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Abstract

Loss-of-function mutations of the epithelial sodium
channel (ENaC) may contribute to pulmonary
symptoms resembling those of patients with atypical
cystic fibrosis (CF). Recently, we identified a loss-of-
function mutation in the a-subunit of ENaC (aF61L)
in an atypical CF patient without mutations in CFTR.
To investigate the functional effect of this mutation,
we expressed human wild-type afy-ENaC or mutant
a.., By-ENaC in Xenopus laevis oocytes. The aF61L
mutation reduced the ENaC mediated whole-cell
currents by ~90%. In contrast, the mutation decreased
channel surface expression only by ~40% and did
not alter the single-channel conductance. These
findings indicate that the major effect of the mutation
is a reduction of the average channel open probability
(P,). This was confirmed by experiments using the
BS520C mutant ENaC which can be converted to a
channel with a P, of nearly one, and by experiments

using chymotrypsin to proteolytically activate the
channel. These experiments revealed that the
mutation reduced the average P, of ENaC by ~75%.
Na* self inhibition of the mutant channel was
significantly enhanced, but the observed effect was
too small to account for the large reduction in average
channel P,. The ENaC-activator S3969 partially
rescued the loss-of-function phenotype of the aF61L
mutation. We conclude that the aF61L mutation may
contribute to respiratory symptoms in atypical CF
patients.

Copyright © 2010 S. Karger AG, Basel

Introduction

The amiloride-sensitive epithelial sodium channel
(ENaC) is a member of the ENaC/degenerin family of
non-voltage gated ion channels. It is localized in the api-
cal membrane of sodium absorbing epithelial cells, e.g.
in the respiratory tract, in distal nephron, distal colon,
sweat and salivary ducts. In these epithelia ENaC is the
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rate limiting step for sodium absorption [1, 2]. In the lung
fluid absorption critically depends on ENaC function [3].
ENaC is believed to form a heterotrimeric channel com-
posed of three homologous subunits a, 3 and y [4-6].
Each subunit has two transmembrane domains, a large
extracellular loop and cytosolic N- and C-termini [1].

Cystic fibrosis (CF) is an autosomal recessive
hereditary disease which affects different organs like lung,
intestine, pancreas, reproductive organs and sweat glands.
It is usually caused by a mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene,
which encodes a Cl- channel localized in the apical
membrane of a wide range of epithelial cells. Thus, CF
epithelia have a reduced apical Cl conductance. The
clinical phenotype of the patients is very heterogeneous
including chronic sinopulmonary disease, gastrointestinal
or nutritional symptoms (e.g. exocrine pancreatic
insufficiency, failure to thrive), salt loss syndromes, or
congenital bilateral absence of the vas deferens [7].
Patients with so-called classical or typical CF show at
least one phenotypic characteristic and a sweat chloride
concentration >60 mmol/l. In non-classic or atypical CF
at least one phenotypic characteristic is combined with a
normal (<30 mmol/l) or borderline (30-60 mmol/l) sweat
chloride concentration. Most of the patients with atypical
CF have relatively mild symptoms. However, the CF
phenotype is a continuum of symptoms and cannot be
easily defined in two distinct disease categories (typical
versus atypical CF), although the tentative diagnosis of
atypical CF is clinically helpful [7]. The large variability
of CF symptoms suggests that CF modifier genes exist.
Interestingly, the genes encoding the - and y-subunits of
ENaC have recently been reported to be potential modifier
genes in CF [8]. Moreover, the TNFa receptor located
next to the gene encoding the a-subunit of ENaC has
been identified as a potential modifier gene [8].

A functional interaction of ENaC and CFTR is
suspected to play an important role in the pulmonary
pathophysiology of CF [9]. A fine tuned balance between
CI secretion via CFTR and Na* absorption via ENaC
determines the height and the viscosity of the so-called
airway surface liquid (ASL) layer, which is an important
factor for mucus clearance of the lungs [9]. Defective
CFTR results in enhanced Na* absorption which leads to
sticky mucus and impairs mucociliary clearance which is
a fundamental defect in CF airways. However, CFTR
deficient mice (CFTR -/-) do not develop severe
pulmonary symptoms typical for human CF [10, 11]. In
contrast, transgenic mice specifically overexpressing the
ENaC B-subunit in the airways develop a CF-like

pulmonary phenotype [12]. This is probably caused by
enhanced Na* and fluid absorption resulting in reduced
mucociliary clearance. Interestingly, preventive amiloride
therapy reduces morbidity and mortality of lung disease
in these BENaC over-expressing mice [13]. These
findings suggest that ENaC gain-of-function mutations
may contribute to CF pathophysiology.

Loss-of-function mutations of ENaC were identified
in patients suffering from pseudohypoaldosteronism type1l
(PHAT), arare congenital disease characterized by renal
salt-wasting, hyperkalemia, metabolic acidosis,
dehydration and low arterial blood pressure [14].
Interestingly, some PHA1 patients also suffer from CF-
like pulmonary symptoms [15-17]. Moreover, in atypical
CF-patients with pulmonary symptoms but without
mutations in CFTR, Sheridan et al. [18] identified loss-
of-function mutations in the extracellular loop of the -
subunit of ENaC. The pathophysiological mechanism by
which reduced ENaC function may cause pulmonary
symptoms is not yet clear. However, it is tempting to
speculate that a reduced Na* absorption on the basis of a
reduced ENaC activity occurs in combination with an
enhanced CI secretion via CFTR, thereby increasing the
height of the ASL. Indeed, in a small number of PHA1
patients an increased ASL and an enhanced mucociliary
clearance have been demonstrated [19].

