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ohrR encodes an organic hydroperoxide sensor and a transcriptional repressor that regulates organic
hydroperoxide-inducible expression of a thiol peroxidase gene, ohr, and itself. OhrR binds directly to the
operators and represses transcription of these genes. Exposure to an organic hydroperoxide leads to oxidation
of OhrR and to subsequent structural changes that result in the loss of the repressor’s ability to bind to the
operators that allow expression of the target genes. Differential induction of ohrR and ohr by tert-butyl
hydroperoxide suggests that factors such as the repressor’s dissociation constants for different operators and
the chemical nature of the inducer contribute to OhrR-dependent organic hydroperoxide-inducible gene
expression. ohrR and ohr mutants show increased and decreased resistance to organic hydroproxides, respec-
tively, compared to a parental strain. Moreover, the ohrR mutant had a reduced-virulence phenotype in the
Pseudomonas aeruginosa-Caenorhabditis elegans pathogenicity model.

Pseudomonas aeruginosa is an important opportunistic
bacterial pathogen that causes a variety of diseases. The
incidence of nosocomial P. aeruginosa infection has in-
creased worldwide (23, 32). The ability of a pathogen to
successfully invade the host is often linked to its capacity to
overcome host defenses, including the oxidative burst that
occurs during host-pathogen interactions (15). Reactive ox-
ygen species produced by host defense mechanisms include
hydrogen peroxide (H,O,), superoxide anion, and organic
hydroperoxide. In P. aeruginosa, the defense mechanisms
against H,O, have been well studied. Exposure of the bac-
teria to sublethal levels of H,O, leads to induction of genes
involved in oxidative stress protective pathways, including
catalases and alkyl hydroperoxide reductases (5, 28, 31).
Peroxide-inducible gene expression is regulated by the per-
oxide sensor and transcription regulator OxyR (26).

Less is known about the response of P. aeruginosa to organic
hydroperoxides. OxyR-regulated genes are upregulated in the
presence of organic hydroperoxides (26). In addition, inactiva-
tion of alkyl hydroperoxide reductase genes leads to an in-
crease in sensitivity toward both camene hydroperoxide (CHP)
and H,O, (26). An organic hydroperoxide resistance gene
(ohr) encoding a thiol peroxidase is highly expressed in re-
sponse to exposure to sublethal concentrations of organic hy-
droperoxides (3, 25). Inactivation of ohr renders the mutant
bacteria hypersensitive to organic hydroperoxides (3, 25). In
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vivo, unlike catalase and alkyl hydroperoxide reductase, Ohr
seems to have a very specific role in detoxification of organic
hydroperoxides but not of H,0O, (6, 11, 25, 29). In vitro, Ohr
also catalyzes H,O, degradation, albeit at a rate 20 times lower
than that for the degradation of an organic hydroperoxide (7).

It has been shown in Bacillus subtilis, Xanthomonas campes-
tris, Agrobacterium tumefaciens, and Streptomyces coelicolor
that ohr is regulated by OhrR (6, 11, 27, 29). OhrR in Gram-
negative bacteria belongs to the two-cysteine OhrR family.
Analysis of OhrR revealed that the conserved N-terminal cys-
teine residue is essential for the redox sensing mechanism of
OhrR (12, 24, 30). The current model for the sensing of or-
ganic hydroperoxides by members of the two-cysteine OhrR
family involves an initial oxidation of the N-terminal cysteine
to an unstable sulfenic acid intermediate by the organic hy-
droperoxide, followed by disulfide bond formation with an-
other conserved C-terminal cysteine (30). Structural analysis
has shown that the oxidized form of OhrR undergoes a major
conformational change, including the rotation of the winged
helix, resulting in dissociation from DNA (24). For the one-
cysteine family of OhrR, oxidation of cysteine leads to cys-
teine-sulfenic acid and to the formation of a mixed disulfide
bond with low-molecular-weight intracellular thiols, for exam-
ple, cysteines, coenzyme A, and a structurally uncharacterized
398-Da thiol (12, 17). These structural changes and DNA dis-
sociation permit RNA polymerase to bind to the promoter and
to commence gene expression.

In several bacteria, ohr has a major role in protection of the
cells from organic hydroperoxides. We report here the char-
acterization of OhrR, a transcription regulator of ohr in P.
aeruginosa. Expression analysis of ohrR, determination of the
DNA binding site, and investigation of the sensing mechanism
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of OhrR were performed. The physiological and pathological
roles of P. aeruginosa ohrR were also investigated.

MATERIALS AND METHODS

Construction of mutant strains. The pKsAohr::tet plasmid used to disrupt the
ohr gene in P. aeruginosa PAO1 was constructed as follows. Two sets of primers
were designed to amplify the predicted Ohr coding sequence plus additional
flanking regions from the PAO1 genome. The 797-bp upstream fragment con-
taining the 5’ region of ohr was amplified by PCR with the primers BT512
(5'-TCGGAATTCCGCCGCCCTGGG 3'; EcoRI site underlined) and BT514
(5'-TCACGGCCTCCGGTGGCG-3'). The 720-bp downstream fragment con-
taining the 3’ region of ohr was amplified by PCR with the primers BT1612
(5"-CGCCACCGGAGGCCGTGAACGTGTCGGTCTGAAGCTTCCGAC-3';
BT514 complementary sequence underlined) and BT1613 (5'-GCAGATTGGC
TATGATACGC-3"). Primer BT1612 contained sequences complementary to
BT514. The PCR products were used in a joining PCR, and the joined product
was cloned into the pBluescript II KS(—) (Stratagene) vector between the
EcoRV and HinclII sites, yielding pKsAohr. The Mlul-digested Tet resistance
cassette was excised from the pKNOCK-Tet plasmid (1) and was subcloned into
pIC20H (18) at the EcoRV site. This new plasmid, pIC20H-Tet, contained a
HindIII site at each end of the cassette. The Tet cassette was then excised using
HindIII and was inserted between the upstream and downstream fragments of
ohr in pKsAohr at the HindIII site. The resulting plasmid, pKsAohr::tet, was
linearized and was transformed into PAOL1 by electroporation. The expected
double recombination event creating a gene knockout was selected using tetra-
cycline-containing medium and was then screened for using carbenicillin sensi-
tivity. Gene replacement in mutant clones was confirmed by PCR and Southern
blot analysis.

