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ABSTRACT The epithelial amiloride-sensitive sodium
channel (ENaC) controls transepithelial Na* movement in
Na*-transporting epithelia and is associated with Liddle
syndrome, an autosomal dominant form of salt-sensitive
hypertension. Detailed analysis of ENaC channel properties
and the functional consequences of mutations causing Liddle
syndrome has been, so far, limited by lack of a method
allowing specific and quantitative detection of cell-surface-
expressed ENaC. We have developed a quantitative assay
based on the binding of 1>’I-labeled M, anti-FLAG monoclonal
antibody (M,Ab*) directed against a FLAG reporter epitope
introduced in the extracellular loop of each of the «, B8, and
vy ENaC subunits. Insertion of the FLAG epitope into ENaC
sequences did not change its functional and pharmacological
properties. The binding specificity and affinity (K3 = 3 nM)
allowed us to correlate in individual Xenopus oocytes the
macroscopic amiloride-sensitive sodium current (In,) with
the number of ENaC wild-type and mutant subunits expressed
at the cell surface. These experiments demonstrate that: (i)
only heteromultimeric channels made of «, 3, and y ENaC
subunits are maximally and efficiently expressed at the cell
surface; (ii) the overall ENaC open probability is one order of
magnitude lower than previously observed in single-channel
recordings; (iii) the mutation causing Liddle syndrome (3
R564stop) enhances channel activity by two mechanisms, i.e.,
by increasing ENaC cell surface expression and by changing
channel open probability. This quantitative approach pro-
vides new insights on the molecular mechanisms underlying
one form of salt-sensitive hypertension.

The amiloride-sensitive epithelial sodium channel (ENaC) is a
heteromultimeric protein composed of three homologous sub-
units, «, B, and vy (1, 2, 4, 5), exhibiting ~30% identity at the
amino acid level. Predicted protein topology reveals a large
(=500 amino acids) extracellular hydrophilic loop with several
putative N-linked glycosylation sites flanked by two hydro-
phobic domains (M1 and M2) that span the membrane.

In aldosterone target epithelia, ENaC represents the rate-
limiting step for Na* reabsorption (6, 7). The control of Na*
movements in these epithelia is critical for the maintenance of
extracellular fluid and electrolyte balance, and the central role
of ENaC in this regulation is exemplified by the recent
discoveries of several heritable human mutations in the genes
encoding the ENaC subunits that lead to abnormal regulation
of blood pressure and electrolyte balance (8, 9). Therefore,
identification of the molecular and cellular mechanisms in-
volved in the regulation of ENaC channel activity at the cell
surface is critical for our understanding of the pathogenesis of
salt-sensitive hypertension.

ENaC is characterized by its high ionic selectivity for sodium
and lithium, by its low single-channel conductance (5 pS in the
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presence of Na and 8 pS in the presence of Li), by its long open
and closed times, and by its high affinity for amiloride. Our
knowledge about ENaC biophysical properties comes mainly
from patch-clamp studies, allowing recordings of single-
channel events (10-12). This technique, however, restricts the
study of channel function to conducting channels that may
represent only a small fraction of the total number of channels
expressed at the cell surface.

In this study, we present a quantitative method to determine
the number of ENaC subunits expressed at the cellular surface.
This approach is based on binding of an iodinated antibody of
known specific activity to an epitope placed in the extracellular
part of ENaC. This highly specific binding assay shows that
coexpression of the «, B, and <y subunits is required for
maximal and efficient cell-surface expression of ENaC chan-
nels. In addition, the high level of cell-surface expression
relative to the measured amiloride-sensitive current indicates
that the overall channel open probability is considerably lower
than what is observed in single-channel recordings. The cor-
relation between the number of channel molecules present at
the cell surface and the current expressed in individual cells
provides evidence that mutations causing Liddle syndrome
result in both an increase in channel expression at the cell
surface and a predominant change in channel gating. The study
provides a new understanding of channel behavior and of the
molecular mechanisms underlying gain of function mutations
in Liddle syndrome.