From the findings discussed above it has been
proposed that gain-of-function as well as loss-of-function
mutations of ENaC may contribute to pulmonary
symptoms that result in the clinical diagnosis of atypical
CF [18, 20]. Indeed, we recently identified several ENaC
mutations in patients with CF-like disease in whom a
mutation could not be identified on both CFTR genes.
Interestingly, these included gain-of-function and loss-of-
function mutations. One of the newly identified loss-of-
function mutations from a patient with CF-like lung
symptoms and a positive sweat test is localized in the -
subunit of ENaC (aF61L) [21]. The aim of the present
study was to characterize the effects of this aF61L
mutation on ENaC function and to investigate the
mechanisms underlying the partial loss-of-function
phenotype of the mutant channel.

Materials and Methods

Plasmids

Full length cDNAs for all human ENaC subunits were
cloned in pcDNA3.1. Linearized plasmids were used as tem-
plates for cRNA synthesis using T7 RNA polymerases
(mMessage mMachine, Ambion, Austin, TX). To minimize the
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risk of expression artifacts that may arise from differences in
cRNA quality, cRNAs for wild-type and mutant ENaC were
synthesized in parallel and the experiments were performed
using at least two different batches of cRNA. The S520C
mutant was generated by site-directed mutagenesis
(QuikChange® Site-Directed Mutagenesis Kit, Stratagene,
Amsterdam, Netherlands). A FLAG reporter epitope was in-
serted in the extracellular loop of the B-subunit with site-di-
rected mutagenesis extension overlap PCR at the correspond-
ing site as previously described for rat BENaC [22]. Mutations
were confirmed by sequence analysis.

Isolation of Oocytes and Injection of cRNA

Oocytes were obtained from adult female Xenopus laevis
in accordance with the principles of German legislation, with
approval by the animal welfare officer for the University of
Erlangen-Niirnberg, and under the governance of the state
veterinary health inspectorate. Animals were anaesthetized in
0.2% MS222 (Sigma, Taufkirchen, Germany). Ovarian lobes were
obtained by partial ovariectomy and oocytes were isolated by
enzymatic digestion at 19°C for 3-4 hours with 600-700 U/ml
type 2 collagenase from CL. histolyticum (CLS 2, Worthington,
Lakewood, NJ) dissolved in OR2 solution containing (in mM)
NaCl 82.5, KCI 2, MgCl, 1, and HEPES 1 (pH 7.4 with Tris).
Defolliculated stage V-VI oocytes were injected (Nanoject II
automatic injector, Drummond, Broomall, PA) with 0.5 ng or 1
ng cRNA per subunit of ENaC. The cRNAs were dissolved in
RNase-free water and the total volume injected was 46 nl. In-
jected oocytes were stored at 19°C in a solution containing (in
mM) NMDG (N-methyl-D-glucamine)-C1 87, NaCl 9, KC1 2, CaCl,
1.8, MgCl, 1, and HEPES 5 (pH 7.4 with Tris) supplemented
with 100 units/ml penicillin and 100 pg/ml streptomycin to pre-
vent bacterial overgrowth.

Two-Electrode Voltage-Clamp

Oocytes were routinely studied 1-2 days after injection
using the two-electrode voltage-clamp technique (TEVC) as
described previously [23, 24]. The oocytes were placed in a
small experimental chamber and constantly superfused at room
temperature with ND96 (inmM: NaCl 96, KCl12, CaCl, 1.8, MgCl,
1, HEPES 5, pH 7.4 with Tris) supplemented with amiloride (2
puM, Sigma) at a rate of 2-3 ml/min. Bath solution exchanges
were controlled by a magnetic valve system (ALA BPS-8) in
combination with a TIB14 interface (HEKA, Lambrecht, Ger-
many). Voltage-clamp experiments were performed using an OC-
725C amplifier (Warner Instruments Corp., Hamden, CT) inter-
faced viaa LIH-1600 (HEKA) to a PC running PULSE 8.67 soft-
ware (HEKA) for data acquisition and analysis. For continu-
ous whole-cell current recordings oocytes were routinely
clamped at a holding potential of -60 mV. Amiloride-sensitive
whole-cell currents (Al ) were determined by washing out
amiloride 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. Downward current deflections in the current traces
correspond to inward currents, i.e. movement of positive charge
from the extracellular side into the cell. For the detection of Na*
self inhibiton oocytes were continuously clamped at -100 mV

and superfused at a rate of 8-10 ml/min, initially with a 1 mM
Na™ solution (in mM: NMDG-CI 109, NaCl 1, KC1 2, CaCl, 1.8,
MgCl, 1, HEPES 5, pH 7.4 with Tris) followed by a rapid change
to a 110 mM Na” solution (in mM: NaCl 110, KCl1 2, CaCl, 1.8,
MgCl, 1, HEPES 5, pH 7.4 with Tris).

