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The epithelial sodium channel (ENaC) is probably a heterotri-
mer with three well characterized subunits (7). In humans an
additional é-subunit (6-hENaC) exists but little is known about
its function. Using the Xenopus laevis oocyte expression system,
we compared the functional properties of a3y- and 63y-hENaC
and investigated whether 8fy-hENaC can be proteolytically
activated. The amiloride-sensitive ENaC whole-cell current
(AL,,,;) was about 11-fold larger in oocytes expressing 6f3y-
hENaC than in oocytes expressing af3y-hENaC. The 2-fold
larger single-channel Na* conductance of 88y-hENaC cannot
explain this difference. Using a chemiluminescence assay, we
demonstrated that an increased channel surface expression is
also not the cause. Thus, overall channel activity of 63y-hENaC
must be higher than that of af3y-hENaC. Experiments exploiting
the properties of the known 8S520C mutant ENaC confirmed this
conclusion. Moreover, chymotrypsin had a reduced stimulatory
effect on 63y-hENaC whole-cell currents compared with its effect
on afy-hENaC whole-cell currents (2-fold versus 5-fold). This
suggests that the cell surface pool of so-called near-silent channels
that can be proteolytically activated is smaller for 83 y-hENaC than
for af3y-hENaC. Proteolytic activation of 83y-hENaC was associ-
ated with the appearance of a 8-hENaC cleavage product at the cell
surface. Finally, we demonstrated that a short inhibitory 13-mer
peptide corresponding to a region of the extracellular loop of
human a-ENaC inhibited A7, ; in oocytes expressing a3 y-hENaC
but not in those expressing 6f3y-hENaC. We conclude that the
o-subunit of ENaC alters proteolytic channel activation and
enhances base-line channel activity.

The epithelial sodium channel (ENaC)? is a member of the
ENaC/degenerin family of nonvoltage-gated ion channels (1). It
is localized in the apical membranes of sodium-absorbing epi-
thelia like the aldosterone-sensitive distal nephron, respiratory
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epithelia, distal colon, and sweat and salivary ducts. In these
epithelia ENaC is the rate-limiting step for sodium absorption
and plays a critical role in the maintenance of body sodium
balance (1-4). In addition, ENaC expression has been reported
in a number of other tissues, including skin, endothelial cells,
vascular smooth muscle cells, and neurons where its physiolog-
ical role remains to be determined (5-12).

In epithelial tissues ENaC is believed to form a heteromeric
channel composed of three homologous subunits «, 8, and vy
(13). Each subunit contains two transmembrane domains (M1
and M2), a large extracellular loop, and short intracellular N
and C termini. With their M2 domains all subunits are thought
to contribute to the channel pore (1). In the absence of a crystal
structure for ENaC, its subunit stoichiometry remains a matter
of debate. Nevertheless, the recently published crystal structure
of the related acid-sensing ion channel ASIC1 suggests that
ENaC is probably a heterotrimer (14 —-16).

In addition to the well characterized afy-subunits, a fourth
ENaC subunit, 6-ENaC, has been cloned from a human kidney
c¢DNA library with transcriptional expression in a range of tis-
sues with highest expression levels in testis, ovary, pancreas,
and brain. Small amounts of 5-ENaC-mRNA were also detected
in heart, placenta, lung, liver, kidney, thymus, prostate, colon,
and lymphocytes but not in small intestine and spleen (17, 18).
So far little is known about the physiological role and the func-
tional properties of this additional subunit. Genes correspond-
ing to human 8-ENaC have been identified in chimpanzee, dog,
chicken, and rabbit (19). Although it has previously been
thought that 6-ENaC is absent in rat and mouse (20, 21), recent
reports suggest that 5-ENaC is expressed in mouse sperm (22)
and in mouse pleural tissue (23).

At the sequence level 8-ENaC is more closely related to
a-ENaC (37% amino acid identity) and to the recently
described e-subunit of Xenopus laevis (24) than to the - and
v-subunits of ENaC. The genes encoding 8-hENaC and
a-hENaC are localized on human chromosomes 1p36.3-p36.2
(25) and 12p13 (26, 27), respectively. Thus, a-hENaC and
6-hENaC are mapped to different chromosomes, whereas (-
and y-hENaC are found within a common 400-kb fragment on
chromosome 16p12 (28) and probably arise from gene duplica-
tion. Two splice variants of 6-ENaC have been described as
follows: a shorter form with 638 amino acids (GI 34101282)
originally cloned from a human kidney cDNA library (17) and a
longer form with 704 amino acids (GI 21752051) originally
cloned from human testis (29). In neuronal tissue the two iso-
forms have a cell-specific expression pattern (8). So far no func-
tional differences have been observed between the two splice
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variants expressed in heterologous expression systems (10). In
this study we used the shorter 6-ENaC isoform, which was the
first one to be cloned (17).

In heterologous expression systems 8-ENaC has functional
similarities with a-ENaC. Isolated expression of 8-hENaC in X.
laevis oocytes results in small but significant amiloride-sensi-
tive sodium currents (17). These currents are increased by a
factor of about 50 when 8-hENaC is co-expressed together with
B-hENaC and y-hENaC. In contrast, co-expression of 83-, §y-,
or ad-subunits results in small amiloride-sensitive currents
similar to those seen with the expression of 8-ENaC alone (17).
These findings suggest that 6-ENaC preferentially assembles
and functions as a §3y-channel.

The biophysical properties of the §3y-hENaC channel are
different from those of the afy-channel (17). 6B8y-ENaC is
more than an order of magnitude less sensitive to amiloride
than afy-ENaC for which the IC,, for amiloride inhibition is
about 100 nm (17, 30-32). Additional pharmacological differ-
ences are the activating effect of capsazepine and icilin on 63+y-
ENaC and its inhibition by Evans blue (21, 33, 34). Another
difference is the higher single-channel Na* conductance of
8Bvy-hENaC (~12 pS) compared with afy-hENaC (~5 pS)
(17). Interestingly, both channels have a similar single-channel
conductance for Li* (~7 pS). Thus, 88y-hENaC is more per-
meable for Na* than for Li*, whereas a8y-hENaC has a higher
permeability for Li* than for Na™. Finally, 8y-hENaC but not
afy-hENaC has been reported to be activated by extracellular
protons and may contribute to pH sensing (18, 35, 36).

There is recent evidence that proteases contribute to ENaC
regulation by cleaving specific sites in the extracellular loops of
the a- and y-subunits but not the B-subunit (37—41). The chan-
nel is thought to be in its mature and active form in its cleaved
state, but there is evidence for the presence of both cleaved and
noncleaved channels in the plasma membrane (42). Cleavage
may activate the channel by changing its conformation proba-
bly by releasing inhibitory peptides from the extracellular loops
of a- and y-ENaC (43-45). Cleavage of the y-subunit seems to
be particularly important for channel activation by extracellu-
lar proteases (39, 46). As far as we know it has not yet been
shown whether the 8-subunit is also proteolytically processed
and whether §3y-ENaC can be proteolytically activated by
exposing the channel to extracellular proteases.

In this study we investigated the functional properties of
afy-and 63y-hENaC expressed in X. laevis oocytes. Our start-
ing point was the striking observation that the amiloride-sensi-
tive whole-cell current (A7, ;) was significantly larger in
oocytes expressing 63 y-hENaC compared with control oocytes
expressing a3y-hENaC. The aim of this study was to elucidate
the underlying mechanisms by which the 8-subunit enhances
ENaC activity. Furthermore, we tested the hypothesis that the
8-subunit alters proteolytic ENaC activation.

EXPERIMENTAL PROCEDURES

Plasmids—Full-length cDNAs for a-, -, and y-hENaC and
for the short isoform of 6-hENaC (17) were kindly provided by
H. Cuppens (Leuven, Belgium) and by R. Waldmann (Val-
bonne, France), respectively. They were subcloned into the
pcDNA3.1 vector, and linearized plasmids were used as tem-
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plates for cRNA synthesis (mMessage mMachine, Ambion,
Austin, TX) using T7 as promotor. Site-directed mutagenesis
extension overlap PCR was used to insert a FLAG tag in
B-hENaC between Thr-137 and Arg-138, which corresponds to
the site previously described for rat B-ENaC (47). The
QuikChange II site-directed mutagenesis kit (Stratagene, La
Jolla, CA) was used to introduce a cysteine at the degenerin site
of B-hENaC to create an MTSET-sensitive subunit 85520C
(48). For the detection of a- and 8-hENaC by Western blot
analysis, we generated an «- and 6-hENaC construct with an
N-terminal HA tag (YPYDVPDYA) and a C-terminal V5 tag
(GKPIPNPLLGLDST). Mutations were confirmed by sequence
analysis (GATC Biotech, Konstanz, Germany).

