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Background: Pseudomonas aeruginosa alkaline protease is a virulence factor that contributes to cystic fibrosis pathology.
Results: The ENaC channel is activated by alkaline protease.
Conclusion: Alkaline protease secretion may contribute to bacterial virulence by altering ENaC activity.
Significance: The results provide insight into patho-mechanisms associated with alkaline protease secretion.

Pseudomonas aeruginosa is an opportunistic pathogen that
significantly contributes to the mortality of patients with cystic
fibrosis. Chronic infection by Pseudomonas induces sustained
immune and inflammatory responses and damage to the airway.
The ability of Pseudomonas to resist host defenses is aided, in
part, by secreted proteases, which act as virulence factors in
multiple modes of infection. Recent studies suggest that mis-
regulation of protease activity in the cystic fibrosis lung may
alter fluid secretion and pathogen clearance by proteolytic acti-
vation of the epithelial sodium channel (ENaC). To evaluate the
possibility that proteolytic activation of ENaCmay contribute to
the virulence of Pseudomonas, primary human bronchial epi-
thelial cells were exposed to P. aeruginosa and ENaC function
was assessed by short circuit current measurements. Apical
treatment with a strain known to express high levels of alkaline
protease (AP) resulted in an increase in basal ENaC current and
a loss of trypsin-inducible ENaC current, consistent with sus-
tained activation of ENaC. To further characterize this AP-in-
ducedENaCactivation,APwaspurified, and its folding, activity,
and ability to activate ENaC were assessed. AP folding was effi-
cient under pH and calcium conditions thought to exist in the
airway surface liquid of normal and cystic fibrosis (CF) lungs.
Short circuit measurements of ENaC in polarized monolayers
indicated that AP activated ENaC in immortalized cell lines as
well as post-transplant, primary human bronchial epithelial
cells from both CF and non-CF patients. This activation was
mapped to the �-subunit of ENaC. Based on these data, patho-
mechanisms associated with AP in the CF lung are proposed
wherein secretion of AP leads to decreased airway surface liquid
volume and a corresponding decrease in mucocilliary clearance
of pulmonary pathogens.

Pseudomonas aeruginosa is an opportunistic pathogen that
contributes significantly to the mortality of immune-compro-

mised individuals, burn victims, and patients with cystic fibro-
sis (CF)3 (1–3). P. aeruginosa is a highly adaptable pathogen,
and infection is clinically problematic due to its ability to
develop antimicrobial drug resistance, form biofilms, and
secrete a large number of functionally diverse virulence factors
(4, 5). Secretion of virulence factors and production of biofilms
contribute to bacterial defense by modulating specific host
responses and establishing a physical barrier between the bac-
terial cells and their surrounding environment.
Among the virulence factors, Pseudomonas secretes exopro-

teases that putatively alter host immune signaling and scavenge
nutrients from the environment (3, 6–9). Previous studies have
implicated alkaline protease (AP) in multiple modes of Pseu-
domonas infection (10). In CF, increased AP titer in patient
sputum has been correlated with decreased clinical prognosis
for patients experiencing Pseudomonas exacerbation (11–15).
Consistent with this, biochemical studies have demonstrated
cleavage and inactivation of a variety of signaling, inflamma-
tory, and regulatory molecules by AP (16–19). Alteration of
these response pathways putatively contributes to the difficulty
in controlling and clearing Pseudomonas infections. Although
the pathophysiological roles of AP have yet to be fully eluci-
dated in the CF lung, the association between AP expression
and negative prognosis demonstrate that AP activity is relevant
to Pseudomonas infection and exacerbation in CF patients.

Although the molecular pathophysiology underlying CF is
associated with loss of cystic fibrosis transmembrane conduct-
ance regulator (CFTR) function, a putative role for the epithe-
lial sodium channel (ENaC) regulation of pulmonary physiol-
ogy and CF pathophysiology has been suggested by multiple
studies (20–25). Recent work suggests that the protease-pro-
tease inhibitor balance is critical for the balance of fluid secre-
tion in the CF lung (20, 26–29). Imbalances in protease activi-
ties, as a result of increased protease production by the host or
a pathogen, impact multiple physiological events. A growing
body of literature demonstrates that ENaC is regulated by pro-
tease cleavage of its large extracellular domains and may be
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directly affected by changes in the antiprotease-protease bal-
ance (30, 31).
ENaC is formed by a putative heterotrimer of an �-, �-, and

�-subunit (32). Structures of homologous bacterial proteins
and extensive biochemical studies suggest that the subunits of
ENaC are composed of two transmembrane helices separated
by a large extracellular domain, with both N and C termini
located intracellularly (33). The extracellular domains of ENaC
are cleaved by proteases, resulting in channel activation. This
activation results from release of inhibitory peptides in the
extracellular domains of either or both of the�- and �-subunits
(31, 34). Cleavage of these subunits results in an increase in
channel open probability (Po) and a corresponding increase in
Na� transport. Originally identified in in vitro electrophysi-
ological studies usingXenopus oocytes, channel-activating pro-
teaseswere first shown to activate ENaC through these cleavage
events (35). Subsequent studies have shown that a variety of
proteases regulate ENaC function in multiple mammalian epi-
thelial tissues (36, 37).
To evaluate the potential role of protease activation of ENaC,