Patch-clamp

Single-channel recordings in conventional outside-out
patches were essentially performed as described previously
using oocytes kept in low sodium modified Barth’s saline after
cRNA injection to prevent Na* overloading [25, 26]. Pipettes
were filled with K-gluconate pipette solution (in mM:
K-gluconate 90, NaCl 5, Mg-ATP 2, EGTA 2, and HEPES 10
adjusted to pH 7.28 with Tris). Seals were routinely formed in
a NMDG-Cl bath solution (in mM: NMDG-C195, NaCl 1, KCl 4,
MgCl, 1, CaCl, 1, HEPES 10, pH 7.4 with Tris). In NaCl bath
solution the NMDG-Cl was replaced by 95 mM NaCl. Downward
current deflections correspond to cell membrane inward
currents, i.e. movement of positive charge from the extracellular
side to the cytoplasmic side. Outside-out patches were
routinely held at a holding pipette potential of -70 mV which
was close to the calculated reversal potential of CI' (E, =-77.2
mV) and K* (E, =-79.4 mV) under our experimental conditions
with experiments performed at room temperature. Single-
channel current data were filtered at 10 kHz with a 3-pole Bessel
filter and at 500 Hz with a 4-pole Bessel filter and sampled at 2
kHz. Single-channel current traces were re-filtered at 50 Hz to
estimate the single-channel current amplitude derived from
binned amplitude histograms [25-27].

Surface Labelling

ENaC surface expression was determined with a chemilu-
minescence assay essentially as described previously [23, 24,
28, 29]. All incubation steps were performed on ice and no
glassware was used. Unspecific binding sites were blocked by
30 min incubation in ND96 supplemented with 1% bovine se-
rum albumine (BSA, Sigma). Subsequently oocytes were incu-
bated for 1 h in primary mouse anti-FLAG M2 monoclonal an-
tibody (1 pg/ml, Sigma, Taufkirchen, Germany), washed 6x3
min in ND96+BSA, incubated for 45 min in secondary peroxi-
dase-conjugated sheep anti-mouse IgG (1 pg/ml, Chemicon,
Boronia Victoria, Australia), washed 6x3 min in ND96+BSA and
finally 6x3 min in ND96. Individual oocytes were placed in a
white U-bottom 96 well plate and 50 ul of SuperSignal ELISA
Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL)
were added to each oocyte. Chemiluminescence was quanti-
fied with a Tecan GENios microplate reader (TECAN, Crailsheim,
Germany). Results are given in relative light units (RLU).

Chemicals

S3969 was synthesized essentially as described previ-
ously [30]. 'H-NMR and mass spectra were carefully compared
with those kindly provided by Brian D. Moyer (San Diego, CA)
to confirm identity of the synthesized substance. MTSET (2-
(trimethylammonium)ethyl methanethiosulphonate bromide)
was obtained from Toronto Research Chemicals (Toronto,
Canada), a-chymotrypsin from bovine pancreas, type II, and
amiloride were from Sigma (Taufkirchen, Germany).

Function of Mutant aF61L-ENaC
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Fig. 1. aF61L mutation decreases ENaC mediated Na* currents in Xenopus laevis oocytes. Oocytes were injected with cRNAs
coding for afy-ENaC (wt) or o, By-ENaC (F61L). 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 afy-ENaC (upper trace)
or o, By -ENaC (lower trace). Amiloride (ami, 2 uM) was present in the bath solution during the time periods indicated by black
bars. At the times indicated by asterisks voltage pulse current responses were removed from the traces for clarity. B: Summary of
similar experiments as shown in A performed in three different batches of oocytes with n=45 in each experimental group.

C: Al

ami

of afy- and o, By-ENaC expressing oocytes detected one, two, and three days after cRNA injection. Each data point

represents the mean A/ measured in 11 to 13 individual oocytes. SEM values are represented by vertical bars unless they are

smaller than the symbols used. *** p<0.001

Statistical Methods

Data are presented as mean = SEM. N indicates the number
of different batches of oocytes, n the number of individual
oocytes studied. Statistical significance was assessed by
appropriate version of Student’s t-test using GraphPad Prism
4.03 for Windows (GraphPad Software, Inc., San Diego, CA).
To quantify Na* self inhibition we used the model described by
Chraibi & Horisberger [31] in which the current /, is given as a

function of time by
k, + ke et
k +k,
with the activation rate constant k, the inactivation rate
constant k, the rundown rate constant k, , and the maximum
current at t=0 /. Rate constants were determined with equation
(1) and the nonlinear regression/curve fit function method of
Prism 4.03, starting from the inflection point of the current
declining phase of each trace [31]. / _ was determined by
extrapolation to t=0.

I, =1

t max

(1 _kdownt) (1)

Results

aF61L inhibits ENaC mediated whole-cell

currents in Xenopus laevis oocytes

To investigate the effect of the aF61L mutation on
ENaC function, we expressed wild-type afy-ENaC and

mutant o, By-ENaC in Xenopus laevis oocytes.

