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The expression of many virulence factors in Pseudomonas aeruginosa is dependent upon environmental
conditions, including iron levels, oxygen, temperature, and osmolarity. The virulence of P. aeruginosa PAO1 is
influenced by the iron- and oxygen-regulated gene encoding the alternative sigma factor PvdS, which is
regulated through the ferric uptake regulator (Fur). We observed that overexpression of PvdS in strain PAO1
and a DpvdS::Gm mutant resulted in increased pyoverdine production and proteolytic activity compared to
when PvdS was not overexpressed. To identify additional PvdS-regulated genes, we compared extracellular
protein profiles from PAO1 and the DpvdS::Gm mutant grown under iron-deficient conditions. A protein
present in culture supernatants from PAO1 but not in supernatants from DpvdS::Gm was investigated. Amino
acid sequence analysis and examination of the genomic database of PAO1 revealed that the N terminus of this
27-kDa protein is identical to that of protease IV of P. aeruginosa strain PA103-29 and is homologous to an
endoprotease produced by Lysobacter enzymogenes. In this study, the gene encoding an endoprotease was cloned
from PAO1 and designated prpL (PvdS-regulated endoprotease, lysyl class). All (n 5 41) but one of the strains
of P. aeruginosa, including clinical and environmental isolates, examined carry prpL. Moreover, PrpL produc-
tion among these strains was highly variable. Analysis of RNase protection assays identified the transcription
initiation site of prpL and confirmed that its transcription is iron dependent. In the DpvdS::Gm mutant, the
level of prpL transcription was iron independent and decreased relative to the level in PAO1. Furthermore,
transcription of prpL was independent of PtxR, a PvdS-regulated protein. Finally, PrpL cleaves casein,
lactoferrin, transferrin, elastin, and decorin and contributes to PAO1’s ability to persist in a rat chronic
pulmonary infection model.

Pseudomonas aeruginosa is an opportunistic bacterium that
can be particularly problematic for those predisposed to lung
infections, such as those with cystic fibrosis (CF). At least part
of the pathogenic potential of this organism stems from its
ability to produce a myriad of extracellular virulence factors,
including toxins, siderophores, and proteases. The global iron
regulator Fur (ferric uptake regulator) contributes to the ex-
pression of many of these virulence factors (34). Fur orches-
trates a cascading effect on regulators causing the expression of
virulence factors through the production of the alternative
sigma factor PvdS. PvdS belongs to the extracytoplasmic factor
class of regulatory proteins (55). PvdS, in turn, regulates ad-
ditional virulence genes (e.g., toxA, which encodes exotoxin A)
and other regulatory genes, including regA and ptxR (54).

P. aeruginosa produces several proteases, including an elas-
tase (LasB protease), a LasA protease, and an alkaline pro-
tease, that have been shown to be important in tissue damage
during infection. These proteases are often under complex
regulation. For example, expression of lasB depends on an
intact lasR gene (19) and the autoinducer PAI (38). Often, as
in the case of the metalloprotease LasB, efficient production
and processing of certain proteases require zinc and calcium
ions (36). Although protease production by P. aeruginosa has

been extensively studied, no iron-regulated protease has been
reported in this organism. One of the functions of proteases is
to hydrolyze peptides for nutrient acquisition either by degrad-
ing host enzymes or even by causing tissue damage to further
the survival of the bacterium. The host iron-binding proteins
lactoferrin and transferrin are normal constituents of airway
secretions which are important in host defenses by limiting the
availability of iron, an essential microelement, for use by mi-
crobial pathogens (18). Both Pseudomonas- and neutrophil-
derived proteases may contribute to lung injury in CF patients
through their ability to cleave lactoferrin and transferrin (5,
11). Britigan et al. demonstrated that degradation of lactofer-
rin and transferrin occurs in vivo in the airways of individuals
with CF and other forms of chronic lung disease; however,
such degradation products were not detectable in bronchoal-
veolar lavage samples from healthy controls (6). This suggests
that the degradation of these proteins plays a role in the patho-
genicity of P. aeruginosa (5). Here, we describe an endopro-
tease in P. aeruginosa that hydrolyzes casein, lactoferrin, trans-
ferrin, elastin, and decorin and contributes to the ability of this
opportunistic pathogen to persist in a model of chronic pul-
monary infection.

MATERIALS AND METHODS

Bacterial strains and media. The strains and plasmids used in this study are
shown in Table 1. P. aeruginosa PAO1 is the prototypic strain and has been
previously described (23). Clinical and environmental isolates were obtained
from a variety of sources. Brain heart infusion (BHI) broth supplemented with
the appropriate antibiotic was used for strain maintenance. P. aeruginosa PAO1-
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based mutant strain DpvdS::Gm was generated by replacing a 460-bp AccI-HincII
fragment from the pvdS coding sequence with a gentamicin resistance (Gmr)
cassette (33). P. aeruginosa PAO1-based mutant strain DprpL::Gm was generated
by replacing a 1,343-bp BglII-SphI fragment from the prpL coding sequence with
a Gmr cassette. P. aeruginosa PAO1-based mutant strain DptxR::Gm has been
described previously (50). Chelexed and dialyzed tryptic soy broth (D-TSB)
containing 1% glycerol and 50 mM glutamate was used as a low-iron medium and
was supplemented with FeCl3 at 50 mg/ml for use as a high-iron medium.
Antibiotics were used at the following concentrations: for Escherichia coli, am-
picillin at 100 mg/ml, gentamicin at 15 mg/ml, kanamycin at 100 mg/ml, and
tetracycline at 15 mg/ml; for P. aeruginosa, carbenicillin at 500 mg/ml, gentamicin
at 75 mg/ml, and tetracycline at 150 mg/ml.