Isolation of Oocytes and Injection of cRNA—Adult female X.
laevis were anesthetized in 0.2% MS222 (Sigma), and oocytes
were obtained by a partial ovariectomy. The oocytes were iso-
lated from the ovarian lobes by enzymatic digestion at 19 °C on
a rocking platform for 3—4 h with 600-700 units/ml type 2
collagenase from Clostridium histolyticum (CLS 2, Worthing-
ton) dissolved in calcium-free OR2 solution (in mm: NaCl 82.5,
KCl 2, MgCl, 1, and HEPES 1, adjusted to pH 7.4 with Tris).
Defolliculated stage V-VI oocytes were injected (Nanoject
automatic injector, Drummond, Broomall, PA) with an equal
amount of cRNA per ENaC subunit (injected amounts of cRNA
per ENaC subunit per oocyte (ng per subunit) are given under
“Results” or in the figure legends). The cRNAs were dissolved in
RNase-free water, and the total volume injected into each
oocyte was 46 nl. Injected oocytes were stored at 19 °C either in
ND96 (high Na™) or in ND9 (low Na™). The latter solution
contained (in mm) the following: NaCl 9, NMDG-CI 87, KClI 2,
CaCl, 1.8, MgCl, 1, HEPES 5 (adjusted to pH 7.4 with Tris). To
prevent bacterial overgrowth, the solutions were supplemented
with 100 units/ml sodium penicillin and 100 pug/ml streptomy-
cin sulfate.

Two-electrode Voltage Clamp—QOocytes were routinely stud-
ied 2 days after injection using the two-electrode voltage clamp
technique essentially as described previously (49-51). The
oocytes were placed in a small experimental chamber and con-
stantly superfused with ND96 (in mm: NaCl 96, KC1 2, CaCl,
1.8, MgCl, 1, HEPES 5, pH 7.4 with Tris) at a rate of 2—3 ml/min
at room temperature. Voltage clamp experiments were per-
formed using an OC-725C amplifier (Warner Instruments
Corp., Hamden, CT) interfaced via an LIH-1600 (HEKA, Lam-
brecht, Germany) to a computer running PULSE software
(HEKA) for data acquisition and analysis. For continuous
whole-cell current recordings, oocytes were routinely clamped
at a holding potential of —60 mV. Amiloride-sensitive whole-
cell currents (AI,,,,,) were obtained by washing out amiloride
(100 pm) with amiloride-free ND96 and subtracting the whole-
cell currents measured in the presence of amiloride from the
corresponding whole-cell currents recorded in the absence of
amiloride.

Surface Labeling of Oocytes—Experiments were performed
essentially as described (51, 52) using mouse monoclonal anti-
FLAG M2 antibody (Sigma) as primary antibody and peroxi-
dase-conjugated sheep anti-mouse IgG (Chemicon, Boronia
Victoria, Australia) as secondary antibody. Individual oocytes
were placed in a white U-bottom 96-well plate, and 50 ul of
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SuperSignal ELISA femto maximum sensitivity substrate
(Pierce) were added to each oocyte. Chemiluminescence was
quantified with a Tecan GENios microplate reader (TECAN,
Crailsheim, Germany). Results are given in relative light units.

Preparation of Membrane-enriched Fractions from Oocyte
Whole-cell Lysates—30 oocytes per group were homogenized
with a 27-gauge needle in 1 ml of homogenization buffer (in
mm: HEPES 10, NaCl 83, MgCl, 1, pH 7.9) supplemented
with protease inhibitor mixture (“Complete Mini EDTA-
free” protease inhibitor mixture tablets, Roche Diagnostics)
and were sonicated three times for 5 s. After centrifugation at
1000 X g for 10 min, the supernatant was collected and ultra-
centrifuged at 100,000 X g for 1 h. The resulting pellet was
resuspended in 150 ul of homogenization buffer, and equal
amounts of protein (50 ug per lane in Fig. 5, A and B; 30 ug per
lane in Fig. 5, C and D) were separated by SDS-PAGE.

Detection of ENaC Cleavage Products at the Cell Surface—Bi-
otinylation experiments were performed essentially as
described previously (39) using 50 oocytes per group. All bi-
otinylation steps were performed at 4 °C. In some experiments
oocytes were preincubated for 5 min either in ND96 solution or
in ND96 solution containing 2 ug/ml chymotrypsin. After
washing the oocytes three times with ND96 solution, they were
incubated in the biotinylation buffer (in mm: triethanolamine
10, NaCl 150, CaCl, 2, EZ-link sulfo-NHS-SS-Biotin (Pierce) 1
mg/ml, pH 9.5) for 15 min with gentle agitation. The biotinyla-
tion reaction was stopped by washing the oocytes twice for 5
min with quench buffer (in mm: glycine 192, Tris-Cl 25, pH 7.5).
Afterward, the oocytes were lysed by passing them through a
27-gauge needle in lysis buffer (in mm: NaCl 500, EDTA 5,
Tris-Cl 50, pH 7.4) supplemented with protease inhibitor mix-
ture according to the manufacturer’s instruction. The lysates
were centrifuged for 10 min at 1,500 X g. Supernatants were
transferred to 1.5-ml Eppendorf tubes and incubated with 0.5%
Triton X-100 and 0.5% Igepal CA-630 (Sigma) for 20 min on ice.
Biotinylated proteins were precipitated with 100 ul of Immu-
nopure-immobilized Neutravidin beads (Pierce) washed with
lysis buffer. After overnight incubation at 4 °C on a rotating
wheel, the tubes were centrifuged for 3 min at 1,500 X g. Super-
natants were removed, and beads were washed three times with
lysis buffer. 100 ul of 2X SDS-PAGE sample buffer (Rotiload 1,
Roth, Karlsruhe, Germany) was added to the beads.

Western Blot Analysis—After separating the proteins by
SDS-PAGE, they were transferred to polyvinylidene difluoride
membranes by semi-dry blotting and probed with the indicated
antibodies. Chemiluminescent signals were detected using ECL
Plus (GE Healthcare).

Antibodies—HA-/V5-tagged a- or 5-hENaC constructs were
used to study the expression level of these subunits by Western
blot analysis. Mouse monoclonal anti-V5 antibody (Invitrogen)
and rabbit polyclonal anti-B-actin (Sigma) were used at a dilu-
tion of 1:5000; rat monoclonal anti-HA antibody (Roche Diag-
nostics) was used at a dilution of 1:1000. To detect the B- and
v-hENaC subunits in Western blot experiments, we used sub-
unit-specific antibodies against human B- and y-ENaC that
were obtained by immunizing rabbits (Pineda Antibody Ser-
vice, Berlin, Germany). The antibodies were tested for specific-
ity as described in the supplement material. Horseradish per-
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oxidase-labeled secondary sheep anti-mouse, goat anti-rat, and
goat anti-rabbit antibodies were purchased from Sigma, Jack-
son ImmunoResearch (West Grove, PA), and Santa Cruz Bio-
technology (Heidelberg, Germany), respectively, and used at a
dilution of 1:10,000.

Solution and Chemicals— Amiloride hydrochloride that was
added from an aqueous 10 mum stock solution and a-chymotrypsin
TLCK-treated  (1-chloro-3-tosylamido-7-amino-2-heptanone)
type VII from bovine pancreas were purchased from Sigma.
MTSET was obtained from Toronto Research Chemicals
(Toronto, Canada). N-Glycosidase F (PNGase F) and endogly-
cosidase Hywere obtained from New England Biolabs (Ipswich,
MA) to remove N-linked glycoproteins or the high mannose
type N-glycans, respectively.

Peptide—The inhibitory 13-mer peptide (sequence LRGTL-
PHPLQRLR) was synthesized and purified by high perform-
ance liquid chromatography (purity >95%) by Coring System
Diagnostix GmbH (Gernsheim, Germany). The peptide was
modified by N-terminal acetylation and C-terminal amidation.
It was dissolved in an aqueous stock solution at a concentration
of 27 uM. Aliquots of this stock solution were kept at —80 °C
and were added to the bath solution on the day of the experi-
ment to give a final concentration of 2.7 uM.

Patch Clamp Experiments—Single-channel recordings in
conventional outside-out patches were essentially performed
as described previously using oocytes kept in low sodium ND9
solution after cRNA injection to prevent Na™ overloading (39,
53). Pipettes were filled with potassium gluconate pipette solu-
tion (in mm: potassium gluconate 90, NaCl 5, Mg-ATP 2, EGTA
2, and HEPES 10, pH 7.28 with Tris). Seals were routinely
formed in a NMDG-CI bath solution (in mm: NMDG-CI 95,
NaCl 1, KCl 4, MgCl, 1, CaCl, 1, HEPES 10, pH 7.4 with Tris).
After seal formation the bath solution was changed to a NaCl
bath solution in which the NMDG-CI was replaced by 95 mm
NaCl. Outside-out patches were routinely held at a holding
pipette potential of —70 mV, which was close to the calculated
reversal potential of C1~ (E; = —77.2mV)and K™ (E;c = —79.4
mV) under our experimental conditions with experiments per-
formed at room temperature. To obtain current-voltage (I-V)
plots, the holding potential was varied from —100 to —10 mV in
30-mV increments. Downward current deflections correspond
to cell membrane inward currents, i.e. movement of positive
charge from the extracellular side to the cytoplasmic side. Sin-
gle-channel current data were initially filtered at 500 Hz and
sampled at 2 kHz. Single-channel current traces were re-fil-
tered at 50 Hz to estimate the single-channel current amplitude
and channel open probability (P,) using binned amplitude his-
tograms. Liquid junction potentials occurring at the bridge/
bath junction were measured using a 3 M KCl flowing boundary
electrode. In NaCl bath solution the liquid junction potential
averaged about 6 mV and was taken into account for data
analysis.