The unmarked deletion of PAO1 ohrR was constructed using a Cre-lox system
(19). A 1,688-bp fragment containing ohrR was amplified with the primers
BT1433 (5'-GCAGCTTCATCGACCTGCAG-3') and 263 (5" AGTCGGAAG
CTTCAGAC 3') and was cloned into pUCI18 at the Pvull sites that had been
filled in, yielding pUCohrR. An EcoRI and EcoICRI fragment containing the
Gm resistance cassette flanked with lox sites from pCM357 (19) was gap filled
using Klenow fragment polymerase. This fragment was cloned into pUCohrR at
blunt-end Pvull-BstEII sites, yielding pUCAohrR::Gm. The Pvull-BstEII diges-
tion deleted 378 bp of the coding region of ohrR; only 54 bp at the 5’ end and 23
bp at the 3’ end of the ohrR gene remained. The pUCAoArR::Gm plasmid was
transformed into PAO1. To select the double crossing-over event, gentamicin
resistance colonies were selected and were then screened for carbenicillin-sen-
sitive phenotypes. The ohrR mutant with the antibiotic cassette replacement was
then transformed with the pCM157 (19) vector containing the Cre-encoding
gene. Cre, a site-specific recombinase, recognizes lox sites, and recombination
between these sites deletes the DNA between the two sites. The transformants
with the gentamicin cassette deletion or a gentamicin-sensitive phenotype con-
tained the unmarked deletion of ohrR. pCM157 was cured by growing cells under
a nonselective condition for several generations. The deletion of ohrR was con-
firmed by PCR and Southern blot analysis.

Complementation plasmids. A 457-bp DNA fragment containing full-length
ohr and a ribosome binding site was generated by PCR using the primers 262
(5'-TCAGACAGGTGACTCTC-3') and 263 (5'-AGTCGGAAGCTTCAGAC-
3"). This fragment was cloned into a broad-host-range vector, pPBBRIMCS-4
(16), at the Smal site to yield the plasmid pohr. For construction of a full-length
ohrR gene and its ribosome binding site, 489-bp PCR fragments generated from
the primers 260 (5'-CTTGGAAGACAACCATG-3') and 261 (5'-GACAGGTA
GGTATAAGCCCCT-3") were cloned into pPBBRIMCS-4 at the Smal site. This
plasmid was named pohrR. The direction of fusion was checked by PCR to
ensure that the gene was fused to the Escherichia coli lacUV5 promoter present
in the pPBBRIMCS-4 vector. The insertions were then checked by sequencing.
pohr or pohrR was introduced into PAO1 strains by electroporation and selected
for ampicillin resistance colonies.

Promoter activity analysis. In order to clone the promoter regions of the ohr
and ohrR genes, the corresponding DNA fragments were amplified using
genomic DNA from PAOL1 as a template. The oligonucleotides used for PCR
amplification of the ohr and ohrR promoters were BT513 (5'-ACCGAATTCA
GGGGCTTATAC-3'; EcoRI site underlined) and BT514 (5'-TCACGGCCTC
CGGTGGCG-3") and BT512 (5'-TCGGAATTCCGCCGCCCTGGG-3'; EcoRI
site underlined) and BT601 (5'-ATGCAGGCGGGAATGCTC-3'), respectively.
The 210-bp PCR product generated from BT513 and BT514 contained a 201-bp
ohr promoter fragment covering the —87 to +114 region of ohr. The 515-bp PCR
product generated from BT512 and BT601 contained a 506-bp ohrR promoter
fragment covering the —112 to +394 region of ohrR. The PCR fragments were
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cloned into the pDrive cloning vector (Qiagen). pDrive with the ohr or ohrR
promoter inserted in the opposite direction to the lacZ cassette was chosen. The
ohr or ohrR promoter was excised from pDrive with BamHI and EcoICRI and
then directionally cloned 5’ of the lacZ cassette in pUC18Sfi lacZ, which was
digested with Smal and BamHI. The HindIII fragment from pUCI18Sfi Psohr-
lacZ containing the ohr-lacZ fragment or the HindIII fragment from pUCI18Sfi
PsohrR-lacZ containing the ohrR-lacZ fragment was then cloned into a broad-
host-range expression vector, p027Ery, to give p027Psohr-lacZ and p027PsohrR-
lacZ, respectively. The promoter fragment was checked by sequencing. The
plasmid was then introduced into P. aeruginosa strains by electroporation and
selected for erythromycin resistance colonies. pUC18Sfi lacZ and p027Ery were
constructed for this study as followed. An Sfil-digested trp’-lacZ cassette from
pUTmini-TnS lacZ1 (10) was cloned into pUC18Sfi (13) at the Sfil sites to yield
pUCI18Sfi lacZ. The first step for construction of p027Ery was the insertion of an
EcoRI-digested erythromycin cassette from pIM13 (22) into a pKK223-3 deriv-
ative, containing multiple cloning sites from pIC20H (18), at the EcoRI site. The
erythromycin cassette was then digested with a BamHI-EcoRV fragment and
cloned into pIC20H at BamHI-Smal. The PstI-BglIl fragment of the erythro-
mycin cassette from pIC20HEry was further inserted into p027tet (9) at PstI-
BamHI, to yield p027Ery. The p027Ery plasmid contains the pSa origin of DNA
replication, the partition locus par4 from the Agrobacterium plasmid pTAR, an
erythromycin resistance selection marker, and a lacZ alpha cassette with cloning
sites (9).