MATERIALS AND METHODS

Expression of ENaC in Xenopus Oocytes. Complementary
cRNAs encoding «, 3, and +y rat ENaC subunits tagged with
FLAG epitope were synthesized in vitro. cRNAs at concen-
trations ranging from 0.1 to 10 ng total cRNA were injected in
Xenopus laevis oocytes. Oocytes were incubated either in a high
Na™ Barth’s solution containing 88 mM NaCl, 1 mM KCl, 2.4
mM NaHCOs3, 0.8 mM MgSO,, 0.3 mM Ca(NOs3),, 0.4 mM
CaCl,, 10 mM Hepes-NaOH (pH 7.2) or in a low Na* solution
containing 10 mM NaCl, 90 mM N-methyl-D-glutamine, 5 mM
KCl, 2.4 mM NaHCOs3, 0.8 mM MgSOy, 0.3 mM Ca(NO3),, 0.4
mM CaCl,, 10 mM Hepes-NaOH (pH 7.2). Standard electro-
physiological measurements were taken 24 h after injection.
Macroscopic amiloride-sensitive Na* currents (In,) defined as
the difference between Na™ currents obtained in the presence
(5 uM) and in absence of amiloride in the bath were recorded
using the two-electrode voltage clamp. The amiloride-sensitive
Na™ current represents a reliable index of the overall channel
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activity expressed at the cell surface of the oocyte (1). Single-
channel recordings were made using the cell-attached config-
uration of the patch-clamp technique with either Na* or Li*
ions in the pipette as described (13).

Reporter Epitope Construction. The «, B8, and y rat ENaC
subunits were tagged with the FLAG reporter octapeptide
(DYKDDDDK) that is recognized by the anti-FLAG M,
(M2Ab) mouse monoclonal antibody (Kodak). In «ENaC, the
FLAG sequence replaced the sequence T**RQAGARR!. In
BENaC, the FLAG sequence was inserted between T'37 and
S138, In yENaC, the FLAG sequence replaced the sequence
M!*2PSTLEGT!¥. The introduction of the epitope was done
by PCR and accuracy of constructions was confirmed by DNA
sequencing. Immunoprecipitation of the FLAG-tagged ENaC
subunits was performed as described (14).

Generation and Purification of the M,Fab Fragment and
Iodination Procedure. Fab fragment of the M,Ab (M,Fab) has
been obtained, using the method of papainization described
(15). Briefly, M>Ab was incubated for 6 h at 37°C with 2%
(wt/wt) papain (Sigma) in 75 mM phosphate buffer (pH 7.0)
containing 75 mM NaCl, 10 mM L-cysteine hydrochloride, and
2 mM EDTA. Fab fragment was separated from partially
digested M,Ab by filtration on Sephadex G-150 and from Fc
fragments by a DE-52 ion exchange chromatography column
equilibrated with 0.01 M phosphate buffer (pH 8.0). The
M,Fab fragment was eluted with the void volume, whereas the
Fc fragment was retained. Purity of the Fab fragment was
analyzed by SDS/PAGE (8%) revealing a single band of about
50,000 kDa. Both M>Ab and M,Fab were iodinated using the
Todo-Beads iodination reagent (Pierce) and carrier-free Na!2I
(Amersham) according to the Pierce protocol. Unincorpo-
rated T was removed from the iodinated protein by gel
filtration on a PD-10 column (Pharmacia). Iodinated protein
was collected in either the high or low sodium solutions, and
the total quantity of recovered protein was determined by the
method of Lowry. The quantity of 12°T incorporated into the
proteins was determined by TCA precipitation. Iodinated
M,Ab and M,Fab had a specific activity of 5-20 X 10'7 and of
2-6 X 10'7 cpm/mol, respectively, and were used for 2 months
after the synthesis.