Measurement of pyoverdine production. The production of pyoverdine by P.
aeruginosa was measured spectrophotometrically by a modification of the
method described by Meyer and Abdallah (30). Bacteria were cultured in King’s
B medium (27) to late stationary phase (optical density at 600 nm of '3).
Supernatants were normalized for differences in cell density, and the absor-
bances were measured at 405 nm for low-iron cultures or 380 nm for high-iron
cultures. The concentration of pyoverdine was calculated by using the extinction
coefficient for either pyoverdine (1.9 3 1024 M21cm21) or for ferripyoverdine

(1.4 3 104 M21 cm21) as follows: molar concentration 5 absorbance at 405 or
380 nm/extinction coefficient.

Total proteinase assay. Total extracellular proteinase activity in culture su-
pernatants was measured by using a modification of the method described by
Farley (15). P. aeruginosa PAO1 was grown in King’s B medium. One milliliter
of cell-free supernatant was added to 15 ml of sodium phosphate buffer (pH 8)
containing 50 mg of Azocoll protease substrate and incubated with shaking at
37°C. The absorbance was measured at 520 nm at various times. The rate of
proteolysis was expressed as the change in absorbance at 520 nm per milliliter per
hour.

Identification of PvdS-regulated proteins. P. aeruginosa PAO1 and DpvdS::Gm
were grown in D-TSB supplemented with glycerol and glutamate without the
iron supplement at 32°C for 15 h. Proteins from culture supernatants were
precipitated with ammonium sulfate (0.47 g/ml) and dialyzed overnight against
Tris-buffered saline. The proteins were subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and stained with Coomassie
brilliant blue. A 27-kDa protein detected in supernatants from PAO1 but not in
supernatants from DpvdS::Gm was N terminally sequenced by Macromolecular
Resources (Colorado State University, Fort Collins, Colo.). The nucleotide se-
quence of the resulting amino acid sequence was deduced by using a codon bias

TABLE 1. Strains, plasmids, and primers used in this study

Strain, plasmid, or primer Genotype or characteristic(s)a Source or reference

Strains
P. aeruginosa

PAO1 (ATCC 15692) Prototroph, wound isolate 23
PAO1 DprpL::Gm PAO1 with a Gmr cassette replacing a region of prpL This study
PAO1 DpvdS::Gm PAO1 with a Gmr cassette replacing a region of pvdS 33
PAO1 DptxR::Gm PAO1 with a Gmr cassette replacing a region of ptxR 50
PA103 Prototroph 28
PAK Prototroph 32
PA14 Human clinical isolate 40
Ps388 Prototroph, hypotoxigenic 53
WR5 Prototroph, exotoxin A deficient 53
M2 Mouse strain 49
CF1-1, CF2-1, CF3-1 CF isolates from Denver, Colo. Laboratory collection
CPs287, CPs297, CPs311 Isolates obtained from The Children’s Hospital, Denver, Colo. Laboratory collection
S21, S22, S28, S38, S40,

S41, S44, S47, S52
CF isolates from British Columbia’s Children’s Hospital and Shaughnessy

Hospital, Vancouver, British Columbia, Canada
22

B15, B16, B22, B31, B34, B35,
B38, B43, B44, B47, B48, B51

Blood isolates from Nagasaki University Hospital, Nagasaki, Japan 22

ccu1-6, ccu-7, ccu-8 Environmental strains from Horry and Georgetown Counties in South Carolina 16

P. putida PPG1 Prototroph Laboratory collection

E. coli
DH5a hsdR recA lacZYA f80 lacZDM15 Gibco BRL
HB101 hsdS recA proA lacY 4
SM10 Kmr, mobilizer strain 47

Plasmids
pBluescript SK(1) Ampr lacZ, E. coli cloning vector Stratagene
pCRII-2.1 Ampr Kmr, TA cloning vector for PCR products Invitrogen
pEX100T Ampr oriT mob sacB 46
pEX100DprpL::Gm pEX100T containing DprpL::Gm This study
pRK2013 Kmr, conjugation helper plasmid 17
pVLT31 Broad-host-range expression vector, Tetr 9
pPVD31 pVLT31 containing pvdS under tac promoter control, Tetr 33

Primersb

PJW3 TGGAAACCCACAGCGGCTCGCTG; internal to prpL Gibco BRL
PJW4 GTACTTCTTGGCGTCGCCGCGCC; internal to prpL Gibco BRL
PJW17 ATTTCGCTCGCACCGGGC; flanking prpL promoter Gibco BRL
PJW19 CCACGTCAGCGGCAAGCT; flanking prpL promoter Gibco BRL

a Abbreviations: Ampr, ampicillin resistance; Kmr, kanamycin resistance; Tetr, tetracycline resistance; mob, mobilization site; oriT, origin of transfer (RK2).
b All primers were synthesized by Gibco Bethesda Research Laboratories (BRL).
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for P. aeruginosa (56), and a blastn search against the Microbial Genomes
Database (www.ncbi.nlm.nih.gov/BLAST/unfinishedgenome.html) was per-
formed.

