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PrtR Homeostasis Contributes to Pseudomonas aeruginosa
Pathogenesis and Resistance against Ciprofloxacin
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Key Laboratory of Molecular Microbiology and Technology of the Ministry of Education, Department of Microbiology, College of Life Sciences, Nankai University, Tianjin,
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Pseudomonas aeruginosa is an opportunistic pathogen that causes acute and chronic infections in humans. Pyocins are bacterio-
cins produced by P. aeruginosa that are usually released through lysis of the producer strains. Expression of pyocin genes is neg-
atively regulated by PrtR, which gets cleaved under SOS response, leading to upregulation of pyocin synthetic genes. Previously,
we demonstrated that PrtR is required for the expression of type III secretion system (T3SS), which is an important virulence
component of P. aeruginosa. In this study, we demonstrate that mutation in prtR results in reduced bacterial colonization in a
mouse acute pneumonia model. Examination of bacterial and host cells in the bronchoalveolar lavage fluids from infected mice
revealed that expression of PrtR is induced by reactive oxygen species (ROS) released by neutrophils. We further demonstrate
that treatment with hydrogen peroxide or ciprofloxacin, known to induce the SOS response and pyocin production, resulted in
an elevated PrtR mRNA level. Overexpression of PrtR by a tac promoter repressed the endogenous prtR promoter activity, and
electrophoretic mobility shift assay revealed that PrtR binds to its own promoter, suggesting an autorepressive mechanism of
regulation. A high level of PrtR expressed from a plasmid resulted in increased T3SS gene expression during infection and higher
resistance against ciprofloxacin. Overall, our results suggest that the autorepression of PrtR contributes to the maintenance of a
relatively stable level of PrtR, which is permissive to T3SS gene expression in the presence of ROS while increasing bacterial tol-

erance to stresses, such as ciprofloxacin, by limiting pyocin production.

To establish colonization and persistence, pathogenic bacteria
must counteract the host immune attacks and often the toxic-
ity of antibiotics, as well as competition from other bacterial spe-
cies. Bacteriocins are antimicrobial compounds produced by al-
most all bacteria and usually released under environmental
stresses (1). The role of bacteriocins is believed to benefit the pro-
ducers in competition against other closely related strains. Bacte-
riocins are considered a double-edge sword, as they kill suscepti-
ble competitor microbes on one hand, while on the other hand the
production of bacteriocins is energetically costly and their release
is usually through lysis of the producers (1). Accordingly, produc-
tion of bacteriocins is under tight regulation (2).

Pseudomonas aeruginosa is a versatile opportunistic pathogen
that causes acute and chronic infections in humans (3). The bac-
teriocins produced by P. aeruginosa are designated pyocins. More
than 90% of P. aeruginosa strains are able to produce several types
of pyocins (4). Three types of pyocins have been identified based
on their structures and mode of actions: R type, F type, and S type
(4). Pyocins are believed to play important roles in intraspecies as
well as interspecies interactions. Coculturing of a pyocin producer
strain with a sensitive strain revealed that high levels of pyocins are
produced in an anaerobic biofilm, resulting in dominance of the
producer strain (5). Pyocins produced by isolates from cystic fi-
brosis patients are able to kill Burkholderia cepacia complex (Bcc)
strains, isolated either from the same or from different patients,
suggesting an active interaction between P. aeruginosa and Bcc
within patient lungs (6).

Production of pyocins is under the control of a tight regulatory
cascade. PrtR protein, a homologue of ACI, binds to the promoter
region of a prtN gene and inhibits its expression (7). PrtN is a
transcriptional activator that activates the expression of pyocin
biosynthetic genes. Upon activation of the SOS response, RecA
promotes PrtR cleavage, leading to the derepression of PrtN and
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subsequent upregulation of pyocin synthetic genes (7). Hydrogen
peroxide (H,O,) and ciprofloxacin have been demonstrated to
induce the expression of pyocin genes (8, 9), presumably by caus-
ing DNA damage and inhibiting the activity of DNA topoisomer-
ase, respectively leading to the SOS response and cleavage of the
PrtR protein. Since production and release of pyocins are meta-
bolically costly and usually lethal to the producer cells, PrtR plays
a pivotal role in guarding bacterial survival in response to various
environmental stresses. Although the regulation and biological
roles of pyocins have been widely studied, the regulatory mecha-
nism of PrtR expression and its role in P. aeruginosa colonization
and chronic persistence remain elusive.

A number of observations suggest that PrtR might play a role in
P. aeruginosa infections. First, during host infection, P. aeruginosa
encounters reactive oxygen species (ROS) generated by neutro-
phils and usually fluoroquinolones, which are widely used in the
treatment of P. aeruginosa infections (10, 11). Therefore, it is likely
that PrtR is subjected to cleavage under such stress conditions.
Second, we had previously demonstrated that PrtR is required for
the expression of P. aeruginosa type III secretion system (T3SS)
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid

Relevant characteristics or function

Reference or
origin

P. aeruginosa

PAK Wild type David Bradley
PAK AprtNprtR:Gm PAK with preN and preR disrupted by replacement of Gm cassette; Gm’ 12

PAK AprtN:Gm PAK with prtN disrupted by insertion of Gm cassette; Gm* 12

PAK AprtNprtR/P,, -exsA PAK AprtNprtR with insertion of a single copy of ExsA driven by tac promoter at attTn7 sites This study

