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Edelheit O, Hanukoglu I, Dascal N, Hanukoglu A. Identification
of the roles of conserved charged residues in the extracellular domain
of an epithelial sodium channel (ENaC) subunit by alanine mutagen-
esis. Am J Physiol Renal Physiol 300: F887-F897, 2011. First pub-
lished January 5, 2011; doi:10.1152/ajprenal.00648.2010.—Epithelial
sodium channels (ENaC) are composed of three homologous subunits
whose extracellular domains (ECD) form a funnel that directs ions
from the lumen into the pore of ENaC. To examine the roles of
conserved charged residues (Asp, Glu, Arg, and Lys) on ECD, we
mutated 16 residues in human o-ENaC to alanine. The modified
cRNAs were expressed in Xenopus laevis oocytes together with
wild-type (3- and y-ENaC. The effect of each mutation was examined
on three parameters: amiloride-sensitive Na™ conductance (assayed
by the two-electrode voltage-clamp method), Na*-dependent self-
inhibition of ENaC, and oocyte cell surface expression of ENaC
(quantitated by confocal microscopy of yellow fluorescent protein
linked to y-ENaC). Mutation of 13 of 16 residues reduced the ENaC
Na* conductance (to 40—80% of WT). Mutation of only six residues
showed a significant effect on the Na™ self-inhibition time constant
(7). All 16 mutants showed a strong correlation between ENaC
activity and oocyte surface expression (r = 0.62). Exclusion of four
mutants showing the greatest effect on self-inhibition kinetics
(Glu250 and Arg350 with T = ~30% of WT, and Asp393 and Glu530
with T = ~170% of WT) increased the correlation to » = 0.87. In the
ASIC1 homotrimeric model, the homologs of a-ENaC Asp400 and
Asp446 are exposed on the protein surface far from the other two
chains. The mutations of these two residues showed the strongest
effect on cell surface expression but had no effect on self-inhibition.
Control mutations to a homologous charged residue (e.g., Asp to Glu)
did not significantly affect ENaC activity. Changes in the two param-
eters, Na™ self-inhibition and oocyte surface expression level, ac-
counted for the magnitude of reduction in ENaC activity as a result of
the mutation to Ala. These results establish that while some conserved
charged residues are part of the structure responsible for Na™ self-
inhibition, most are essential for transport to the oocyte cell surface.

cell surface; membrane; oocyte; self-inhibition

EPITHELIAL SODIUM CHANNELS (ENaC) are located at the apical
membrane of epithelial cells where their major function is to
funnel Na™ ions from the lumen into the cell. Sodium ions that
enter the epithelial cells via ENaC are then pumped out into the
interstitial space via Na-K-ATPase located on the opposite
basolateral membrane (25).

ENaC is composed of three homologous subunits named as
a, B-, and y-ENaC that are 669, 640, and 649 residues long,

Address for reprint requests and other correspondence: I. Hanukoglu, Dept.
of Molecular Biology, Ariel Univ. Center, Ariel 40700, Israel (e-mail:
mbiochem @gmail.com).

http://www.ajprenal.org

0363-6127/11 Copyright © 2011 the American Physiological Society

respectively (28, 31). Each subunit has two transmembrane
segments that are embedded in the apical membrane. The
extracellular domains (ECD) of the three subunits of 456, 461,
and 465 residues, respectively, are exposed on the lumen side
of the membrane, forming a funnel that directs ions from the
lumen into the pore of ENaC, and from there into the epithelial
cell. The crystal structure of a homologous acid-sensing ion
channel 1 (ASIC1) shows a homotrimeric complex (16). In
view of this model, it is likely that ENaC functions as a
heterotrimer composed of o, (-, and y-ENaC (37). Both
molecular genetic studies in humans (7, 11, 38) and in vitro
expression studies (6, 12, 13, 31) indicate that all three subunits
are essential for ENaC activity.

All the hereditary mutations that have been reported in the
gene encoding for the a-ENaC subunit (SCNN1A) are associ-
ated with multisystem type I pseudohypoaldosteronism (PHA)
(11). This is a severe salt-wasting disease that can lead to
neonatal death, if not diagnosed and treated early (12, 14).
Most of these mutations have been observed in the region
coding for the ECD of ENaC.

We undertook the present study to examine the functional
roles of conserved charged residues in the ECD of ENaC.
Charged residues in proteins may have diverse roles including
enhancing the hydrophilicity of the protein in an aqueous
environment (4, 42), participation in the formation of intra- and
intermolecular salt bridges between residues carrying opposite
charges (e.g., Asp <> Arg) in interacting segments of proteins
(19, 23, 27) and specific binding of ions during the course of
ion movement in channels (20, 35, 40). Specifically in
a-ENaC, charged residues have been shown to be essential for
recognition by specific proteases that activate ENaC (18), and
histidine residues in ECD have been shown to affect Na*
dependent self-inhibition of ENaC (32).

Conserved residues on the surface of ENaC could possibly
play a role in the functioning of ENaC, at any level, starting
from the trafficking of the subunits to the cell surface (5) and
extending up to the process of ion movement within the fully
assembled ENaC on the cell surface (22). To examine the
significance of these residues, we mutated each to alanine that
carries no charge. The in vitro transcribed cRNAs generated
from these cDNAs were then expressed in Xenopus laevis
oocytes together with wild-type (WT) 3- and y-ENaC subunits
and ENaC activity was assayed by the two-electrode voltage-
clamp method.