DNA manipulations and analysis. The prpL gene from P. aeruginosa PAO1
was cloned as a 5,886-bp BclI fragment into pBluescript SK(1) (Stratagene).
Plasmid and chromosomal DNAs were isolated by standard procedures (43). Taq
polymerase and 18- or 23-mer primers (Gibco BRL) (Table 1) were used for
PCR with a GeneMate thermal cycler. DNA sequence analysis was performed by
the dideoxy-chain termination method (44) with Sequenase (United States Bio-
chemical).

Demonstration of protease activity using D-BHI skim milk agar. Various
strains of P. aeruginosa were grown in D-TSB supplemented with glycerol and
glutamate without the iron supplement at 32°C for 15 h. Extracellular proteins
were precipitated with ammonium sulfate. Protease activity was determined by
spotting the precipitated proteins onto D-BHI skim milk agar plates (48) and
measuring the zone of hydrolysis produced after incubation of the plates at 37°C
for 24 to 38 h.

Substrate specificity of PrpL. P. aeruginosa PAO1 and DprpL::Gm were grown
in D-TSB supplemented with glycerol and glutamate without the iron supple-
ment at 32°C for 15 h. Extracellular proteins from each culture were partially
purified by removing proteins that bound DEAE-52 (for example, ToxA). Pro-
teins that did not bind DEAE-52 were precipitated with ammonium sulfate and
dialyzed against buffer A (50 mM Tris [pH 7.4], 50 mM NaCl). Aliquots were
stored at 280°C until used. Approximately 10 mg of lactoferrin, transferrin, or
decorin (Sigma) was incubated at 37°C for 1 h with precipitated proteins from P.
aeruginosa PAO1 and DprpL::Gm in a final concentration of 10 mM Tris (pH
7.5)–2 mM CaCl2–40 mM KCl. Degradation products were analyzed by SDS-
PAGE (10% acrylamide for lactoferrin and transferrin and 4 to 15% acrylamide
for decorin) and stained with Coomassie brilliant blue.

Immunoblot analysis. Lactoferrin was incubated with extracellular proteins
from P. aeruginosa PAO1 and DprpL::Gm and subjected to SDS-PAGE. Proteins
were transferred to a nitrocellulose membrane, which was then blocked with
phosphate-buffered saline (PBS)–5% nonfat dried milk–0.1% (vol/vol) Tween 20
at room temperature for 1 h. Rabbit anti-human lactoferrin antibody (ICN
Biomedicals, Inc.) and anti-rabbit immunoglobulin G were used at dilutions of
1:100,000 and 1:50,000, respectively. Detection was performed with reagents
from an ECL1Plus kit (Amersham Pharmacia Biotech) and chemiluminescent
film.

Elastin-Congo red assay. Elastase activity was determined as previously de-
scribed (35, 42). Briefly, supernatants were added to an elastin-Congo red sub-
strate (Sigma) and incubated for various times at 37°C. Insoluble elastin-Congo
red was pelleted at 1,200 3 g for 10 min at room temperature, and the absor-
bance of the soluble Congo red in the supernatant was measured at 495 nm.
Elastase activity was determined by interpolation from a standard curve of
known elastase concentrations.

Agarose bead rat lung model. Beads were prepared at a final concentration of
107 to 108 each of P. aeruginosa PAO1 and DprpL::Gm bacteria per ml of melted
agarose. Heavy mineral oil and 2% agarose in PBS were warmed to 50°C. The
bacteria were added to 10 ml of molten agarose and mixed thoroughly. Ten
milliliters of warmed mineral oil was added, and the combination was mixed
thoroughly. The agarose bead-oil suspension was allowed to solidify quickly in an
ice bath for 2 min. The beads were then washed once with 0.5% sodium deoxy-
cholate in PBS, twice with 0.25% sodium deoxycholate in PBS, and thrice with
PBS. Young, adult Sprague-Dawley rats were anesthetized, and a small midline
cervical incision was made to expose the trachea. Approximately 0.1 ml of the
bead suspension was placed in a distal bronchus via a 20-gauge Teflon catheter
over the needle. After the inoculate had been instilled, the incision was closed

with 3-0 silk. Animals were euthanatized with pentobarbital at 7 days postinfec-
tion. The lungs were harvested and homogenized in PBS with a model 985-370
Tissue-Tearor (Biospec Products, Inc.). Serial dilutions were plated onto both
selective and nonselective BHI agar. All experiments involving animals were
performed in accordance with the guidelines of the Animal Care and Use
Committee at the University of Colorado Health Sciences Center.

RNase protection assays. RNase protection assays were performed as previ-
ously described (3) using the Riboprobe system (Promega). The radiolabeled
riboprobes were generated by runoff transcription from the T7 promoter of
linearized pCR2.1 (Invitrogen) containing suitable cloned PCR fragments. The
expression of the constitutively expressed omlA gene was measured to confirm
that the same amount of RNA was used in each reaction. The relative intensity
of each transcript was quantified with a Bio-Rad Personal FX PhosphorImager.
Image analysis was done with Quantity One software (version 4.0.3) from Bio-
Rad.

Southern blot hybridization. Southern blot hybridization was performed by
following published procedures (43). DNA probes were prepared by radiolabel-
ing amplified DNA fragments with a rediprime II random prime labeling system
(Amersham Pharmacia Biotech). The primers used to generate the 727-bp probe
for prpL are shown in Table 1.