Semiquantitative analysis of oxidant sensitivity. Approximately 2 X 10°
washed cells taken from an exponentially growing culture were mixed with 10 ml
of Luria-Bertani (LB) semisoft agar (0.75%) and were then poured onto plates
containing 50 ml 1.5% LB agar. Paper discs (6-mm diameter) soaked with 10 .l
of the indicated oxidant were placed on top of the plates. Plates were incubated
overnight at 37°C, and the diameters of the cleared zones were measured.
Alternatively, logarithmically growing cells were serially diluted, and 10 pl of
each dilution was spotted onto solid LB medium containing oxidants. The ability
of bacteria to grow on an oxidant-containing medium was recorded after an
overnight incubation at 37°C.

Northern blot analysis. Total RNA was extracted from exponential-phase cells
(optical density at 600 nm [ODy] of ~0.4) cultured in Luria-Bertani broth using
the hot acid phenol method (21). Expression of specific transcripts was measured
by Northern blot analysis. Briefly, 10 ug of each RNA sample was subjected to
electrophoresis on a 1.2% formaldehyde gel and was then transferred to a
Hybond-XL membrane (Amersham Biosciences). Membranes were prehybrid-
ized for 30 min at 55°C in hybridization buffer (0.5 M phosphate buffer [pH 7.0],
7% sodium dodecyl sulfate [SDS], 1 mM EDTA, and 1% bovine serum albumin
[BSA]) and were then hybridized at 55°C overnight to a randomly primed
[a-32P]dCTP labeling probe. Membranes were washed twice at 25°C for 5 min
under low-stringency conditions (2X SSC [1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate] plus 0.1% SDS) and once at 55°C under high-stringency condi-
tions (0.5X SSC plus 0.1% SDS). Washed membranes were exposed to X-ray
film overnight. DNA probes containing the internal regions of ohr (oligonucle-
otides 262 and 263) and ohrR (oligonucleotides 260 and 261) were used.

RT-PCR. Total RNA samples were prepared as described for Northern blot
analysis experiments except that contaminating DNA in the total RNA samples
was hydrolyzed by addition of DNase using the Ambion Turbo DNA-free kit
(Applied Biosystems) according to the manufacturer’s instructions. The quality
of the RNA was assessed at this step by using agarose gel electrophoresis. To
control for DNA contamination, each DNase-treated RNA sample was used as
a template in a standard PCR assay as a control. The absence of PCR products
in this control reaction indicated that the reverse transcription-PCR (RT-PCR)
products were not derived from contaminating DNA. The reverse transcription
reaction was performed using a RevertAid Moloney murine leukemia virus
(M-MuLV) reverse transcriptase kit (Fermentas) according to the manufactur-
er’s instructions using a random hexaprimer. The PCR was performed using
gene-specific primers. For proof of the operonic structure, the primers BT468
(5'-TCCGAGGATACCGCACGG-3") and BT484 (5'-AGGGGATCCTACCT
ACCTGTCTGG-3'; BamHI site underlined) were used. The expected PCR
product was 222 bp in size. For expression of the ohr gene, BT1554 (5'-GCAC
TCCGCGCGAACTGG-3") and BT1555 (5'-CGGCAGGTTGATGTGCAG-3')
were used with the expected product size of 218 bp. The amount of template used
in each reaction was controlled by a PCR using BT2828 (5'-AACTGGAGGA
AGGTGGGGAT-3") and BT2829 (5'-AGGAGGTGATCCAACCGCA-3"),
which are specific to the 16S rRNA gene, with an expected product size of 371
bp. A 100-bp marker (Fermentas) was used as the DNA size marker.

Primer extension. The primers used to detect the start sites of the ohr and
ohrR mRNAs were BT468 (5'-TCCGAGGATACCGCACGG-3') and BT467
(5'-ATACAGGGCGAAGCACAG-3'), respectively. A primer, BT467, comple-
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mentary to nucleotide sequences between +52 and +69 relative to the start
codon of OhrR and a BT468 primer located between +60 and +79 of ohr were
used in the extension reactions. Two picomoles of primer was annealed to 10 g
of total RNA preparation. The primers were previously labeled at their 5’ ends
using [y->*P]ATP and T4 polynucleotide kinase. Primer extension reactions were
carried out by incubating the annealing mixture with Superscript III reverse
transcriptase (Invitrogen). The products were analyzed by 6% polyacrylamide gel
electrophoresis (PAGE). A sequence ladder was generated using the finol DNA
cycle sequencing system (Promega) with pGEM-3zf(+) as a DNA template and
M13 forward (5'-CGCCAGGGTTTTCCCAGTCACGAC-3') as a primer.

Site-directed mutagenesis of C19 and C121 of OhrR. Site directed mutagen-
esis was done by the PCR mutagenesis method. Primers containing mutated sites
at C19 and C121 were designed. The primers used were as follows: BT859
(5'-ACCCAGCAGTCCTTCGCCCTG-3") and BT860 (5'-CAGGGCGAAGG
ACAGCTGGTT-3") for mutation of cysteine 19 into serine and BT861 (5'-AT
TCCCGCCTCCATCGTCGAG-3") and BT862 (5'-CTCCAGGATGGAGGCG
GGAAT-3") for mutation of cysteine 121 into serine. Changed bases are
underlined, and members of each pair are complementary to each other. To
construct OhrR containing C19S, BT859 and M13, forward primers, and BT860
and M13, reverse primers, were used in two separate amplification reactions with
pohrR as a template. The second round of amplification reaction contained the
two DNA fragments produced above without template and primers. This reac-
tion allows the product to join. After 5 cycles, M13 forward and reverse primers
were added to the reaction, and the product was amplified. The desired fragment
from the second-round PCR was digested with EcoRI and SacI and cloned into
pBBRMCS-4. The resultant plasmid was sequenced and designated pohrR-
C19S. pohrR-C121S was generated using the same strategy except that the PCR
primers BT861 and BT862 were used in the PCR.