Assay of ENaC activity by the two-electrode voltage-clamp
method reports whole cell current that reflects both the number
of the channels (V) in the membrane and the open probability
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CHARGED RESIDUES IN THE a-ENaC EXTRACELLULAR DOMAIN

Table 1. PCR primer sets used for cloning ENaC cDNAs from total cDNA reverse transcribed from human

lung mRNA

Subunit Primer Set Forward Reverse Product, bp
o RNA A gagcaggaccctagacctetg agcccttacccatettgett 2,199
B RNA B tcccagtgtcaccaacacte ttcaggaccaggatcaggac 2,310
v RNA G cgagagcgagcagaggag agtcctcactctggecttea 2,365

ENaC, epithelial sodium channel.

of the channel (P,). Consequently, mutations of the residues
would be expected to affect whole cell current by altering
either cell surface expression of ENaC or the process of Na™
conductance by ENaC. To distinguish between these two
possibilities, we examined two parameters for each mutant:
cell surface density of expressed ENaC and Na™ self-inhibition
of ENaC. Previous studies have shown Na™ self-inhibition is
associated with a reduction in channel P, (33).

To measure the cell surface density of ENaC, we used a
hybrid construct of y-ENaC subunit and yellow fluorescent
protein (YFP). To examine the functioning of Na™ conduc-
tance by ENaC, we assayed rapid Na™-dependent self-inhibi-
tion of ENaC (9, 32-34). Our results show that the two
parameters examined together account for most if not all of the
reduction in ENaC conductance as a result of conserved resi-
due mutations to alanine. Thus the charged residues examined
appear to be functionally important mainly for structural con-
figuration that affects Na™ self-inhibition and/or transport to
the cell surface.

METHODS

Plasmids. ENaC cDNA clones were generated from total
human lung RNA as a template that was reverse transcribed
using an RT-PCR kit (Promega) and oligo(dT) primer. The
total cDNA was used as template for the synthesis of three
specific cDNAs encoding for the a-, -, and y-subunits of
human ENaC using the primer sets shown in Table 1. These
cDNAs were then inserted into a pGEM-T Easy plasmid
(Promega). For expression studies, we used pGEM-HIJ, a
version of the pGEM-HE vector (21). The inserts from the
pGEM-T Easy plasmid were amplified by PCR using the
primer sets shown in Table 2. The products of the PCR were
cut with appropriate enzymes and subcloned into pGEM-HIJ.

Site-directed mutagenesis. To examine the function of con-
served charged residues by site-directed mutagenesis, we se-
lected 16 residues that are conserved in all known sequences of
a-ENaC from eight species (Table 3). These residues were
modified to nonpolar alanine using a recently described site-
directed mutagenesis method (10) with the primers listed in
Table 4. As a control, we also generated additional mutant
cDNAs wherein we changed the charged residue to another

charged residue with the following conversions: Asp <> Glu
and Arg <> Lys. The primers used for generating these mutants
are listed in Table 5. In Tables 4 and 5, we list only the forward
primers. The reverse primers were complementary in sequence.
After mutagenesis, we sequenced all isolated cDNAs using an
ABI 310 Genetic Analyzer to ascertain that the cDNAs had the
expected sequences without any additional change.

Electrophysiological measurements. The cDNAs were tran-
scribed in vitro using T7-RNA polymerase (Promega) to gen-
erate cCRNAs. The cRNAs (3 ng for each subunit) were micro-
injected into immature stage V-VI X. laevis oocytes that were
dissociated with 0.3 mg/ml type 1A collagenase. The method
of preparation of the oocytes was approved by the Institutional
Animal Care and Use Committee (permit no. 11-05-064). The
oocytes were incubated at 19°C in ND-96 medium (in mM: 96
NaCl, 2 KCI, 1 CaCl,, 1 MgCl,, and 5 HEPES, pH 7.4)
containing 2.5 mM sodium pyruvate, 50 wg/ml gentamicin,
and 10 pM amiloride. ENaC-dependent amiloride-sensitive
whole-cell inward Na™* current was measured 2-3 days after
cRNA injection using the two-electrode voltage-clamp
method, while oocytes were clamped at —80 mV and contin-
uously perfused with ND-96+10 pM amiloride and ND-96
alternately at room temperature (20-25°C). Data were col-
lected and analyzed using pClamp software (Axon Instru-
ments).

Assay of Na™ self-inhibition. The Na™*-dependent self-inhi-
bition of ENaC expressed in X. laevis oocytes was assayed
following previously reported protocols. Oocytes were initially
maintained in ND-96 medium. Each oocyte was injected with
1 ng cRNA for each of the three ENaC subunits. Within 30—60
min after injection, the perfusion medium was changed to
NaCl-1 medium (ND-96 medium with 1 mM NaCl and 95 mM
N-methyl-p-glucamine instead of 96 mM NaCl), and oocytes
were kept in this medium for 24 h. The measurements were
carried out using the two-electrode voltage-clamp method
while the oocytes were clamped at —60 mV. After the initia-
tion of the clamp, current was recorded under three conditions:
1) basal current for 1 min in NaCl-1 medium; 2) Na™ current
for 2 min after switch of perfusion medium to ND-96 medium;
and 3) amiloride-inhibited basal current for 1 min after switch
of perfusion medium to ND-96+10 wM amiloride. Self-inhi-

Table 2. PCR primer sets used for amplifying ENaC ¢cDNAs from pGEM T Easy plasmids

Subunit Primer Sequence
a pGEM-HIJ BamH1-F tacggatccatggaggggaacaagetggag
a pGEM-HJ Xbal-R taatctagatcagggcccccccagaggac
B pGEM-HIJ BamH1-F tacggatccatgcacgtgaagaagtacctget
B pGEM-HJ Xbal-R atatctagattagatggcatcaccctcactg
Y pGEM-HIJ BamH1-F tacggatccatggcacccggagagaagatce
v pGEM-HJ Xbal-R taatctagatcagagctcatccagcatctgg
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Table 3. Conservation and roles of a-ENaC
residues mutated