Plasmids

pUCP19 Shuttle vector between E. coli and P. aeruginosa 42

pFlp2 Containing the recombinase structural gene fIp and SacB selection marker; Ap" 43
pUCI8T-mini-Tn7T-Gm For gene insertion in chromosome; Gm" 44

pTNS3 Helper plasmid 45

pE8O prtR gene of PAK on pUCP19 driven by lac promoter; Ap" 12

pE100 pMMB67EH-His-SuhB 46

pE112 ExsA-FLAG-CTC 46

pE122 prtR promoter of PAK fused to promoterless lacZ on pDN19lacZQ(prtR-1-lacZ); Sp* Sm" Tc* This study
pE209 pMMB67EH-His-PrtR This study
pE434 priR promoter of PAK fused to promoterless lacZ on pDN19lacZ(prtR-2-lacZ); Sp* Sm" Tc" This study
pE435 prtR promoter of PAK fused to promoterless lacZ on pDN19lacZQ(prtR-3-lacZ); Sp" Sm" Tc* This study
pE707 exsA gene of PAK on pUCI18T-Mini-Tn7T-Gm driven by a tac promoter; Gm" This study
pE727 priR gene of PAK on pUC18T-Mini-Tn7T-Gm with full length of the promoter; Gm" This study
pE734 prtR gene of PAK on pUC18T-Mini-Tn7T-Gm with 91-bp upstream regions of prtR ORF; Gm" This study
pE735 priR gene of PAK on pUC18T-Mini-Tn7T-Gm with 58-bp upstream regions of prtR ORF; Gm* This study

genes by repressing the expression of PtrB, a specific inhibitor of
the T3SS (12). The T3SS plays an important role in the killing of
neutrophils and is thus essential for survival and replication of the
bacteria within the host environments (13-15).

In this study, we investigated the role of PrtR in a mouse acute
pneumonia model and the expression pattern of prtR in vivo. We
demonstrate here that PrtR plays a significant role in the bacterial
colonization of mice. During infection, expression of PrtR is in-
duced by reactive oxygen species generated by neutrophils. We
further demonstrate that the PrtR protein is maintained at a rela-
tively stable level through an autoregulatory mechanism that per-
mits T3SS gene activation in a host environment while conferring
resistance against DNA-damaging reagents. Therefore, we have
identified a mechanism employed by P. aeruginosa in controlling
both virulence and antibiotic resistance.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in
this study are listed in Table 1. Bacteria were grown in L broth (10 g of
tryptone, 5 g of yeast extract, and 5 g of NaCl per liter, pH 7.0) or L agar (L
broth containing 1.5% [wt/vol] agar) under aerobic conditions at 37°C.
Antibiotics were used at the following concentrations: for P. aeruginosa,
streptomycin at 200 pg/ml, tetracycline at 100 pg/ml, gentamicin at 150
pg/ml, carbenicillin at 150 pg/ml, neomycin at 100 pg/ml, and spectino-
mycin at 200 pg/ml; for Escherichia coli, ampicillin at 100 pg/ml, specti-
nomycin at 50 pg/ml, streptomycin at 25 pg/ml, gentamicin at 10 pg/ml,
and tetracycline at 10 pg/ml.

Plasmid constructions. For DNA manipulations, the standard proto-
cols or the manufacturers’ instructions of commercial products were fol-
lowed. Various lengths of the prfR promoter were amplified from wild-
type (WT) P. aeruginosa strain PAK chromosomal DNA (see Table S1 in
the supplemental material) and cloned into EcoRI-BamHI sites of
pDN19lacZ(), resulting in pE122, pE434, and pE435. The prtR coding
region was isolated as an Ndel-HindIII fragment and cloned into Ndel-
HindIII sites of pE100, resulting in pE209, where the prtR gene is under
the control of a tac promoter and fused with a His tag on the N terminus.
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The fragment of Ptac-ExsA was excised from pE112 and subcloned into
BamHI-Apal sites of pUC18T-mini-Tn7T-Gm, resulting in pE707. The
prtR open reading frame (ORF) and various lengths of upstream regions
were amplified from PAK genomic DNA. To construct C-terminal His-
tagged PrtR, a His tag-coding sequence was included in the primer an-
nealing to the C terminus of prtR gene (see Table S1 in the supplemental
material). The PCR products were cloned into the SacI-HindIII sites of
pUCI18T-mini-Tn7T-Gm, resulting in pE727, pE734, and pE735.
Mouse acute pneumonia model. All animal experiments complied
with Nankai University and national guidelines regarding the use of ani-
mals in research. Bacteria were grown in L broth overnight and then
subcultured into fresh medium and grown at 37°C with aeration to an
optical density at 600 nm (ODy,) of 1.0. Bacteria were centrifuged and
adjusted to 2.5 X 10'° CFU/ml in phosphate-buffered saline (PBS). The
exact number of bacteria in each inoculum was determined by serial di-
lution and plating. Female BALB/c mice (6 to 8 weeks old) were anesthe-
tized with an intraperitoneal injection of 7.5% chloral hydrate (100 wl per
mouse). Anesthetized mice were intranasally inoculated with 10 wl of
bacterial suspension in each nostril, giving a total infection volume of 20
pl. Bacterial colonization in the lung was determined as previously de-
scribed (16). Briefly, 16 h postinfection, mice were sacrificed by inhalation
of CO,. Lungs were isolated and homogenized in 1% proteose peptone,
and bacterial numbers were determined by serial dilution and plating.
CI assay. The competitive index (CI) assay was performed as previ-
ously described (17) with minor modifications. Wild-type PAK and the
ptrR::Tn mutant were grown to an OD, of 1.0. The same number of cells
for each bacterial strain were mixed. The bacterial mixture was centri-
fuged and adjusted to 2.5 X 10'° CFU/ml in PBS. For the in vivo compe-
tition assay, 20 pl bacterial suspension was inoculated into each mouse.
And for the in vitro competition assay, the bacterial suspension was di-
luted 50-fold with fresh LB and cultured at 37°C with aeration (200 rpm).
Sixteen hours later, the infected mice were sacrificed and lungs were iso-
lated and homogenized in 1% proteose peptone. To determine the num-
bers of cells of the PAK strain and the p#rR::Tn mutant, the lung homog-
enates or in vitro-grown bacteria were diluted and plated on LB agar plates
in the presence or absence of 100 pg/ml neomycin. Since only the ptrR::Tn
mutant can grow in the presence of neomycin, the number of PAK cells
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can be calculated by subtracting colony numbers on neomycin plates from
the colony numbers on plain LB plates. The competitive index (CI) was
calculated as follows: CI = (mutant output/WT output)/(mutant in-
put/WT input) (18).