Statistical Methods—Data are presented as mean * S.E. and
were analyzed using GraphPad Prism 4.01 for Windows (Graph
Pad Software Inc., San Diego). Statistical significance was
assessed by the appropriate version of Student’s ¢ test. N indi-
cates the number of different batches of oocytes, and # indicates
the number of individual oocytes studied.
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RESULTS

ENaC Whole-cell Currents Are Larger in X. laevis Oocytes
Expressing 83y-hENaC Than in Those Expressing a3 y-hENaC—
ENaC is thought to function as a heterotrimeric channel. It is
likely that both the a-subunit and the §-subunit can co-assem-
ble with the other two subunits to form «fB7y- or 68y-ENaC.
The resulting channels may have different functional proper-
ties. Therefore, we compared ENaC-mediated whole-cell cur-
rents in X. laevis oocytes heterologously expressing either af3y- or
opBy-hENaC. Fig. 1A shows a representative whole-cell cur-
rent trace from an afy-hENaC-expressing oocyte (left) and
another trace from an oocyte expressing 63y-hENaC (right).
Recordings were started in the presence of amiloride in a con-
centration of 100 wM known to inhibit aBy-ENaC and 6B+y-
ENaC almost completely (17, 32). At a holding potential of —60
mV washout of amiloride revealed a sizeable inward current
component that corresponds to the ENaC-mediated sodium
inward current. Re-addition of amiloride instantaneously
returned the whole-cell current toward the initial base-line
level. As illustrated by these traces and as summarized in Fig.
1B, the amiloride-sensitive whole-cell current (A7l ;) was on
average about 11-fold larger in oocytes expressing 63y-hENaC
than in matched oocytes expressing a3 y-hENaC.

We routinely measured Al ; 2 days after cRNA injection,
because we know from previous studies that at this point ENaC
expression is at a high level without compromising oocyte
integrity. In addition, in one batch of oocytes we also measured
Al,..; on day 1 after cRNA expression (Fig. 1C). As expected, in
afy- and in 88y-hENaC-expressing oocytes Al . was smaller
on day 1 after cRNA injection than on day 2, which probably
reflects the fact that with longer incubation periods more time
is available for ENaC synthesis and channel delivery to the
plasma membrane (54). Importantly, on both days A/, ; was
significantly larger in oocytes expressing 63y-hENaC than in
oocytes expressing affry-hENaC. This confirms that the stimu-
latory effect of the 6-subunit on ENaC currents is a robust phe-
nomenon. The stimulatory effect of 8-hENaC was also pre-
served when tagged a- and 6-hENaC constructs were used with
N-terminal HA and C-terminal V5 epitopes (data not shown).

Replacing Extracellular Na™* by Li* Increases Al ; in aBy-
hENaC-expressing Oocytes but Decreases Al,,,,; in 83 y-hENaC-
expressing Oocytes—The single-channel Na™ conductance of
6By-hENaC is known to be 2-fold larger (~12 pS) than that of
aBy-hENaC (~5 pS) (17). In a bath solution containing Na* as
predominant cation, this difference is likely to contribute to the
phenomenon that whole-cell currents in 6B8y-hENaC-express-
ing oocytes are larger than those in afBy-hENaC-expressing
oocytes. In contrast, for Li* the single-channel conductance is
~7 pS for both afy- and 8By-hENaC (17). Thus, replacing
extracellular Na™ by Li™ should lead to a single-channel con-
ductance that is essentially the same in af3y- and 63y-hENaC-
expressing oocytes. In experiments as illustrated in Fig. 2, Na™
in the bath solution was completely replaced by Li*, and A, _;
was determined in the presence of Na* and in the presence of
Li" by washout and re-application of amiloride. As expected,
changing from Na™ to Li™ in the bath solution increased A/,

ami

in afy-hENaC-expressing oocytes (Fig. 24) and decreased it in
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FIGURE 1. ENaC whole-cell currents are larger in X. laevis oocytes express-
ing 8pBy-hENaC than in those expressing afy-hENaC. Oocytes were
injected with cRNAs coding for aBvy- or 8y-hENaC (each 2 ng per subunit).
Amiloride-sensitive whole-cell currents (Al,,,,;) were measured using the two-
electrode voltage clamp technique. A, representative whole-cell current
traces of an oocyte expressing a3y-hENaC (left) or 88y-hENaC (right). Amilo-
ride (ami, 100 um) was present in the bath solution during the time periods
indicated by black bars. B, summary of similar experiments as shown in A
performed in aBy- and §3y-hENaC-expressing oocytes. To pool data from 11
different batches of oocytes, individual Al,,,; values were normalized to the
mean Al value of the corresponding afy-hENaC-expressing control
group. Numbersinside the columnsindicate the number of individual oocytes
measured. Nindicates number of different batches of oocytes. C, Al of aBy-
and 8By-hENaC-expressing oocytes detected 1 and 2 days after cRNA injec-
tion. Each data point represents the mean Al,,,,; measured in 8-10 individual
oocytes of one batch. S.E. values are represented by vertical bars unless they
are smaller than the symbols used. ***, p < 0.001, unpaired t test.

oocytes expressing 63y-hENaC (Fig. 2B). To test the reversibil-
ity of the effect of Li™ on AI_,, the bath solution was subse-
quently switched back to a Na™-containing bath solution, and
Al was determined again. The slightly lower whole-cell Na™
currents in 8f3y-hENaC-expressing oocytes after washout of
Li™ are most likely caused by spontaneous channel “rundown,”
which is a commonly observed phenomenon that is not yet well
understood (55). It is usually more pronounced in oocytes
expressing large currents, which may explain why it is more
prominent in 88y-hENaC-expressing oocytes than in afy-
hENaC-expressing oocytes. Interestingly, upon changing from
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FIGURE 2. Replacing extracellular Na* by Li* increases Al,,,,; in afy-
hENaC-expressing oocytes but decreases Al,,,; in 63y-hENaC-express-
ing oocytes. A and B, representative whole-cell current traces of an oocyte
expressing af3y- (A) or §8y-hENaC (B) (each 1 ng per subunit). Na* in the bath
solution was temporarily replaced by Li*. Amiloride (ami, 100 um) was
applied asindicated by the black bars. C, mean Al ,,; values from seven similar
whole-cell current recordings as shown in A and B. n indicates number of
individual oocytes measured from one batch. ns is not significant. *, p < 0.05;
** p <0.01;*** p < 0.001, paired t test, and 88§, p < 0.01, unpaired t test.

Na* to Li", the observed ~3-fold increase of Al, ; in afy-
hENaC-expressing oocytes was larger than predicted from an
increase of the single-channel conductance from 5 to 7 pS (Fig.
2C). Thus, replacing Na™ by Li* in the extracellular bath solu-
tion is likely to increase channel P, of a3y-hENaC in addition
to increasing its single-channel conductance. In contrast, the
decrease of A, ; in 6By-hENaC-expressing oocytes by about

50% was close to the value predicted from the reduction of the
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single-channel conductance from 12 to 7 pS upon changing
from Na™ to Li* (Fig. 2C). In the presence of Li* the peak
inward current increase observed in 8By-hENaC-expressing
oocytes after washout of amiloride was usually followed by a
steeper current decline than that observed in the presence of
Na™ (Fig. 2B). This suggests that exposure to Li* affects the
gating of 8By-hENaC in a complex and time-dependent
manner.

Importantly, even in the presence of Li* the average steady
state Al ; was significantly larger in 6B8y-hENaC-expressing
oocytes (3.64 * 0.21 pA) than that in a8 y-hENaC-expressing
oocytes (1.71 = 0.52 A, p < 0.01). This suggests that the chan-
nel P, or channel surface expression of 63y-hENaC must be
larger than that of af3y-hENaC.

Channel Surface Expression Is Similar in a3y- and in 6By-
hENaC-expressing Oocytes—To investigate channel surface
expression, we used a chemiluminescence assay (51, 52, 56). For
this purpose we generated a B-hENaC construct with a FLAG
reporter epitope inserted in its extracellular loop at the homol-
ogous site as reported previously for rat 3-ENaC. At this site the
FLAG epitope does not seem to interfere with normal channel
function (47). We chose to tag the B-subunit because this sub-
unit is not known to be proteolytically cleaved (41). To test the
FLAG-tagged B-hENaC and to validate our chemilumines-
cence assay, we analyzed the surface expression of af3y-
hENaC-expressing oocytes using different amounts of injected
cRNA (0.1, 0.3, 1, and 3 ng per subunit) (Fig. 3A4). In an inde-
pendent experiment we investigated the surface expression of
oBy-hENaC-expressing oocytes using the same amounts of
injected cRNA (Fig. 3B). These experiments demonstrated that
in afy- and in §By-hENaC-expressing oocytes a nearly linear
correlation exists between Al ; and the detected chemilumi-
nescence signal reflecting channel surface expression.