Purification of OhrR. Based on the genome sequence of PAOI, the primers
BT602 (5'-TGGAAGACAACCATGGCCCG-3', Ncol site underlined) and 261
(5'-GACAGGTAGGTATAAGCCCCT-3") were designed and used in a PCR
with PAO1 genomic DNA, pohrR-C19S, or pohrR-C121S as a template. The
purified OhrR fragment was digested with Ncol and ligated to the pETBlue2
expression vector at Ncol and Hincll to give a recombinant plasmid, pET-
PsOhrR. The mutated ohrR(C19S) and ohrR(C121S) genes were similarly pro-
duced using PCR with plasmid templates before PCR fragments cloned into the
expression vector. ohrR in the expression vector was sequenced to assess the
accuracy of the gene sequence. pET-PsOhrR, pET-PsOhrR-C19S, and pET-
PsOhrR-C121S were transformed into the BL21(DE3) strain. These transfor-
mants were used for protein production. Essentially, BL21(DE3) containing
pET-PsOhrR was grown in 200 ml Luria-Bertani broth containing 100 pg/ml
ampicillin at 37°C on a rotary shaker until the cell density reached an ODy, of
about 0.6 to 0.8. Then, isopropyl-B-p-thiogalactopyranoside (IPTG) (1 mM) was
added to the culture, and growth was continued for 2 h. Cells were harvested with
centrifugation, washed, and resuspended in KEG buffer (25 mM KPO,, 1 mM
EDTA, and 5% glycerol, pH 8.0) containing 1 mM dithiothreitol (DTT). Cells
were disrupted by sonication at 0°C. The lysates were clarified by centrifugation
and loaded onto a column of DEAE previously equilibrated with the same
resuspension buffer. Nonabsorbed materials were removed by passage of this
buffer through the column. OhrR was eluted with KEG buffer containing 100
mM KPO, and 1 mM DTT. After dialysis in resuspension buffer, this fraction
was loaded onto a heparin Sepharose column preequilibrated with the resuspen-
sion buffer. After the column was washed with resuspension buffer, OhrR was
eluted with KEG buffer containing 200 mM KPO, and 1 mM DTT. Then, this
fraction was dialyzed, concentrated, and stored in KEG buffer containing 20%
glycerol and 1 mM DTT. The purity of OhrR was estimated to be at about 90%
on a Coomassie blue-stained SDS-polyacrylamide gel.

DNA binding assays. Promoter fragments were end labeled with [y->*P]JATP
using T4 polynucleotide kinase. The ohrR promoter fragment was 194 bp long
and was produced by PCR using **P-labeled BT483 (5'-CTGGGATCCGGCC
CTGCAGCA-3"; BamHI site underlined) and BT467 (5'-ATACAGGGCGAA
GCACAG-3"), covering the region of ohrR from —87 to +98. The ohr promoter
fragment was produced by PCR using *?P-labeled BT484 (5'-AGGGGATCCT
ACCTACCTGTCTGG-3'; BamHI site underlined) and BT514 (5'-TCACGGC
CTCCGGTGGCG-3") covering the region of the ohr gene from —87 to +114.
DNA binding reactions were carried out at room temperature for 15 min in a
mixture containing 20 mM Tris-Cl (pH 7.0), 50 mM KCl, 0.5 mM dithiothreitol,
1 mM EDTA, 5% glycerol, 50 pg/ml BSA, 5 wg/ml calf thymus DNA, 0.025 U
poly(dI-dC) (Amersham Biosciences), y->?P-labeled promoter fragment, and
various amounts of OhrR. Samples were then analyzed on a 5% polyacrylamide
gel in 0.25X Tris borate-EDTA buffer containing 2.5% glycerol. The gel was
dried and analyzed by autoradiography. For DNase I footprinting analysis, the
binding reactions were treated with DNase I, and the DNA fragments were

REGULATION AND ROLE OF PSEUDOMONAS OhrR 2095

analyzed on a 6% denaturing polyacrylamide gel (12). A sequence ladder was
generated using an finol DNA cycle sequencing system (Promega). The template
for the sequencing ladder was pGEM-3zf(+) or the promoter fragment itself.

Pathogenicity test (8). Brain heart infusion medium (BHI) was used to analyze
the fast killing mechanism. Freshly streaked bacterial strains on BHI agar (Bec-
ton, Dickinson and Company) were resuspended in BHI broth and adjusted to an
ODgg of 0.1. A 150-ul aliquot of this suspension was spread on a 5.5-cm-
diameter BHI agar plate in triplicate, and the plates were then incubated at 37°C
overnight to form lawns of bacteria. Approximately 100 to 200 synchronized
adult worms (Caenorhabditis elegans Bristol N2 type strain, a gift from B. P.
Braeckman, Biology Department, Ghent University, Belgium) were added to
each plate. The numbers of live and dead/paralyzed worms were recorded over
time under a microscope at room temperature (22°C).

RESULTS

Transcription organization of the ohrR-ohr operon. The or-
ganic hydroperoxide-inducible expression of ohr in P. aerugi-
nosa has been reported previously (25). However, the regula-
tor of ohr expression has not been identified. In most bacteria,
the regulators of ohr are located in close proximity to the ohr
gene (6, 11, 27, 36). Hence, we searched for a regulator in the
vicinity of ohr. An annotated putative regulatory gene, PA2849
(35), located upstream of ohr was identified in P. aeruginosa.
The amino acid sequence of the PA2849 protein shares 38 to
50% identity with those of previously identified OhrRs (6, 11,
27, 36). Hence, we designated the PA2849 gene P. aeruginosa
ohrR. ohrR is located upstream of ohr, and the two genes are
oriented in a head-to-tail manner (Fig. 1A) (25). The transcrip-
tion organization of these genes was determined using RT-
PCR with primers covering the ohrR-ohr intergenic region. The
results shown in Fig. 1B show the expected 222-bp PCR prod-
ucts, suggesting that ohrR and ohr were transcribed in an
operon. The RT-PCR results also supported subsequent
Northern blot analysis of ohrR and ohr expression, in which
1.1-kb transcripts corresponding to the expected size of the
two-gene operon were detected (Fig. 1C and D). However, the
transcription organization of the genes was more complex.
Additional smaller transcripts approximately 0.5 kb in length,
which is equivalent to the expected size for monocistronic ohrR
or ohr mRNAs, were also detected using either ohrR or ohr
probes (Fig. 1C and D). The hybridization signals using ohrR as
the probe revealed that ohrR-ohr and ohrR transcripts had
similar hybridization intensities (Fig. 1C). On the other hand,
the ohr hybridization signals for bicistronic and monocistronic
ohr transcripts differed significantly. The shorter monocistronic
transcripts of ohr were more than 50-fold more abundant than
the longer bicistronic ohrR-ohr transcripts (Fig. 1D).