P. aeruginosa was cultured on the apical surface of primary
human bronchial epithelial (HBE) cells for electrophysiological
and biochemical analyses. Growth of a protease-secreting
strain of Pseudomonas, FRD1, resulted in an increase in basal
ENaC current and a corresponding loss of exogenous protease-
inducible current. Zymographic analyses demonstrated that
APwas the predominant secreted protease andwas active in the
apicalwashes of the FRD1-treatedHBE cells but not in controls.
To further characterize the role of AP in activating ENaC, the
protease was purified for functional and electrophysiological
studies. The purified AP efficiently folded andwas highly active
against protease substrates at physiological conditions. Electro-
physiological experiments demonstrated that the purified AP
activated human and mouse ENaC in multiple cell lines. This
activation was largely the result of cleavage in the �-subunit.
Similar AP activation of ENaC was seen in primary HBE cells
isolated from CF and non-CF lung explant tissue. Together
these data demonstrate that AP fromP. aeruginosa is capable of
activating ENaC. Based on these data, implications for the roles
of AP in Pseudomonas pathogenesis in the CF lung are
discussed.

EXPERIMENTAL PROCEDURES

Cell Culture—HBE cells were cultured from excess patho-
logic tissue after lung transplantation and organ donation, as
described previously (38). After initial isolation, passage 0 cells
were seeded onto human placental collagen-coated Costar
0.33-cm2 Transwell filters (Corning) at a density of �2 � 105/
cm2. Reaching confluence, the apical medium was aspirated,
and cultures were maintained at an air-liquid interface. Cells
were fed basolaterally with differentiation medium three times
weekly. Cells were studied after 3–6 weeks of culture and con-
sidered differentiated when a mucociliary phenotype was
apparent by phase-contrast microscopy.
mCCDcl-11 cells (provided by Bernard Rossier and Laurent

Schild, Université de Lausanne, Switzerland) were grown in
75-cm flasks (passages 28–35) in definedmedium, as described
previously (39). Cells were then subcultured onto 0.33-cm2

Costar Transwell filters. Twenty-four hours prior to recording,
the cells were treated with a 50 �M concentration of a cell-
permeant chloromethylketone furin convertase inhibitor (Enzo
Life Sciences) to block the action of intracellular proprotein
convertases and facilitate the delivery of uncleaved ENaC to the
cell surface, as described previously (27, 38).
Fisher rat thyroid (FRT) cells were maintained in DMEM/

F-12 medium supplemented with 5% FBS in flasks. Polarized
FRT cultures expressing human ENaC were established by
seeding 3� 105 cells onto 0.33-cm2CostarTranswell filters and
transiently transfectingwith 0.25�g each of�-,�-, and�-ENaC
using Lipofectamine 2000 per the manufacturer’s instructions.
Following transfection, 50 nM dexamethasone was included in
the basemedium to stimulate Na� transport, and the cells were
used for short circuit currentmeasurement 3 days later.Human
�-, �-, and �-ENaC constructs were kindly provided by Dr.
Doug Eaton and subcloned into pcDNA3.1. The following
mutations were introduced by site-directed mutagenesis
(QuikChange): �mut (R175A/R177A/R178A/R181A/R201A/
R204A), �del (del Asp179–Arg204), �mut (R135KRR 3 AKAA,
R178KRK3QQQQ), and �del (del Glu139–Lys181).
Protein Expression and Purification—P. aeruginosa PAO1

genomic DNA was used as a template for PCR cloning of the
aprA and aprI genes. The full-length AprA and AprI proteins
were cloned into the Escherichia coli pET-DUET vector for
T7-regulated expression, purification, and in vitro refolding, as
described previously (40). Briefly, donor cultures were grown
overnight in the presence of antibiotic and used to inoculate
expression cultures. Expression cultures were grown to anA600
of �0.8 prior to induction with 1 mM isopropyl 1-thio-�-D-
galactopyranoside. Protein was expressed at 37 °C for 4–6 h,
and the majority of overexpressed protein was insoluble. Cells
were lysed by sonication (50 mM Tris-HCl, 150 mM NaCl, pH
6.8). Inclusion bodieswere isolated by centrifugation and resus-
pended in binding buffer (50 mM Tris-HCl, 150 mM NaCl, 6 M

guanidine HCl, pH 6.8), loaded onto a nickel-nitrilotriacetic
acid column, washed (50 mM Tris-HCl, 150 mMNaCl, 6 M gua-
nidine HCl, 40 mM imidazole, pH 6.8), and eluted (50 mM Tris-
HCl, 150 mM NaCl, 6 M guanidine HCl, 400 mM imidazole, pH
6.8). The eluted protein was concentrated in 6 M guanidine HCl
and stored at 4 °C prior to refolding.
Protease Refolding and Analysis—Refolding was performed