F889

Table 5. Forward primers used for conservative mutation of
charged residues by site-directed mutagenesis

Conserved in

a-ENaC Residue Subunits ASIC1 Homolog Surface Interface
Asp235 oy —
Glu250 afy —
Arg333 a Asp224 + -
Asp338 afy Glu229 + -
Arg350 apy Lys247 + A-C
Glu358 oy Glu255 + A-C
Asp393 a Asp290 + -
Asp400 afy Asp297 + -
Asp446 o Thr337 + -
Lys474 o Val361 + -
Argd76 apy Glu363 + -
Lys477 o Met364 + -
Arg518 o
Glu530 o Ala413 + A-B
Lys534 apy Glu417 + A-B
Glu538 afy Gln421 + A-C

ASICI, acid-sensing ion channel 1.

bition is strongly dependent on temperature. Thus all the
experiments were carried out at room temperature strictly
maintained at 22°C. We carried out the same experiments
using LiCl instead of NaCl. LiCl-1 and LiCl-96 were used as
the equivalent corresponding buffers for these experiments.
The time constant (1) was calculated by fitting the first 40 s of
current decay with an exponential equation by Clampfit 10.1
(Axon Instruments).

Fluorescence measurements and detection of YFP expres-
sion in oocytes. To examine the oocyte membrane distribution
of ENaC subunits, we generated a y-ENaC-fluorescent protein
fusion construct. For this, we amplified the coding sequence of
YFP and inserted the PCR fragment at the BamHI site after the
v-ENaC coding sequence in PGEM-H]J vector.

In experiments designed to determine fluorescence of
v-ENaC-YFP hybrid protein in oocyte membrane, 12 ng of
cRNA was injected into oocytes. The oocytes were incubated
in ND-96 medium with 10 wM amiloride at 19°C for 3 days.
The oocytes were then transferred with a pipette to ND-96
medium in a 0.7-mm glass-bottom dish for imaging using a
confocal fluorescence microscope (Zeiss LSM 510 META,

Table 4. Forward primers used for mutation of charged
residues to alanine by site-directed mutagenesis

Primer Sequence

D235A-F ccagaacaaatcggectgettetaccagacatac
E250A-F gtggatgcggtgagggcgtggtaccgettecac
R333A-F ctgtccetgatgetggecgeagageagaatgac
D338A-F cgcgcagagcagaatgecttecattecectgetg
R350A-F cacagtgactggggeccgeggtaatggtgcacggg
E358A-F gtgcacgggcaggatgecacctgectttatggatg
D393A-F gggggcgattatggegectgecaccaagaatgge
D400A-F caccaagaatggcagtgetgttcctgttgagaac
D446A-F gaacgtggagtactgtgcctacagaaageacag
K474A-F ctgggctgtttcaccgegtgecggaagecatge
R476A-F ctgtttcaccaagtgegegaagecatgeagegtg
K477A-F gtttcaccaagtgccgggegecatgecagegtgacce
R518A-F caccgtcaacaacaaggcaaatggagtggccaaag
ES30A-F caacatcttcttcaaggecgetgaactacaaaacc
K534A-F caaggagctgaactacgcaaccaattcetgagtete
ES538A-F ctacaaaaccaattctgegtctcecctetgtecacg

AJP-Renal Physiol « VOL 300

Primer Sequence
D235E-F gcaaccagaacaaatcggagtgettctaccagac
R333K-F ctgtccetgatgetgaaggcagageagaatgactte
E358D-F gtgcacgggcaggatgatcctgectttatggatg
D393E-F gggggcgattatggegagtgcaccaagaatgge
D446E-F gaacgtggagtactgtgagtacagaaagcacagtte
K474R-F ctgggcetgtttcaccaggtgecggaagecatge
R476K-F ctgtttcaccaagtgcaagaagccatgcagegtg
K477R-F gtttcaccaagtgccggaggecatgecagegtgacce

Jena, Germany) with either X5 or X20 air objectives. YFP
fluorescence was excited using a 514-nm argon laser line. The
emission spectrum was recorded with a filter in the range of
524-609 nm.

The intensity of YFP fluorescence showed no significant
variation at the animal (dark) hemisphere. For each oocyte, the
fluorescence intensity was taken as the average of three points
on the membrane, minus the average of three points inside the
dark (nontransparent) part of the animal hemisphere using
Zeiss LSM Image Examiner Software (version 4.2).

Immunoprecipitation of a-ENaC subunit. For determination
of the relative amount of the expressed a-ENaC subunit, 12 ng
of a-ENaC cRNA was injected into oocytes. The oocytes were
incubated in ND-96 medium with [*>S]methionine (150 wCi/
ml) at 19°C for 3 days. Oocytes were then homogenized in
groups of 10 in 0.5 ml of homogenization buffer (in mM: 20
Tris, pH 7.4, 5 EDTA, 5 EGTA, 100 NaCl) containing Com-
plete Protease Inhibitor Cocktail at a dose recommended by the
manufacturer (Boehringer Mannheim) and centrifuged for 10
min at 700 g. The supernatant was removed, and CHAPS
detergent was added to a final concentration of 1% and shaken
at room temperature for 30 min. The supernatant was then
centrifuged for 15 min at 13,000 g. The supernatant was
removed and incubated with 4 pl anti-a-ENaC (sc-21012,
Santa Cruz Biotechnology) overnight at 4°C. The solution was
reacted with 30 pl protein A Sepharose CL-4B (GE Health-
care) with gentle shaking for 1 h at 4°C and centrifuged for 10
min at 700 g. The pellet containing the beads was washed three
times with homogenization buffer. The beads were then sus-
pended in gel sample buffer, heated for 5 min at 65°C, and
precipitated by centrifugation. The clear supernatant was re-
moved and electrophoresed in 6% polyacrylamide gel.