Binding Assay. Binding of M,Ab* or M,Fab* to oocytes
expressing the FLAG-tagged «, B, and vy subunits of rat ENaC
was determined at 20-24 h after the cRNA injection. Twelve
oocytes in each experimental group were transferred into a 2
ml Eppendorf tube containing either high or low sodium
solutions supplemented with 10% heat-inactivated calf serum
and incubated for 30 min on ice. The binding was started upon
addition of either 12 nM M,Ab* or 50 nM M,Fab* in a final
vol of 100 wl or 50 wl, respectively. After 1 h of incubation on
ice, the oocytes were washed eight times with 1 ml of the
corresponding sodium solution supplemented with 5% calf
serum and then transferred individually into tubes for <y
counting containing 250 ul of the same solution. The samples
were counted and the same oocytes were reserved for subse-
quent electrophysiological studies. Nonspecific binding was
determined from parallel assays of oocytes injected with
nontagged «, B, and y ENaC cRNAs. Preliminary experiments
showed that steady state for antibody binding and In, was
achieved as soon as 16 h after cRNA injection. At this time, the
rate of internalization and the rate of externalization are equal,
and we assume that both rates have the same temperature
dependence. M,Ab* binding detected in oocytes coinjected
with FLAG-tagged wild-type «, B, and vy subunits varied from
0.3 fmol per oocyte to 0.9 fmol per oocyte. This range of
variation corresponds to the day-to-day variation observed for
Ina in different batches of oocytes. Internal controls were
therefore performed for each experiment.
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RESULTS

The FLAG Epitope Tagging of the «, 8, and y ENaC
Subunits. The selection of the site to introduce the FLAG
epitope was based on current models of ENaC subunits
membrane topology in which each homologous subunit con-
tains a large extracellular domain flanked by two transmem-
brane domains M1 and M2 (16-18). To minimize possible
alterations in channel function due to modification of ENaC
primary sequence, the epitope was introduced in a region of
high degree of sequence divergence between ENaC subunits of
human (4, 19), X. laevis (5), and rat (1), located ~30 residues
downstream of the first transmembrane domain M1 (Fig. 14).
In this region, all the eight residues substituted by FLAG
sequence differ among the « and vy subunits isoforms. In the
B subunit, insertion of the FLAG epitope was performed in a
corresponding site where the sequence alignment reveals a gap
of 9 amino acids between mammalian and amphibian se-
quences. The introduction of the FLAG epitope in each
subunit did not alter their respective N-linked glycosylation
pattern.

The experiment shown in Fig. 1B demonstrated specific
immunoprecipitation of the «, B8, and y FLAG-tagged subunits
as proteins of an apparent M; of 92, 97, and 82, respectively,
using the M,ADb. This confirmed the correct protein synthesis
(16) with a slight shift of 1.5-2 kDa in the apparent molecular
mass due to the presence of the FLAG epitope. To assess the
specificity of the recognition of FLAG-tagged ENaC subunits
by the M,Ab antibody, immunoprecipitation of the nontagged
subunits (lane 1) and of the FLAG-tagged subunits in the
presence of 1000-fold molar FLAG peptide excess over the
M,Ab antibody concentration (lane 3) were performed. Under
both conditions, nonspecific immunoprecipitation was not
detected.

M;Ab* and M,Fab* Binding to the ENaC Expressing Xe-
nopus QOocytes. Quantification of the number of channel
molecules expressed at the cell surface requires that one
antibody binds specifically to a single subunit. However, an-
tibodies are divalent molecules and the possibility of cross-
linking binding interactions exists where one M,Ab antibody
binds with two FLAG antigens. To address this possibility, we
prepared an univalent Fab fragment of the M,Ab. Fig. 2.4 and
C shows a linear plot of the saturation binding isotherm for the
M,Ab* and M,Fab. Scatchard analysis shown in Fig. 2 B and
D revealed an equilibrium dissociation constant (Kq) of 3 nM
for the MpAb* and 31 nM for the MyFab*, respectively, with
a maximal specific binding (Bmax) of 4.9 X 10% molecules
M,Ab* bound per oocyte and 5.5 X 108 molecules M,Fab*
bound per oocyte. These data indicate different specific bind-
ing affinities for M,Ab* or MyFab* but no differences in the
maximum number of binding sites per oocyte for the two
antibodies.