In the experiments summarized in Fig. 3C we compare sur-
face expression and Al ; measured in parallel in aBvy- and
0By-hENaC-expressing oocytes. Normalized data obtained in
four different batches of oocytes are shown. Although Al was
much larger in §3y-hENaC-expressing oocytes compared with
Al,..; in oocytes expressing af3y-hENaC, the chemilumines-
cence signals were not significantly different. Thus, under the
assumption that the antibody binding to the FLAG epitope of
the B-subunit is similar in §B7y- and af7y-expressing oocytes,
channel surface expression is similar in the two groups of
oocytes. To confirm that the chemiluminescence assay can reli-
ably detect an increase in channel surface expression under our
experimental conditions, we performed control experiments in
which the amount of af3y-cRNA injected per oocyte was
increased from 1 ng per subunit to 3 ng per subunit. As
expected, this significantly increased both AZ, ; and the chemi-
luminescence signal (Fig. 3C). The finding that the relative
increase in chemiluminescence was larger than the increase in
ENaC whole-cell currents demonstrates that our assay is very
sensitive to detect an increase in channel surface expression.
Thus, our experiments clearly indicate that an increase in cell-
surface expression is not the cause for the increased Al ; in
oocytes expressing 63y-hENaC.
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FIGURE 3. Channel surface expression is similar in afy- and in 683y-
hENaC-expressing oocytes. Channel surface expression was detected by
insertion of a FLAG reporter epitope in the extracellular loop of the B-subunit
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OBy-hENaC Has a Higher Average Open Probability than
aBy-hENaC—To investigate whether the average P, of 6p3+y-
hENaC is increased, we used the S520C mutant of B-hENaC
(BS520C). A channel with this mutant subunit is thought to be
converted to a channel with a P_ of nearly 1 by exposure to the
positively charged sulthydryl reagent MTSET (32). The chem-
ical modification at this site destabilizes the closed state of the
channel (48, 57). As illustrated by two representative current
traces, application of MTSET to oocytes expressing «3S520Cy-
hENaC (Fig. 44) or 63S520Cy-hENaC (Fig. 4B) caused a sub-
stantial increase in the amiloride-sensitive current in both
a3S520Cy- and 63S520Cy-hENaC-expressing oocytes. At the
beginning of the experiment the bath solution contained 100
uM amiloride. Washout of amiloride revealed the presence of
an amiloride-sensitive inward current component (Al ;).
Application of MTSET caused an inward current increase that
approached a plateau after several minutes. Re-exposure
to amiloride demonstrated that the observed current increase
upon MTSET application was caused by an increase in the
amiloride-sensitive current component, i.e. reflects a stimula-
tion of ENaC. Importantly, the relative stimulatory effect of
MTSET was larger in a3S520Cy-hENaC-expressing oocytes
than in those expressing 83S520Cy (Fig. 4C). On average, in
oocytes expressing 835520Cy-hENaC application of MTSET
increased ENaC currents by a factor of about 2 consistent with
an increase of the average P, from about 0.5 to 1 (Fig. 4C). In
contrast, in «fS520Cy-hENaC-expressing oocytes MTSET
increased Al,.; about 7-fold. Under the assumption that
MTSET increased P, essentially to 1, this indicates that the
average P, prior to the application of MTSET must have been
about 0.14. These data indicate that the average base-line open
probability of 68S520Cy-hENaC is 3—4-fold higher than that of
a3S520Cy-hENaC. This can explain at least in part the larger
amiloride-sensitive whole-cell current observed in oocytes
expressing 6By-hENaC.

Co-expression of Bry-hENaC Enhances Proteolytic Cleavage of
the a-Subunit but Not the 6-Subunit—TIt is well established that
proteolytic processing along the biosynthetic pathway is impor-
tant for ENaC maturation and activation (41). Thus, the
increased average open probability of §8y-hENaC may reflect a
difference in proteolytic channel processing. In a recent study it
has been demonstrated that proteolytic processing of rat
a-ENaC by endogenous proteases requires co-expression of the
B- and y-subunits (58). Therefore, we performed experiments
to compare the effects of By-hENaC co-expression on the pro-
teolytic processing of a- and 8-hENaC. For this purpose we
prepared membrane-enriched fractions from oocyte whole-cell

and a chemiluminescence assay. A and B, relationship between channel surface
expression expressed in relative light units (RLU) and Al,,,; values measured in
parallel in groups of afy- (A) and 8By-hENaC (B)-expressing oocytes injected
with differentamounts of cRNA (0.1,0.3, 1,and 3 ng per subunit). Noninjected (ni)
oocytes served as negative controls and showed negligible background lumines-
cence. Each squarerepresents the mean of 22-24 oocytes of one batch for surface
expression and 7-10 oocytes of the same batch for Al, .. G in four different
batches of oocytes surface expression and Al ,,; values were obtained in parallel
in afy- and 63y-hENaC-expressing oocytes. Data were normalized to the corre-
sponding afy-hENaC-expressing control group. Oocytes injected with triple
amount of cRNA (3 ng per subunit) served as control. Numbers inside the columns
indicate the number of individual oocytes measured. N indicates number of dif-
ferent batches of oocytes. **, p < 0.01,***, p < 0.001, unpaired t test.

JOURNAL OF BIOLOGICAL CHEMISTRY 29029



o0-hENaC Enhances Channel Activity

A afS520Cy
[ | Il ami
l MTSET |
0.50A] (
—
60s
B 5pS520Cy
| | Il ami
| MTSET |

—
60s
C 8- kK

S —
c
T 64
§
3 51 N=3
ks
2 3-
Z 2
§
— 1_
< . 29

apS520Cy  5pS520Cy

FIGURE 4. 6B8y-hENaC has a higher average P, than aBy-hENaC. Oocytes
were injected with cRNAs coding for «85520Cy- or 635520Cy-hENaC (each 1
ng per subunit). To increase the P, of these mutant channels close to 1, the
sulfhydryl reagent MTSET (1 mm) was added to the bath solution. A and B,
representative whole-cell current traces of an oocyte expressing «35520Cy-
hENaC (A) or 885520Cy-hENaC (B). The small artifacts seen in the traces were
caused by voltage step protocols. The resulting current responses were omit-
ted from the traces for clarity. C, average ratios of A/, .,; measured after MTSET
totheinitial A/, (Al i — MTSET/Al,,,,; — initial). Numbers inside the columns
indicate the number of individual oocytes measured. N indicates number of
different batches of oocytes. ***, p < 0.001, unpaired t test.

lysates. To allow detection of both N- and C-terminal frag-
ments, we used a- and 6-hENaC constructs with an N-terminal
HA tag and a C-terminal V5 tag (Fig. 5F).

In a-hENaC- and in a3y-hENaC-expressing oocytes, a band
corresponding to the expected size of full-length a-hENaC was
detected at about 95 kDa. As expected, co-expression with
By-hENaC resulted in the appearance of cleaved fragments of
the a-subunit that are absent when a-hENaC is expressed alone
(Fig. 5, A and B). The main cleavage products detected with the
HA and the V5 antibody had a size of about 25 and 68 kDa,
respectively (Fig. 5, A and B). These fragments correspond well
to cleavage products previously reported for rat a-ENaC co-
expressed with By-rENaC (58). They are likely to reflect cleav-
age of the a-subunit at one of its putative furin cleavage sites
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(41). Interestingly, the antibody directed against the N-terminal
HA tag of a-hENaC revealed another band of about 20 kDa,
which may reflect additional cleavage of a-hENaC at a site
closer to the N terminus. To our knowledge this small N-ter-
minal fragment has not been described for rat or mouse
a-ENaC (41). If both the 25- and 20-kDa N-terminal fragment
resulted from cleavage of full-length a-hENaC, a second C-ter-
minal fragment should be detectable in addition to the main
68-kDa C-terminal fragment. However, this was not the case.
Therefore, the small 20-kDa N-terminal fragment probably
arises from additional cleavage of the 25-kDa N-terminal frag-
ment rather than from cleavage of full-length a-hENaC.

In oocytes expressing 6-hENaC alone or in combination with
v-hENaC or with By-hENaC, we detected two prominent
bands at about 86 and 75 kDa (Fig. 5, A and B). Because similar
size bands were detected with both the V5 and the HA anti-
body, they are unlikely to reflect cleavage products but probably
reflect glycosylated and nonglycosylated forms of 8-hENaC.
Indeed, in additional experiments using N-glycosidase F or
endoglycosidase H; , we confirmed that the larger size band
represents a glycosylated form of 6-hENaC (Fig. 5E). Impor-
tantly, unlike the cleavage induced by the co-expression of
a-hENaC with By-hENaC, we did not observe cleavage of
8-hENaC by co-expressing it with y-hENaC or with 8y-hENaC
(Fig. 5, A and B). These findings indicate that proteolytic proc-
essing of the §-subunit differs from that of the a-subunit. Our
Western blot data also demonstrate that similar overall
amounts of 8-hENaC and a-hENaC protein were synthesized
in the oocytes. Thus, differences in protein expression levels are
unlikely to explain the differences in ENaC currents observed in
afy- and in 6By-hENaC-expressing oocytes.