Expression analysis of ohrR and ohr. The expression profiles
of P. aeruginosa ohrR in response to organic hydroperoxides
were determined. The results of the Northern blot analysis
show that ohrR was maximally induced by treatment of PAO1
cultures with 250 uM CHP, a synthetic hydrophobic organic
hydroperoxide, while exposure to 250 uM tert-butyl hydroper-
oxide (tBOOH), a simple synthetic organic hydroperoxide, did
not significantly induce ohrR expression (Fig. 1C, D, and E).
Nonetheless, induction of ohrR expression could be detected
when higher concentrations (500 and 750 pM) of tBOOH were
used (Fig. 1E). Other oxidants and oxidant-generating com-
pounds, such as H,O, (1 mM), menadione (500 wM), and
paraquat (500 pM), failed to induce ohrR expression (Fig. 1C).
The expression profile of ohr in response to oxidants shows
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FIG. 1. Expression analysis of ohrR and ohr. (A) Genome organi-
zation of the ohr-ohrR operon. (B) RT-PCR of the intergenic region
between the ohr and ohrR genes. The primers BT468 and BT484 were
used, giving the expected 222-bp PCR products. +, positive control; —,
negative control; M, molecular weight marker (GeneRuler 100-bp
DNA ladder; Fermentas); WT, PAO1 DNA as the template. (C and
D) Phosphor images of Northern blots of total RNA extracted from
wild-type P. aeruginosa cultures treated with various oxidants for 15
min. Northern blots were hybridized with radiolabeled probes specific
to ohrR (C) or ohr (D). Positively hybridizing bands are indicated by
arrows. UN, uninduced; CHP, 250 pM CHP; tBOOH, 250 pM
tBOOH; MD, 500 uM menadione; PQ, 500 wM paraquat; H,O,, 500
uM H,O0,. (E) Quantitative analysis of Northern blot analysis of wild-
type P. aeruginosa cultures treated with various concentrations of CHP
and tBOOH for 30 min.

that both 250 puM CHP and 250 .M tBOOH but not the other
oxidants tested induced maximal expression of ohr (Fig. 1D).
The ohr induction profile is similar to the results from a pre-
vious study (25). The expression profiles show that oArR tran-
scripts were efficiently induced by CHP and were less efficiently
induced by tBOOH, whereas the ohr transcripts were induced
by both CHP and tBOOH (Fig. 1C and D). The ability of 250
pM tBOOH to induce expression of ohr but not ohrR sug-
gested a complex differential regulation mechanism for these
genes.

Primer extension analysis of ohrR and ohr genes. The tran-
scription start sites of P. aeruginosa ohrR and ohr were identi-
fied by primer extension analysis using RNA samples prepared
from uninduced and 250 wuM CHP-induced cultures. For ohrR,
98-bp primer extension products were detected in the CHP-
induced RNA sample. This placed the oArR transcription start
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FIG. 2. Primer extension analysis of oirR (A) or ohr (B) using total
RNA extracted from P. aeruginosa cultures with and without cumene
hydroperoxide treatment. Arrows indicate the transcription start site.
The Sanger sequencing ladder to the left of the primer extension lanes
was generated using pGEM-3zf(+) as the template and M13 forward
as a primer. UN, uninduced; CHP, 250 pM CHP. (C and D) Promoter
sequences of ohrR (C) or ohr (D). The putative —10 and —35 promoter
regions, the transcription start site (+1), and the putative ohrR and ohr
translation start codons are shown in bold. Locations and names of
oligonucleotides (BT483, BT467, BT484, and BT514) used in this
study are shown. The DNase I-protected regions for OhrR binding are
boxed. The putative OhrR binding sites on each promoter are aligned
with the predicted conserved sequence of the OhrR box.

site 29 bp upstream from the oArR translation initiation codon
(Fig. 2A). This information allowed prediction of the putative
—10 (TAAATT) and —35 (TGGAAA) boxes of the ohrR pro-
moter (Fig. 2C). Primer extension analysis of ohr gave 137-bp
products in the CHP-induced RNA sample (Fig. 2B). This
placed the ohr transcription start site at —58 bp from the ohr
translation start site (Fig. 2D), with the predicted putative ohr
promoter motifs GATAAA and TTGTCT at the —10 and —35
regions, respectively. The ohr promoter is located within the
ohrR-ohr intergenic region. The quantification of oArR and ohr
primer extension products revealed that there were more than
50-fold more products detected in RNA samples prepared
from the CHP-induced culture than in the RNA samples from
the uninduced culture. These findings confirmed the Northern
blot results, which showed that CHP induced expression of
ohrR and ohr. The organic hydroperoxide-inducible expression
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FIG. 3. Effect of an ohrR mutation on ohrR and ohr expression.
(A) B-Galactosidase activities of strains containing an ohr-lacZ fusion.
(B) B-Galactosidase activities of strains containing an ohrR-lacZ fu-
sion. (C) B-Galactosidase activities of strains containing ohrR-lacZ and
ohr-lacZ fusions in the wild type induced with either 1 mM CHP or 1
mM tBOOH. (D) Northern blot analysis of ohr. Overnight cultures of
strains were grown to mid-log phase and collected for B-galactosidase
analysis or for mRNA extraction for Northern blot analysis. Experi-
ments were performed three times; error bars represent the standard
errors of the means. UN, control sample; CHP, 1 mM CHP; tBOOH,
1 mM tBOOH.

of these genes most likely results from increased transcription
from their promoters.