The specificity of M,Ab* and M,Fab* binding interactions
with FLAG-tagged ENaC subunits was further evaluated in
two independent sets of experiments shown in Fig. 3. These
experiments demonstrate that the presence of a 200-fold excess
of unlabeled M>Ab completely abolished the specific binding
of M,Ab*. In addition, presence of a 1000-molar excess of the
FLAG peptide during the binding assay completely abolished
both specific bindings of M,Ab* and M,Fab*. Together these
experiments establish the specific recognition of the FLAG-
tagged ENaC subunits by both M,Ab* and M,Fab*. They also
confirm the identical maximal binding obtained with M,Ab*
and M,Fab*, strongly suggesting that the stoichiometry of the
binding reaction is 1:1 (one M>Ab* or one M2Fab* molecule
for one channel subunit molecule). Finally, these observations
exclude significant cross-linking interactions between a single
M,Ab and multiple binding sites and allowed us to utilize in all
subsequent experiments the higher affinity M>Ab* antibody
for quantitation.
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DYKDDDDEK,

OrENaC ....l91NSSY/ITRQAGARRRSSR206. ...

0hENaC ....l65SSFTTLVAGS..RSRR178,...

OXENaC ....l29NSTGVQGWIPNNQRVK144, ...
NH3

replacement

insertion
DYKDDDD

BrENaC ....135NT.........T9TLN14L, ...

BhENaC ....135NA......... TRNLN141, ...
PxENaC ....l4lNTFTHNNQTRONVTLD156, ...

NH3
replacement

DYRDDDDR ————————
YrENaC ....l39EAGSMPSTLEGTPPRF154....

YhENaC ....l139EAESWNSVSEGKQPRF154. ...

YXENaC ....l40KRDVGVNVENSTEDIF155,... NH;
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Fic. 1. (A) FLAG-epitope placement into the rat ENaC sequence. The alignment of the extracellular loop sequences for the rat, human, and
Xenopus ENaC subunits demonstrated the most important divergence in the region near the first transmembrane domain M1. This region was chosen
to insert (« and vy subunits) or to replace (B subunit) the FLAG sequence (DYKDDDDAK) at the indicated positions. (B) Immunoprecipitation
of the FLAG-tagged ENaC subunits, using MoAb*. Oocytes were injected with an «, 3, or y nontagged subunit alone (lane 1), or with an «, 3,
or y FLAG-tagged subunit alone (lanes 2 and 3). Oocytes were metabolically labeled with [3>S]methionine for a 4-h pulse followed by a 4-h chase
period. Membranes were prepared, and proteins were immunoprecipitated and analyzed on 5-8% gradient SDS/PAGE. Immunoprecipitations
of the samples corresponding to lane 3 were performed in the presence of 1000-fold molar FLAG peptide excess over the antibody concentration.

The FLAG Epitope in ENaC Subunits Does Not Change the
Functional Properties of ENaC. Introduction of the FLAG
epitope in the extracellular loop of ENaC subunits did not
change significantly the macroscopic current expressed by
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F1G. 2. Equilibrium binding of M>Ab* and M>Fab* to the FLAG-
tagged ENaC subunits. Stage V oocytes were injected, either with 10
ng of FLAG-tagged or with nontagged ENaC cRNAs. Twenty-four
hours later, these oocytes were tested for MoAb* (4) or MaFab (C)
binding. Twelve oocytes were transferred into 100 ul (M2Ab) or 50 ul
(MzFab) binding buffer and then incubated with increasing concen-
trations of M,Ab* or M,Fab* for 4 h on ice. The concentration of
M>Ab* and MFab varied from 0.03-20 nM and 5-50 nM, respectively.
Specific binding was calculated as the difference of the binding
between the oocytes injected with FLAG-tagged and the oocytes
injected with nontagged ENaC cRNAs and transformed into Scat-
chard plots for MoAb* (B) or MoFab* (D). (4 and C) The means =
SEM of three independent experiments, each performed on 12
oocytes.

ENaC channel in Xenopus oocytes: In, of oocytes expressing
the FLAG-tagged ENaC subunits was 6.5 = 1.1 pA (mean *
SEM, n = 104 oocytes), not different from the currents
induced by expression of nontagged ENaC (8.5 = 3.2 pA,
mean = SEM, n = 106 oocytes). The In, associated with the
FLAG-tagged channels was not affected by the presence of
M,Fab or M>Ab in the external medium (4.2 = 0.4 pnA and
4.6 = 0.5 pA with MyFab or M,Ab, respectively, compared
with 5.1 = 0.5 pA without antibodies, mean = SEM, n = 37
oocytes for each condition), indicating that the binding inter-
action between the antibodies and the ENaC channel epitope
does not modify the channel functional properties during the
binding assay. Finally, the FLAG-tagged ENaC retains its high