The two-electrode voltage-clamp technique was used to
determine ENaC mediated whole-cell currents. Fig. 1A
shows representative whole-cell current traces from an
oocyte expressing ofy-ENaC (upper trace) or
o, By-ENaC (lower trace). Oocytes were clamped at
a holding potential of -60 mV, and the recordings were
started in the presence of amiloride (2 uM) to specifically
inhibit ENaC. Washout of amiloride revealed a sizeable
inward current component which represents the ENaC
mediated Na* inward current. Re-addition of amiloride
returned the whole-cell current toward the initial baseline
level. As illustrated by these traces, the amiloride-sensitive
whole-cell current (Al ) was much smaller in oocytes
expressing the mutant channel than in control oocytes
expressing wild-type ENaC. In three different batches
of oocytes Al averaged 3.9 = 0.35 pA in afy-ENaC
expressing control oocytes (n=45) and 0.5 £ 0.05 pA in
o, By-ENaC expressing oocytes (n=45, p<0.001) (Fig.
1B). Thus, the aF61L mutation reduced the ENaC
mediated sodium whole-cell current by about 90%.
In addition, in one batch of oocytes we also measured
Al over three days after cRNA injection (Fig. 1C).
As shown in Fig. 1C in wild-type and mutant ENaC
expressing oocytes Al increased from day one to day
three, which probably reflects the fact that with longer
incubation periods more time is available for ENaC
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Fig. 2. Channel surface expression is reduced in o, fy-ENaC
expressing oocytes. Channel surface expression was detected by
insertion of a FLAG reporter epitope in the extracellular loop of the
B-subunit and quantified by a chemiluminescence assay. Surface
expression (black columns) and A7 (open columns) were obtained
in parallel in ap, ,.y-ENaC (wt) and o B; ,,v-ENaC (F61L)
expressing oocytes. Oocytes injected with 1/10 amount of
cRNA for af,, ,,y-ENaC or the 10-fold amount of cRNA for
Oper B ac¥-ENaC served as controls. To pool data from different
batches of oocytes, individual current and surface expression
values were normalized to the corresponding mean values of
aB,, ,ov-ENaC expressing control oocytes. Numbers inside or
above the columns indicate the number of individual oocytes
measured. N indicates number of different batches of oocytes.
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synthesis and channel delivery to the plasma membrane
[32]. Importantly, on all days Al was significantly lower
in mutant ENaC expressing oocytes than in wild-type
ENaC expressing oocytes. This confirms that the inhibitory
effect of the aF61L mutation on ENaC currents is a robust
phenomenon. With Western blot analysis we detected
similar expression levels of wild-type and mutant channel
protein (data not shown). This suggests that the inhibitory
effect of the aF61L mutation is based on impaired ENaC
function rather than on defective protein expression.
Surface expression of a,, By-ENaC is decreased
The ENaC mediated whole-cell current results from
the sum of the Na* currents through individual active
channels, i.e. the product of the number of channels
expressed at the plasma membrane, the single-channel
current amplitude, and the channel open probability (P ).
The inhibitory effect of the aF61L mutation may be caused
by an individual or combined decrease of these factors.
Therefore, we assessed channel surface expression by
using a FLAG-tagged B-subunit of ENaC (B, ,,) and a
chemiluminescence assay. In three different batches of
oocytes ENaC surface expression was ~40% lower in
Opey B aY-ENaC expressing oocytes (n=72) compared
to af,, ,,v-ENaC expressing oocytes (n=72, p<0.001)
(Fig. 2). In matched oocytes the inhibitory effect of the
mutated a-subunit on A/~ was much larger than the
observed reduction in channel surface expression.
Thus, a decrease in channel surface expression cannot
fully explain the large inhibitory effect of the mutation on
ENaC currents. To confirm that the chemiluminescence
assay can reliably detect a decrease in channel surface
expression under our experimental conditions,
we performed control experiments in which the amount
of cRNA for af,, ,.y-ENaC injected per oocyte was

reduced to one tenth of the usual amount. As expected,
this largely reduced both, ENaC currents and surface
expression. As an additional control the amount of
cRNA for o B, ,;¥-ENaC injected per oocyte was
increased by 10-fold. This resulted in the expected
increase of both, channel surface expression and Al
(Fig. 2). Non injected control oocytes showed negligible
luminescence activity and no measurable A/ (data not
shown). Our findings indicate that the surface expression
assay works reliably and that the mutation has a more
dramatic effect on ENaC currents than on ENaC surface
expression. The slightly reduced surface expression is
likely to contribute to the partial loss-of-function phenotype
of the mutant channel but cannot explain the large
inhibitory effect of the mutation on ENaC whole-cell
currents.

Single-channel current is not reduced in

A, Br-ENaC

In principle, a reduction of the single-channel current
amplitude could contribute to the inhibitory effect of the
aF61L mutation. Therefore, we assessed single-channel
current amplitudes in outside-out patches of oocytes
expressing afy-ENaC or o, By-ENaC. Fig. 3A shows
single-channel current traces of wild-type (left) and
mutant ENaC (right) at different holding potentials. Fig.
3B summarizes data from similar recordings. There was
no significant difference in the single-channel current
amplitude between wild-type and mutant ENaC at a
holding potential of -40 mV (wt: -0.25 + 0.005 pA, n=9,
F61L:-0.27 £0.006 pA, n=4, p=0.109) and -70 mV (wt:
-0.37 £ 0.005 pA, n=14, F61L: -0.38 + 0.004 pA, n=5,
p=0.118). Using these data we can estimate a
single-channel conductance of about 5 pS for both, the
wild-type and the mutant channel, which is in good