Western blotting. P. aeruginosa strains were grown in L broth over-
night at 37°C and then diluted 20- or 50-fold in fresh LB with or without
5 mM EGTA, respectively, and cultured for 3 h. Supernatant and pellet
were separated by centrifugation and mixed with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. SDS-
PAGE (12% polyacrylamide) gels were used to separate samples from
equivalent numbers of bacterial cells. The proteins were transferred onto
a polyvinylidene difluoride membrane and probed with rabbit polyclonal
antibody against ExoS. For detection of PrtR-His, bacteria grown in LB
with or without ciprofloxacin treatment were collected and directly lysed
with 2X loading buffer. Samples from equal numbers of bacteria were
loaded onto SDS-PAGE. The PrtR-His proteins were detected with anti-
His antibody (Tianjin Sungene Biotech). Signals were detected with the
ECL-plus kit (Millipore).

RNA extraction and quantitative real-time PCR. To examine bacte-
rial gene expression levels during infection, mice were sacrificed by CO, at
various time points postinfection. Bronchoalveolar lavage fluid (BALF)
was obtained by cannulation of the trachea followed by two instillations of
1 ml sterile PBS with 0.5 mM EDTA (16). Two hundred microliters of the
BALF was used for bacterial counting, while the remaining BALF was
centrifuged and the pellets were immediately resuspended in 200 pl
TRIzol reagent (Invitrogen). Total RNA was isolated as instructed by the
manufacturer and further purified with an RNA cleanup kit (Tiangen
Biotech). For in vitro-grown bacteria, overnight cultures of bacterial cells
were diluted 50-fold into fresh LB medium and grown to an ODy, of 1.0.
Total RNA was isolated with an RNeasy Minikit (Tiangen Biotech).

cDNA was synthesized by a PrimeScript Reverse Transcriptase
(TaKaRa) with random primers. cDNA was mixed with 5 pmol of forward
and reverse primers (see Table S1 in the supplemental material) and iQ
SYBR green Supermix (Bio-Rad). Quantitative real-time PCR was con-
ducted using a CFX Connect Real-Time system (Bio-Rad). The 30S ribo-
somal protein gene rpsL was used as an internal control.

Cell culture and HL-60 cell differentiation. A549 and Beas-2B cells
were maintained in Dulbecco’s modified Eagle medium (DMEM), and
HL-60 cells were maintained in RPMI 1640. The media were supple-
mented with 10% (vol/vol) heat-inactivated fetal bovine serum (hiFBS),
penicillin G (100 U/ml), and streptomycin (100 wg/ml) at 37°C in 5%
(vol/vol) CO,. The HL-60 cell differentiation was performed as previously
described (19). Briefly, HL-60 cells were diluted to no more than 4.5 X 10°
cells per ml, followed by treatment with 1.3% dimethyl sulfoxide (Sigma)
for a period of 6 to 9 days.

Measurement of ROS. ROS production was measured as previously
described (20) with slight modification. A total of 1.5 X 10* A549 cells or
1.3 X 10* Beas-2B cells were seeded in each well of a luminometer plate in
DMEM with 10% (vol/vol) FBS. Before the assay, cells were washed once
with warm Hank’s balanced salt solution (HBSS). Then, 200 pl HBSS
containing 100 pM luminol and 5 units of horseradish peroxidase
(Sigma) was added to each well. For differentiated neutrophils, 1.5 X 10*
cells in 200 pl of HBSS containing 100 wM luminol and 5 units of horse-
radish peroxidase were added to each well. Cells were incubated for 10
min at 37°C, followed by stimulation with P. aeruginosa strain PAK at a
multiplicity of infection (MOI) of 30. Phorbol myristate acetate (PMA)
(100 ng/ml) was used as a positive control to stimulate ROS production by
differentiated HL-60 cells (19). ROS production was monitored every 2 to
5 min for 2 h with a luminometer (Varioskan Flash, Thermo Scientific).

Overexpression and purification of PrtR. Plasmid pE209 with His-
PrtR driven by a tac promoter was transformed into wild-type PAK. Ex-
pression of the His-PrtR fusion protein was induced by 1 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) for 4 h, and 200 ml of the bacterial
culture was centrifuged at 5,000 X g for 10 min. The bacterial pellet was
resuspended in 5 ml lysis buffer (50 mM NaH,PO,, 300 mM NaCl, 10 mM
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imidazole [pH 8.0]) and subjected to sonication on ice. After centrifuga-
tion at 13,000 X g for 10 min, the pellet was washed twice with inclusion
body washing buffer (50 mM Tris-HCI [pH 8.0], 0.5 M NaCl, 2 M urea)
and then dissolved in inclusion body dissolving buffer (20 mM Tris-HCI
[pH 8.0],0.5 M NaCl, 8 M urea) for 8 h. The denatured fusion protein was
purified with a metal affinity chromatography column (Qiagen). To re-
fold PrtR, 4 ml purified protein in a dialysis bag (molecular weight cutoff
[MWCO], 10,000) was immersed in 200 ml PBS at 4°C. The solution was
replaced with fresh PBS every 8 or 12 h, for a total of 6 times.

EMSA. The electrophoretic mobility shift assays (EMSA) were per-
formed as previously described (21). Briefly, the 40-bp complementary
single-stranded oligonucleotides Binding 1 and Binding 2 or Nbinding 1
and Nbinding 2 (see Table S1 in the supplemental material), respectively,
were annealed together. PrtR was added to the DNA fragments at the
indicated amounts (0.5 pmol DNA fragments, 1 pmol PrtR) and incu-
bated for 10 min at room temperature in a complex buffer (50 mM Tris-
HCI [pH 7.5], 20 mM NaCl, I mM EDTA, and 1 mM dithiothreitol) in a
total volume of 10 pl. Reaction mixtures were subjected to electrophoresis
on a 10% polyacrylamide gel in Tris-borate-EDTA (TBE) buffer. Motility
shift was observed by ethidium bromide staining of the DNA.