No B-hENaC cleavage products were observed in oocytes
expressing af3y-hENaC or §3y-hENaC (Fig. 5C). This is con-
sistent with the concept that the -subunit of ENaC is not pro-
teolytically processed (41). For rat y-ENaC it has previously
been shown that in addition to the full-length 87-kDa band a
76-kDa cleavage product can be detected in membrane-en-
riched fractions of oocytes expressing y-ENaC alone or in com-
bination with a- and/or B-ENaC (58). Consistent with this we
detected a broad double band probably representing full-length
v-hENaC with a predicted size of about 95-kDa and an ~74-
kDa y-hENaC cleavage product in both a3y-hENaC- and 683+y-
hENaC-expressing oocytes. Interestingly, in 68y-hENaC-ex-
pressing oocytes we observed an additional y-hENaC cleavage
product with a molecular mass of about 60 kDa (Fig. 5D). A
v-ENaC cleavage product of similar size has previously been
reported to occur at the plasma membrane upon activation of
ENaC by extracellular proteases (39, 45, 59, 60). Thus, 6-hENaC
may promote cleavage of the y-subunit in the presence of the
B-subunit. This may contribute to the increased activity of 63+y-
hENaC compared with that of «B3y-hENaC. No cleavage of the
y-subunit was observed in oocytes co-expressing 8- and
v-hENaC without the B-subunit. In contrast, cleaved y-ENaC
can be detected in intracellular membranes of oocytes co-ex-
pressing the a- and y-subunits of rat ENaC (58). The two faint
low molecular bands running above and below the 17-kDa
marker in Fig. 5D (3rd and 4th lanes) were detected in all five
experiments performed. In two out of five experiments these
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low molecular bands were slightly stronger in the 8y-hENaC
lane than in the aBy-hENaC lane. These bands may represent
additional proteolytic processing of the y-subunit or nonspe-
cific protein degradation. Essentially no y-hENaC cleavage was
observed in oocytes co-expressing &y-hENaC without the
B-subunit. Moreover, the signal for full-length y-hENaC was
somewhat reduced in y-hENaC-expressing oocytes compared
with &By-expressing oocytes. This suggests that protein
expression and proteolytic processing of y-hENaC are less effi-
cient in 6y-hENaC-expressing oocytes than in 63y-hENaC-ex-
pressing oocytes.

Chymotrypsin Can Activate 6By-hENaC, but the Stimulatory
Effect Is Reduced Compared with That on af3ry-hENaC—Appli-
cation of extracellular proteases has been shown to increase
average ENaC open probability by a dual effect, i.e. by further
activation of channels that are already active in the plasma
membrane and by the recruitment of a population of so-called
near-silent channels (39, 61, 62). It has not yet been shown
whether 63y-hENaC can be activated by extracellular pro-
teases. Our chemiluminescence data indicate that replacing the
a-subunit by the 8-subunit increases ENaC whole-cell currents
without affecting channel surface expression. Therefore, the
pool of near-silent channels may be smaller in §3y-hENaC-
expressing oocytes than in a8 y-hENaC-expressing oocytes. In
this case the relative responsiveness of 63y-hENaC to extracel-
lular proteases, if present, should be reduced compared with
that of aBy-hENaC. To test this, we used chymotrypsin as a
prototypical serine protease known to have a robust stimula-
tory effect on rat afy-ENaC expressed in oocytes (39, 63).
Moreover, unlike trypsin, chymotrypsin does not cause a tran-
sient stimulation of a calcium-activated chloride conductance
in the oocyte expression system (39, 63, 64).

In Fig. 6, A and B, representative current traces are shown
that confirm the stimulatory effect of chymotrypsin on afBy-
hENaC and demonstrate for the first time that chymotrypsin
can also activate 68y-hENaC. As expected, the relative stimu-
latory effect of chymotrypsin on A, was significantly smaller
in 8By-hENaC-expressing oocytes than in afy-hENaC-ex-
pressing oocytes when they were maintained in a usual high
Na™ (96 mm) bath solution after cRNA injection. Under these
conditions application of chymotrypsin increased Al ;
on average more than 5-fold in «afy-hENaC-expressing
oocytes but only about 2-fold in 68y-hENaC-expressing
oocytes (Fig. 6C).

cRNA for aBy- or §By-hENaC (2 ng per subunit). N-terminally HA-tagged and
C-terminally V5-tagged a- and 8-hENaC were co-expressed with wild-type -
and y-hENaC. Western blot analysis of membrane-enriched fractions from
oocyte whole-cell lysates was used to study the proteolytic processing of
hENaC. Each Western blot represents one of at least five similar blots. Nonin-
jected (n.i.) oocytes demonstrate the absence of a signal in oocytes that do
not express ENaC. A and B, a- and 6-hENaC were detected by SDS-PAGE using
a 10% gel and an anti-HA antibody (A) or an 8% gel and an anti-V5 antibody
(B). The arrows indicate cleavage products. C and D, - or y-hENaC was
detected by SDS-PAGE (10% gels) using specific antibodies against 8- (C) or
v-hENaC (D). E, to investigate whether 8-hENaC is glycosylated, membrane-
enriched fractions from oocytes expressing 83y-hENaC were left untreated
(—) or were treated (+) either with N-glycosidase F (PNGase F) or with
endoglycosidase H; (Endo H,). 8-hENaC was detected by SDS-PAGE (10% gel)
using an anti-HA antibody. F, schematics of a- and 6-hENaC showing the
positions of the HA and V5 tag at the N/C terminus.
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oocytes (Fig. 6F) and significantly
reduced the relative stimulatory
effect of chymotrypsin. On average
chymotrypsin increased Al ; by a
factor of about 2.5 in af3y-hENaC-
expressing oocytes maintained in
low Na™* compared with a factor of
more than 5 in oocytes maintained
in high Na* (Fig. 6C). We also
investigated the stimulatory effect
of chymotrypsin on Al of 8By-
hENaC-expressing oocytes incu-
bated in low Na® after cRNA
injection (Fig. 6E). Interestingly,
base-line A, was not significantly
increased in these oocytes (Fig. 6F).
Moreover, the average 2-fold stimu-
latory effect of chymotrypsin on
Al was similar to that observed in
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FIGURE 6. Chymotrypsin can activate 63 y-hENaC, but the stimulatory effect is reduced compared with
that on a3y-hENaC. Oocytes were injected with cRNAs coding for aBy- or §3y-hENaC (each 1 ng per subunit)
and incubated in 96 mmNa™ (open columns) or 9 mmNa™ solution (filled columns). A, B, D, and E, representative
whole-cell current traces from afy- or §8y-hENaC-expressing oocytes maintained in 96 mm Na™ solution (A
and B) orin 9 mm Na™ solution (D and E) for 2 days after cRNA injection. During the recordings oocytes were
superfused with 96 mm Na™ solution. The application of chymotrypsin (2 ug/ml) is indicated by the open bars.
C, average ratios of Al ,,, measured after chymotrypsin to the initial Al .,; (A, — chymotrypsin/Al,,; — initial).
Numbers inside the columns indicate the number of individual oocytes measured. N indicates number of
different batches of oocytes. F, average Al,,,,; values measured before (—) or after (+) exposure to chymotryp-
sin in one representative batch of oocytes; n indicates number of individual oocytes measured. ***, p < 0.001,

extracellular proteases but that the
stimulatory effect is reduced com-
pared with that on afy-hENaC. A
likely explanation for the reduced
stimulatory effect of chymotrypsin
is the increased base-line open
probability of JBy-hENaC com-

unpaired t test.

Reduced Na™ Feedback Inhibition May Contribute to the
Increased Average Open Probability of 6By-hENaC—When
oocytes expressing ENaC are incubated in a bath solution con-
taining a normal (i.e. high) extracellular Na™ concentration,
they become severely sodium-loaded (13). In oocytes express-
ing afy-ENaC, an increase in intracellular Na™ is known to
cause feedback inhibition of the channel by enhancing its
retrieval from the plasma membrane (50, 54, 65). Moreover, it
has been demonstrated that intracellular Na™ also inhibits
afy-ENaC through an inhibitory effect on channel open prob-
ability (66). In the oocyte expression system it is well established
that Na™ loading and hence feedback inhibition of a¢By-ENaC
can be reduced by incubating oocytes in a low Na™ solution
after cRNA injection (50, 54, 67). We hypothesized that in
oocytes maintained in low Na ™ (9 mm) the relative stimulatory
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pared with that of afy-hENaC.

Moreover, our data suggest that one
reason for the increased open probability of 63y-hENaC is its
reduced sensitivity to feedback inhibition by intracellular
sodium.

OBy-hENaC Stimulation by Chymotrypsin Is Associated with
the Appearance of a Cleavage Fragment of 6-hENaC—I1t is not
known whether cleavage of 8-hENaC contributes to channel
activation by extracellular proteases. Therefore, we investi-
gated whether 8B3y-hENaC activation is associated with the
appearance of 3-hENaC cleavage products at the cell surface.
We used a- and 6-hENaC constructs with an N-terminal HA
tag and a C-terminal V5 tag to detect biotinylated cell surface -
and 8-hENaC fragments by Western blot analysis (Fig. 7G).
Western blots were re-probed for B-actin to confirm that the
biotinylated proteins were not contaminated with intracellular
proteins (Fig. 7, E and F). Exposure of a8 y-hENaC-expressing
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oocytes to chymotrypsin (2 ug/ml) for 5 min, a time sufficient
for maximal ENaC current activation, did not alter the consti-
tutive appearance of an ~95-kDa full-length a-hENaC band
together with an N-terminal cleavage fragment (~25 kDa) and
a corresponding C-terminal (~68 kDa) cleavage fragment (Fig.
7,A and B, Istand 2nd lanes). As shown previously for rat ENaC
(58, 59) the N-terminal and C-terminal fragments correspond
to typical cleavage products that arise from a-ENaC cleavage at
its putative furin cleavage site when a-ENaC is co-expressed
with the B- and y-subunit. In contrast, in 63y-hENaC-express-
ing oocytes, channel activation by 5 min of incubation with
chymotrypsin was associated with the appearance of an N-ter-
minal cleavage fragment with a molecular mass of about 20 kDa
(Fig. 7A, 4th lane) that was not present in nontreated control
oocytes expressing 63y-hENaC (Fig. 7A, 3rd lane). A corre-
sponding C-terminal cleavage fragment that migrates at about
65 kDa was readily detected by the anti-V5 antibody (Fig. 7B,
4th lane). Detection of biotinylated wild-type 8- and y-hENaC
confirmed the previously reported finding that application of
an extracellular protease causes cleavage of the y-subunit with-
out cleavage of the B-subunit (39, 45, 59). Moreover, our results
demonstrate that replacing the a-subunit by the 8-subunit does
not alter the cleavage of 8- and y-hENaC in response to chy-
motrypsin (Fig. 7, C and D).