Software for analysis of sequence and structural homology.
Multiple sequence alignment for the identification of conserved
or homologous residues was carried out using Clustal software
(8). Clustal results were visualized using GeneDoc (http://
www.nrbsc.org/gfx/genedoc/) (24). Structural comparisons be-
tween human a-ENaC and the ASIC1 model (16) were limited
only to regions showing unequivocal sequence homology.
ENaC was also modeled using the SWISS-MODEL server (2).
Molecular models were visualized using Discovery Studio
Visualizer (Accelrys).

Statistical analysis. The activity of each mutant cRNA was
tested in at least two independent experiments with at least 10
oocytes. Measurements were carried out without knowledge of
the injected cRNA. Significance of the difference between
means was analyzed first by one-way analysis of variance.
Significance of the difference for subsequent multiple compar-
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CHARGED RESIDUES IN THE a-ENaC EXTRACELLULAR DOMAIN
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Fig. 1. Positions of the conserved charged residues mutated in the primary structure of the human a-epithelial sodium channel (ENaC) subunit. TM1 and TM2
mark the 2 transmembrane segments of the protein. The N and the C termini are located in the cytoplasm, and the portion between TM1 and TM2 is the

extracellular domain.

isons between each mutant group vs. the control WT sample
mean was tested by Dunnett’s test.

RESULTS

To select conserved charged residues in the extracellular
domain of the a-ENaC subunit, we aligned all known se-
quences of a-ENaC from eight species (human, bovine, guinea
pig, mouse, rat, rabbit, chicken, and X. laevis). The amino-
terminal segment of a-ENaC is cleaved by cellular proteases
such as furin (1, 18, 26). Therefore, we selected residues
between the furin cleavage site and the second transmembrane
domain of a-ENaC (Fig. 1). Some of the residues we selected
are conserved also in (3- and +y-subunits of human ENaC, as
indicated in the second column of Table 3.

Mutation of charged residues to Ala inhibits ENaC activity.
To examine the importance of the charged residues, we gen-
erated 16 different a-ENaC cDNAs where alanine was substi-
tuted instead of the selected charged residues. The cRNA
coding for each mutated o-ENaC subunit was microinjected
into X. laevis oocytes together with WT 3- and y-subunits. The
oocytes were incubated for 2—-3 days in a solution containing
10 wM amiloride to block the ENaC currents. During the
recording session, the cells were held in amiloride-containing
medium at a holding potential of —80 mV (see METHODS) using
the two-electrode voltage-clamp method. The amiloride-sensi-
tive whole-cell ENaC current was determined by perfusing the
cell with amiloride-free solution. Expression of only B- and
v-subunits without a-ENaC showed no significant amiloride-
sensitive Na™ current. The expression of WT - and y-subunits
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Fig. 2. ENaC Na™* conductance in oocytes expressing an a-ENaC subunit with
a charged residue mutated to alanine. Sodium conductance of oocytes injected
with wild-type (WT) cRNAs for -, 3-, and y-ENaC («a3y) was normalized to
100%. Control oocytes were injected with only cRNAs for - and y-ENaC
(B7y). All other results represent Na* conductance in oocytes injected with an
a-ENaC cRNA carrying a single residue (noted at the bottom of each bar)
mutated to Ala and wild-type cRNAs for 8- and y-ENaC. The amiloride-
sensitive sodium current was measured by the 2-electrode voltage clamp
method 2 days after injection. Results shown are means * SE of at least 10
oocytes/mutation. For all mutants except for Glu358Ala and Arg476Ala, the
mean was significantly different from the wild-type (P < 0.05).

AJP-Renal Physiol « VOL 300 ¢

together with mutated a-ENaC generated significant Na™ cur-
rent, ranging from about —10 to —30 pA.

In a series of experiments with each of the mutants, we
observed that alanine substitution reduced ENaC currents
down to 40% of the level observed with the WT o-ENaC
subunit (i.e., ~60% inhibition) (Fig. 2). Only three mutations
showed no significant inhibition (Glu358Ala, Argd76Ala, and
Arg518). There was no apparent correlation between the de-
gree of inhibition and the range of conservation of the residue
across all three subunits. The average degree of inhibition by
mutation of residues unique to a-ENaC was 63%, and the
average degree of inhibition by mutation of residues conserved
in all three subunits was 58%.

To examine whether mutations of the conserved residues to
a homologous residue can affect the ENaC activity of the channel,
we generated eight mutants wherein the charge of the residue was
maintained, i.e., Asp <> Glu, or Arg <> Lys. The results showed
no significant difference between the activity of the mutants and
the WT ENaC (Fig. 3).

a-ENaC mutations do not affect total expression of mutated
a-ENaC subunit. Most of the ENaC subunits expressed in an
oocyte remain in pre-Golgi compartments, and only a small
fraction is transported to the oocyte surface membrane (39). To
examine the possibility that differential macroscopic current
density of ENaC channels results from different levels of
translation of the microinjected cRNAs, we measured the total
amount of newly synthesized ENaC proteins for each of the
mutants. The results of the experiment showed no significant
differences between the mutants (Fig. 4).

