsaL are quite simi-
lar to these HTH domain structures (Supplementary Fig-
ure S7A). Similar to RsaL, MqsA interacts with DNA as a
dimer (Supplementary Figure S7B). Oct1 and HNF6 func-
tion as monomers and in addition to their primary HTH
domains, their additional HTH domains (HTH2) are also
involved in target DNA recognition (Supplementary Fig-
ure S7C). The relative orientations of the HTH2 domains
in the Oct1 and HNF6 structures are different from one
another; however, the orientations of the HTH domains
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Figure 7. Schematic model of RsaL involved in the QS regulatory cascade
and virulence factor regulation of P. aeruginosa. The potential regulatory
pathways and interplays of RsaL are based on our observations and those
of previous studies. It has been demonstrated that RsaL, in concert with
LasR, govern the homeostasis of 3OC12-HSL by controlling the expres-
sion of rsaL and lasI (25). In the present study, we show that RsaL binds
directly to the intergenic region of pqsH/cdpR, thus controlling PQS pro-
duction and P. aeruginosa virulence phenotypes. Solid arrows indicate pos-
itive regulation and solid T-bars represent negative regulation.

and their interactions with the target DNAs are conserved
among all of the structures. Structure based sequence align-
ment showed that most of the DNA recognition residues
are also conserved in these structures (Supplementary Fig-
ure S7D); the conservation of the residues and their inter-
actions with DNA bases suggest that other HTH domain-
containing proteins may also use the same strategy in target
DNA recognition.

In summary, our findings extend understanding of the
functions of the QS repressor RsaL. In addition to being
involved in regulating the 3OC12-HSL, RsaL also controls
the activity of pqsH and cdpR, which are both required for
PQS synthesis. Therefore, cross-regulation between lasI and
pqsH/cdpR in the rsaL mutant maintains a balanced level
of signal production in P. aeruginosa. Importantly, the ma-
jor function of RsaL in P. aeruginosa physiology is to gov-
ern the homeostasis of 3OC12-HSL by controlling, together
with LasR, the expression of rsaL and lasI (25). Moreover,
RsaL is a global regulator that is an integral part of the QS
signaling network, which controls gene expression through
different mechanisms, including repression of 3OC12-HSL
signal molecule production, activation of PQS synthesis,
and direct binding of target genes (Figure 7). Therefore, the
broad range of RsaL functions further elucidates the com-
plexity of the QS network and the detailed characterization
of the RsaL–DNA complex will provide new clues for un-
derstanding other QS regulators.
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