by rapid dilution to 1–10 �M final protease concentration into
50 mM Bistris propane, 150 mM NaCl, and 2 mM CaCl2 for 15
min at 4 °C. Protease was then concentrated (Ultracon, Milli-
pore) to 30 �M and cleared by centrifugation or filtration prior
to use. Protease refolding was assessed byWestern blotting and
analytical gel filtration, as described previously (40). Refolded
protein was separated from unfolded or aggregated protein by
centrifugation at 21,000� g relative centrifugal force for 15min
at 4 °C. The supernatant fraction was evaluated by Western
blotting using a rabbit polyclonal antibody raised against the
purified RTX (repeats in toxin) Ca2�-binding domain from
alkaline protease using standard procedures (40). Analytical gel
filtration was accomplished by injection of the protein onto a
Superdex S75GL 10/300 column (GE Healthcare) pre-equili-
brated in refolding buffer, described above.
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Protease Activity—Protease activity was measured using
fluorescence-based protease activity assays. A casein-based
assay (EnzChek, Invitrogen) was used previously to assess the
activity of refolded AP in vitro. The intact BODIPY-conjugated
casein is quenched via intramolecular interactions, and sub-
strate cleavage results in fluorophore dequenching. A peptide-
based fluorescence assay was also used to evaluate AP activity.
Based on the structural similarity to several of the human
matrix metalloproteases, a fluorescent MMP substrate peptide
(Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (where Mca
represents (7-methoxycoumarin-4-yl)acetyl, and Dpa is N-3-
(2,4-dinitrophenyl)-L-�,�-diaminopropionyl; R&D Systems)
was used to evaluate AP activity. For both activity assays, pro-
tease was diluted into reaction buffer (50 mM Bistris propane,
150 mM NaCl, 2 mM CaCl2, and 1 �M ZnCl2) and read using a
BioTek Synergy 4 multimode plate reader. Emission intensities
were collected in kinetic mode, and steady state activities were
fit using linear regression. Data shown were collected from at
least two independent protease purifications. Data are pre-
sented as mean � S.D. from n � 4 experiments.
Pseudomonas Growth and Protease Secretion on HBE Cells—

P. aeruginosa strains FRD1 (a generous gift from Dennis
Ohman, Virginia Commonwealth University Medical Center)
and PAO1 (ATCC) were used to evaluate protease expression,
secretion, and impact on HBE cells. Pseudomonas strains were
grown in tryptic soy broth at 37 °C. Cells were harvested by
centrifugation and washed five times in Ringer’s solution (see
below). The cell pellet was then resuspended in Ringer’s solu-
tion, and cell density was normalized by A600 measurement.
Optical measurements for FRD1 and PAO1 cells were stan-
dardized by colony counting after serial dilution onto LB agar
plates.
Protease secretion and activity was assessed after application

ofPseudomonas to the apical surface ofHBE cells. Cell densities
were empirically chosen tomaintainHBE cell viability and high
monolayer resistance after overnight co-culture. For electro-
physiological recordings, HBE cells were treated with 4 � 103
cfu resuspended in 10 �l of Ringer’s solution for 16 h under
standard HBE culture conditions (37 °C, 5% CO2). Filters were
mounted in Ussing chambers and assessed as described below.
For zymography, 4 � 105 cfu of FRD1 and PAO1 cells were
cultured at 37 °C overnight on the apical surface of HBE cells.
After 16 h, the apical surfacewaswashedwith Ringer’s solution,
and the supernatant was analyzed by zymography. Samples
were electrophoresed on Tris-glycine casein zymogram gels
(Invitrogen), renatured, and developed following the manufac-
turer’s protocols. The gels were incubated overnight at 37 °C
and stainedwithCoomassie Blue. Experimentswere performed
on multiple independent HBE cell lines.
Short Circuit Current Measurements—Cultured cells were

grown on Transwell inserts until a confluent, high resistance
monolayer was obtained. Monolayer resistances were greater
than 150 ohms/cm2 for all cells tested. Inserts weremounted in
modified Ussing chambers (P2300, Physiological Instruments)
and continuously short circuited with an automatic voltage
clamp (VCC MC8, Physiological Instruments) as described
previously (38). The apical and basolateral chambers each con-
tained 3ml of Ringer’s solution (120mMNaCl, 25mMNaHCO3,