Biofilm resistance against ciprofloxacin. Bacteria were cultivated in
96-well culture plates for biofilm formation as previously described (22).
The resistance of biofilms against ciprofloxacin was measured as previ-
ously described with minor modification (23, 24). Briefly, overnight cul-
tures were diluted to an ODy, of 0.025 with fresh LB medium. The di-
luted cultures (150 pl) were transferred to each well of 96-well plates and
incubated for 24 h at 37°C. After removing planktonic bacteria, biofilms
were treated for 60 min with 150 pl LB medium containing 0.625 pg/ml
ciprofloxacin. Wells were washed twice with double-distilled water
(ddH,0), and biofilms were stained with 0.1% crystal violet for 10 min,
followed by two washes with ddH,O. For quantification, the biofilm-
associated dye was dissolved in 70% ethanol and ODs,, was measured.
Bacterial cell numbers in the biofilm were determined as previously de-
scribed with minor modifications (25). Briefly, after the biofilm was
treated with ciprofloxacin, the medium in each well was removed. Two
hundred microliters of fresh LB medium was added to each well, and the
96-well plate was subjected to sonication at a frequency of 40 kHz, with a
power output of 300 W, at 37°C for 5 min. After sonication, the exact
number of surviving bacteria in the biofilm of each well was determined
by serial dilution and plating.

RESULTS

Role of PrtR in P. aeruginosa colonization. To evaluate the role
of PrtR in pathogenesis, we utilized a mouse acute pneumonia
model. Since the growth rate of the prtR::Tn5 mutant in our pre-
vious study (12) was much lower than that of the wild-type strain
(presumably due to the hyperproduction of pyocins), in our ex-
periments we initially used the AprtNprtR::Gm and AprtN::Gm
mutant strains, whose growth rates were comparable to that of the
wild-type strain. Six- to 8-week-old female BALB/c mice were in-
fected with 5 X 10® bacteria intranasally. Sixteen hours postinfec-
tion (hpi), lungs were isolated and homogenized. Bacterial loads
were determined by serial dilution and plate counting. Compared
to the wild-type strain, the population of the AprtNprtR::Gm
strain was significantly lower, whereas mutation in pr¢N alone did
not affect the colonization (Fig. 1A). These results suggested that
PrtR but not PrtN is involved in the colonization of P. aeruginosa.
To further confirm the role of PrtR in P. aeruginosa pathogenesis,
we compared the competitive index (CI) of the prtR::Tn mutant
with that of wild-type PAK under in vivo infection and in vitro
culture conditions. When cultured in vitro, the CI of the prtR::Tn
mutant against PAK was approximately 0.5, whereas it dropped to
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FIG 1 Role of PrtR in a mouse acute pneumonia model. (A) Role of PrtR in the colonization of P. aeruginosa. Female BALB/c mice (6 to 8 weeks old) were
intranasally inoculated with 5 X 10° bacterial cells of wild-type PAK or its isogenic AprtN::Gm, AprtNprtR:Gm, or AprtNprtR:Gm mutant containing exsA
driven by a tac promoter (AprtNR:Gm/Ptac-exsA). Mice were sacrificed 16 h postinfection (hpi). Lungs were isolated and homogenized. Bacterial loads were
determined by serial dilution and plating. Bars represent medians, and error bars represent standard errors of the means (SEM). Significance by the Mann-
Whitney test: *, P < 0.05; **, P < 0.01. (B) In vivo and in vitro competitive index (CI) between the prtR::Tn mutant and wild-type PAK. The two strains were mixed
1:1 and used for infection in a mouse acute pneumonia model (eight mice) or coculture in vitro. The competitive index was calculated as follows: CI = (mutant
output/WT output)/(mutant input/WT input). **, P < 0.01, by Student’s ¢ test. (C) Cellular and secreted ExoS in PAK or AprtN::Gm, AprtNprtR::Gm, and
AprtNR::Gm/Ptac-ExsA mutant strains. Overnight bacterial cultures were diluted to 2% in LB or 5% in LB plus 5 mM EGTA and grown at 37°C for 3 h.
Supernatants and pellets from equivalent bacterial cell numbers were loaded, separated by SDS-PAGE gels, and immunoblotted with anti-ExoS antibody. ExoS

is indicated by arrows. AprtNR::Gm represents AprtNprtR::Gm.

0.16 in mouse lung infection (Fig. 1B), suggesting a defect of the
prtR::Tn mutant in lung colonization.

Since PrtR is required for the expression of T3SS genes (12), we
examined whether the attenuated virulence in the AprtNprtR::Gm
mutant was due to a defect in the T3SS. In the acute pneumonia
model, bronchoalveolar lavage fluids (BALFs) were collected from
mice infected with wild-type strain PAK at various time points.
Total RNAs from the BALFs were isolated, and the mRNA levels of
T3SS genes exoS, exsC, pcrV, and pscC as well as the T3SS repressor
gene ptrB were determined by real-time PCR. The 30S ribosomal
protein gene rpsL was used as an internal standard, and all re-
ported changes were normalized to the levels of RpsL RNA. Com-
pared to the wild-type strain, expression of these T3SS genes was
lower in the AprtNprtR::Gm strain, whereas the prtB level was
higher at indicated time points (Table 2). Overexpression of ExsA
in the AprtNprtR::Gm strain significantly increased the expression
and secretion of ExoS in vitro (Fig. 1C). Furthermore, coloniza-
tion of the AprtNprtR::Gm strain was restored by overexpression
of the exsA gene (Fig. 1A). These results suggested that a defect in
T3SS of the AprtNprtR::Gm mutant plays a major role in the at-
tenuation of virulence. As for the prtR::Tn mutant, a combination
of slow growth (presumably due to overproduction of pyocins)
and defect of T3SS (12) might contribute to the attenuation in
lung colonization.