RESULTS

Effects of PvdS on pyoverdine production and proteolytic
activity. To examine the effects of PvdS on pyoverdine produc-
tion and proteolytic activity, P. aeruginosa PAO1 was trans-
formed with the vector pVLT31 or pPVD31 (pVLT31 contain-
ing pvdS under the control of the tac promoter). As shown in
Table 2, when PAO1/pPVD31 was grown in the presence of
isopropyl-b-D-thiogalactopyranoside (IPTG), pyoverdine pro-
duction was '2.5 times that of uninduced PAO1 containing
either pVLT31 or pPVD31. In addition, proteolytic and elas-
tolytic activities were '3 and '1.5 times, respectively, that of
uninduced PAO1 containing either pVLT31 or pPVD31 (Ta-
ble 2). When the DpvdS::Gm mutant was complemented with
pvdS, pyoverdine production was '40 times greater when PvdS
was expressed using IPTG than when it was not. An increase in
proteolytic activity was also observed when PvdS was expressed
in the DpvdS::Gm mutant. Finally, when DpvdS::Gm was grown
in the presence of IPTG, its elastolytic activity was restored to
the wild-type level (Table 2). Taken together, these data sug-
gest that PvdS influences some of the proteolytic and elasto-
lytic activities of P. aeruginosa.

Identification of a PvdS-regulated gene. Examination of pro-
tein profiles comparing the proteins expressed by P. aeruginosa
PAO1 and the DpvdS::Gm mutant revealed that several pro-
teins are regulated under low-iron conditions by the alternative
sigma factor PvdS (Fig. 1). In this study, we focused on a
27-kDa protein that is present in PAO1 but not in the
DpvdS::Gm mutant. N-terminal sequencing of this protein re-

TABLE 2. Effects of PvdS on pyoverdine production and proteolytic and elastolytic activitiesa

Strain/plasmid (presence of IPTG) Pyoverdine concn (M) Protease activity (DOD520/h/ml) Elastase activity (DOD495/h/ml)

PAO1/pVLT31 56 (7) 2.9 (1.0) 0.042 (0.007)
PAO1/pPVD31 (2IPTG) 50 (12) 2.9 (0.2) 0.044 (0.012)
PAO1/pPVD31 (1IPTG) 130 (25) 10.0 (2.0) 0.066 (0.008)

PAO1 DpvdS/pVLT31 NDb 1.35 (0.34) 0.021 (0.007)
PAO1 DpvdS/pPVD31 (2IPTG) 0.5 (0.7) 1.35 (0.32) 0.023 (0.006)
PAO1 DpvdS/pPVD31 (1IPTG) 21 (4) 2.3 (0.038) 0.061 (0.002)

a Standard deviation for three independent experiments is given in parentheses.
b ND, not detected.
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vealed an N terminus of AGYRDGFGAS. This sequence is
identical to that of protease IV described in P. aeruginosa
strain PA103-29 (12). By using P. aeruginosa codon bias (56),
the nucleotide sequence of the N terminus sequence was de-
termined. This led to the identification of an open reading
frame in the P. aeruginosa PAO1 genome database corre-
sponding to PA4175 (bp 4671318 to 4672706). A blastn search
against the Microbial Genomes Database (www.ncbi.nlm.nih
.gov/BLAST/unfinishedgenome.html) using PA4175 indicated
a significant hit (2284) with an endoprotease ArgC precursor
from Lysobacter enzymogenes. The L. enzymogenes endopro-
tease gene encodes a serine protease that cleaves substrates C
terminal to arginine and, to a lesser extent, lysine residues (61).
Alignment of the putative unprocessed endoprotease from P.
aeruginosa PAO1 and the endoprotease from L. enzymogenes
using a blastp search (www.ncbi.nlm.nih.gov/gorf/bl2.html) in-
dicated that the proteins are 44% identical (Fig. 2). In addi-
tion, the active site (serine, aspartate, and histidine) of the L.
enzymogenes endoprotease is conserved in the putative P.
aeruginosa endoprotease (Fig. 2). The L. enzymogenes endo-
protease is synthesized as a preproprotein that is subsequently
processed into its mature extracellular form. It has a 24-residue
signal sequence, an '195-residue pro region, and an '244-
residue catalytic domain (61).

Analysis of protease activity on D-BHI skim milk agar. The
gene encoding the endoprotease homologue from PAO1 was
cloned and designated prpL. To confirm that the 27-kDa ex-
tracellular protein detected in P. aeruginosa PAO1 but not in
the DpvdS::Gm mutant had proteolytic activity, proteins pre-
cipitated from supernatants of cells grown in low- and high-
iron media were analyzed for the ability to degrade casein.