0.8+

o
[
rf

fmol/oocyte
[=}
-

0.2

0 : s
WT FI FI WT Fi  Fl F
M2Fab* + + + - - - -
M2Ab* - - - + o+ 0+ +
M2Ab - - + - - 4 -
FLAG peptide - - - - - - 4

Fic. 3. Specific binding of the MxFab* and M>Ab* to Xenopus
oocytes expressing FLAG-tagged ENaC subunits. Binding of the 50
nM M,Fab* (dotted columns) or 12 nM M>Ab* (shaded columns) was
measured in parallel on the oocytes expressing either FLAG-tagged
(FI) or nontagged ENaC subunits. Specificity of the binding was tested,
using either 1000-molar excess of the FLAG peptide (M2Fab* and
M>Ab*) or 200-fold excess of unlabeled M>Ab (M>Ab*). FLAG
peptide and unlabeled M>Ab were added in the binding solution
simultaneously with the 12°I-labeled agents. Shown are means = SEM
from four independent experiments, each performed on 12 oocytes.
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affinity for amiloride block with an apparent K4 of 64 = 6 nM
(n = 12, mean * SEM) in the presence of 20 mM Na*.

Patch-clamp studies of oocytes expressing the FLAG-tagged
channel revealed active channels characterized by long closing
and opening events interrupted by shorter events (Fig. 4). The
open probability was quite variable, ranging from 0.09 to 0.81
with an average of 0.42 (n = 20), similar to that previously
described (13). Single-channel conductance was 5.5 pS with
Na* and 8.8 pS with Li* pipette solutions, respectively,
indicating that the conductive properties and the ionic selec-
tivity of the FLAG-tagged ENaC remain unchanged with
respect to wild-type ENaC.

Coinjection of All Three a, 3, and y Subunits Determines
Cell Surface ENaC Expression. We previously showed that
expression of B and y subunits individually does not induce an
amiloride-sensitive current (1). When B or y subunits were
coexpressed with « subunit, a 3- to 5-fold potentiation of the
current induced by « alone was observed. Coexpression of «,
B, and vy subunits led to maximal channel activity, character-
ized by a 25- to 50-fold increase over the current due to the
expression of either af or ay. It is not known whether 8 and
v subunits can reach the plasma membrane as nonconductive
channels without « or whether assembly and oligomerization
of the three subunits in the endoplasmic reticulum compart-
ment is a prerequisite for export of conductive heteromulti-
meric channels to the membrane. As shown in Fig. 5, MpAb*
binding (0.92 fmol per oocyte) detected in oocytes coinjected
with «, B, and vy subunits was more than 20-fold greater (P <
0.001) than the binding measured in ay- (0.04 fmol per oocyte)
or af3- (0.06 fmol per oocyte) expressing oocytes. Due to the
low level of counts, significant binding for mono- or dimeric-
channels over the level of water-injected oocytes was not
observed (P > 0.05). Overall, our binding data fits exactly the
pattern of functional expression. It is consistent with the idea
that assembly of «, B, and vy and their oligomerization in the
endoplasmic reticulum compartment is required before active
channels can be exported to the plasma membrane. Only the
a subunit alone or @B or ay channels can be targeted and
constitute active channel at the plasma membrane, though very
inefficiently (0.5 to 2-5% of maximum). Our binding assay will
thus preferentially measure a major and homogenous pool of
afy heteromultimeric channel. Only around 5% of the total
binding could be accounted for by the presence of «, a3, or ay
complexes.

Quantitative Correlation of the Macroscopic Amiloride-
Sensitive Na* Current with the Number of ENaC Subunits at

1s.