3.3 mM KH2PO4, 0.8 mM K2HPO4, 1.2 mM MgCl2, 1.2 mM

CaCl2, and 10 mM glucose). Chambers were constantly gassed
with a mixture of 95% O2, 5% CO2 at 37 °C, which maintained
the pHat 7.4 and established a circulating perfusion bathwithin
the Ussing chamber. Simultaneous transepithelial resistance
was recorded by applying a 2-mV pulse per second via an auto-
mated pulse generator. Recordings were digitized and analyzed
using either Acquire and Analyze 2.3 (Physiological Instru-
ments) or PowerLab (AD Instruments, Colorado Springs, CO).
A typical ISC recording included a 10-min equilibration period,
followed by stimulation with trypsin or AP. INa was determined
by the addition of 10 �M amiloride to the apical cell chamber at
the end of each recording.
For short circuit studies, AP concentrations were chosen to

match the kinetic activities of trypsin controls based on these in
vitro fluorescence assays described above. Steady state reaction
kinetics were measured using trypsin under concentrations
known to fully activate ENaC. Following refolding and prior to
short circuitmeasurements, both trypsin andAP activitieswere
verified using the enzymatic assays described above.
Statistics and Curve Fitting—All data were analyzed using

SigmaPlot (Systat, Chicago, IL). Time constants were calcu-
lated from curves fit using non-linear regression analysis for the
exponential rise to a maximum. Differences in summarized
data were evaluated by t tests, with p � 0.05 considered statis-
tically significant.

RESULTS

ENaC Activation by P. aeruginosa—Previous studies have
shown that the ENaC channel is regulated by extracellular pro-
teolytic cleavage (30). Specific cleavage events lead to the acti-
vation of ENaC and an increase in Na� current. P. aeruginosa
secretes proteases that may cleave and activate Na� channels,
thereby decreasing airway surface liquid volume and impairing
mucociliary clearance. Thus, secretion of ENaC-activating pro-
teases may be a novel virulence mechanism used by pathologi-
cal strains of Pseudomonas to manipulate the local airway envi-
ronment and facilitate bacterial adherence and colonization.
To test the hypothesis that proteases secreted by P. aerugi-

nosamanipulate ENaC activity, the apical surfaces of polarized
primary HBE cells were inoculated with Pseudomonas, and the
electrophysiologic effects were assessed in Ussing chambers.
Two strains of P. aeruginosa were chosen for studies on HBE
cells. A CF patient isolate, FRD1, was chosen based on previous
reports of high expression and secretion of proteases (5). A
second strain, PAO1, was chosen due to its lower virulence and
reduced protease expression.
Following 16 h of HBE-bacterial co-culture, the apical

mediumwas collected for biochemistry, and theHBE cells were
used for electrophysiological studies. HBE cells exposed to
FRD1 cells showed elevated basal ENaC currents when com-
pared with the PAO1 and Ringer’s solution controls (Fig. 1, A
and B). To maximally activate uncleaved ENaC at the apical
surface, exogenous trypsin (1 �M) was added to the apical
chamber once steady-state current was achieved. No additional
trypsin-activatable current was observed in FRD1-treated cells.
In contrast, the PAO1 andRinger’s controls showed an increase
in amiloride-sensitive current when treated with trypsin (Fig.
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1A). The trypsin-induced ENaC current in the PAO1 and Ring-
er’s control-treated cells increased to levels similar to the basal
currents seen in the FRD1-treated cells. The relative changes in
both basal and trypsin-stimulated currents were seen in multi-
ple independent HBE cell lines with varying levels of ENaC
current. Although the absolute currents varied between lines,
the relative increase in basal activity and loss of trypsin-activa-
tion was evident across all cell lines tested.
The increase in basal current could be accounted for by at

least two mechanisms. ENaC channel expression might be up-
regulated in response to Pseudomonas, or the population of
channels at the cell surface might be activated in the presence
of the bacterial cells. The increase in basal activity and loss of
trypsin-activatable current suggested that the proteolytic state
of ENaC was changed in the presence of the FRD1 cells. To
evaluate the differential expression and secretion of proteases
by the FRD1 and PAO1 strains, gel zymography was used to
evaluate protease activities. As with the electrophysiological
experiments, bacterial cells were applied to the apical surface of
HBE cells and grown overnight. The apical surfaces of the HBE
cells were washed with Ringer’s solution, and the wash was
collected. Zymogram analyses demonstrated a single predom-
inant protease band of �50 kDa present in the FRD1-treated
HBE cell wash that was not present in the PAO1 and Ringer’s
controls (Fig. 1C). This band was confirmed to be alkaline pro-
tease by comparison with purified protein and Western blot-
ting (data not shown), consistent with previous reports of high
levels of alkaline protease expression and secretion by the FRD1
Pseudomonas strain.