Inducing signals for prtR expression. To further understand
the role of PrtR in pathogenesis, we examined the expression levels
of prtR during infection. BALFs from wild-type-PAK-infected
mice were used to isolate total RNA, and the mRNA levels of prtR
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were examined by real-time PCR. We observed a slight increase of
the prtR mRNA level at 3 hpi, followed by a drastic increase at 6 hpi
(Fig. 2). At 9 and 13 hpi, the prtR mRNA level dropped to a level
similar to that in the BALFs isolated immediately after bacterial
inoculation (Fig. 2). These results suggest that at 6 hpi the host
environment provided a strong inducing signal for the expression
of PrtR.

To identify the host signals that induce the expression of PrtR,
we analyzed the host cell in the BALFs. At 3 and 6 hpi, increasing
numbers of cells were observed in the BALFs, whereas fewer cells
were found in the BALFs immediately after bacterial infection
(Fig. 3A). Wright staining revealed that the majority of the cells in
the BALFs from infected mice were neutrophils (Fig. 3B), which is
consistent with previous observations (26-29). Compared to what

TABLE 2 Expression of T3SS genes and ptrB during infection

Fold change (£SD) in PAK AprtNprtR:Gm*

Gene
Gene ID name 3 hpi 6 hpi 9 hpi 13 hpi
PAO612  ptrB 2357 = 11.55 163.14 £ 19.15 110.28 £ 1.08 113 * 2.77
PA1706  pcrV —6.57 £ 1.09 —2.85*0.27 —1.08 £0.03 —1.34 =0.03
PA1710  exsC  —1.75*0.008 —2.2*0.15 —1.27 £ 0.1 —1.33 = 0.06
PA1716  pscC —2.75*0.013 —1.5=*0.04 —1.34 £ 0.18 —1.27 = 0.006
PA3841  exoS —10.45* 046 —3.8*0.13 —2.19*0.09 —1.75=*0.08

“ Mice infected with wild-type PAK or the AprtNprtR::Gm mutant were sacrificed at the
indicated time points. BALFs were collected, and total RNAs were extracted. mRNA
levels were determined by real-time PCR. The values are relative mRNA levels
compared to those in wild-type PAK at the same time point. All reported changes are
normalized to the levels of RpsL RNA.
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FIG 2 Expression of PrtR during mouse lung infection. The BALFs from three
wild-type-PAK-infected mice were collected at the indicated time points. The
BALF at 0 hpi was collected immediately after bacterial inoculation. Total RNA
was isolated from the BALF, and the expression levels of prtR were determined
by real-time PCR. The 30S ribosomal protein gene rpsL was used as an internal
standard, and all reported changes are normalized to the levels of RpsL RNA.
**, P < 0.01 compared to the other time points by Student’s  test.

was seen at 6 hpi, there were much-more-severe hemorrhages in
the lungs at 9 and 13 hpi. Although similar numbers of neutro-
phils were observed in the BALFs isolated at 6, 9, and 13 hpi (Fig.
3A), the ratio of red blood cells to neutrophils increased from 10:1
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at 6 hpi to 1,000:1 at 9 and 13 hpi (data not shown), which is
similar to the ratio in the circulating blood (30). In combination,
it is likely that the increasing neutrophils might play a role in the
induction of PrtR expression, whereas the influx of red blood cells
or other environmental changes at later time points might lead to
decreased PrtR expression.

To test whether neutrophils play a role in the induction of PrtR
expression, we incubated wild-type PAK cells with neutrophils
(differentiated from HL-60 cells) and human alveolar basal epi-
thelial cells (A549) as well as bronchial epithelial cells (Beas-2B),
which are the cell types that bacteria are most likely to encounter
during lung infection. In contrast to epithelial cells, neutrophils
induced upregulation of PrtR (Fig. 3C), suggesting that neutro-
phils provide a major inducing signal for the PrtR expression.

Neutrophils are immune cells that generate a large amount of
reactive oxygen species (ROS) to kill invading microorganisms
(27). Compared to the epithelial cells, differentiated HL-60 cells
generated drastically larger amounts of ROS upon P. aeruginosa
infection (Fig. 3D). Undifferentiated HL-60 cells, which produced
minimal levels of ROS (Fig. 3D), did not induce PrtR expression
(Fig. 3C). In addition, treatment of wild-type PAK cells with H,O,
resulted in upregulation of PrtR (Table 3). These results suggested
that ROS generated by neutrophils during infection play an im-
portant role in induction of PrtR expression.
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FIG 3 Signals that induce PrtR expression. (A) Numbers of host cells (means = SEM) in the BALFs at indicated time points. **, P < 0.01 by the Mann-Whitney
test. (B) Cells in the BALFs stained with Wright’s stain. The neutrophil percentage is 76.6% * 9.91% (average * standard deviation), as counted based on cell
morphology of samples from 3 infected mice. (C) A549 cells, Beas-2B cells, HL-60 cells, and differentiated HL-60 (dHL-60) cells were infected with PAK (MOI =
30). After 1 h of incubation, total RNA was extracted. The mRNA levels of PrtR were determined by real-time PCR. All reported changes are normalized to the
levels of RpsL RNA. White bars (0 h) indicate RNA that was extracted immediately after bacteria were mixed with cells. (D) Luminometry of ROS production by
A549, Beas-2B, HL-60, differentiated HL-60 cells infected with PAK (MOI = 30), and differentiated HL-60 cells treated with PMA. RU, relative units.
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TABLE 3 Comparison of expression changes for various pyocin-related
genes as analyzed by relative real-time PCR

Fold change in PAK strain

Gene ID Gene name H,0, CIP*
PA0610 prtN 156 81.9

PA0611 prtR 25.5 28.0

PA0613 117.4 673.3
PA0614 77.8 541.2
PA1769" 1.0 1.1

@ CIP, ciprofloxacin.
¥ PA1769 was used as a negative control.