PAO1 produces proteases under both low- and high-iron con-
ditions in cultures as early as 6 h, and protease production is
increased when iron is limiting. As shown in Fig. 3, when PAO1
was grown for 6 h under low-iron conditions, the zone of
hydrolysis which measured protease activity was 13.1 6 0.3
mm, compared to 8.8 6 0.3 mm when the bacteria were grown
under high-iron conditions. Similarly, when cultures were
grown for 12 and 18 h, greater zones of hydrolysis were ob-
served under low-iron conditions than under high-iron condi-
tions. Moreover, at least some of the genes encoding such
proteases are regulated by the alternative sigma factor PvdS, as
seen by the smaller zone of hydrolysis produced by DpvdS::Gm
compared to the zone produced by PAO1 (Fig. 3). In addition,
when sequences internal to prpL were replaced with a genta-
micin cassette, protease activity was greatly reduced (Fig. 3).
For example, when DprpL::Gm was grown under low- and
high-iron conditions for 6 h, the zone of hydrolysis measured
8.4 6 0.3 and 6.5 6 0 mm (the diameter of the disk), respec-
tively (Fig. 3). Even when DprpL::Gm was grown for 18 h under
low-iron conditions, protease activity was still less than when
PAO1 was grown for 6 h under low-iron conditions (Fig. 3).
Therefore, the protease activity detected in extracellular pro-
teins from DprpL::Gm indicates that PrpL is a major contrib-
utor to this protease activity, as observed at all of the time
points examined.

Substrate specificity of PrpL and immunoblot analysis. Be-
cause PrpL is present under low-iron conditions, it seemed
reasonable to determine if PrpL is involved in iron acquisition
when lactoferrin and transferrin are used as PrpL substrates.
The conserved catalytic triad of the amino acids serine (nu-
cleophile), aspartate (electrophile), and histidine (base) sug-
gests that PrpL is a serine protease. Typically, serine proteases
are active at neutral and alkaline pHs, with an optimum be-
tween 7 and 11. PrpL degraded lactoferrin when assays were
done at pHs of 7.5 to 9.0, with a pH of 7.5 being optimal (data
not shown). Lactoferrin that was digested with precipitated
extracellular proteins from P. aeruginosa DprpL::Gm resulted
in little to no detectable cleavage products (Fig. 4A). The effect
of temperature on PrpL activity was also investigated. Cleav-
age of lactoferrin was detected at temperatures ranging from
23 to 42°C (Fig. 4B). Using rabbit anti-human lactoferrin,
analysis of the cleavage products confirmed that the cleavage
products generated when lactoferrin was incubated with extra-
cellular proteins from P. aeruginosa PAO1 are by-products of
lactoferrin and not of contaminants from the commercially
available lactoferrin used in the assay (Fig. 4C). No such cleav-
age products were detected when lactoferrin was incubated
with extracellular proteins from P. aeruginosa DprpL::Gm (Fig.
4C). When supernatants were incubated with transferrin, only
very faint degradation products were detected, indicating that
PrpL degrades transferrin, but not to the extent that it de-
grades lactoferrin (Fig. 4D). In addition to degrading lactofer-
rin, PrpL degrades elastin. In the colorimetric elastin-Congo
red assay, elastin degradation is measured as the Congo red is
released and becomes soluble in aqueous buffer. Our results
indicate that elastase activity was approximately 100 times
greater in PAO1 than in supernatants from DprpL::Gm (data
not shown). Finally, decorin, a dermatan sulfate-containing
proteoglycan, is also a substrate for PrpL (Fig. 4E).

FIG. 1. Profiles of extracellular proteins from P. aeruginosa PAO1
and DpvdS::Gm. The arrow indicates the 27-kDa protein that was
investigated in this study. The molecular masses of the proteins in the
marker lane (M) are indicated to the left.
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Incidence of prpL in Pseudomonas spp. An assortment of P.
aeruginosa strains, including clinical and environmental iso-
lates, and one strain of P. putida were analyzed by Southern
blot hybridization using probes containing sequences internal
to prpL. Data from these experiments indicate that 40 of the 41
P. aeruginosa strains examined carry sequences homologous to
prpL (data not shown). Sequences homologous to prpL were
not detected in the one strain of P. putida examined (data not
shown).

Analysis of PrpL expression levels and activity in various P.
aeruginosa strains. Although sequences internal to prpL were
detected in all of the P. aeruginosa strains examined, it cannot
be assumed that all of the strains produce PrpL. As shown in
Fig. 5, there is variation in the PrpL levels, and in the overall
amount of secreted proteins, in the P. aeruginosa strains exam-
ined. In addition, protease activity from these strains was an-
alyzed by comparing the zones of hydrolysis on BHI skim milk
plates from culture supernatants (Fig. 5). Together, these re-
sults indicate that the level of PrpL produced correlates with
the protease activity of the strains.

Competition studies in a chronic pulmonary infection
model. The ability of a P. aeruginosa PAO1 strain that is defi-
cient in the production of PrpL (DprpL::Gm) to compete with
parental wild-type strain PAO1 in a model infection was ex-
amined. The rat lung agarose bead model was chosen for these
studies (8). Rats were simultaneously challenged by intratra-
cheal instillation of 107 to 108 P. aeruginosa PAO1 and

DprpL::Gm organisms encased in agarose beads. The lungs
were harvested at 7 days postinfection, and the numbers of
PAO1 and DprpL::Gm bacteria were evaluated by plate counts
on media with and without gentamicin. In this study, the total
infectious dose of PAO1 and DprpL::Gm cells was 1.6 3 108

CFU and the ratio of PAO1 to DprpL::Gm was 1.5. In the rats
harvested at 7 days, the ratio of PAO1 to DprpL::Gm mutant
cells recovered from the rats varied from 14:1 to .100,000:1,
with an average of 23,416:1 (Table 3). These data suggest that
the DprpL::Gm mutant has a reduced capacity to persist in this
model after 1 week in competition with the PAO1 parental
strain.