“Vp (mV)

L .2

F1G. 4. Single-channel properties of FLAG-tagged ENaC chan-
nels. (Upper) A single-channel recording performed in cell attached
configuration with Na* ions as major cation in the pipette. Pipette
voltage (Vpip) was 80 mV. Downward deflections represent channel
openings. The four distinct current levels indicate the presence of at
least four conducting channels in the patch. (Lower) Current-voltage
relationship in the presence of Na®™ or Li* ions in the pipette.
Single-channel conductance estimated from regression analysis be-
tween —50 mV and —150 mV was 5.5 pS for Na* and 8.8 pS for Li*.
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fmol of M2Ab* bound / oocyte

Fic. 5. Specific M;Ab* binding to the oocytes injected with
different combinations of ENaC subunits. X. laevis oocytes were
injected with FLAG-tagged cRNAs (3 ng) of a, B, and y ENaC, or
combinations of af3, ay, By, aBy, or nontagged afy as control.
Binding analysis was performed with 12 nM M»>Ab*, and the specific
binding has been determined as difference between the oocytes
injected with the FLAG-tagged ENaC subunits and the oocytes
injected with nontagged «, B, and y ENaC subunits. The data are
means = SEM of three independent experiments, each performed on
12 oocytes. *, P < 0.001.

the Cell Surface. Our binding assay allowed us to quantita-
tively correlate the level of amiloride-sensitive Na* current
expressed by individual oocytes with the number of ENaC
subunits present at the cell surface. Oocytes were first assayed
individually for the number of specific M,Ab binding sites,
then the same oocytes were taken for measurements of the
expressed amiloride-sensitive Na* current.

Graphs in Fig. 6 plot the specific binding of M,Ab* versus
the macroscopic Iy, for individual oocytes incubated either in
alow (Fig. 6A4) or a high (Fig. 6B) sodium medium. Under each
conditions, we observed a significant correlation (> = 0.83)
between M,Ab* binding and In,, indicating that the expressed
Ina increases proportionally with the number of channel
molecules present at the cell surface, as shown by the regres-
sion lines that cross the axes at values not significantly different
from zero (—0.023 = 0.157). We have, therefore, no evidence
for the presence of “truly silent” or nonconductive channels in
the oocyte expression system. Comparison of Fig. 6 4 and B
shows that In, for a given number of M,Ab* binding sites
varied with external sodium concentration. With 10 mM Na, a
current-binding relationship of 4.8 pA/fmol M,Ab* bound

A low Na* medium B high Na* medium

L (1A)
I, (MA)

fmol/oocyte fmol/oocyte

FiG. 6. Relationships between macroscopic amiloride-sensitive
Na* current (Ina) and surface expression of ENaC channel subunits.
Specific MoAb* binding is expressed as a function of In, measured at
—100 mV. Each symbol represent one oocyte, the type of symbol refers
to different batches of oocytes. (4) Experiments (n = 4) performed
with oocytes incubated in the low sodium solution. Regression analysis
on all the data points gave a linear correlation (2= 0.85) with a slope
(solid line; dotted lines are 95% confidence limit) of 4.82 uA/fmol
crossing the origin at 0.09 uA. (B) Oocytes incubated in the high
sodium medium. Regression analysis of the correlation between Ina
and the bound M>Ab* molecules gave a slope of 1.13 pA/fmol (12 =
0.83) and a y value at the origin of —0.13.
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was determined. In other words, the M,Ab recognizes 125
binding sites for every pAmps of In, measured in oocytes. By
contrast, in the high-sodium medium, In, was ~4-fold lower
per MAb* binding sites. Alternatively, the slope of the
current-binding relationship was 1.1 pA/fmol M,Ab*, which
corresponds to 550 M»Ab binding sites per pAmps of In,. This
4-fold change in amiloride-sensitive conductance relative to
specific FLAG binding at the cell surface is entirely consistent
with previous studies showing that increasing extracellular Na
decreases open probability of the channel.