Channels with 8-hENaC Require the Presence of y-hENaC to
Be Activated by Chymotrypsin—It has previously been shown
that the +y-subunit is particularly important for proteolytic
channel activation (39, 46, 59). Indeed, extracellular application
of trypsin activates Al ; in oocytes expressing a’y- or af3y-
ENaC but not in oocytes expressing a3-ENaC or a-ENaC alone
(39). Therefore, we tested whether y-hENaC is required for
chymotrypsin-mediated stimulation of Al ; in 8-hENaC-ex-
pressing oocytes. As shown in Fig. 84, we detected small but
significant ENaC currents in oocytes expressing 86-hENaC
alone, which is consistent with previously reported data and
suggests that the §-subunit can form functional homomeric
channels (17). However, chymotrypsin failed to stimulate Al ;
in oocytes expressing 6-hENaC alone (Fig. 84). Similarly, we
did not detect a stimulatory effect of chymotrypsin on Al ; in
6B-hENaC-expressing oocytes (data not shown). However,
chymotrypsin had a significant stimulatory effect on Al ; in
oocytes co-expressing 8- and y-hENaC (Fig. 8B). On average
the stimulatory effect was about 2-fold in 6y-hENaC-express-
ing oocytes that is similar to that in 68y-hENaC-expressing
oocytes. These findings demonstrate that the 5-subunit alone is
not sufficient to form channels that can be activated by extra-

expressed with wild-type B-and y-hENaC. Oocytes were treated (+) for 5 min
with chymotrypsin (2 ug/ml) or were left untreated (—). Biotinylated cell sur-
face protein was analyzed by SDS-PAGE and Western blot using 10% gels (A
and B) or 8% gels (C and D). Each blot represents one of at least seven similar
blots. A-D, a-, B-, y- and 8-hENaC were detected with anti-HA- (A), anti-g- (C),
anti-y (D), or anti-V5 antibody (B). Noninjected (n.i.) oocytes demonstrate the
absence of a signal in oocytes that do not express ENaC. The arrows indicate
cleavage products. E and F, to confirm that the biotinylated material was not
contaminated by intracellular proteins, blots were routinely re-probed with
an antibody against B-actin. One representative blotis shown for biotinylated
proteins (E) and one for intracellular proteins (F); similar results were obtained
for all the other blots. G, Schematics of - and §-hENaC showing the positions
of the HA and V5 tag at the N/C terminus.
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cates number of different batches of oocytes; n indicates number of individ-
ual oocytes measured. ***, p < 0.001, paired t test.

cellular proteases. Both the a- and the 8-subunit require co-
expression of the y-subunit to give rise to channels that can be
activated by extracellular proteases.

Effect of the Synthetic Peptide a-13 on af3y- or 83y-hENaC—
As reported previously (43), a synthetic 8-mer peptide (Leu**'—
Leu®'®) in the extracellular loop of the a-subunit of mouse
ENaC reversibly inhibits af3y-mENaC expressed in X. laevis
oocytes. So far the mechanism of this inhibitory effect is
unclear. In particular, it is not known whether the inhibitory
effect requires the presence of the a-subunit. Therefore, we
compared the effect of a homologous human peptide on afy-
and on §By-hENaC currents. We used a synthetic 13-mer pep-
tide (a-13) corresponding to amino acid residues Leu'® to
Arg'? in the extracellular loop of a-hENaC. Individual whole-
cell current traces from an a3 y-hENaC-expressing oocyte and
from an oocyte expressing 83y-hENaC are shown in Fig. 9, A
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and B, respectively. Recordings were started in the presence of
amiloride, and washout of amiloride revealed the ENaC-medi-
ated current component. Subsequent application of the syn-
thetic peptide a-13 (2.7 um) led to a decrease of the current in
the aBy-hENaC-expressing oocyte. This confirmed the inhib-
itory effect of the a-13 peptide on aBy-hENaC. However, no
inhibition but even a stimulation was observed in the 88vy-
hENaC-expressing oocyte. Re-addition of amiloride returned
the whole-cell current toward the initial base-line level. As
summarized in Fig. 9Cthe peptide inhibited AI, ; on average by
about 59% in aBy-hENaC-expressing oocytes (p < 0.001). In
contrast, in 83y-hENaC-expressing oocytes (Fig. 9D) applica-
tion of the 13-mer peptide led to an average stimulation of A7, _;
by about 40% (p < 0.01).

Interestingly, the magnitude of the effect of the peptide var-
ied in individual oocytes (Fig. 9, E and F). In a3 y-hENaC-ex-
pressing oocytes its inhibitory effect on A, ; was variable but
present in all oocytes tested (Fig. 9E). In contrast, a sizeable
(=20%) stimulatory effect of the peptide was only observed in 8
of 33 83y-hENaC-expressing oocytes tested (Fig. 9F). However,
we never observed a substantial inhibitory effect of the peptide
on Al in 63y-hENaC-expressing oocytes. We conclude that
the a-subunit is essential for mediating the inhibitory effect of
the a-13 peptide. Moreover, replacing the a-subunit by the
o-subunit not only abolishes the inhibitory effect of the «-13
peptide but converts it into a stimulatory effect.

Single-channel P, of 8B3y-hENaC Is High in Outside-out
Patches—To confirm our conclusion that the P_ of 8y-hENaC
is high compared with that reported for aBy-ENaC in the liter-
ature, we performed patch clamp experiments in outside-out
patches from oocytes expressing §3y-hENaC. In these patches
we were able to detect single channels with an average single-
channel conductance of 11.4 * 0.1 pS (n = 6) (Fig. 10, A and B),
which is consistent with values previously reported for 8B3y-
hENaC (17). Ideally, single-channel P, is estimated from
patches with only one active channel in the patch. Therefore,
we used single-channel recordings as shown in Fig. 10 to deter-
mine the P_ of §3y-hENaC. In the presence of 10 um amiloride,
channel openings were brief and flickered as expected for an
amiloride-sensitive channel. Washout of amiloride resulted in
an increase of the single-channel P_. Indeed, in the absence of
amiloride 63y-hENaC spends most of its time in the open state
(Fig. 10Q). In five similar recordings the single-channel P_ of
8Bvy-hENaC averaged 0.89 = 0.04 (n = 5) in the absence of
amiloride. Moreover, analysis of multichannel patches with up
to five active channels also supports our conclusion that the P
of §By-hENaC is ~0.9 (supplemental Table 1). Thus, the sin-
gle-channel P, of 6By-hENaC appears to be higher than the
single-channel P_ of about 0.5 previously reported for afy-
ENaC in various preparations (3).

Chymotrypsin Does Not Increase Surface Expression of
8By-hENaC—If single-channel P, of 68y-hENaC is close to 1,
how does chymotrypsin produce a 2-fold increase in whole-cell
currents? This could be achieved by new insertion of channels
into the plasma membrane or by activation of near-silent chan-
nels that are already present in the plasma membrane (39, 61,
62). To distinguish between these possibilities, we investigated
the effect of chymotrypsin on channel surface expression using
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with either 0.3 or 1 ng of cRNA per
subunit (8By). As expected, the
average base-line A, _; and chemi-
luminescence values were signifi-
cantly larger in oocytes injected
with 1 ng of ¢cRNA per subunit.
Importantly, in both groups of
oocytes chymotrypsin increased
Al,.; by about 2-fold (Fig. 11B)
without a concomitant increase in
channel surface expression. These
findings indicate that application of
chymotrypsin does not increase
channel surface expression but is
likely to activate near-silent chan-
nels that are already present at the
cell surface.

a-peptide
amiloride

DISCUSSION

In this study we compared the
functional properties of afy- and
OBy-hENaC heterologously expressed
in X. laevis oocytes. The key findings
of our study are the following: 1)
ENaC whole-cell currents are larger
in oocytes expressing 63y-hENaC
compared with those of control
oocytes expressing «By-hENaC; 2)
6Bvy-hENaC can be stimulated by
chymotrypsin, but the degree of
stimulation and cleavage pattern
differs from that of a3y-hENaC. To
our knowledge this is the first study
to report evidence for proteolytic
activation of 6By-hENaC and to
demonstrate that replacing the a-
subunit by the &-subunit increases
ENaC activity in co-expression exper-
iments with By-hENaC.