APFolding andActivity—Toevaluate the potential role ofAP
in the regulation of ENaC, AP was expressed and purified for
functional and structural studies. Previously, we have shown
that AP refolding and activity is tightly regulated by Ca2� bind-
ing to the RTX domain (40). To evaluate the activity of AP
under conditions of physiological pH and Ca2�, purified AP
was refolded in 2 mM Ca2� across a range of pH values to
include those found in normal and CF lungs (Fig. 2). Alkaline
protease refolding was initially assessed by Western blot as the
fraction of protein soluble after high speed centrifugation or
filtration. Previous studies have shown that AP misfolding
results in the formation of high molecular weight aggregates
that can be removed by filtration and that folding to a native,
soluble form is dependent on Ca2� binding (40). Refolding was
efficient over a broad pH range (pH 6.5–9.5), with more than
85% of refolded protein recovered in the soluble fractions (Fig.
2A). Analytical gel filtration chromatography analyses of these
fractions indicated that the refolded proteins were monomeric
and showed no discernible changes in hydrodynamic proper-
ties as a result of changing refolding pH (Fig. 2B). Elution chro-
matograms showed no signs of peak tailing or splitting, consis-
tent with a structurally uniform population of refolded protein.
Analysis of fractions collected after gel filtration chromatogra-
phy showed protease activity to be found exclusively in the elu-
tion peak corresponding to monomeric protease.
Protease activity was subsequently assessed using two fluo-

rescence-based assays. In both assays, initial substrate fluo-
rescence is quenched by intramolecular proximity of the
conjugated fluorophores. Substrate cleavage releases pep-
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FIGURE 1. Pseudomonas FRD1 alteration of HBE cell physiology. The effects of Pseudomonas grown on the apical face of HBE cells were assessed biochem-
ically and electrophysiologically. Primary HBE cells were co-cultured with Pseudomonas. A, representative traces of HBE cells exposed to Ringer’s solution
(black), PAO1 (light gray), or FRD1 (dark gray) Pseudomonas on the apical surface. FRD1 cells showed an increase in basal current and a loss of trypsin-activatable
current in multiple HBE cell lines. Trypsin addition to the apical bath was used to evaluate maximal ENaC current and is shown as a solid line. Amiloride addition
was used to evaluate ENaC-specific current and is shown as a dashed line. B, summary of basal currents shown as a function of maximal trypsin-activated
current. Basal currents in the PAO1 and Ringer’s controls were increased greater than 2-fold after the trypsin addition. In contrast, the FRD1-treated cells
showed higher basal current and no observable activation by trypsin. C, gel zymogram of fluids washed from the apical surface of FRD1-, PAO1-, and Ringer’s
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sample corresponds to AP secreted by the FRD1 cells. Data are presented as mean � S.E. (error bars) from n � 3 experiments with at least 8 filters/condition.
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tide fragments, dequenching the fluorophores. Substrates were
chosen to evaluate protease activity against a globular protein
and a peptide substrate. BODIPY-conjugated casein was used
to evaluate AP and trypsin activities against a globular protein
substrate. A fluorescent matrix metalloproteinase substrate
was chosen based on the structural similarity between the AP
proteolytic domain and the catalytic domains of proMMP-1,
MMP-7, and MMP-12 (41–43).
Refolded AP cleaved both substrates across a range of pH

conditions in the presence of Ca2� (Fig. 2C). Cleavage of the
casein substrate showed maximal activity at near neutral pH
with decreasing activity as pH increased. Protease activity was
reduced by �50–60% at pH 8.5 and 9.2 (Fig. 2C, filled circles).
In contrast, proteolysis of the peptide substrate showed mini-
mal changes across the range of pH values tested. Nearly max-
imal activity was seen between pH 6.5 and 8.5, with a 15%
decrease in apparent activity at pH 9.2 (Fig. 2C, open circles).
The difference in the pH dependence of substrate proteolysis
suggests that solution properties of the substrate and/or sub-
strate binding may be altered across the conditions tested.
AP Activation of Murine ENaC in Cortical Collecting Duct

(CCD) Cells—To evaluate the activation of ENaC byAP,mouse
CCD cells endogenously expressing ENaC were used to evalu-
ate ENaC-mediated short circuit currents (INa) inUssing cham-
bers.Mouse CCD cells were chosen due to robust expression of
ENaC and previous reports characterizing ENaC cleavage in
these cells (44). Cells were pretreated (16 h) with a proprotein
furin convertase inhibitor to prevent full ENaC processing
along the biosynthetic pathway. The presence of uncleaved
ENaC in the apical membrane of CCD cells was verified with
the addition of 1�M trypsin to the apical hemichamber (Fig. 3A,
black trace). Trypsin induced an immediate activation of ISC,
and amiloride addition verified that the activated current was
due to ENaC-mediated Na� transport. INa increased by �44%,
from41.7� 3.1 to 60.3� 7.1�A/cm2 after activation by trypsin
(Fig. 3B). In subsequent experiments, trypsin was added at the
end of each protease treatment to determine the maximum
ENaC-mediated Na� transport for each filter. Amiloride was
used to assess the base-line currents and verify that Na� cur-
rents were associated with ENaC.