Function of Mutant aF61L-ENaC
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Fig. 3. Single-channel conductance is not reduced in aF61L mutant ENaC. A: Patch-clamp recordings of an afy-ENaC (wt) and
an o, By-ENaC (F61L) containing outside-out patch at different holding potentials (-40 mV, -70 mV, -100 mV). Please note that the
single-channel P of the mutant channel appeared to be lower (~0.2) than that of the wild-type channel (~0.6). Open and closed
levels are indicated by o- and c-, respectively. B: Average single-channel IV-plots from similar outside-out patch clamp recordings
as shown in A. Error bars are hidden by the symbols. ** p<0.01
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Fig. 4. Average open probability (P,) of ENaC is reduced in oocytes expressing the aF61L mutant channel. A: Representative
whole-cell current traces of an af,,.y-ENaC (wt, upper trace) and an o Bg.,,y-ENaC (F61L, lower trace) expressing oocyte.
The BS520C-mutation makes ENaC sensitive to MTSET (1 mM) which can increase the average P, of channels containing this
mutant -subunit to nearly one. This increase in P, upon application of MTSET is reflected by the activation of an inward current
component in the whole-cell current traces shown. B: Summary of similar experiments as shown in A performed in oocytes from
3 different batches with n=31 (wt) or n=34 (F61L). C: Same data as shown in B but normalized to the corresponding control value
before MTSET application to demonstrate the relative stimulatory effect of MTSET on Al . *** p<0.001

agreement with previously reported data for human ENaC
[33]. At-100 mV the single-channel current amplitude of
mutant ENaC (-0.52 + 0.005 pA, n=5) was marginally
higher than that of wild-type ENaC (-0.48 £+ 0.007 pA,
n=14, p=0.003). Thus, we conclude that the mutation has
no major effect on the single-channel sodium conductance
of ENaC and that a reduced single-channel conductance

does not contribute to the inhibitory effect of the aF61L
mutation.

Average channel open probability (P,) is
reduced in a,,, By-ENaC
Since the observed 40% decrease in surface expres-

sion cannot fully explain the large inhibitory effect of the
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Fig. 5. The stimulatory effect of chymotrypsin on the aF61L mutant ENaC is enhanced. A: Representative whole-cell current
traces of an afy-ENaC (wt, upper trace) and an o, By-ENaC (F61L, lower trace) expressing oocyte. Chymotrypsin (2 pg/ml) was
applied to proteolytically activate ENaC. B: Summary of similar experiments as shown in A performed in oocytes from 3 different
batches with n=28 for each experimental group. C: Same data as shown in B but normalized to the corresponding control value
before chymotrypsin application to demonstrate the relative stimulatory effect of chymotrypsin on Al . *** p<0.001

aF61L mutation on ENaC whole-cell currents, we hy-
pothesized that the mutation mainly reduces the average
P, of ENaC. Our single-channel recordings (Fig. 3A)
support but do not prove this hypothesis, because longer
recordings with only one active channel in the patch would
be needed for reliable P, measurements. Moreover, it is
well known that ENaC displays a wide range of rather
variable P values (from <0.1 to 0.9) when studied at the
single-channel level [ 1, 2]. Thus, it is inherently difficult
to estimate an average P, for ENaC from single-chan-
nel recordings. Therefore, to further investigate this is-
sue, we used the S520C mutant of BENaC (S520C).
A channel with this mutant subunit is thought to be con-
verted to a channel with a P, of nearly one by exposure
to the positively charged sulfhydryl reagent MTSET,
which destabilizes the closed state of the channel [30, 34,
35]. As illustrated by two representative whole-cell cur-
rent traces in Fig. 4A, application of MTSET caused a
substantial increase in Al in both, af,, y-ENaC and
Ope; Bssroc¥-ENaC expressing oocytes. However, the
relative stimulatory effect was much bigger in oocytes
expressing the aF61L mutation. Results from similar ex-
periments are summarized in Fig. 4B and confirm that
the baseline ENaC currents measured before the appli-
cation of MTSET were smaller in o, B, y-ENaC
than in o, .y-ENaC expressing oocytes. Interestingly,
after exposure to MTSET Al values were still lower in
mutant ENaC expressing oocytes than in control oocytes.

Under the assumption that both, wild-type ENaC and mu-
tant ENaC, have the same single-channel conductance
and reach a similar P  after treatment with MTSET, this
would mean that fewer mutant than wild-type channels
are expressed at the plasma membrane. This conclusion
is consistent with our surface expression data (see above).
On average, MTSET increased Al = 2.2-fold in control
oocytes and 8.7-fold in oocytes expressing the aF61L
mutant (Fig. 4C). If MTSET converted the open prob-
ability of all active ion channels present at the cell sur-
face to one, these findings indicate that the average P,
of the channels prior to the application of MTSET must
have been higher in o, y-ENaC expressing oocytes
than in o B, y-ENaC expressing oocytes.

Chymotrypsin activates o, By-ENaC more than

afy-ENaC

ENaC can be activated by extracellular proteases
like trypsin, chymotrypsin, and neutrophil elastase [25,
36-39]. Since the aF61L mutation largely reduces average
channel P, we wondered whether the mutation alters
the responsiveness of the channel to extracellular
proteases. As a prototypical protease we used chymo-
trypsin which has a robust stimulatory effect on ENaC
and, unlike trypsin, does not cause a transient stimulation
of a calcium-activated chloride conductance in the oocyte
expression system [25, 36, 40]. Fig. 5SA shows two
representative whole-cell current traces from an oocyte
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Fig. 6. The novel ENaC-activator S3969 stimulates aF61L mutant ENaC more than wild-type ENaC. A: Representative traces of
an afy-ENaC (wt, upper trace) and an o, By-ENaC (F61L, lower trace) expressing oocyte. S3969 (10 uM) was applied to activate
ENaC. B: Summary of similar experiments as shown in A performed in n=10 oocytes for each experimental group. C: Same data as
shown in B but normalized to the corresponding control value before S3969 application to demonstrate the relative stimulatory