Effect of OhrR on expression of ohrR and ohr. The role of
OhrR as a transcription regulator of the ohrR-ohr operon was
investigated using in vivo promoter fusion analysis. An ohrR
mutant was constructed as described in Materials and Meth-
ods. The in vivo transcription activities from the ohrR and ohr
promoters were monitored using promoter-lacZ fusion plas-
mids constructed as described in Materials and Methods. The
p027Psohr-lacZ and p027PsohrR-lacZ plasmids were trans-
formed into wild-type PAO1 and into an ohrR mutant. The
levels of B-galactosidase produced by p027Psohr-lacZ and
p027PsohrR-lacZ in wild-type PAO1 were 1.2 = 0.1 and 2.6 *
0.3 U/mg, respectively (Fig. 3A and B). Treatment of the wild-
type strain containing p027Psohr-lacZ and p027PsohrR-lacZ
with 1 mM CHP resulted in an increase in B-galactosidase
activity to 2.1 = 0.3 and 3.6 = 0.2 U/mg, respectively. The
experiments were repeated with an oArR mutant harboring
these plasmids. In the ohrR mutant, p027Psohr-lacZ and
p027PsohrR-lacZ produced high levels of B-galactosidase,
23.3 = 4.0 U/mg protein and 15.9 = 1.3 U/mg protein, respec-
tively. CHP treatment of these strains did not further increase
the B-galactosidase levels (Fig. 3A and B). When an expression
vector containing ohrR was introduced into the ohrR mutant
harboring either p027Psohr-lacZ or p027PsohrR-lacZ, the
B-galactosidase activity in these strains dropped to 1.4 = 0.3
U/mg protein and 1.0 = 0.1 U/mg protein, respectively, in
uninduced cultures and to 3.4 *= 0.5 U/mg protein and 2.8 =
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0.1 U/mg protein, respectively, in 1 mM CHP-induced cultures.
These values were comparable to those observed for a wild-
type strain harboring the promoter/reporter plasmids (Fig. 3A
and B). Using a promoter-lacZ fusion assay, we also confirmed
the aforementioned data showing that at a specific concentra-
tion, tBOOH induced ohr expression but could not induce
ohrR expression (Fig. 3C).

The role of OhrR in the regulation of oAr was independently
confirmed by monitoring the expression of ohr in wild-type,
ohrR mutant, and ohrR mutant/pohrR strains by Northern blot
analysis. The results clearly showed that ohr expression was
highly induced by the CHP treatment in an ohrR-dependent
manner (Fig. 3D). Lack of CHP induction of ohr in the ohrR
mutant could be restored by expression of a functional oArR in
trans (Fig. 3D). These data are strongly indicative of the neg-
ative regulatory role of OhrR in the expression of oArR and ohr
at the transcriptional level. The results support the idea that
there is independent regulation of the ohrR and ohr promoters.
These promoters responded disparately to different organic
hydroperoxides.

OhrR binding to ohrR and ohr promoter fragments. Previ-
ous studies have shown that OhrR regulates its target genes by
directly binding to the operator site located in the vicinity of its
target promoters. Hence, the ability of purified OhrR to bind
to its target promoter in vitro was investigated using a gel shift
assay. The addition of various concentrations of purified P.
aeruginosa OhrR to either ohrR or ohr promoter fragments
resulted in slower migration of the promoter fragments in a
native acrylamide gel (Fig. 4A). This indicates that OhrR binds
directly to its target sites. The OhrR dissociation constants
(Ky) for the ohrR and ohr operators were estimated to be 35
nM and 125 nM, respectively (Fig. 4A). The OhrR binding
sites on these promoter/operator fragments were determined
by DNase I footprinting. Binding of OhrR protected DNA
regions on both the ohrR and ohr operators/promoters from
DNase I digestion. The protected region on the ohrR operator/
promoter fragment extended from nucleotide position —42 to
position +16 on the upper strand (Fig. 4B). On the bottom
strand of the ohrR operator/promoter fragment, OhrR also
bound to the same region (data not shown). On the ohr oper-
ator/promoter fragment, OhrR binding protected the ohr op-
erator/promoter fragment from nucleotide position —39 to
position +48 on the upper strand and nucleotide position —43
to position +75 on the lower strand (Fig. 4C and data not
shown). Taken together, the gel shift and DNase I footprinting
results clearly demonstrated that purified OhrR directly bound
to the ohrR and ohr operators located in the vicinity of the
respective promoter regions.

Role of conserved cysteine residues in organic hydroperox-
ide sensing. OhrR of P. aeruginosa belongs to the two-cysteine
family of OhrRs. P. aeruginosa OhrR contains the conserved
oxidant-sensing cysteine residue located near the N terminus at
amino acid position 19 (C19) and the conserved C-terminal
cysteine residue located at position 121 (C121). The impor-
tance of these two cysteine residues in organic hydroperoxide
sensing by P. aeruginosa OhrR was investigated. We performed
site-directed mutagenesis at C19 and C121, changing these
cysteines to serines. The mutated ohrR gene was cloned into an
expression vector, pBBRIMCS-4, and the resultant plasmids
were introduced into a P. aeruginosa ohrR mutant. The levels
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FIG. 4. (A) Binding of OhrR to the oArR promoter fragment. The
percentage of OhrR bound to the ohrR operator fragment was deter-
mined using a gel shift assay with the ohrR promoter and purified
OhrR. The various concentrations of OhrR added to the binding
reactions are indicated above each lane. The unbound promoter frag-
ment is designated UB, and the protein-DNA complex is designated B.
(B and C) Mapping of the OhrR binding sites on the P. aeruginosa
ohrR (B) and ohr (C) promoter fragments by DNase I footprinting.
PCR-generated probe fragments were labeled on one strand by end
labeling one of the primers with *?P prior to amplification. The se-
quencing ladder used to localize the binding sites on the ohrR pro-
moter (B) was generated using pGEM-3zf(+) as a template and M13
forward as a primer. The sequencing ladder (G, A, T, C) used to
localize the binding sites on the ohAr promoter (C) was generated using
the promoter fragment itself as a template and the same labeled
oligonucleotide as was used to generate the probe as a primer. “M”
indicates molecular weight marker, ¢$x174/Hinfl (Promega). Numbers
above each lane indicate amounts of the OhrR protein (nM) used in
each reaction.