Effect of a-ENaC mutations on Na™ dependent self-inhibition.
Following previously established protocols (32, 34), we mea-
sured the time constant (1) for self-inhibition of ENaC after
rapid change in Na* concentration in the medium from 1 to 96

100

50

Na* Conductance (%)

=
s

D235E
R333K
E358D
D393E
D446E
K474R
R476K
K477R

Fig. 3. ENaC Na* conductance in oocytes expressing an o-ENaC subunit
carrying a charged residue mutated to a homologous residue, i.e., Asp <> Glu,
Arg <> Lys. Values are means * SE of at least 10 oocytes/mutation. For other
details, see METHODS and legend of Fig. 2.
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WT D235 E250

R333

D338 R350

D446 K474 R476 K477 R518 E530

mM as described in METHODS (Fig. 5). As previously noted, in
Na"-dependent self-inhibition there is some variability be-
tween batches of oocytes. Therefore, in Fig. 6A the results are
presented in percent values relative to the WT control oocytes
recorded in the same experiment. The absolute 7 values, in
seconds, are presented in Supplementary Fig. SIA. Only eight
of the 16 mutants showed T values that were significantly
different (P < 0.01) from the WT ENaC (Fig. 6A4). Mutations
of four residues (D235, E250, R350, and E538) to alanine
caused a significant decrease in 7 (i.e., accelerated self-inhibi-
tion), and mutations of two residues (D393 and E530) caused
a significant increase in T (i.e., decelerated self-inhibition) for
Na™ conductance change (Fig. 64). The greatest reduction in T

E358

K534

F891

D393 D400

Fig. 4. Autoradiogram of WT and mutated
a-ENaC protein expressed in oocytes immu-
noprecipitated using anti-a-ENaC antibody.
Oocytes were microinjected with only
o-ENaC cRNA and incubated with [*°S]me-
thionine. After 3 days of incubation, proteins
were precipitated with anti-o-ENaC anti-
body, separated by electrophoresis on a
polyacrylamide gel, and autoradiographed.
Control oocytes were not injected with
a-ENaC cRNA.

E538 Control

(to ~30% of WT) was observed for two mutants (E250A and
R350A), and the greatest increase in T (to ~170% of WT) was
observed for two mutants (D393A and E530A) (Fig. 6A).
When we carried out the same experiment with Li™ instead of
Na™, we obtained essentially the same results with no major
difference from Na™-dependent self-inhibition (Supplementary
Fig. S1B). Thus the WT ENaC and channels with alanine
mutations showed the same quantitative response of self-
inhibition with Li* as well as with Na™.

Na™ dependent self-inhibition phenomenon has been previ-
ously assessed by an additional parameter based on the ratio of
steady-state current (/s) and peak current (/peak) Observed after
the rapid change of the bath medium to high Na™* concentra-

1 1 4
-1 WT -1 D235 E250 0 R333 D338
2 -2 4
-4 -4
3
7 7 5 -5 1
-10 0w+ s+ b+ gl
0 2040 60 80 0 2040 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
1 1 1 1 -
R350 E358 4 D393 D400 D446 Fig. 5. Recordings of Na*-dependent self-
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Fig. 6. Effect of mutations of conserved charged residues to alanine on Na™
self-inhibition of ENaC. A: time constant (t) value relative to WT control
oocytes of each batch. The time constant T was calculated as noted in METHODS
and Fig. 5. Each bar represents the mean = SE of at least 10 oocytes in at least
2 independent assays. Six mutants had T values significantly different (P <
0.01) from the WT ENaC (D235, E250, R350, and E538 lower than WT and
D393 and E530 higher than WT). The grey bars represent the 4 most
significant differences from WT controls. B: Is/Ipeax ratio. See Supplemental
Fig. S1 for raw absolute time constant values for Na*™ and Li* self-inhibition.

tion. We measured the I/Ipeak ratio for all the mutants (Fig.
6B). The 7 values and Is/Icax ratios were strongly correlated
for all 16 samples (r = 0.865) (Fig. 7). Such a correlation may
indicate that Na* -dependent self-inhibition can be described as
a reversible first-order process of the type O 2 C, where O is
the open and C is the closed (Na'-inhibited) state of the
channel. In this case, both the time course of self-inhibition and
the steady-state level of the remaining current are generally
determined by the ratio between forward (inhibition; O — C)
and backward (recovery; C — O) rates, k; and k_, respec-
tively. In such case, 7 = 1/(k;+k—1) and Ls/Ipeax= k—1/(k; +
k—1) (15). A simple case in which a linear relationship between
7 and Iylpeak (as shown in Fig. 7) may be observed occurs
when the mutations change only k; whereas k—; remains
constant. In ENaC, which is normally constitutively active in
the plasma membrane, the steady-state P, will be linearly
related to Ig/Ipeax; therefore, changes in the latter are excellent
indicators of changes in P, caused by a mutation. Only one
mutant (R350A) consistently showed a deviation from this
behavior. In this mutant, the channel was closed rapidly but the
steady-state Islpeax Was reduced only slightly (cf. recordings
in Fig. 5). The data point for R350A showed the largest
deviation from the linear regression line (Fig. 7). This devia-
tion could result from a change in more than one parameter of
the self-inhibition process (e.g., both k; and k—; are altered
by the mutation), or from a recording artifact whereby the
inhibition starts very rapidly and the I,..x value is underesti-
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mated. Without this R350A mutant the correlation coefficient
between T and Ig/[peak ratios was r = 0.93 (Fig. 7).