+ o-peptide

0.2 ; 0 :
- + o-peptide -

FIGURE 9. Effect of a 13-mer synthetic peptide on af3y- or 6B8y-hENaC. Oocytes were injected with cRNAs
coding for aBy- or §8y-hENaC (each 2 ng per subunit) and were maintained in 9 mm Na™ solution after cRNA
injection. A and B, individual whole-cell current trace of an oocyte expressing aBy-hENaC (A) or §3y-hENaC (B).
Application of a 13-mer synthetic peptide (a-13) is indicated by the open bar. Cand D, mean Al,,,; values before
(—) and after (+) application of the a-13 peptide; experiments were performed as shown in A and B. Eand F,
relative change of Al,,,,; in response to the a-13 peptide is shown for each individual oocyte tested in experi-
ments as shown in A and B. Al,,; values were normalized to the initial Al,,,; before the application of the
peptide. Each line connects the A/, ,; values of an individual recording from an oocyte expressing either a3y-
(E) or 8By-hENaC (F) measured before (—) and after (+) exposure to a-13. Data points indicated by the arrows
are from the individual experiments shown in A and B. N indicates number of different batches of oocytes; n
indicates number of individual oocytes measured. **, p < 0.01, ***, p < 0.001, paired t test.

the chemiluminescence assay with FLAG-tagged B8-hENaC. As
shown in Fig. 11, application of chymotrypsin did not increase
channel surface expression in oocytes expressing 63 y-hENaC
(Fig. 11A). In contrast, in matched oocytes from the same batch
chymotrypsin had the usual stimulatory effect on ENaC whole-
cell currents (Fig. 11B). To confirm that the chemilumines-
cence assay can reliably detect an increase in channel surface
expression, we used two different groups of oocytes injected
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. In the experiments in which we
+ o-peptide

compared base-line 63y-hENaC and
afy-hENaC currents in matched
groups of oocytes, we made every
effort to ensure that the amount and
quality of the injected cRNAs were
comparable. Experiments were re-
peated in several different batches
of oocytes using several different
cRNA preparations. Moreover, we
confirmed that the level of protein
expression of the three subunits was similar in the afy- and
0By-hENaC-expressing oocytes. Under these conditions ENaC
currents were on average about 11-fold larger in §3y-hENaC-
expressing oocytes compared with those in af3y-hENaC-ex-
pressing oocytes. The effect of the 6-subunit to enhance ENaC
currents was robust and preserved even when we used «- and
d-subunits with tagged N and C termini. Taken together our
findings indicate that the observed difference is not an artifact
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FIGURE 10. Single-channel P, of 63y-hENaC is high in outside-out patches. The single-channel current traces
shown were obtained from an outside-out patch of an oocyte expressing 83y-hENaC. Closed and open levels are
indicated by -c and -o, respectively. A, single-channel current traces recorded at different holding potentials (V;,,4)-
B, corresponding average single-channel -V plot from six similar experiments as shown in A. To correct for the liquid
junction potential occurring at the bridge/bath junction, the I-V plot was shifted to the left by 6 mV. S.E. values are
indicated by vertical bars unless smaller than symbols. The I-V data were fitted using the Goldman-Hodgkin-Katz
equation for a Na™ concentration ratio of [Na*];,/[Na*],,. = 5/95 mm with a calculated reversal potential for Na™
(Ena) Of 74.9 mV. G, continuous recording at Vi, = —70 mV from the same outside-out patch as shown in A.
Amiloride (10 um) was present in the bath solution as indicated above the trace by the black bar. Using amplitude
histograms single-channel P, was determined in the presence and absence of amiloride during the periods indi-
cated. The insets below show the indicated segments of the same current trace on an expanded time scale.
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FIGURE 11. Chymotrypsin does not increase surface expression of 83y-hENaC. Parallel detection of surface
expression (RLU) and Al,,.,; values in §By-hENaC-expressing oocytes before (—) and after (+) exposure to chymo-
trypsin (2 wg/ml) in arepresentative batch of oocytes (similar results were obtained in two other batches). A, channel
surface expression was detected by insertion of a FLAG reporter epitope in the extracellular loop of the B-subunit
and a chemiluminescence assay. Oocytes were injected with either 0.3 or 1 ng of cRNA per subunit (63+). Nonin-
jected oocytes (n.i.) served as controls and showed negligible background luminescence. Numbers inside the col-
umns indicate the number of individual oocytes measured. B, average Al,,; values measured in parallel to the
chemiluminescence assay; n indicates number of individual oocytes measured. ***, p < 0.001, paired t test; 8§, p <
0.01; 888, p < 0.001, unpaired t test.

of our experimental design or the expression system but is
caused by 6-ENaC altering the functional properties of the het-

those of a previous study in which
ENaC whole-cell currents were
found to be larger in afy-hENaC-
than in 6By-hENaC-expressing oo-
cytes (8). However, the latter find-
ings are based on a small number of
measurements (five oocytes per
group) possibly using oocytes from
different batches. It is unlikely that
the discrepancy with our findings
can be attributed to the longer
6-hENaC splice variant used in the
latter study because no functional
differences have been observed
between the two splice variants (10).

Using a semi-quantitative chemilu-
minescence assay, we demonstrated
that channel surface expression is
roughly similar in afy- and 68y-
hENaC-expressing oocytes. Even
though with our method we cannot
rule out a modest effect of 5-hENaC
on channel trafficking, our results
indicate that an increase in channel
surface expression is not the under-
lying cause for the 11-fold larger
whole-cell currents observed in the
0 y-hENaC-expressing oocytes. The
single-channel sodium conduct-
ance of 6By-hENaC (~12 pS) is
known to be larger than that of «8y-
hENaC (~5 pS) (17). Indeed, our
ion substitution experiments, re-
placing Na™ by Li™ in the bath solu-
tion, indicate that this contributes
to the larger whole-cell currents
in 8By-hENaC-expressing oocytes.
However, the different single-chan-
nel sodium conductance cannot
account for the observed 11-fold
difference in the whole-cell cur-
rents. Collectively, these findings
indicate that the major contributing
factor is an increased average P, of
oBy-hENaC.

In outside-out patches we observed
a single-channel P_ of ~0.9 for 6B3vy-
hENaC, which is higher than the sin-
gle-channel P, of ~0.5 usually
reported for afy-ENaC but with a
great degree of variability (3). In
contrast to our findings, the P, of
8By-hENaC has been reported to be
~0.5 in a previous study using cell-
attached patch clamp recordings

(17). However, this latter approach has the inherent difficulty
that amiloride cannot be used to determine the current level at

eromeric channel. It is unclear why our findings differ from which all channels are closed. This can lead to an underestima-
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tion of channel P_and may explain the discrepant findings. Our
observation that the P, of 83y-hENaC observed in single-chan-
nel patch clamp recordings is probably higher than that of «y-
ENaC supports our conclusion that the overall activity of 63+y-
hENaC at the cell surface is higher than that of afy-ENaC.
From previous studies we have to assume that different pools of
ENaC with different P_ values are present at the plasma mem-
brane, including near-silent channels that can be activated by
extracellular proteases (39, 61, 62). Because of their low P, of
less than 0.05 (1, 47, 68), the latter channels will easily escape
detection in single-channel recordings. The presence of a pop-
ulation of near-silent channels in addition to channels with a P
of close to 1 could explain the conundrum that we observed a
2-fold stimulatory effect of chymotrypsin on ENaC whole-cell
currents in oocytes expressing 63y-hENaC with a single-chan-
nel P of close to 1. Indeed, if all the channels at the cell surface
had a base-line P, of close to 1, this 2-fold increase could only be
explained by an additional insertion of channels into the plasma
membrane. However, we demonstrated that proteolytic activa-
tion of 63y-hENaC was not associated with an increase in chan-
nel surface expression. Thus, the most likely explanation for
this observed 2-fold increase in ENaC whole-cell currents is
that chymotrypsin activates a pool of near-silent §3y-hENaC
that co-exists with a pool of channels with a high P_. Proteolytic
activation of rat afy-ENaC has previously been shown to be
mediated by a dual effect as follows: (i) the recruitment of near-
silent channels, and (ii) an increase in P, of channels that are
already active (39). This latter effect is unlikely to contribute in
a major way to the proteolytic activation of §By-hENaC
because its single-channel P is already high. Thus, a higher
base-line single-channel P, and a reduced pool of near-silent
channels probably explain the reduced stimulatory effect of
chymotrypsin on §B3y-hENaC.

That the base-line activity of §3y-hENaC at the plasma
membrane is higher than that of aBy-ENaC is also supported
by the reduced stimulatory effect of MTSET on 63y-hENaC in
the presence of the S520C mutant B-subunit. The S520C
mutant of B-hENaC is analogous to the previously described
S518C mutation in the B-subunit of rat ENaC. Single-channel
recordings of the latter have shown that this mutant channel
can be converted to a channel with a P_ of close to 1 by MTSET
(39, 48). It is assumed that the corresponding mutation in
human B-hENaC behaves in a similar way (32). The mutant
ENaC can be activated by MTSET only when the channel is in
its open state (48). However, near-silent channels, at least occa-
sionally, may open long enough for MTSET to act on them and
to convert them to channels with a high open probability. Thus,
MTSET is likely to increase the P_ of both active and near-silent
channels in whole-cell experiments. We found that MTSET
increased 63S520Cy-hENaC whole-cell currents about 2-fold
and @35520Cy-hENaC whole-cell currents about 7-fold, which
is in good agreement with the chymotrypsin data. Provided
that MTSET increases P, of both 68S520Cy-hENaC and
a3S520Cy-hENaC to nearly 1, these findings indicate that the
average P prior to the application of MTSET was ~0.5 for
6By-hENaC and ~0.14 for aBy-hENaC. With this assumption
the average base-line P, of §35520Cy-hENaC can be estimated
to be 3—4-fold higher than that of «35520Cy-hENaC. Such a
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difference in average base-line P, may well be a major cause for
the larger whole-cell currents observed in §3y-hENaC expres-
sion oocytes. It should be noted that the P, values estimated
from the MTSET whole-cell experiments reflect an average P,
of all the channels present at the cell surface, including near-
silent channels. In contrast, the single-channel P, of ~0.9
determined for 6By-hENaC in outside-out patches represents
the P, of active channels only.