Cell Surface Expression of ENaC Mutant Causing Liddle
Syndrome. We used our binding assay to see whether a gain of
function mutations causing Liddle syndrome results in a higher
number of ENaC molecules expressed at the cell surface or in
an increase in channel open probability. The nonsense muta-
tion at Arg codon 564 in the C terminus of ENaC g subunit (B8
R564 stop) identified in the original Liddle’s pedigree was
introduced in the FLAG-tagged B subunit and coexpressed
with the other FLAG-tagged subunits. The mean increase in
Ina caused by the BR564stop mutation was 5.6 = 1.6-fold (P <
0.05), whereas the increase in the number of specific M,Ab*
binding sites was 2.0- = 0.3-fold (P < 0.05) (Fig. 7A4). Thus,
although the BR564stop mutation doubles the number of
ENaC subunits on the cell surface, this 2-fold higher ENaC
surface expression cannot account for the measured increase
in In,. Fig. 7B shows the current-binding relationship of the
ENaC wild type and the Liddle mutant. For the wild type,
regression analysis of individual values gave a mean slope of 1.8
pnA/fmol, consistent with the results in Fig. 6B obtained under
the same conditions. Oocytes injected with the BR564stop
mutant display a higher ratio of current over specific M,Ab*
binding with a mean of 9 wA/fmol. These data indicate that
Liddle’s mutation affects both the expression of ENaC at the
cell surface and the open probability of the channel. Further-
more, our data predict that the change in channel gating is the
main determinant underlying the gain of function of channel
mutant since it accounts for more than 65% of the stimulation
of the macroscopic In, induced by the BR564stop mutation.

DISCUSSION

This study describes the relationship existing between the
number of ENaC channels present at the cell surface and the
corresponding sodium current. The experimental approach

| B ° w_t
% M,Ab* binding B s Liddle

A

INa (}LA )
I, (4)

fmol/oocyte

wt  Liddle
fmol/oocyte

Fic. 7. Effects of BR564stop mutation on In, and channel expres-
sion at the cell surface. Five independent experiments were performed
in which 10 to 12 oocytes were injected with either B subunit or
BR564stop mutant, together with « and y ENaC wild type. (4) Mean
Ina and M>Ab* binding was, respectively, 0.94 = 0.27 wA and 0.29 =
0.06 fmol for wt and 5.31 = 1.01 wA and 0.56 = 0.1 fmol for the B564R
stop. *, A statistical significance P < 0.05. (B) Correlation between
INa measured at —100 mV and specific M>Ab* binding in individual
oocytes. Regression analysis (regression line, straight line; dotted lines
are 95% confidence limit) gave a linear correlation with a slope of 1.8
wA/fmol MAb* (2 = 0.6) for the wt and 9.1 pA/fmol MAb* (12 =
0.77) for BR564stop.
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was based on a specific and quantitative binding assay, using an
iodinated antibody against a FLAG epitope introduced into
the «, B, and y ENaC subunits.

This study first shows that «, 8, and y subunit assembly is
required for maximal efficient expression of the ENaC at the
cell surface. a, B, and vy subunits were translated in oocytes
injected with «, B, or y cRNA, but no surface labeling was
detected, consistent with the absence or small measurable
currents (in the nAmp range). For other heteromultimeric
plasma membrane proteins, assembly, folding, and oligomer-
ization of subunits take place in the endoplasmic reticulum
compartment and have been shown to be a prerequisite for exit
to the Golgi compartment and targeting to the plasma mem-
brane (20). According to the present study, we propose similar
requirements for ENaC to exit the endoplasmic reticulum
compartment.

The Open Probability (P,) of ENaC Is Considerably Lower
than Previously Thought. A striking observation is the high
level of specific M>Ab* binding sites relative to the amiloride-
sensitive current measured in individual oocytes. Depending
on the incubation conditions, the ratio of specific M,Ab*
binding sites expressed at the cell surface over amiloride-
sensitive current carried ranged from 125 to 550 sites per pA.
Assuming that these specific binding sites represent one chan-
nel subunit, and that ENaC is made of three subunits, 1 pA of
amiloride-sensitive inward current would correspond to the
activity of 42 to 167 channels. From the single-channel con-
ductance (0.6 pA at —100 mV), our results predict that the
mean open probability of all the ENaC channels expressed at
the cell surface range from 0.014 to 0.004. Even if ENaC is
made of nine subunits, the mean open probability would
increase by a factor of 3 (0.042 to 0.012), a figure still one order
of magnitude lower than that reported previously in the
literature (21). In native tissues or cultured cells, the open
probability of ENaC is subject to a great variability from
channel to channel (21). In cortical-collecting duct of salt-
depleted rats with high plasma aldosterone levels P, ranged
from 0.05 to 0.9 with an average value for mean P, of 0.5 (21).
Similar ENaC open probabilities were observed in frog skin
(22) and in the A6 kidney cell line. However, due to the wide
distribution of spontaneous P, and the slow transitions be-
tween open and closed states, the estimation of the number of
active channels present in the membrane patch is usually
difficult, leading to overestimation of P,. Therefore, the char-
acteristic ENaC channel behavior described in patch clamp
experiments exhibiting long opening events and P, = 0.5 likely
concerns only a minority of ENaC channels present at the cell
surface. The majority of the channel expressed are either
nonconducting channels or channels with a extremely low P,,.
The linearity of the relationship between Iy, and the number
of channel subunits present at the cell surface suggests that the
increasing level of Iy, in individual oocytes is not due to the
recruitment of nonconducting channels from a pool of inactive
channels, but rather to the insertion of new channel molecules
at the plasma membrane.