of ohr mRNA in these strains were measured by RT-PCR
under uninduced and CHP-induced growth conditions. In the
absence of OhrR, ohr expression became constitutively high
regardless of whether or not CHP was present (Fig. 5). CHP-
inducible expression of ohr could be achieved by introduction
of a plasmid containing wild-type ohrR into the mutant (Fig. 5).
These results confirmed the expression pattern of osr shown by
the Northern blot analysis and the transcription fusion assays
(Fig. 1 and 3). The system also allowed us to test the effects of
cysteine mutations in OhrR on ohr expression. PAO1 ohrR/
pohrRC19S showed low-level expression of ohr compared to
the level attained in the ohrR mutant strain, indicating that
OhrRC19S could function as a transcription repressor on the
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FIG. 5. Effect of OhrR cysteine mutations on expression of ohr.
Expression of ohr was monitored by RT-PCR. The first panel shows
the level of ohr expression. The bottom panel shows the expression of
a housekeeping gene, the 16S rRNA gene. CHP, 250 uM CHP.

promoter (Fig. 5). However, the derepression of ohr expression
by CHP treatment was not observed (Fig. 5). Introduction of
OhrRCI121S into an ohrR mutant resulted in the wild-type
pattern of ohr expression under uninduced and CHP-induced
conditions (Fig. 5). These in vivo data indicate that C19 has an
important role in organic hydroperoxide sensing.

We further tested the DNA binding and oxidant sensing
abilities of mutated and wild-type OhrRs in vitro. OhrRC19S
and OhrRC121S were purified using the same procedure that
was used for wild-type OhrR. In the gel shift assay, purified
OhrR bound to the ohr promoter/operator fragment (Fig. 6A).
The binding of OhrR to the fragment was abolished in the
presence of 1 mM CHP. This reaction to CHP could be re-
versed by addition of 1 mM DTT, a reducing agent, to the
binding reaction (Fig. 6A). OhrRCI19S also bound to the ohr
operator/promoter fragment with a similar binding affinity
(data not shown), although addition of CHP did not affect the
binding activity (Fig. 6A). In contrast, OhrRC121S could bind
to the promoter/operator fragment, and the addition of CHP
also abolished the binding activity (Fig. 6A). Surprisingly, ad-
dition of 1 mM DTT to the binding reaction could not restore
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FIG. 6. Binding of OhrR, OhrRC19S, and OhrRC121S on the ohrR
promoter (A) or the ohr promoter (B). DTT, 1 mM DTT; CHP, 1 mM
CHP. Protein: OhrR, OhrRC19S, or OhrRC121S, as indicated on the
top of each panel.
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FIG. 7. Sensitivities of wild-type P. aeruginosa and ohrR and ohr
mutants to oxidants. Exponential-phase cells grown in LB medium
were serially diluted (10-fold dilutions), and 10 pl of each dilution was
spotted onto LB agar containing either 500 uM H,0,, 1 M CHP, 2 M
CHP, or 1 M tBOOH. After incubation at 28°C for approximately 24 h,
growth of the bacteria was observed. The experiment was repeated
three times with similar results.

the binding of OhrRCI121S to the promoter fragment. OhrR
and various OhrR cysteine mutants bound to the ohrR pro-
moter fragment produced patterns similar to those observed
using the ohr promoter fragment (Fig. 6B).

Role of ohrR and ohr in oxidative defense and pathogenicity.
Previous reports have indicated that ohr has important physi-
ological roles in protecting P. aeruginosa from organic peroxide
stress. Here we extended these findings by examining the phys-
iological roles of ohrR and ohr in protecting P. aeruginosa from
peroxide stresses, particularly organic hydroperoxide stress,
and we also investigated the roles of these genes in the patho-
genicity of P. aeruginosa. First, we determined the oxidant
resistance levels of ohrR, ohr mutants, and a wild-type strain.
As expected, the ohr mutant was more sensitive to the organic
hydroperoxides CHP and tBOOH than the wild-type strain,
and the increased sensitivity of the mutant could be restored to
almost wild-type levels by a plasmid containing a functional ohr
gene (Fig. 7). The results confirmed the data from a previous
study (25). Unexpectedly, the ohrR mutant was more resistant
to both CHP and tBOOH (Fig. 7). This phenotype could be
complemented by a functional ohrR gene (Fig. 7). Neither
mutant showed significant alterations in the level of resistance
to H,O, (Fig. 7).

The roles of ohr and ohrR in P. aeruginosa pathogenicity
were examined using the C. elegans/P. aeruginosa pathogenicity
model. The percent mortality of C. elegans caused by a wild-
type strain and an ohr mutant were similar at all time points
(Fig. 8), whereas an ohrR mutant strain showed 29.3% =
16.4% mortality of C. elegans, compared to 89.3% = 1.9%
mortality of C. elegans caused by the wild-type strain at 5 h
(Fig. 8). The ability to kill C. elegans was restored to a wild-type
level when a functional copy of OhrR was introduced into the
ohrR mutant (Fig. 8).
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FIG. 8. Caenorhabditis elegans/P. aeruginosa pathogenicity tests.
After incubation of P. aeruginosa with C. elegans, the numbers of live
and dead/paralyzed worms were recorded over time. Percentage death
was then calculated. The data show percentage death at 5 h. These
results are representative of at least three independent experiments.
Error bars indicate the standard errors for the technical replicates.

DISCUSSION

Here we identified ohrR, the regulatory gene for ohr, and we
elucidated the mechanisms governing the organic hydroperox-
ide sensing and the regulation of inducible expression of ohr. P.
aeruginosa ohrR and ohr show atypical transcription organiza-
tion. Both genes are transcribed as a bicistronic mRNA and as
monocistronic transcripts. These two transcripts are produced
in equal proportion for ohrR but are produced in greatly dif-
ferent quantities for ohr. Primer extension and in vivo pro-
moter analysis confirmed the presence of promoters located
upstream of oArR and ohr (Fig. 2). These promoters are likely
responsible for the monocistronic transcripts, while the bicis-
tronic transcripts could arise from transcription readthrough
from ohrR into ohr. The significance of different sizes of the
transcripts is not known. The monocistronic ohr transcripts
could be more stable than the bicistronic transcripts and the
monocistronic ohrR transcripts, similar to the previously ob-
served situation for Xanthomonas ohrR-ohr (20). This would
enhance the overall expression of ohr.