Iron and PvdS regulation of prpL. A diagrammatic repre-
sentation of the prpL locus is shown in Fig. 6A. To confirm that
prpL is iron and PvdS regulated, expression of prpL was ana-
lyzed at the transcriptional level by an RNase protection assay
using a riboprobe spanning the prpL promoter. Although nu-
merous transcripts were detected, a major protected mRNA
fragment of 155 6 5 nucleotides was detected, which corre-
sponds to a transcriptional start site at '65 nucleotides up-
stream of the prpL start codon (Fig. 6A and B). Transcripts
were detected from RNA isolated from cultures grown for 6
and 10 h under low-iron conditions, with the message level
increasing with time. Although a very faint band was detected
in the DpvdS::Gm mutant, levels are dramatically decreased in
the DpvdS::Gm mutant compared to those in PAO1 (Fig. 6B).
Levels of transcription were also examined under microaerobic

FIG. 2. Alignment of the P. aeruginosa (PA) and L. enzymogenes (LE) endoproteases. Regions of identity are boxed. The single-stemmed arrow
indicates the predicted signal cleavage site, and the double-stemmed arrow indicates the proenzyme junction in L. enzymogenes. The diamonds
indicate the catalytic triad in the L. enzymogenes endoprotease, and the asterisk indicates a stop codon. The RGD motif in the P. aeruginosa
endoprotease is indicated by the black bar.
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conditions. Again, a major transcript was detected at 10 h when
the cultures were grown under low-iron conditions; however,
this level was significantly lower than that detected under aer-
obic conditions (Fig. 6B). Transcription of the constitutively
expressed omlA gene was also analyzed from the same RNA
samples and was constant at all time points (data not shown),
indicating that equivalent amounts of RNA were used in the
reactions. Together, these data indicate that PvdS regulates
prpL.

Role of PtxR in regulation of prpL. In an iron-limiting envi-
ronment, Fur positively regulates pvdS and PvdS, in turn, can
regulate other genes directly or through other proteins, such as
the LysR regulator PtxR. To determine if PvdS directly regu-
lates expression of prpL or if it acts through PtxR, levels of
prpL expression were examined in P. aeruginosa PAO1,
DpvdS::Gm, and DptxR::Gm. A 727-bp riboprobe generated
from a sequence internal to the prpL coding sequence was used
in RNase protection assays (Fig. 6A). As shown in Fig. 6C,
prpL mRNA levels from either PAO1 or DptxR::Gm were
decreased when cultures were grown in a low-iron medium
rather than a high-iron medium. In contrast, no significant
difference in expression levels was detected in DpvdS::Gm,
supporting the conclusion that prpL is regulated by PvdS.
These data indicate that while prpL is regulated by PvdS, it is
not regulated by PtxR.

DISCUSSION

Understanding the environmental cues responsible for the
expression of virulence factors continues to be a focus of re-

search in microbial pathogenesis. In P. aeruginosa, two major
players involved in iron regulation are Fur and PvdS, which
directly or indirectly regulate other genes, such as regulatory
genes (e.g., ptxR and regA), genes required for iron acquisition
(e.g., siderophores), and genes contributing to virulence (e.g.,
toxA). Here, we present evidence that PvdS also regulates
prpL, a gene encoding an extracellular endoprotease.

Proteases are responsible for a variety of complex physio-
logical and pathogenic functions in bacteria. They are inti-
mately involved in protein turnover, enzyme modification and
processing, gene regulation, and acquisition of nutrients.
Moreover, microbial proteases can be involved in activating
eukaryotic proteases that, in turn, can have potent pathogenic
consequences. Because iron is an essential microelement re-
quired for most living organisms, the ability of P. aeruginosa to
scavenge iron from its environment, whether that be the soil or
a mammalian host, is essential. P. aeruginosa carries a redun-
dant armamentarium of genes responsible for iron acquisition
that may ultimately induce tissue injury. For example, elastase
is able to degrade both lactoferrin and transferrin, thereby
increasing the availability of iron for P. aeruginosa (11). Elas-
tase can also degrade immunoglobulin (10, 20), collagen (21),
and elastin (31, 60). Finally, elastase can act synergistically with
alkaline protease to inactivate the human cytokines gamma
interferon and tumor necrosis factor alpha (37).

Protease activity in P. aeruginosa has been correlated with
the site of isolation (24) and has been used as a predictor of
potential invasiveness (25). For example, elastase and in-
creased protease activities were associated preferentially with
clinical isolates of systemic origin, suggesting that they may