Extra- and/or Intracellular Sodium Controls P, Without
Changing the Number of ENaC Molecules. In epithelial cells
expressing ENaC channels, the rate of Na* entry is controlled
to maintain intracellular homeostasis. This process involves
different regulatory mechanisms dependent on extracellular
Na™, membrane voltage, intracellular Ca?", or protein kinases
(21, 23,24). During the present study, we observed that oocytes
expressing identical number of ENaC subunits exhibited lower
Ina When incubated in a high Na* medium, compared with
oocytes incubated in a low Na* medium. Incubation of oocytes
expressing ENaC in a high Na* medium leads to intracellular
Na™ load, as shown by a depolarizing shift in the Nernst
equilibrium potential for Na* (1). Our observation suggests
that raising of the intracellular Na* content decreases chan-
nel’s open probability without affecting surface expression of
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ENaC. This down regulation of channel activity may prevent
intracellular Na* overload. The precise mechanism involved in
the down-regulation of the channel by Na* remains to be
determined.

Dual Effects of the Liddle’s Mutation on P, and the Number
of Channels Expressed at the Cell Surface. The recent iden-
tification of mutations in ENaC subunits, causing diseases such
as the Liddle syndrome or pseudohypoaldosteronism type 1,
has stressed the critical role of ENaC in the maintenance of salt
and water homeostasis (25). Mutations of a conserved PY
motif of the C terminus in the B or y subunits result in a
channel gain of function, leading to hypertension and hypo-
kalemia (26, 27). We have postulated that the increased
sodium conductance caused by these mutations could poten-
tially involve channel gating, surface expression of the channel,
or both (13). A recent study by Snyder et al. (26) addressing this
question found a 2-fold increase in macroscopic In, on oocytes
expressing the Liddle mutation, with no evidence for a change
in P,, reported to be around 0.4-0.5. Snyder et al. (26)
reported, however, a relative 40% increase in surface expres-
sion in COS cells of an HLA chimeric protein expressing the
mutant C terminus of the 8 subunit. Our present results show
that in Liddle syndrome, the number of channel subunits
expressed at the cell surface cannot completely account for the
increase in the macroscopic current and that a change in
channel gating, leading to a significantly higher open proba-
bility represents an equally important factor in increasing
channel activity at the cell surface.

All missense or nonsense mutations causing Liddle syn-
drome target a conserved PY motif in the C terminus of 8 and
v ENaC subunits. This PY motif is involved in binding
interactions with specific domains of a Nedd4 protein called
WW domains, as recently shown by Staub et al. (3). Interest-
ingly, the Nedd4 protein binding to the PY motif of ENaC
subunits contains a ubiquitin-ligase homology domain and may
be involved in the ubiquitination of the channel that tags the
channel for degradation. Although ubiquitinization of the
ENaC channel remains to be demonstrated, the binding in-
teraction between Nedd4 and the PY motif suggests how
Liddle’s mutations could impair channel retrieval from the
plasma membrane and lead to an increased number of active
channels at the cell-surface as also observed in the present
study. The increase in channel open probability that we
observed with the Liddle’s mutant is not incompatible with this
model. Regulation of channel P, at the cell surface and
channel retrieval could be mediated by two distinct functional
domains of Nedd-4. Alternatively, regulation of P, could be
mediated by distinct proteins and/or factors.
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