effect of $3969 on Al . *** p<(.001

expressing ofy-ENaC (left) or o, By-ENaC (right).
Application of chymotrypsin (2 pg/ml) activated inward
currents in both, afy-ENaC and o, By-ENaC
expressing oocytes. Results from similar experiments are
summarized in Fig. 5B and confirm that the baseline ENaC
currents measured before the application of chymotrypsin
were smaller in o, By-ENaC than in afy-ENaC
expressing oocytes. On average, chymotrypsin increased
Al 2.4-fold in control oocytes and 8.2-fold in oocytes
expressing o, By-ENaC (Fig. 5C). Thus, the relative
stimulatory effect of chymotrypsin on the mutant channel
is much larger than that on wild-type ENaC. Proteolytic
channel activation is expected to have a more pronounced
effect on channels with a low baseline P  than on channels
with a P that is already high before channel activation
by an extracellular protease [25]. Therefore, the results
of our chymotrypsin experiments are consistent with our
conclusion from the MTSET experiments that the average
baseline channel P, of the mutant channel is reduced.

The novel ENaC-activator S3969 stimulates

A, By-ENaC more than afy-ENaC

Recently, Lu et al. [30] reported that the specific
small molecule ENaC-activator S3969 is able to rescue

the reduced function of af . .y-ENaC, an ENaC mutant

which is known to cause PHA1 [41]. Since the
aF61L mutation reduces ENaC function, we tested
whether S3969 also rescues a,, By-ENaC. Fig. 6A
shows two representative whole-cell current traces from
an oocyte expressing offy-ENaC (left) or o, By-ENaC
(right). Application of S3969 (10 uM) activated inward
currents in both, afy-ENaC and o, By-ENaC
expressing oocytes. Results from similar experiments are
summarized in Fig. 6B and confirm that the baseline ENaC
currents measured before the application of S3969 were
smaller in o, By-ENaC than in affy-ENaC expressing
oocytes. On average, S3969 increased Al = 2.2-fold in
control oocytes and 4.7-fold in oocytes expressing

O BY-ENaC (Fig. 6C). In conclusion, our results
demonstrate that S3969 can at least partially rescue the
function of a,,, By-ENaC.

Na* self inhibition is enhanced in o, y-ENaC

The so-called Na* self inhibition is an inhibitory
mechanism that inhibits ENaC within seconds when the
extracellular Na* concentration is acutely increased [31].
We wondered whether the aF61L mutation affects Na*
self inhibition. To test this we clamped afy-ENaC and
o, By-ENaC expressing oocytes at a holding potential
of -100 mV and initially superfused the oocytes with a
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Fig. 7. The aF61L mutation enhances Na* self
inhibition of ENaC. A: Representative whole-cell A B
current traces of an afy-ENaC (wt) and 10s
an o, By-ENaC (F61L) expressing oocyte o 0.0
clamped at -100 mV. The traces show the whole- ZUAI
cell current response elicited by switching from
almM toa 110 mM Na* bath solution. =
B: Normalized mean whole-cell current traces of ﬁ/‘ = -0.5-
wild-type (n=22, grey line) and mutant ENaC o -
(n=24, black line) expressing oocytes from similar 10s 2
experiments as shown in A. Solid lines represent 024 AI
mean, dotted lines SE. C, D: Kinetic parameters
(k, k, k. 1,) of the oocytes summarized in F61L -1.0-
B derived from equation (1) as described in the r T J
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1 mM Na* containing bath solution. The representative
whole-cell current trace shown in Fig. 7A (upper trace)
demonstrates that in afy-ENaC expressing oocytes
changing the bath solution from 1 mM Na* to 110 mM
Na' resulted in a transient inward current peak. The rapid
current decay after the peak increase represents
Na" self inhibition [31]. Interestingly, we found that in
o, By-ENaC expressing oocytes this Na* self inhibition
is even more pronounced (Fig. 7A, lower trace). Fig. 7B
summarizes results from similar experiments by showing
normalized average whole-cell current traces from wild-
type afy-ENaC (n=23) and from o , By-ENaC (n=24)
expressing oocytes. The individual traces were fitted
according to the model described by Chraibi and
Horisberger [31]. The activation rate constant k  (wt:
0.17+0.01 s, aF61L: 0.18 = 0.01 s') and the rundown
rate constant k£, (wt: 0.0020 + 0.0003 s, aF61L:
0.0018 + 0.0003 s') did not differ significantly between
wt and mutant ENaC (Fig. 7C). However, the inactivation
rate constant k, was more than doubled in o, By-ENaC
(wt: 0.12 £ 0.01 s, aF61L: 0.29 + 0.02 s, p<0.001).
To correct for the batch to batch variability of ENaC

expression, individual / _values were normalized to the
mean [ _ value measured for wild-type ENaC in the
corresponding batch of oocytes. In o, By-ENaC
expressing oocytes / was about 80% lower than in
afy-ENaC expressing oocytes (Fig. 7D). Taken together
our findings indicate that an enhanced Na* self inhibition
contributes to the reduced P, of the mutant channel but
is not its major cause.