FIG. 3. Protease activities of P. aeruginosa PAO1, DpvdS::Gm, and DprpL::Gm. Strains were grown in D-TSB containing 1% glycerol and 50
mM glutamate. Addition of FeCl3 to a final concentration of 50 mg/ml was used for the high-iron medium. Cultures were incubated with shaking
at 32°C for 15 h. Extracellular proteins were precipitated with ammonium sulfate. Protease activity was determined by spotting the precipitated
proteins onto D-BHI skim milk agar plates (48) and measuring the zone of hydrolysis produced after incubating the plates at 37°C for 24 to 38 h.
The disk diameter is 6.5 mm.
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play a role in dissemination from local or superficial sites (25).
In the past, it has been recognized that some of the protease
production in P. aeruginosa is regulated by iron. However, to
our knowledge, no specific genes encoding specific proteases
have been identified that are also known to be regulated by
proteins such as PvdS and Fur. Elastase production is regu-
lated by quorum sensing (39) and by zinc at the translational
level (7). In this study, comparison of pyoverdine production
and proteolytic and elastolytic activities in P. aeruginosa PAO1
and a DpvdS::Gm mutant indicated that PvdS is either directly
or indirectly involved in the regulation of such activities. Anal-
ysis of extracellular proteins from P. aeruginosa PAO1 and the
DpvdS::Gm mutant led to the identification of several proteins
present in P. aeruginosa PAO1 but not detected in DpvdS::Gm
(Fig. 1). The N terminus of the 27-kDa protease described here
is identical to that of protease IV described by Engel et al. (12)
in P. aeruginosa strain PA103-29. Although the gene encoding
protease IV has not been identified, Engel et al. demonstrated
that a protease IV-deficient strain had reduced corneal viru-
lence compared to that of PA103-29 in both a rabbit intrastro-
mal model and a mouse topical model of infection (13, 14). In
addition, amino acid analysis revealed that the N terminus of
this 27-kDa protein is homologous to the N terminus of an
ArgC endoprotease from L. enzymogenes. A genome search for
this N terminus led to the nucleotide sequence of this endo-
protease and subsequent cloning of the gene from P. aerugi-
nosa PAO1 encoding a protein that is 44% identical to the L.

enzymogenes endoprotease (Fig. 2). Analysis of the predicted
amino acid sequence of PrpL revealed that the active site
containing the Ser-His-Asp triad in the endoprotease of L.
enzymogenes is conserved in the P. aeruginosa endoprotease.
Also of interest is the Arg-Gly-Asp (RGD) motif present in the
endoprotease from P. aeruginosa (Fig. 2). The RGD motif is
critical for ligand recognition by many integrins (57). Strepto-
coccus pyogenes produces a cysteine protease (SpeB), a major
virulence factor (29), containing an RGD motif that binds host

FIG. 4. Demonstration of PrpL activity. (A) Approximately 10 mg of lactoferrin (LF) was digested with proteins from supernatants of P.
aeruginosa DprpL::Gm or PAO1 at 37°C for 15, 30, and 60 min. Digestion products were analyzed by SDS-PAGE. (B) Approximately 10 mg of
lactoferrin (LF) was digested with proteins from supernatants of P. aeruginosa DprpL::Gm or PAO1 for 60 min at 23, 32, 37, or 42°C. Digestion
products were separated by SDS-PAGE. (C) Approximately 10 mg of lactoferrin (LF) was digested with proteins from supernatants of P. aeruginosa
DprpL::Gm or PAO1 at 37°C for 60 min. Products were separated by SDS-PAGE, transferred to nitrocellulose, and probed for LF. (D)
Approximately 10 mg of transferrin (TF) was digested with proteins from supernatants of P. aeruginosa DprpL::Gm or PAO1 at 37°C for 15, 30,
and 60 min. Digestion products were analyzed by SDS-PAGE. (E) Approximately 10 mg of decorin (D) was digested with proteins from
supernatants of P. aeruginosa DprpL::Gm or PAO1 at 37°C for 60 min. Digestion products were analyzed by SDS-PAGE. Lanes M contained
molecular size markers.

FIG. 5. Proteins from culture supernatants from various P. aerugi-
nosa strains were precipitated and analyzed by SDS-PAGE and for
protease activity on BHI skim milk plates. The arrowhead indicates the
PrpL band. The molecular masses of the markers (lane M) are indi-
cated to the left.
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cell integrin (51). The crystal structure of SpeB revealed that
this motif, indeed, has a surface location (26). Studies to in-
vestigate the significance of this RGD motif are under way.

Lactoferrin and transferrin are normal components of air-

way secretions (52) and contribute to host defense in two
major ways. First, they limit the availability of iron for use by
microbial pathogens. Second, when iron is bound to these
proteins, it is unable to catalyze hydroxyl radical formation
from neutrophil-derived superoxide and hydrogen peroxide in
the Haber-Weiss reaction (2). If the formation of these super-
oxides and hydrogen peroxides occurs, they can contribute to
lung injury. P. aeruginosa counteracts these iron-binding pro-
teins with its siderophores pyoverdine and pyochelin. Anken-
bauer et al. (1) have shown that pyoverdine and pyochelin
promote the growth of P. aeruginosa when they are added to
medium with iron-transferrin or human serum as the iron
source. Döring et al. (11) have shown that cleavage of diferric
transferrin by elastase enhances the ability of the P. aeruginosa
pyoverdine to obtain iron. In addition, cleavage of ferritrans-
ferrin by elastase generates an iron chelate(s) which may be a

FIG. 6. Transcriptional analysis of prpL. (A) Promoter region of the prpL gene. The Shine-Dalgarno (S/D) site, the start site of the coding
sequence, and the putative transcriptional start sites of T1 and T2 are indicated. The 422- and 727-nt probes used for RNase protection analysis
of the prpL gene are shown by black bars. The consensus sequence for the proposed iron starvation box is indicated. (B) RNase protection analysis
of P. aeruginosa PAO1 and DpvdS::Gm RNAs isolated at the time points shown from cells grown aerobically and microaerobically (5% oxygen)
under low (2)- or high (1)-iron conditions and probed with a 422-base riboprobe. The positions of 100- and 200-base RNA size standards are
indicated. (C) RNase protection analysis of P. aeruginosa PAO1, DpvdS::Gm, and DptxR::Gm. RNA was isolated at 10 h from cells grown
aerobically under low (2)- and high (1)-iron conditions and probed with a 727-base riboprobe. The relative intensities of the transcripts in panels
B and C were quantified with a Bio-Rad Personal FX phosphorimager using Quantity One software (version 4.0.3) from Bio-Rad. The sizes of the
RNA fragments in the marker (M) lane are shown.