Autoregulation of PrtR. It had been reported that H,O, treat-
ment upregulates pyocin synthesis genes, suggesting a role of
H,0, in inducing the SOS response and subsequent cleavage of the
PrtR (9). Consistent with this, we observed upregulation of prtN
and of PA0614 (a pyocin gene) as well as PA0613 (directly regu-
lated by PrtR [12]) in H,O,-treated wild-type PAK cells (Table 3).
Treatment with ciprofloxacin, which inhibits DNA synthesis and
elicits the SOS response, also induced the expression of prtN,
PA0614, and PA0613 as well as prtR (Table 3), again consistent
with a previous report (8). These results suggest that cleavage of

Role of PrtR in P. aeruginosa Infection

the PrtR might lead to the upregulation of prtR itself, thus consti-
tuting an autoregulatory mechanism.

Since PrtR functions as a repressor, it is possible that PrtR
directly represses its own expression or that the transcription of
PrtR is activated by PrtN, whose expression is controlled by PrtR.
To test these possibilities, we constructed a prtR-1-lacZ transcrip-
tional fusion containing a 505-bp fragment upstream of the prtR
coding region. In the Apr#NR::Gm mutant, the expression of prtR-
1-lacZ was higher than that in the wild-type strain or the
AprtN::Gm mutant (Fig. 4A). Furthermore, overexpression of
PrtR in these strains drastically inhibited the expression of prtR-
1-lacZ (Fig. 4A). These results suggest that PrtR is likely to directly
repress its own expression.

Previously, we identified a putative PrtR binding sequence be-
tween the coding regions of prtR and ptrB genes (12) (Fig. 4B).
Since the putative PrtR binding site is adjacent to the prtR coding
region, it is likely that PrtR controls its own expression through
binding of this site. To test this possibility, we constructed two
additional prtR-lacZ transcriptional fusions. In prtR-2-lacZ, a
91-bp fragment upstream of the prtR coding region including the
putative PrtR binding site, was fused with the promoterless lacZ
gene, whereas in prtR-3-lacZ, the PrtR binding site was excluded
(Fig. 4B). In wild-type PAK, prtR-1-lacZ and prtR-2-lacZ had sim-
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FIG 4 Autoregulation of PrtR. (A) Expression of prtR-1-lacZ in PAK and in AprtNprtR:Gm and AprtN::Gm mutants containing empty vector or PrtR-
overexpressing plasmid. **, P < 0.01, compared to PAK or AprtN::Gm mutant by one-way analysis of variance (ANOVA) test. (B) Fragments of the prtR
promoter region fused with promoterless lacZ gene or prtR-His fusion. The sequence shown is the putative PrtR binding site. Italic nucleotides represent
conserved sequences in the putative PrtR-binding sites in prtR and prtN promoters. (C) Expression of prtR-1-lacZ, prtR-2-lacZ, and prtR-3-lacZ in PAK
containing empty vector or prtR overexpression plasmid. *, P < 0.05 compared with prtR-1-lacZ or prtR-2-lacZ in PAK containing empty vector, by one-way
ANOVA test; **, P < 0.01, compared with prtR-1-lacZ or prtR-2-lacZ in PAK containing prtR overexpression plasmid, by one-way ANOVA test. (D) Expression
of PrtR-His with different lengths of promoter in PAK containing empty vector or prtR overexpression plasmid. (E) EMSA displaying binding of PrtR with the
potential PrtR binding site in the promoter of prtR. A 0.5-pmol volume of double-stranded DNA fragment (containing the consensus motif or an altered
conserved sequence) was electrophoresed alone (lanes 1 and 3) or after incubation with 1 pmol of purified PrtR protein (lanes 2 and 4).
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FIG 5 Protein levels of PrtR-His under ciprofloxacin treatment. Wild-type
PAK cells containing PrtR-His driven by the prfR promoter with the PrtR
binding site (PprtR-1) (A) or without the binding site (PprtR-3) (B) were
treated with indicated concentrations of ciprofloxacin for 1 h. Samples from
equal numbers of bacteria were loaded onto SDS-PAGE gels, and levels of
PrtR-His were detected with anti-His antibody. Note that due to the low ex-
pression level of prtR-His driven by PprtR-1, the exposure time in panel A was
much longer than that in panel B.

ilar levels of lacZ expression. However, removal of the PrtR bind-
ing site resulted in significantly higher lacZ expression, as dis-
played by PAK harboring the prtR-3-lacZ reporter plasmid (Fig.
4C). In addition, overexpression of PrtR significantly reduced the
expression of prtR-1-lacZ and prtR-2-lacZ but not that of prtR-3-
lacZ (Fig. 4C). Next, we constructed C-terminal His-tagged full-
length PrtR fusion proteins (PrtR-His) with various prtR up-
stream regions as in the lacZ transcriptional fusions (Fig. 4B).
Consistent with the lacZ reporter results, exclusion of the PrtR
binding site resulted in drastic increase of the PrtR-His protein
level (Fig. 4D). Overexpression of PrtR diminished the expression
of PrtR-His with promoters containing the PrtR binding site
(PprtR-1and PprtR-2, as in Fig. 4B), but not the construct without
the binding site (PprtR-3, as in Fig. 4B) (Fig. 4D). These results
suggest that PrtR represses its own expression through the puta-
tive PrtR binding site.

To further confirm the autoregulation of PrtR, we expressed
and purified the His-PrtR fusion protein from P. aeruginosa and
performed an EMSA to assess the binding of PrtR to the putative
PrtR binding promoter sequence. As shown in Fig. 4E, in the pres-
ence of PrtR protein, the mobility of the DNA fragment with the
putative PrtR binding sequence was reduced. Alteration of the
conserved sequence shared by PrtR binding sites in prtR and prtN
promoters abolished the delay in mobility (Fig. 4E). Overall, these
results suggested that PrtR represses its own expression through
direct binding to its promoter.