Experimental evidence supports the role of OhrR as a tran-
scription repressor. OhrR binds with high affinity to the ohr and
ohrR operators (Fig. 4). There are many potential OhrR bind-
ing sites in the ohr and ohrR promoter regions. The OhrR
binding sites vary in different bacteria (6, 14, 27, 36). The
OhrR binding site is thought to involve an inverted repeat
with the core sequence of AATT-N-AATT (6). There are
many putative AATT-N-AATT boxes in the vicinity of the OhrR-
protected regions of the ohr and ohrR promoters. We found one
box in each promoter region for which the surrounding nucleo-
tides are similar, AATTCNNGCAC-N-GtGCNNgAATT (Fig.
2C and D). These boxes are likely the OhrR operators.

In vivo and in vitro analyses using OhrR and OhrRC19S
confirmed the role of C19 as a redox-sensing residue in P.
aeruginosa OhrR. Addition of CHP to the reaction inactivated
the DNA binding properties of OhrRC121S in a manner sim-
ilar to that for the wild-type protein (Fig. 6); however, addition
of 1 mM DTT could not reestablish OhrRC121S DNA binding
activity. The results are consistent with the recent hypothesis
that the conserved cysteine at the C terminus plays a role in
prevention of the overoxidation of the redox-sensing cysteine
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at the N terminus (33, 34). The overoxidized forms of cysteine
are sulfinic acid and sulfonic acid, which cannot be reduced by
DTT (17). The carboxyl-terminal C121 residue also has an
important role in the overall sensing process of OhrR.

The degree to which an organic hydroperoxide can induce
the ohrR-ohr system correlates with the degree of hydropho-
bicity of the inducer. CHP, a more hydrophobic hydroperox-
ide, is a better inducer than tBOOH in the ohrR-ohr system.
These observations could be clarified by structural analysis of
OhrR that could reveal the presence of a hydrophobic patch
and hydrophobic amino acid residues in the vicinity of the
sensing cysteine (2, 4). This would facilitate the entry of a
hydrophobic organic hydroperoxide into the channel, allowing
efficient oxidation of the sensing cysteine.

A current model of OhrR sensing and response to organic
hydroperoxides involves oxidation of the sensing cysteine res-
idue by an organic hydroperoxide and subsequent disulfide
bond formation with C121. The formation of this disulfide
bond then results in the loss of the DNA-binding activity of
OhrR. This allows RNA polymerase to bind to the promoter
and activate transcription of the target genes. tBOOH (250
wM) highly induced ohr expression and yet barely induced
ohrR expression (Fig. 1). This suggests involvement of factors
in addition to the oxidation of OhrR that govern the induction
of these OhrR-regulated genes. These factors could be the
OhrR dissociation constants (K,) for the operators and the
chemical nature of the organic hydroperoxide inducer. A
model has been postulated to explain the tBOOH induction of
ohr and ohrR that takes into account these additional factors.
The binding of either OhrR or RNA polymerase to the oper-
ator or the promoter is mutually exclusive. Depending on
whether OhrR or RNA polymerase successfully binds to its
target site, the subsequent events lead to either repression or
induction of gene expression. Thus, exposure of reduced OhrR
to tBOOH, a poor inducer, leads to oxidation of only a fraction
of reduced OhrR. This decreases the overall concentration of
reduced OhrR, while the oxidized OhrR dissociates from the
operator. Under such conditions, the concentration of the re-
maining reduced OhrR is sufficient for it to compete with RNA
polymerase for binding to the ohrR operator and to prevent the
RNA polymerase from binding to the promoter. However, the
concentration of reduced OhrR is not sufficient for the repres-
sor to bind to the ohr operator due to the higher K, of the ohr
operator. This allows RNA polymerase to bind to the ohr
promoter to activate transcription of this gene. This model has
taken into account the observations that OhrR has a K for the
ohrR operator that is 3.5 times lower (35 nM) than that for the
ohr operator (125 nM). In addition, the differential induction
could be observed only with a poor organic hydroperoxide
inducer.

Further support for this model came from observations that
treatment with either higher concentrations of tBOOH (500
and 750 uM) or an efficient inducer, such as CHP (250 uM),
could oxidize more reduced OhrR and could lower the con-
centration of reduced OhrR to a level where it could no longer
bind to the ohrR operator. This results in the observed induc-
tion of both oArR and ohr expression by CHP and tBOOH. The
repressor binding affinity and the hydrophobicity of the inducer
allow fine-tuning and differential induction of expression of
OhrR target genes. This situation, in which the nature of the
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inducer contributes to a measured response, is rare in bacteria.
The model is also a departure from a simple on-off model and
permits selective expression of genes regulated by the same
sensor/transcription regulator under the same stress condition.

Physiological analysis of ohrR and ohr mutants confirms the
role that these genes play in protecting bacteria from organic
hydroperoxide toxicity (Fig. 7) (25). Inactivation of ohr did not
seem to have a significant effect on the pathogenicity of the
bacteria, even though the mutant was hypersensitive to organic
hydroperoxide-induced death. Surprisingly, the ohrR mutant
showed a reduced ability to kill nematodes compared to wild-
type PAOL1. This phenotype could be complemented by expres-
sion of functional ohrR from a plasmid (Fig. 8). This observa-
tion could not be accounted for by increased ohr expression in
the ohrR mutant. Thus, it is likely that OhrR regulates other
genes in addition to ohr and that correct levels of expression of
these genes are required for pathogenicity of P. aeruginosa.
Transcriptome analysis of an OhrR mutant and a wild-type
strain is being done to identify novel OhrR target genes. None-
theless, the observations presented here provide support for
the concept of targeting transcription factors for therapeutic
control of P. aeruginosa infection.
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