Interestingly, the relative stimulatory effect of chymotrypsin
was quite similar in afy- and 8B8y-hENaC-expressing oocytes
maintained in a low Na™ solution (9 mm) after cRNA injection
to prevent sodium loading of the oocytes. In good agreement
with previously reported data (54, 67), low Na™ preincubation
significantly increased base-line ENaC currents in afy-
hENaC-expressing oocytes. Importantly, in these oocytes the
relative stimulatory effect of chymotrypsin was reduced. This
may be explained by the recently reported finding that an
increase in intracellular sodium not only promotes Nedd4-2-
mediated channel retrieval but also reduces channel P, (66)
possibly by reducing proteolytic channel activation (69). Thus,
base-line P, of afy-hENaC is likely to be higher in oocytes
maintained in a low Na™ (9 mm) bath solution than in oocytes
maintained in a standard bath solution containing 96 mm Na ™.
This would explain why the relative stimulatory effect of chy-
motrypsin is reduced in the oocytes maintained in low Na™. In
contrast, in 83y-hENaC-expressing oocytes low Na™ preincu-
bation had no significant effect on base-line ENaC currents or
on the stimulatory effect of chymotrypsin. This suggests that
changes in intracellular sodium have little effect on the base-
line P_ and surface expression of 68y-hENaC. Interestingly, the
8-subunit lacks a so-called PY motif (17), which is highly con-
served in the intracellular C termini of the a-, 8-, and y-sub-
units. This motifis thought to be essential for the channel inter-
action with its ubiquitylating protein Nedd4-2 (70), an
important regulatory protein involved in many aspects of ENaC
function, including its regulation by intracellular sodium and
proteases (71). Na™ self-inhibition by extracellular Na™ is a
prominent feature of a3 y-hENaC and is abolished after stimu-
lating the channel with extracellular proteases (72). Interest-
ingly, in the presence of the 8-subunit the phenomenon of Na™
self-inhibition is reduced (30). Thus, removal of Na™ self-inhi-
bition is likely to contribute more to the chymotrypsin-induced
stimulation of aBy-hENaC than to that of 68y-hENaC. This
suggests that a combination of a reduced constitutive Na™ self-
inhibition and a reduced inhibition by intracellular Na™ con-
tributes to the increased base-line activity of §3y-hENaC.

In this context it is of interest to consider our findings regard-
ing the proteolytic processing of 63y-hENaC and a3 y-hENaC
in the oocyte expression system. Co-expression of a-hENaC
with By-hENaC was associated with the appearance of cleaved
fragments of the a- and the y-subunits but not of the 3-subunit,
which is consistent with previous studies using mouse (73, 74)
or rat ENaC (58). These fragments are thought to be the result
of channel cleavage by endogenous proteases at putative furin
cleavage sites in the extracellular loops of the a- and y-subunit
(41, 73). In contrast, co-expression of -hENaC with 8y-hENaC
was not associated with cleavage of the 8-subunit, which indi-
cates that proteolytic processing of the 8-subunit is different
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from that of the a-subunit. In oocytes co-expressing 6837y-
hENaC, we detected cleavage of the y-subunit that was absent
in oocytes expressing 8y-hENaC. Thus, co-expressed with
By-hENaC the 8-subunit, like the a-subunit, promotes cleav-
age of the y- but not the B-subunit. However, the effect of the
&-subunit on y-hENaC cleavage appeared to be slightly differ-
ent from that of the a-subunit. In 8B8y-hENaC-expressing
oocytes we detected an additional ~60-kDa cleavage product of
v-hENaC that was not observed in the whole-cell lysate of a3y-
hENaC-expressing oocytes. Interestingly, the y-subunit seems
to be particularly important for proteolytic channel activation
(39, 46, 59). The underlying mechanism is thought to involve
the release of an inhibitory peptide sequence from the extracel-
lular loop of the y-subunit by its cleavage at a prostasin (45),
plasmin (40, 60), or elastase site (75). Our findings suggest that
in oocytes expressing 63y-hENaC, cleavage of the y-subunit by
endogenous proteases may be more efficient than in afy-
hENaC-expressing oocytes. This would correspond well to our
finding of an enhanced base-line activity of 3y-hENaC.

Using biotinylation experiments, we demonstrated that
channel activation by chymotrypsin was not only associated
with the previously described cleavage of y-ENaC (39, 45, 59)
but also with the appearance of an ~25/~68-kDa (detected
from N/C terminus) 8-hENaC cleavage product at the cell sur-
face. Consistent with data in the literature (41), we did not
observe a-hENaC cleavage products at the cell surface in
response to channel activation by chymotrypsin. There are sev-
eral putative chymotrypsin cleavage sites localized in the extra-
cellular loop of 8-ENaC in close proximity to the first trans-
membrane domain. Cleavage at these sites would result in an
N-terminal cleavage product of ~18-25 kDa in good agree-
ment with the ~25-kDa fragment detected with the HA anti-
body directed against the N-terminal HA epitope of the &-sub-
unit. Thus, it is plausible that chymotrypsin causes cleavage of
6-hENaC at the cell surface. The functional relevance of this
6-hENaC cleavage for proteolytic channel activation remains to
be determined. Importantly, we demonstrated that ENaC cur-
rents cannot be activated by chymotrypsin in oocytes express-
ing 6-hENaC alone in the absence of y-hENaC. This indicates
that cleavage of the -subunit is not sufficient for ENaC activa-
tion and confirms the important role of the y-subunit for chan-
nel activation by extracellular proteases (39, 46).

Finally, we demonstrated that a 13-mer peptide correspond-
ing to a putative inhibitory region within the extracellular loop
of the a-subunit of human ENaC can inhibit ENaC currents in
afy-hENaC-expressing oocytes but fails to inhibit ENaC cur-
rents in 6B8y-hENaC-expressing oocytes. In fact, the peptide
even increased 63 y-hENaC currents in some but notall oocytes
without ever causing a substantial current inhibition. The
inhibitory effect of the 13-mer peptide on afy-hENaC is con-
sistent with the previously described inhibitory effect of a cor-
responding 8-mer peptide on mouse ENaC (43). It has been
speculated that this peptide mimics the tonic inhibitory effect
of the corresponding region of the extracellular loop of a-ENaC
before this segment is excised by proteases. However, so far it is
not known whether the peptide exerts its inhibitory effect by
interacting with the a-subunit or with an adjacent region in one
of the other subunits. Our findings suggest that the presence of
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the a-subunit is necessary for the peptide to inhibit ENaC. It
will be a challenge for future studies to determine the basis of
the significant albeit variable stimulatory effect of the peptide
on §By-hENaC. Moreover, sequence alignment revealed that
three amino acids are conserved in the region of the 8-subunit
(**LSATVPRHEPPFH'"?) corresponding to the 13-mer inhib-
itory a-peptide. Thus, it may be of interest to test the functional
effect of a peptide corresponding to this region of the 6-subunit.

In summary, we have shown that ENaC whole-cell currents
are significantly larger in oocytes expressing 63y-hENaC com-
pared with control oocytes expressing af3y-hENaC, and that
SBy-hENaC can be activated by chymotrypsin. Our data indi-
cate that the larger base-line currents of §3y-hENaC are mainly
caused by an increased activity of the channels present at the
plasma membrane. This may, at least in part, be a consequence
of a reduced inhibitory effect of intracellular sodium on 683+y-
hENaC activity. Moreover, the §-subunit seems to promote
constitutive cleavage of the y-subunit, which may favor the
presence of active channels at the cell surface and decrease the
pool of near-silent channels ready to be activated by chymo-
trypsin. This may also explain why the relative stimulatory
response to chymotrypsin is smaller in 68y-hENaC- than in
afy-hENaC-expressing oocytes. Activation of §3y-hENaC is
associated with the appearance of a 3-hENaC cleavage product
at the cell surface. However, the 8-subunit is not sufficient to
mediate proteolytic channel activation and requires the pres-
ence of the y-subunit.

Collectively our findings indicate that replacing the a-sub-
unit by the 8-subunit has profound effects on ENaC activity and
on channel regulation. It is an emerging paradigm that the size
of the stimulatory effect of extracellular proteases on ENaC
depends on the degree of proteolytic pre-activation of the chan-
nel by endogenous proteases (41, 76). Thus, it is tempting to
speculate that the replacement of the a-subunit by the 8-sub-
unit in the heterotrimeric channel favors the constitutive acti-
vation of ENaC and reduces the pool of near-silent channels
that can be activated by extracellular proteases. Thus, a differ-
ential expression of the «- and 8-subunit provides an additional
way of regulating ENaC activity according to the needs of dif-
ferent tissues.
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