Expression of PrtR under SOS response-inducing environ-
mental stress. So far, our results indicate that the autoregula-
tion of PrtR contributes to the maintenance of a relatively sta-
ble level of PrtR in response to DNA damage. To test the
protein levels of PrtR during the SOS response, we utilized
wild-type PAK containing the prtR-His fusion protein driven
by the native promoter with or without the PrtR binding site
(PprtR-1 and PprtR-3, as in Fig. 4B). Since ROS causes damage
to proteins and lipids in addition to DNA, we used ciprofloxa-
cin, which specifically targets DNA topoisomerase, to induce
the SOS response. When driven by PprtR-1 (containing the
PrtR binding site), the PrtR-His level was increased by a small
amount of ciprofloxacin (0.5 wg/ml) (Fig. 5A), suggesting a
derepression of the promoter. Larger amounts of ciprofloxacin
decreased the PrtR-His level, indicating that the synthesis of
PrtR was outcompeted by accelerated cleavage of PrtR as the
SOS response intensified. However, exclusion of the PrtR bind-
ing site (PprtR-3) abolished the induction of PrtR expression.
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FIG 6 Effect of PrtR overexpression on T3SS genes and ptrB expression during
infection. Mice were infected with PAK containing empty vector or PrtR over-
expression plasmid. BALFs were isolated at 6 hpi, and RNAs were purified.
mRNA levels of T3SS genes and ptrB were quantified by real-time PCR. All
reported changes are normalized to the levels of RpsL RNA. **, P < 0.01
compared to PAK containing empty vector by Student’s ¢ test.

As shown in Fig. 5B, treatment with increasing amounts of
ciprofloxacin resulted in a gradual reduction of PrtR-His levels.
These results revealed that the autoregulation of PrtR prevents
quick depletion of PrtR under the SOS response.

Overexpression of PrtR increases T3SS gene expression dur-
ing infection. Our results above suggested that when P. aeruginosa
is exposed to ROS released from neutrophils, the autoregulation
of PrtR sustains a stable level of PrtR, thus permitting the expres-
sion of T3SS. If this is true, a high level of PrtR should result in
increased T3SS expression during infection. To test this hypothe-
sis, we infected mice with wild-type PAK containing empty vector
or PrtR overexpressing plasmid pE80. At 6 hpi, expression levels of
PrtB and T3SS genes were determined by real-time PCR. Consis-
tent with our prediction, overexpression of PrtR resulted in a re-
duced ptrB mRNA level and increased T3SS gene expression (Fig.
6). Overall, these results suggest that during infection, the initial
degradation of PrtR triggered by the SOS response is replenished
by newly synthesized PrtR through the autoregulatory circuit,
which contributes to the repression of ptrB, thus allowing the
T3SS to respond to the in vivo inducing signals.

Role of PrtR in biofilm resistance against ciprofloxacin.
Besides ptrB, PrtR also represses the expression of prtN and
the production of pyocins upon DNA damage. Ciprofloxacin,
which inhibits DNA synthesis, strongly induces pyocin pro-
duction (Table 3) (8), thus imposing an additional detrimental
effect on the survival of P. aeruginosa. Therefore, it is likely that
the autoregulation of prtR prevents a quick depletion of PrtR and
subsequent surge of pyocin production during the SOS response,
contributing to bacterial survival. To test this possibility, we over-
expressed PrtR in the wild-type PAK cells and examined the effect
on bacterial survival in the presence of ciprofloxacin. When cells
were cultured in LB medium with agitation, we did not observe an
obvious increase in the resistance by overexpressing PrtR (data
not shown), presumably due to the overwhelming DNA replica-
tion stalling caused by ciprofloxacin. Next, we examined whether
overexpression of PrtR could increase the resistance of biofilm,
inside which sessile bacteria are embedded in an extracellular ma-
trix and the concentration of ciprofloxacin gradually drops. Com-
pared to the wild-type strain carrying empty vector, the PrtR-
overexpressing strain formed a similar level of biofilm (Fig. 7A).
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FIG 7 Role of PrtR in biofilm resistance against ciprofloxacin. PAK cells containing empty vector or PrtR overexpression plasmid were inoculated in wells of a
96-well plate. (A) Crystal violet staining of biofilms. Upper panel, biofilms without ciprofloxacin treatment; lower panel, biofilms treated with ciprofloxacin at
a concentration of 4X MIC (0.625 pg/ml) for 60 min. (B) The biofilm-associated dye was quantified by optical density measurement. (C) The biofilms were
dissociated from the wells by gentle sonication, and bacterial numbers were quantified by plating. The bacterial survival rates after ciprofloxacin treatment were
calculated based on live bacterial numbers in biofilms with or without ciprofloxacin treatment. **, P < 0.01, ¥, P < 0.05, compared to the values of wild-type PAK
containing empty vector by one-way ANOVA test. (D) mRNA levels of indicated genes in biofilms formed by PAK containing empty vector or PrtR overex-
pression plasmid after ciprofloxacin treatment. All reported changes are normalized to the levels of RpsL RNA. **, P < 0.01 compared to PAK containing empty
vector by Student’s ¢ test. (E) Survival rates of the biofilms formed by PAK and by AprtNprtR::Gm and AprtN::Gm mutants after ciprofloxacin treatment. *, P <

0.05 compared to PAK by one-way ANOVA test. CIP, ciprofloxacin.