Cell surface expression of ENaC subunits can be tracked
using a y-ENaC-YFP hybrid protein. To assay cell surface
density of ENaC, we generated a hybrid protein constructed of
v-ENaC with YFP attached at its carboxy terminus. Expression
of WT «a- and B-ENaC together with y-ENaC-YFP showed
strong oocyte cell surface fluorescence that could be quanti-
tated by confocal microscopy (Fig. 8). Expression of 3-ENaC
together with y-ENaC-YFP showed low fluorescence (~14%
of that observed with afy-ENaC) (Fig. 9). Expression of
v-ENaC-YFP alone gave even lower fluorescence (2.3%). In
contrast, expression of all mutated a-ENaC subunits showed
detectable fluorescence at the oocytes’ surface (Figs. 8 and 9).

Activity of ENaC reconstituted with mutated a-ENaC is
correlated with the cell surface expression of ENaC. The
results of Na™ self-inhibition analysis did not show a general
correlation with the macroscopic conductance of the mutants.
In contrast, oocyte surface fluorescence of ENaC showed a
significant correlation with conductance of the mutants. The
Pearson correlation coefficient between the two sets of values
was r = 0.62 (P < 0.01). In other words, the results showed
that ENaC conductance increases as a function of surface
membrane density of ENaC.

If the mutation of a residue reduces single-channel Na™
conductance or P, of ENaC channels, then it would also be
expected to reduce general channel activity irrespective of
channel density in the membrane. Thus the inclusion of such
cases in the correlation between cell surface density vs. mac-
roscopic Na™ conductance would be expected to reduce the
overall correlation. The Na*-dependent self-inhibition experi-
ments showed that some of the mutations affect ENaC activity
independently of ENaC expression on the cell surface. Exclu-
sion of the values for four mutants with the greatest effect on
Na™ self-inhibition increased the correlation coefficient be-
tween the two sets of values to » = 0.87 (P < 0.0001) (Fig. 10).
It should be noted that three of the four mutants had the largest
residuals in the linear regression plot (Fig. 10).

180 -
160 -
140 4
120 4
100 4
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Time constant (%)

40 -

20

0 ; ; ; : s
0.0 0.2 04 06 08 1.0
Iss/Ipeak

Fig. 7. Correlation between the time constant T value and /ss//peax ratios for the
Na* self-inhibition response of 16 «-ENaC subunits carrying a charged
residue to alanine mutation. The correlation coefficient for all 16 samples was
r = 0.865. The linear regression line was drawn for 15 points excluding 1
value (shown as a triangle) for mutant (R350A) because of its different
behavior (see RESULTS). Without this point, the correlation coefficient was r =
0.93.
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Control

D446
R518

Fig. 8. Fluorescence micrographs of y-ENaC-yellow fluorescent protein (YFP) hybrid protein expressed together with a- and 3-ENaC subunits in the animal
(dark) hemisphere surface of Xenopus laevis oocytes. The control oocytes were injected with only y-ENaC-YFP and B-ENaC cRNAs. Other oocytes were
injected either with WT or mutated o-ENAC cRNAs wherein the indicated a-ENAC residue was mutated to alanine. For other details, see METHODS.

Na™ self-inhibition effect provides an explanation for the
discrepancy between cell surface expression and ENaC Na*
conductance activity. Three of the alanine mutants showed a
major discrepancy between the cell surface density of ENaC
and macroscopic conductance of ENaC. In other words, the

data for these mutants deviated from the linear regression line
shown in Fig. 10. The combined results for the three parame-
ters measured for these exceptional cases are shown in Fig. 11.

The most exceptional among these three mutants was the
E250A mutation. The cell surface expression of this mutant
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Fig. 9. Cell surface intensity of fluorescence of y-ENaC-YFP hybrid protein
expressed together with a- and B-ENaC subunits in X. laevis oocytes. The
residue noted at the bottom of each bar was mutated to alanine. Each bar
represents the mean * SE of at least 10 oocytes/residue. The fluorescence
intensity was measured as noted in METHODS.

was similar to WT ENaC, but its Na™ conductance was <50%
of WT ENaC. The time constant for Na™ self-inhibition for this
mutant was ~30% of WT ENaC, and Is/Ipcak Was 40% of WT.
These results together provide an explanation for the low
activity of the mutant: a lower 7 value means that the mutation
enhances Na* self-inhibition; accordingly, a low Is/Ipeax indi-
cates a considerable decrease in P,. Consequently, although the
membrane density of the channel is as high as the WT ENaC,
the channel does not work as efficiently as WT ENaC, resulting
in lower Na*t conductance. The R350A mutation showed a
behavior similar to that of the E250A mutation.

The third case (D393A) showed a discrepancy that was the
opposite of the two prior cases. The D393A mutant showed
twofold higher Na™ conductance than would be expected from
its cell surface density (Fig. 11). However, the mutation greatly
reduced Na™ self-inhibition of ENaC (7 value ~2-fold higher
than WT, and Iylpeax ~140% of WT). Thus, even though the
membrane density of ENaC was low, the channels worked with
greater efficiency and probably had a higher P, (as a result of

100 A

80 +

60 -

40 -

Na* conductance (%)

20 +

0 O— : : : ;
0 20 40 60 80 100
Membrane fluorescence (%)

Fig. 10. Correlation of Na™ conductance with oocyte cell surface fluorescence
of ENaC. The points are taken from the results of the experiments shown in
Figs. 2 and 9. Four residues (Glu250, Arg350, Asp393, and Glu530), mutations
of which to alanine had the greatest effect on Na™ self-inhibition, were
excluded from the linear regression but are shown on the plot as open triangles.
The Pearson correlation coefficient is » = 0.87 (P < 0.0001).
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Fig. 11. Na™ self-inhibition provides an explanation for the difference between
cell surface expression and Na™ conductance activity results for 3 mutants. The
data for the 3 measured parameters were taken from the experiments shown in
Figs. 2, 6, and 9.

lower Na™ self-inhibition), enhancing the relative Na* con-
ductance of ENaC.