To evaluate channel activation by AP, refolded protein was
added to the apical bath, and INawasmeasured. Concentrations
and volumes of AP were chosen to match the rate of substrate
cleavage by trypsin using the fluorescence-based casein assay
(data not shown). As with trypsin, INa increased upon the addi-
tion of the purified AP (Fig. 3A, gray trace). AP activation of
ENaC resulted in a�39% increase in ENaCcurrent (Fig. 3B). To
establish maximal activation, trypsin was added to the apical
baths after currents had plateaued in the presence of AP. Addi-
tional ENaC activationwas elicited after the sequential addition
of trypsin (Fig. 3A, gray trace). In contrast, the sequential addi-
tion of AP after current plateau did not result in additional
ENaC activation (data not shown). AP channel activation
occurred with a time constant (�) of 8.65 min (Fig. 3C). The
increase in ENaC current plateaued and remained constant
after AP treatment. In contrast, trypsin treatment resulted in a
peak activation of ENaC after �2–3 min, followed by a gradual
decrease in current over the course of the experiment. This
decrease in current after trypsin treatment was likely the result
of persistent channel cleavage by the active protease.
AP Activation of Human ENaC—To evaluate the activation

of human ENaC by AP and characterize the locations of AP
cleavage, FRT cells were transfected with wild type andmutant
human �-, �-, and �-ENaC, and INa was measured. Protease
activation of human ENaC in FRT cells does not require pre-
treatment with proprotein convertase inhibitors, thus allowing
for further characterization of the cell surface proteolytic reg-
ulation. Previous studies have demonstrated that proteases
activate ENaC by cleaving the extracellular loop of the �- and
�-subunits (31, 45, 46). Inhibitory peptide domains are released
from the channel following limited proteolysis. ENaC open
probability increases dramatically following removal of the �
and/or � inhibitory domain.

To determine which subunits are responsible for the AP-
mediated ENaC activation, mutant �- and �-subunits contain-
ing point mutations at the consensus cleavage sites or deletions
of the inhibitory domain were assayed (Fig. 4A). For the �-sub-
unit mutants, two furin sites were altered by site-directed
mutagenesis to preclude cleavage at those sites (�-mut). For the
�-subunit, the furin and prostasin sites were similarly altered

FIGURE 2. pH dependence of AP refolding and activity. The pH dependence of AP refolding and activity was assessed in vitro using purified AP. AP refolding
and activity were assessed from pH 6.5 to 9.5. A, AP solubility was assessed by Western blotting after refolding and centrifugal filtration. The filtrate fraction is
shown after refolding at varying pH (top) in a representative blot. Total protein, representing potentially folded and misfolded species, is shown before filtration
for each refolding reaction (bottom). Molecular weight markers are shown on the left of each panel and represent apparent mass in kDa. B, representative
analytical gel filtration chromatographs for AP refolded at each pH condition. The refolded protein eluted as a single major peak at �11.2 ml under each pH
condition tested, consistent with monodisperse AP. C, AP activity was assessed using fluorescent protease substrates after refolding. Protease activity was
evaluated using a casein substrate (filled circles) and a peptide substrate (open circles) at varying pH. Data are presented as mean � S.D. (error bars) from n � 4
experiments.
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(�-mut). Additionally, for both �- and �-subunits, the inhibi-
tory peptide that is removed following full proteolytic cleavage
was deleted (�-del or�-del) to assess the role of these sequences
in AP activation (Fig. 4A, dashed segments).

As described previously (45), amiloride-sensitive currents
could be measured after transfection of human ENaC in FRT
cells (Fig. 4,B andC). The currents fromwild type humanENaC
increased by 50.4 � 2.6%, from 5.8 to 8.8 �A/cm2, in response
to the addition of trypsin. These currentswere fully inhibited by
the addition of amiloride, consistent with currents arising from

ENaC activity. The addition of AP to the apical bath resulted in
a 31.9 � 1.9% increase in amiloride-sensitive current, from 5.8
to 7.9 �A/cm2. This increase in INa was �67% of the increase
elicited by trypsin (2.1 versus 3.1 �A/cm2). The increases in
ENaC activity as a result of AP and trypsin treatment were
qualitatively similar in both CCD and FRT cells. (Figs. 3B and
4B).
Removal of the furin sites in the�-subunit and removal of the

�-subunit inhibitory peptide had little effect on ENaC activa-
tion after the AP addition (Fig. 4, B and D). In contrast, AP
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activation of ENaC was altered in the channels containing
mutant�-subunits (Fig. 4,C andD). The furin-prostasin double
mutant in the �-subunit (�-mut) showed a significantly lower
base-line current that was less sensitive to AP addition than
wild type.Moreover, deletion of the inhibitory domain from the
�-subunit (�-del) resulted in a complete loss of protease activa-
tion by trypsin and AP. These data are consistent with the
�-subunit being the target of theAP-associated proteolytic acti-
vation and with previous reports that ENaC proteolytic activa-
tion is primarily determined by processing of the �-subunit
(Fig. 4D) (47).
ENaC Activation in Primary Human Bronchial Epithelial