To examine the resistance of biofilm, planktonic bacteria were
removed and the sessile bacteria were treated with ciprofloxacin at
a concentration of 4X MIC for 60 min. Biofilms formed by the
wild-type strain carrying empty vector were diminished after the
treatment, whereas overexpression of PrtR protected the biofilm,
as quantified by crystal violet staining (Fig. 7A and B) as well as
CFU determination (Fig. 7C). Expression of pyocin synthetic
genes in the PrtR-overexpressing strain was lower than that in the
wild-type strain upon ciprofloxacin treatment (Fig. 7D). Since
PrtR represses pyocin genes through directly inhibiting PrtN ex-
pression, overexpression of PrtR had no effect on the resistance of
the AprtN mutant (Fig. 7A, lower two panels, and Fig. 7B and C).
In addition, mutation of prtN or of prtN and prtR increased the
bacterial resistance against ciprofloxacin (Fig. 7E), confirming
that reduction of pyocin production can result in higher resistance
against ciprofloxacin. Overall, these results suggest that the auto-
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regulation of PrtR contributes to the bacterial resistance against
ciprofloxacin by repressing pyocin production.

DISCUSSION

In P. aeruginosa, PrtR represses the production of pyocins by in-
hibiting the expression of PrtN, an activator of pyocin synthetic
genes. In addition, PrtR is required for T3SS gene expression
through its repressive role on PtrB. In this study, we investigated
the role of PrtR in the pathogenesis of P. aeruginosa in a mouse
acute pneumonia model. Mutation in prtN did not affect the col-
onization, suggesting that pyocins are not essential for pathogen-
esis in this animal model. However, double mutation of prtN and
priR significantly reduced the bacterial load. And the competitive
index between the prtR::Tn mutant and wild-type PAK was signif-
icantly lower in lung infection than that in the in vitro growth,
suggesting a role of PrtR in colonization. We further demon-
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strated that the expression of PrtR is induced by ROS released by
neutrophils during the early infection. At later time points, the
PrtR expression level decreased, accompanied by severe hemor-
rhage in the lung and a large amount of red blood cells in the
BALFs. Previous reports revealed that red blood cells can scavenge
H,O, produced by neutrophils (31) and protect against H,O,-
mediated cell or tissue damage (32-35). Thus, it is likely that large
amounts of red blood cells might suppress PrtR expression by
reducing ROS in the lung environment.

Hydrogen peroxide and ciprofloxacin, known to induce DNA
damage and subsequent pyocin gene expression, also upregulated
the expression of PrtR. The simultaneous degradation of PrtR
protein and upregulation of PrtR during infection suggest an au-
torepressive mechanism. Overexpression of PrtR indeed reduced
the transcription of prtR, further supporting the autorepression of
PrtR. In addition, a low level of ciprofloxacin induced upregula-
tion of PrtR driven by its endogenous promoter, whereas exclu-
sion of the PrtR binding site abolished the induction.

Based on these observations, we postulate that shortly after
entering the host environment, P. aeruginosa encounters neutro-
phils that release ROS to kill invading microorganisms. The ROS
triggers the bacterial SOS response through DNA damage and
eventually results in cleavage of the PrtR. However, this leads to
elevated PrtR protein synthesis due to the autorepressive mecha-
nism. Through such a regulatory circuit, PrtR is maintained at a
relatively stable level, keeping the expression of PrtB low and thus
allowing T3SS genes to respond to in vivo inducing signals. Con-
sistent with this, when PrtR was overexpressed by an exogenous
tac promoter, higher T3SS gene expression was observed during
infection, suggesting a correlation between PrtR level and T3SS
expression. Therefore, the autorepression of PrtR ensures suffi-
cient expression of T3SS when the bacteria are under limited at-
tack by ROS released by neutrophils, so that the bacteria can kill
neutrophils to establish colonization successfully.

As an opportunistic pathogen, P. aeruginosa causes infections
in immunocompromised patients. It is a major cause of bactere-
mic pneumonia in neutropenic cancer patients (36). In neutro-
penic patients, other immune cells can contribute to pathogen
clearance. A recent study demonstrated that passive immuniza-
tion with an O-antigen monoclonal antibody protected neutro-
penic mice from P. aeruginosa infection (37), suggesting that other
cells are involved in antibody-mediated clearance of bacteria. An-
other study demonstrated that monocytes and macrophages are
recruited to the infection site and play a major role in clearance of
P. aeruginosa in neutropenic mice (38). Therefore, P. aeruginosa is
very likely to encounter monocytes and macrophages in neutro-
penic mice. Since monocytes and macrophages are able to gener-
ate ROS (39), it is likely that PrtR might also play a role in P.
aeruginosa infection in neutropenic mice.

Since ciprofloxacin induces PrtR cleavage and subsequent up-
regulation of pyocin genes (8), the autorepression mechanism of
PrtR reduces the detrimental production and release of pyocins,
thus ensuring the bacterial survival. In this aspect, the autorepres-
sion of PrtR can be regarded as an additional resistance mecha-
nism against antibiotics that induce the SOS response, such as
ciprofloxacin.

In this study, we further demonstrated that PrtR achieves au-
torepression by directly binding to its own promoter region. In-
terestingly, two PrtR binding sequences have been identified in the
prtN promoter region (7, 12), which might function as a double
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lock, subjecting to much tighter regulation. We suspect that under
the SOS response, when PrtR is cleaved, the repression of prtR
transcription is relieved first, before the prtN promoter gets dere-
pressed. This way, the bacteria can maintain a stable PrtR level to
keep PrtN repressed, blocking or at least delaying pyocin produc-
tion until bacterial suicide becomes absolutely necessary.

PrtR is a homologue of N CI, which is a DNA binding protein.
On the \ phage genome, there are 6 CI binding sites with three on
each side of the cI gene. At high concentration, the CI protein
forms tetramers, which bind DNA and shut off the transcription
of the cI gene (40,41). Whether PrtR forms polymers to bind DNA
and shuts off target gene transcription is not known at present.

In conclusion, our data suggest that the autoregulation of PrtR
contributes to a relative stable level of PrtR under mild stress en-
vironments, which plays a dual role in P. aeruginosa infection.
First, it sustains the activation of T3SS, which is essential for the
bacterial colonization. Second, it limits pyocin production, which
increases bacterial survival under stress conditions, such as in the
presence of ROS or ciprofloxacin.
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