In a similar vein, the ES30A mutation greatly increased the
7 value (~170% of WT) and Is/Ipeak (~130% of WT). This
increase was not associated with an apparent change in Na™
conductance of ENaC, probably being counterbalanced by the
35% decrease in membrane expression level.

DISCUSSION

We undertook the present study to understand the roles of
conserved charged residues in the ECD of ENaC, by mutating
them to uncharged alanine and examining the activity of the
mutated channels. A major initial concern in mutagenesis
studies was that mutations may artificially disrupt normal
folding of proteins, reflecting nonspecific effects beyond the
location of the modified residue. To address this possibility, we
selected residues exposed on the surface of ENaC based on the
homologous ASIC1 crystal structure (Table 3). Thus their
modification would be less likely to disrupt normal folding
compared with residues located within the core of the protein.
This assumption was supported by the finding that control
mutations wherein the charge of the residue was maintained
did not cause a significant change in ENaC activity (Fig. 3).
Overall, our results revealed specific roles for selected residues
consistent with their presumed structural locations.

Sodium conductance of the mutant forms of ENaC ex-
pressed in oocytes is commonly assayed using the two-elec-
trode voltage-clamp method. The whole cell current measured
by this method depends on both the number of the channels in
the membrane and the P, of each channel. To examine these
two independent aspects, in addition to measuring ENaC ac-
tivity, we also measured cell surface density of ENaC and Na™
self-inhibition of ENaC. Our results revealed distinct correla-
tions between the parameters assayed and elucidated the roles
of specific charged residues in these processes.

Conserved charged residues on the surface of ECD take part
in Na™ self-inhibition of ENaC and/or trafficking to the
membrane. Mutation of 12 of 16 conserved residues to alanine
affected either Na™ self-inhibition of ENaC and/or cell surface
density of ENaC. Mutations of four residues (E250, R350,
D393, and E530) most strongly affected Na* self-inhibition.
Mutation of 12 of the 16 residues resulted in decreased cell
surface expression of ENaC. Three residues mutated (D393,
E530, and E538) appear to have dual roles, participating in
both structures and interactions responsible for Na™ self-
inhibition as well as for trafficking to the cell surface. Among
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the 16 mutations, only one (E250A) stands out as a mutation
that did not affect cell surface expression but drastically en-
hanced Na™ self-inhibition. Thus this residue appears to be
involved solely in determining Na* self-inhibition, without
playing a role in membrane trafficking. Overall, these results
indicate that most of the charged residues are essential for
trafficking of the subunits to the membrane or for their reten-
tion at the surface.

Effect of mutations on whole cell current could be accounted
for by changes in membrane density of ENaC and Na™*
self-inhibition. For the specific mutants we studied, the de-
crease in ENaC activity could be accounted for by two deter-
minants only: /) effect of the mutation on cell surface density
of ENaC, and 2) effect of the mutation on Na™ self-inhibition.
The effects of the mutations on ENaC activity could be
categorized into three groups: /) mutations that decreased
ENaC activity mainly by decreasing membrane density of
ENaC, 2) mutations that affected ENaC activity mainly by
changing Na™ self-inhibition of ENaC, and 3) mutations that
affected both parameters to varying degrees. A strong correla-
tion (» = 0.87) between membrane density and Na* conduc-
tance activity was observed for 12 mutants. Arbitrarily, we
include these in the first group, although some of the mutations
in this group had a small but significant effect on Na™ self-
inhibition as well. Only one residue (E250) is included in the
second group. The comparative analysis presented in RESULTS
and in Fig. 11 shows that the major effect of the E250A
mutation on the activity of ENaC was via enhancement of Na™
self-inhibition. For one mutation (D393A), we observed major
contributions of both determinants. D393 A mutation decreased
Na™ self-inhibition (increased ), compensating for reduced
membrane density.

In a study examining the role of cysteines in the ECD of
mouse «a-ENaC, some double mutants were observed to
decrease Na* self-inhibition (34). These mutants were sug-
gested to constitute a distinct group of “gain-of-function”
mutations that enhance ENaC activity, different from the
Liddle syndrome causing mutations in the PY motif that are
involved in the ubiquitin-dependent degradation of ENaC
(30). Since this study did not examine the effect of the
mutations on ENaC cell surface density, we do not know
whether these mutations would indeed increase ENaC ac-
tivity. In our study, we identified two mutations that de-
crease Na™ self-inhibition (D393A and E530A). However,
our results show that mutations that affect Na™ self-inhibi-
tion may also affect cell surface density. The final effect on
ENaC activity would be determined by both of these param-
eters, as illustrated in Fig. 11. Thus our findings emphasize
that reduction of Na™ self-inhibition of ENaC may not
necessarily be associated with enhanced ENaC activity.

The finding that single-residue mutations affect Na™ self-
inhibition raises the possibility that some cases of PHA and
Liddle syndrome may be due to such mutations. However,
none of the mutations generated in this study have been
reported as a SNP or as a mutation responsible for PHA.

Location of mutated residues on the ENaC surface. To
estimate the location of the mutated residues on the ENaC
surface, we mapped the positions of the homologous residues
on the structure of ASICI1 (16). Figure 12 shows the surface
positions of four residues homologous to a-ENaC R350, D393,
D400, and D446 (K247, D290, D297, and T337 in ASIC1).