Discussion

In the present study we compared the function of
mutant o, By-ENaC with wild-type apy-ENaC in the
Xenous laevis oocyte expression system. We found that
the aF61L mutation reduced ENaC mediated whole-cell
currents by about 90%. To rule out the possibility that
this is an artifact arising from differences in oocyte or
cRNA quality, we confirmed this finding in several
different batches of oocytes with different batches of
cRNAs. Moreover, in each experiment the injected
cRNAs coding for the individual subunits including the
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wild-type and mutant a-subunit were from cRNA batches
synthesized in parallel to minimize the risk of variability in
the cRNA quality. Thus, we are confident that the
observed loss-of-function phenotype of the mutant channel
is real. This is further supported by the fact that our present
study confirms our recently reported preliminary data on
this ENaC mutant [21].

In additional experiments we explored the underlying
mechanism of the loss-of-function phenotype of the
mutant channel. We investigated the surface expression
of the channel using a chemiluminescence assay. These
experiments revealed a ~40% decrease in channel density
at the plasma membrane in oocytes expressing the mutant
channel compared to oocytes expressing wild-type ENaC.
The lower channel surface expression could result from
a reduced overall protein expression of the mutant
channel. However, we did not find any evidence for this
in Western blot experiments (data not shown).
Nevertheless, given the semi-quantitative nature of
Western blot experiments, we cannot rule out a minor
effect of the mutation on overall channel protein
expression which may contribute to the reduced surface
expression of the mutant channel. An alternative
explanation for the reduced surface expression may be
an altered trafficking of the mutant channel, i.e. reduced
delivery of preformed channels to the plasma membrane,
enhanced channel retrieval from the plasma membrane,
or a combination of both effects. In the present study we
did not further investigate the mechanism by which the
mutation reduces channel surface expression, since the
observed minor reduction cannot explain the pronounced
loss-of-function phenotype of the mutant channel.
Similarly, our single-channel recordings ruled out the
possibility that a reduction of the single-channel
conductance contributes to the loss-of-function phenotype
of the mutant channel. Indeed, in our outside-out patch
clamp experiments the single-channel conductance of the
mutant channel was essentially identical to that of wild-
type ENaC and averaged about 5 pS. This single-channel
conductance value is consistent with data previously
reported in the literature for human ENaC [33]. Thus,
from our surface expression data and from our single-
channel experiments we can conclude that the inhibitory
effect of the mutation on the whole-cell ENaC currents
must be caused mainly by a reduced activity of the
channels present in the membrane, i.e. by a reduced
average channel P,

To confirm this finding, we used the S520C mutation
of human BENaC as a tool to generate channels in which
P, can be increased experimentally. The BS520C mutation

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 one by
application of the sulthydryl reagent MTSET [25, 34].
The corresponding S520C mutation in human ENaC
behaves in a similar way [30, 35]. We demonstrated that
the relative stimulatory effect of MTSET was about
4-fold larger on ENaC currents in oocytes expressing
O Bs,ocy-ENaC  than in oocytes expressing
afs,,y-ENaC. Since MTSET is thought to increase the
P, of ENaC from a given baseline value to nearly one,
the MTSET effect is expected to be larger in a channel
with a low baseline P,,. Thus, this finding supports our
conclusion that the aF61L mutation reduces average
baseline P, of ENaC. Under the assumption that
MTSET converted the P, of all active ion channels
present at the cell surface to one, we can estimate that in
the oocyte system the average baseline P, of the aF61L
mutant channel is ~0.12 compared to an average baseline
P, 0f~0.45 of the wild-type channel. This indicates that
the aF61L mutation reduces the average baseline P, of
ENaC by about 75%. This estimated reduction of average
baseline P in combination with the ~40% reduction of
cell surface expression nicely explains the ~90 % overall
reduction of ENaC currents in the oocytes expressing
mutant o By-ENaC.

In a second approach we tested the hypothesis that
proteolytic channel activation by chymotrypsin is more
pronounced in the aF61L mutant channel than in wild-
type ENaC. Recent evidence indicates that proteolytic
processing of ENaC along its biosynthetic pathway and
at the cell surface is an important mechanism that
contributes to ENaC activation in a complex manner [39].
Electrophysiological studies in the Xenopus laevis oocyte
expression system have previously demonstrated a large
and rapid stimulatory effect of extracellularly applied
trypsin and chymotrypsin on ENaC activity [25, 36].
At present the precise molecular mechanism of
proteolytic channel activation remains unclear. Cleavage
occurs at specific sites within the extracellular loops of
the a- and y-subunits but not the B-subunit [38, 39, 42]
and probably results in the release of inhibitory peptides
from the extracellular loops of a- and YENaC [43-45].
In particular, cleavage of the y-subunit appears to play a
pivotal role in proteolytic ENaC activation [25, 46].
Proteolytic cleavage is thought to cause a conformational
change of the channel favouring its open state which
results in an increase in channel P,. Thus, the relative
stimulatory effect of an extracellular protease is likely to
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be more pronounced on channels with a low baseline P,
than on highly active channels. Indeed, the relative
stimulatory effect of chymotrypsin on the aF61L mutant
channel was about 4-fold larger than that on wild-type
ENaC. This supports our conclusion that the average
baseline P, of the aF61L mutant channel is much lower
than that of wild-type ENaC.