Cells—To evaluate the activation of ENaCbyAP in human lung
tissue, primaryHBE cells were evaluated electrophysiologically.
Both CF- and non-CF HBE tissues were pretreated with furin
convertase inhibitor and incubated with AP as described above
(Fig. 5A). Primary HBE cells from CF and non-CF tissues both
showed similar ENaC activation in response to AP addition. AP
treatment of non-CF HBE cells increased ENaC current by
�120%, from 8.3 � 0.4 to 18.0 � 1.6 �A/cm2. Similarly, HBE
cells from CF patients showed a �70% increase in ENaC cur-
rent, from 12.2 � 1.2 to 20.1 � 1.4 �A/cm2. Observable differ-
ences in the absolute (Fig. 5A) or relative (Fig. 5B) activation of
ENaC from HBE cells from CF and non-CF donors were seen.
These changes resulted from altered base-line and maximal
currents.
Because both CF and non-CFHBE cells showed qualitatively

similar responses to AP and trypsin addition, non-CFHBE cells
were utilized to evaluate the time course and dose dependence
of the AP-induced ENaC activation. As with the CCD and FRT
cells, the addition of AP to the apical bath resulted in a slow
activation and plateau of ENaC current (Fig. 6A). AP activation
was submaximal when compared with that elicited by the addi-
tion of trypsin. Subsequent trypsin addition resulted in
increased ENaC current under the conditions measured. AP-
induced ENaC activation was kinetically slower than that seen
with trypsin, as seen in both the CCD and FRT cells. The cal-
culated time constants forAP ranged between � � 11.9 and 13.5
min (Fig. 6, B and C). In contrast, the time constant for trypsin
was � � 0.33min. To evaluate the concentration dependence of
the AP activation, dose-response experiments were performed.
Increasing AP concentrations from 0.3 to 1.75 �M resulted in a
�40% increase in ENaC activation. This activation appeared

saturated at 1.75 �M AP because further increases in AP con-
centration to 3.5 �M resulted in no changes in the rates or mag-
nitudes of ENaC activation (Fig. 6C). At saturation, AP-induced
ENaC currents were submaximal when compared with those
elicited by trypsin. Qualitatively, the kinetic differences seen
with AP and trypsin treatment were similar between the cell
types tested and ENaC orthologs evaluated.

DISCUSSION

Alkaline protease has been implicated in multiple modes of
P. aeruginosa infection, yet little is known about its specific
involvement in many of these pathologies (5, 17, 19). Previous
studies have demonstrated that AP expression is correlated
with Pseudomonas virulence and increased resistance in CF
patients, suggesting that APmay play a role in processes related
to bacterial colonization and/or exacerbation in the CF lung
(11, 13, 14). Current models for the regulation of ASL in CF
suggest that the protease-antiprotease balance may regulate
water secretion andmucus viscosity (15, 27, 38). As such, secre-
tion of bacterial proteases may contribute to virulence by alter-
ing this balance. This increased protease activity would
putatively reduce mucociliary clearance, thereby facilitating
bacterial colonization.
To assess the potential role of bacterial protease on ENaC

activation, primary HBE cells were exposed apically to Pseu-
domonas strains. Electrophysiological recordings demon-
strated that ENaC currents were modulated by exposure to
Pseudomonas under culture conditions (Fig. 1). Importantly,
the changes in basal and activatable ENaC current suggested
that the FRD1 Pseudomonas strain could modulate the electri-
cal properties of the HBE cells. The increase in basal current
could be accounted for by at least two mechanisms. ENaC
might be up-regulated in response to Pseudomonas, or the pop-
ulation of channels at the cell surface might be activated in the
presence of the bacterial cells. Trypsin treatment of these cells
resulted in increased ENaC current in PAO1 and Ringer’s solu-
tion, with activated ENaC current rising to that of the FRD1
basal current. The loss of trypsin-activatable current in the
FRD1-treated cells suggested that the ENaC population had
already been activated by proteases on the apical surface in a
treatment-dependent manner. Importantly, these data demon-
strate that a pool of cell surface ENaC channels is available for
proteolytic activation, suggesting that at least some channels
are not fully cleaved while transiting the secretory pathway.
To evaluate its role in activating ENaC in airway epithelia, AP

was purified, and its activity was further assessed biochemically
and electrophysiologically. Biochemical studies of the folding
and activation of AP demonstrate that the protease folds effi-
ciently and is highly active under pH conditions similar to those
found in the lung (Fig. 2). Thus, the AP enzyme can be func-
tional under conditions mimicking those of the ASL. Consis-
tentwith this, recent reports of flagellar degradation byAPhave
shown that the enzyme has significant activity within a physio-
logical pH range (48). To evaluate ENaC activation by the pro-
tease, APwas added to the apical baths ofUssing chambers, and
INa was measured (Figs. 3–6). Cells expressing both endoge-
nous and heterologous ENaC responded to this treatment with
an increase in amiloride-sensitive Na� current. Both human