F895

ECD

™

Fig. 12. Surface of homologous acid-sensing ion channel 1 (ASIC1) homotri-
meric structure with selected residue surfaces marked in color. The letter
marking indicates the color of each chain (A, B, and C). Only 4 residue surfaces
have been color-marked on chain A. The homolog of a-ENaC R350 (K247,
red) is visible through a pore on the ASIC1 surface between chains A and C.
The homolog of a-ENaC D393 (D290, purple) is located close to chain C. The
homologs of a-ENaC D400 and D446 (D297 and T337, blue) appear exposed
on the surface. ECD, extracellular domain.

Alanine mutagenesis of these four residues showed the highest
effect on surface expression and/or self-inhibition of ENaC
(Figs. 6 and 9). One residue (E250) that also had a strong effect
on self-inhibition of ENaC could not be mapped as it has no
homolog in ASIC1. The homolog of a-ENaC R350 (K247, red
in Fig. 12) is located just at the interface between chains A and
C of ASICI1. Modification of R350 to alanine showed the
greatest effect on Na™ self inhibition (Fig. 6). Although this
residue is located deeply between the two chains, it is visible
through a pore on the ASIC1 surface in the orientation shown
in Fig. 12. Incidentally, this residue is conserved in all three
subunits of ENaC as well as chicken ASIC1 (Table 3).

The homolog of a-ENaC D393 (D290, purple in Fig. 12) is
located at a site close to chain C on ASICI. Its mutation to
alanine resulted in strong effects on both cell surface expres-
sion and Na™ self-inhibition. It should be noted that the N
terminal of a-ENaC is cut by proteases, probably providing
greater mobility to this segment. Thus this charged residue may
play a critical role in ion permeation after cleavage of the
subunit.

Finally, the homologs of a-ENaC D400 and D446 (D297
and T337, blue in Fig. 12) appear completely exposed on the
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protein surface far removed from the other two chains (Fig.
12). The mutations of these two residues showed the strongest
effect on cell surface expression but had no effect on self-
inhibition. The lack of an effect on self-inhibition is explain-
able by the fact that these two do not appear on the path of ion
permeation. Since self-inhibition reflects P, this result also
indicates that once in the membrane, the modified channel
functions normally, i.e., excluding the possibility of a misfold-
ing in the protein. Mutation of these two aspartates should not
affect subunit-subunit interactions as they do not appear in the
interface between two chains. Thus the remaining alternative is
that the mutations of these residues may have affected surface
expression by interrupting interactions with other molecules
during transport to membrane.

One interesting residue that is not visible in Fig. 12, as it is
hidden between chains A and C, is the homolog of E538 (Q421
in ASIC1). In ASIC1 structure, this GIn421 appears to be
involved in intersubunit interactions with Asp79 of chain C
(16). Mutation of ES38 affected both cell surface delivery and
self-inhibition (Figs. 6 and 9). Thus this result indicates that
both cell surface delivery and self-inhibition are strongly de-
pendent on subunit-subunit interactions.

Mechanisms of effects of mutations on ENaC cell surface
density. In epithelial cells, ENaC subunits are synthesized in
the endoplasmic reticulum and transported specifically to the
apical membrane facing the lumen. The route of transport of
the subunits apparently proceeds via the Golgi complex and the
trans-Golgi network. The proteins are then probably packaged
in vesicular endosomes that are directed to the apical mem-
brane (5, 36). Studies on a variety of apical proteins have
revealed several alternative routes of vesicular trafficking (41).
In some cell types, ENaC appear to be transported in mem-
brane lipid raft domains (5).

The oocyte system used here is a heterologous expression
system for human proteins encoded by our cDNA constructs.
The possibility that the behavior of the proteins in human cells
may be different cannot be ruled out. However, the fact that in
oocytes all the subunits reach the membrane and together form
a functional ENaC indicates that most aspects of the intracel-
lular trafficking machinery are conserved in vertebrate cell
types. In oocytes, as in epithelial cells, cell surface expression
of ENaC is dependent on the expression of all three subunits
(Figs. 8 and 9). Thus apparently all three ENaC subunits need
to be “packaged together” for transport to the membrane. Thus
it is possible that mutations that affect ENaC subunit-subunit
interactions may weaken the interaction between subunits and
reduce the efficacy of packaging of ENaC for surface delivery.
This possibility can be examined in the future by generating
complementary charged residue mutations on other ENaC
subunits and switching positions of charged residues to recon-
struct salt bridges.

Although the course of events that transports ENaC subunits
to the apical membrane is not well understood, there is evi-
dence that ENaC subunits bind and interact with proteins
involved in directional trafficking to the membrane (15). These
proteins include SNARE type proteins such as syntaxin (3),
Rab GTPases (29), and G proteins (17). The list of proteins
involved is probably longer than we currently recognize (41).

Salt bridges based on charged residues have been noted as
the major participants in specific protein-protein interactions
(23). Thus mutation of charged residues to Ala might have

CHARGED RESIDUES IN THE a-ENaC EXTRACELLULAR DOMAIN

possibly interrupted interactions with other proteins involved
in sorting, packaging, or transporting ENaC subunits, leading
to a significant reduction in the number of ENaC channels
assembled in the membrane.

Cell surface expression of ENaC is regulated by diverse
signaling molecules and proteins such as protein kinases (36).
It is also possible that mutation of charged residues may affect
the interaction of ENaC with such regulatory molecules that
influence surface density of ENaC.

In conclusion, examination of the roles of charged residues
on the surface of a-ENaC revealed that most of these affect the
surface expression levels, probably by taking part in protein-
protein interactions during the transport process. Our results
also further support previous studies that Na*-dependent self-
inhibition is a very significant determinant of ENaC activity.
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