Our whole-cell current measurements represent
measurements of ensemble currents of many individual
ion channels. Thus, from these measurements we can
only estimate changes in average channel P . However,
there is good evidence that at least two functionally distinct
ENaC populations are present in the plasma membrane:
Active channels with a somewhat variable but rather high
P, of about 0.5 [2] and near-silent channels with an
exceedingly low P, of less than 0.05 [1, 22, 47].
Extracellularly applied proteases appear to have a dual
effect on ENaC open probability, activating near-silent
channels [48, 49] and stimulating the gating of channels
that are already active in the membrane [25]. Thus, the
net effect is an overall increase in average P,. It has
been reported that ENaC with the BS520C subunit can
be activated by MTSET only when the channel is in its
open state [34]. Therefore, channels with long openings
will be more readily activated than near-silent channels
with very short openings. However, since the effect of
MTSET was very similar to that of chymotrypsin, we
can conclude that near-silent channels, at least
occasionally, open long enough for MTSET to act on them
and to convert them to channels with a high open
probability. Thus, both MTSET and chymotrypsin are likely
to increase the P, of both, active and near-silent channels.
The overall effect is an increase in average channel P,
reflected by an increase in ENaC whole-cell currents.
Since the stimulatory effects of MTSET and of
chymotrypsin were more pronounced in oocytes
expressing the mutant aF61L channel, we have to assume
that the average baseline P, of the mutant channel is
lower than that of the wild-type channel. Quantitativley
the MTSET and chymotrypsin data are in good agreement
and support our conclusion that the aF61L mutation
reduces the average baseline P, of ENaC by about
75 %.

In an additional set of experiments we explored the
possibility that Na* self inhibition is enhanced in the mutant
channel and may contribute to its reduced P,. Na* self
inhibition is a biophysical hallmark of ENaC and is a
mechanism to prevent an intracellular Na* overload in
transporting epithelial cells in the presence of a high
extracellular Na* concentration [2, 34, 50-52].

The inhibitory effect of extracellular Na* on ENaC is
rapid and caused by an acute decrease in channel P,
(Na* self inhibition) [31]. To investigate Na* self inhibition
we used an established experimental protocol and
calculated kinetic parameters according to a model
described by Chraibi and Horisberger [31]. Using this
approach we could demonstrate that the inactivation rate
constant k, which reflects the speed of Na* self inhibition,
was more than doubled in the aF61L mutant channel.
Thus, Na* self inhibition is indeed enhanced in the mutant
channel. However, the mutation also reduced /, , which
represents the maximum current without the inhibitory
effect of extracellular Na*, by about 80%. In comparison,
under normal experimental conditions, when Na* self
inhibition is active, the mutation reduced ENaC currents
by about 90%. Thus, we can estimate that the enhanced
Na* self inhibition contributes only about 10 % to the
inhibitory effect of the aF61L mutation and cannot
account for the ~75% reduction of P, observed in the
mutant channel.

At present we do not know by which molecular
mechanism the aF61L mutation affects channel gating
to reduce the P, of ENaC. The mutation is localized in
the N-terminal cytosolic region of the a-subunit.
Interestingly, the N-terminus of the a-subunit has
previously been reported to be involved in the modulation
of channel gating [53]. This was concluded from the
observation that substitution of H94, G95, or R98 in rat
aENaC (corresponding to H69, G70, or R73 in human
aENaC) by alanine reduced ENaC currents and surface
expression to a similar degree as observed in the present
study for aF61L. However, when the residue
corresponding to human aF61 in rat, F86, was substituted
by alanine, no effect on ENaC currents was observed
[53]. This may be attributed to the fact that alanine rather
than leucine was used to substitute the phenylalanine
residue. An alternative explanation is a species difference.
In fact, despite the high similarity of the human and rat
amino acid sequence in this region, the amino acid directly
preceding the critical aF61/F86 residue differs in charge
with E60 in human and Q85 in rat. Nevertheless, our
findings tend to support the general conclusion that the
N-terminal cytosolic region of a ENaC is likely to contain
amino acid residues that are critical for channel gating.

Pharmacological restoration of impaired channel
function would be an intriguing therapeutic tool in diseases
caused by ENaC loss-of-function mutations. Recently, it
has been shown that an ENaC activator called S3969
can largely restore the function of a mutant ENaC with
the BG37S loss-of-function mutation [30] identified in
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PHAT1 patients [14]. We could demonstrate that S3969
can also activate ENaC with the aF61L mutation. In the
presence of the S3969 activator, ENaC currents of
oocytes expressing the aF61L channel reached similar
levels as observed in oocytes expressing wild-type ENaC
under baseline conditions in the absence of S3969.
This result suggests that in principle it should be possible
to treat symptoms caused by the aF61L mutations by
using a specific ENaC activator. Moreover, in patients
suffering from respiratory symptoms as a result of ENaC
loss-of-function mutations, specific activators of ENaC
may reach their target in the apical membrane of airway
epithelial cells by inhalation therapy which would reduce
the risk of systemic side effects of the activator.

In summary we have shown that the aF61L
mutation identified in a patient diagnosed with atypical
CF mediates an inhibitory effect on ENaC which is mainly
caused by a reduction of channel P, and, to a lesser
extent, by a reduction of channel surface expression.
In addition, we could demonstrate that the ENaC
activator S3969 can largely restore the function of
the mutant channel. Since loss-of-function mutations of
ENacC in patients with PHA1 have been reported to
be associated with CF-like pulmonary symptoms, it is
tempting to speculate that the aF61L mutation contrib-
utes to the pulmonary symptoms of patients carrying
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