FIGURE 5. ENaC activation of non-CF and CF primary HBE cells. Primary
human bronchial epithelial cells were evaluated by short circuit recording to
assess ENaC activation by AP. A, changes in ENaC current for CF and non-CF
HBE cells. Untreated (Baseline) and protease-induced currents are shown for
n � 6 recordings. B, relative currents from CF and non-CF primary HBE cells.
Maximal currents were established as peak current after trypsin activation.
Untreated (base line) and AP-treated currents are shown for n � 6 recordings.
Error bars, S.D.
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and murine ENaC responded similarly, with respect to kinetics
and magnitude, to treatment with AP. These data demonstrate
that ENaC current can be activated by AP. These data also
provide potentialmechanistic insight into previous reports that
AP is expressed highly in early stages of Pseudomonas coloni-
zation and is correlated with the virulence and degree of exac-
erbation of Pseudomonas in CF patients (10–12). Specifically,
activation of ENaC by AP may facilitate Pseudomonas coloni-
zation and infection by modulating ENaC activity.
Differences in activationwere seen between trypsin, used as a

control, and AP.Maximal activation was decreased, and activa-
tion kinetics were slowed when comparing AP with trypsin
controls. The changes in activation kinetics could potentially
stem from differences in protease processivity and/or accessi-
bility of specific protease sites and ENaC channel dynamics.
Alternatively, the slow kinetics could suggest that ENaC activa-
tion occurs via an indirect mechanism. The submaximal acti-
vation of ENaC by AP is potentially consistent with either a
direct or indirect mechanism. The inability to maximally acti-
vate ENaC by the serial addition of AP suggests that a popula-
tion of channels in themembrane is highly resistant toAP stim-
ulation. The exact nature of this protection, be it the result of
direct ENaC site accessibility or an indirect activation through a
cascade, warrants further investigation.
Based on these observations, we propose a model for ENaC

activation by Pseudomonas during bacterial colonization.
Secretion of a channel-activating protease would result in local
changes to the host environment, mediated by the ENaC acti-
vation shown in this study. In the CF lung, this increased Na�

absorbance would putatively result in local dehydration of the
ASL. Reduction in ASL volume and the resulting decreased

mucociliary clearance capacitywould then facilitatePseudomo-
nas adhesion to and colonization of the airway. This remodel-
ing would also be consistent with the localization of AP to and
near Pseudomonas biofilms because widespread distribution of
the enzyme would not be required to elicit such proximal
effects (5). Such a model is consistent with protease expression
and activity profiles seen in CF patients because previous
reports suggest that protease activities are differentially modu-
lated during initial colonization and chronic infection (14).
These data suggest that the underlying molecular pathology

of CF may be complicated by host-pathogen interactions.
Recent studies of porcine and human CF tissues suggest that,
under basal conditions, the loss ofCFTRconductance underlies
CF pathophysiology (49, 50). In contrast, studies of human and
murine airway suggest that up-regulated ENaC current may
contribute to CF pathology (51–55). Our data do not specifi-
cally address the differences in these competing hypotheses but
can be accommodatedwithin either hypothesis. The increase in
ENaC current seen in both non-CF and CF HBE cells (Figs. 1
and 5) suggests that proteolytic cleavage of ENaC results in an
stimulated state in both systems and is independent of CFTR
expression. In both cases, the activation of ENaC would puta-
tively result in a decrease in fluid secretion by increasing Na�

absorption, although it is not clear how CFTR function may be
coregulated in such a scenario.
These data provide evidence for the activation of ENaC by

the AP from Pseudomonas and suggest that ENaC may be reg-
ulated by additional proteases found in the airway. The identi-
fication and characterization of a Zn2�-metalloproteinase as a
regulator of ENaC provides evidence for an additional func-
tional and structural class of proteinases that contributes to the

FIGURE 6. ENaC activation in primary HBE cells. Primary human bronchial epithelial cells were used to evaluate ENaC activation by AP. A, representative
traces of ENaC currents in HBE cells after protease treatment. HBE cells were treated with either trypsin or the sequential addition of AP and trypsin and
monitored by short circuit recording, as described above. Protease and amiloride treatment protocols are shown above the traces and correspond to the traces
below. B, time course of ENaC activation by AP. ENaC activation in HBE cells occurs with a time constant of �13 min. Data shown are a summary of n � 19
experiments. C, dose response for ENaC activation by AP. AP-induced ENaC activation was assessed at 0.3 �M (open squares), 1.5 �M (filled circles), and 3.75 �M

(cross-hatches). The time constants for each concentration of protease treatment are shown. Data are from n � 12 recordings. Error bars, S.E.
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regulation of ENaC. In addition, the characterization of basal
changes in ENaC activity, resulting from exposure to Pseu-
domonas, suggests that ENaC proteolysis in the airway cells
may be exploited by pathogens in airway colonization. Specifi-
cally, the proteolytic activation of ENaC by AP suggests a novel
mechanism by which Pseudomonas remodels its host to facili-
tate its colonization and modulate its virulence in the CF lung.
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