TABLE 3. Persistence of P. aeruginosa PAO1 and DprpL::Gm in an
agarose bead rat lung model

Rat no.
Ratio Recovered

(PAO1 to DprpL::Gm)
at 7 days postinoculationa

1.................................................................................... .30:1
2.................................................................................... .14:1
3.................................................................................... .54,000:1
4.................................................................................... .3,800:1
5.................................................................................... .43:1
6.....................................................................................100,000:1

a Input ratio of PAO1 to DprpL::Gm, 1.5:1; total dose, 1.6 3 108 CFU.
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highly effective catalyst for the Haber-Weiss reaction (5).
Therefore, proteases may act cooperatively to increase the
availability of free iron and cause tissue damage. Our data
demonstrate that extracellular proteins from P. aeruginosa
PAO1 can degrade lactoferrin and, to a lesser extent, trans-
ferrin (Fig. 4A and D). In addition to degrading iron-binding
proteins, PrpL has elastase activity (data not shown) which
may be advantageous in an in vivo environment by causing cell
damage. Finally, the ability of PrpL to degrade decorin may
have some significant consequences during infection. Decorin
is a proteoglycan ubiquitously distributed in the extracellular
matrix of mammals. Upon degradation, decorin can release
dermatan sulfate, which can bind to neutrophil-derived a-de-
fensin, neutralizing its bactericidal activity (45).

Variation among strains in protease production has been
documented (24, 25, 31). In this study, all but one of the P.
aeruginosa strains examined carry sequences homologous to
prpL (data not shown); however, expression of PrpL is variable
(Fig. 5). In addition, the protease activity of extracellular pro-
teins from the various strains correlates with PrpL production.
Lack of expression in some of the strains could be due to a
mutation in the promoter region or perhaps a missense or
nonsense mutation in the coding region; however, this has not
yet been investigated. In addition, we have not ruled out the
possibility that variation is prpL expression is due to differences
or mutations in regulators of prpL. Strains that produce PrpL
may have a selective advantage in the lung due to their ability
to scavenge iron from lactoferrin and cause tissue damage.
However, these experiments did not exclude the possibility of
the ability of the DprpL::Gm mutant strain to scavenge the
degradation products produced by the PrpL secreted by strain
PAO1. In this regard, we found that a P. aeruginosa DprpL::Gm
mutant strain competes less well with the parental PAO1 strain
in competitive index studies in the agarose bead rat lung model
(Table 3).

Analysis of RNase protection assays indicated that prpL is
indeed regulated by PvdS. As shown in Fig. 6B, we demon-
strated that expression is increased under low-iron conditions,
in comparison with high-iron conditions, during log growth
under aerobic conditions. In contrast, transcription decreases
in response to low oxygen tension. This pattern of transcrip-
tional regulation is similar to that seen for the iron- and oxy-
gen-regulated toxA gene, which encodes exotoxin A (33). In
addition to PvdS, optimal expression of toxA requires PtxR
(54), which belongs to the LysR family of regulators. Conse-
quently, it seemed reasonable that PtxR may be required for
prpL expression. However, as shown in Fig. 6C, PtxR does not
affect transcription levels of prpL. These data and those of
others (33) indicate that although PvdS regulates both toxA
and prpL, there are important differences in the regulation of
these iron-responsive genes. A DNA sequence motif was iden-
tified by Rombel et al. (41) that is required for promoter
activity in several PvdS-dependent pyoverdine promoters. This
iron starvation box has the consensus sequence for the pyover-
dine genes of TAAAT-16 nucleotides (nt)-CGT and is located
10 nt before the 11 site (59). This sequence was also found in
the exotoxin A promoters, in a P. putida siderophore promoter,
and in a Pseudomonas sp. strain M114 iron-regulated promoter
(41). Wilson and Lamont (58) proposed that the helix-turn-
helix of PvdS recognizes this motif. Analysis of the sequence 59

to the transcription start site of prpL revealed a sequence that
differs by only 1 nt from this consensus, suggesting that PvdS
directly regulates prpL.

In summary, data presented here show that prpL encodes a
PvdS-regulated endoprotease that degrades casein, lactoferrin,
transferrin, elastase, and decorin. In the future, additional sub-
strates for PrpL may be identified, as well as the steps involved
in the processing of PrpL. In addition, it will be interesting to
determine if PrpL levels correlate with invasiveness. Thus far,
regulation of prpL has only been investigated with respect to
iron and oxygen levels. Although we have shown that PtxR is
not involved in the regulation of prpL, other regulatory factors
may contribute to its regulation. The study presented here,
identifying and characterizing a PvdS-regulated endoprotease,
provides more evidence for the redundancy in the P. aerugi-
nosa genome which contributes to its success as an opportu-
nistic pathogen.
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10. Döring, G., H. J. Obernesser, and K. Botzenhart. 1981. Extracellular toxins
of Pseudomonas aeruginosa. II. Effect of two proteases on human immuno-
globulins IgG, IgA and secretory IgA. Zentralbl. Bakteriol. 249:89–98.
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