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Epithelial Na� channel (ENaC)-mediated Na� transport has a
key role in the regulation of extracellular fluid volume, blood
pressure, and extracellular [K�]. Among the thousands of
human ENaC variants, only a few exist whose functional conse-
quences have been experimentally tested. Here, we used the
Xenopus oocyte expression system to investigate the functional
roles of four nonsynonymous human ENaC variants located
within the �7-strand and its adjacent loop of the �-subunit
extracellular �-ball domain. �R350W�� and �G355R�� chan-
nels exhibited 2.5- and 1.8-fold greater amiloride-sensitive
currents than WT ��� human ENaCs, respectively, whereas
�V351A�� channels conducted significantly less current than
WT. Currents in �H354R��-expressing oocytes were similar
to those expressing WT. Surface expression levels of three mutants
(�R350W��, �V351A��, and �G355R��) were similar to that of
WT. However, three mutant channels (�R350W��, �H354R��,
and �G355R��) exhibited a reduced Na� self-inhibition response.
Open probability of �R350W�� was significantly greater than that
of WT. Moreover, other Arg-350 variants, including �R350G,
�R350L, and �R350Q, also had significantly increased channel
activity. A direct comparison of �R350W and two previously
reported gain–of–function variants revealed that �R350W
increases ENaC activity similarly to �W493R, but to a much
greater degree than does �C479R. Our results indicate that
�R350W along with �R350G, �R350L, and �R350Q, and �G355R
are novel gain–of–function variants that function as gating modi-
fiers. The location of these multiple functional variants suggests
that the �ENaC �-ball domain portion that interfaces with the
palm domain of �ENaC critically regulates ENaC gating.

The epithelial Na� channel (ENaC)2 is a member of the
ENaC/degenerin family of nonvoltage-gated ion channels.

ENaCs are expressed in the apical plasma membranes of spe-
cific epithelia and, in parallel with the basolateral Na�,K�-AT-
Pase, mediate the absorption of Na� from the lumen of the
aldosterone-sensitive distal nephron (ASDN), the distal colon,
and the airway and alveolae. ENaC-mediated Na� absorption
plays significant roles in the regulation of extracellular fluid
volume and blood pressure and fluid volume in airways and
alveolae (1–4). ENaC-mediated Na� absorption is also tightly
linked to K� secretion in the ASDN, and changes in extracellu-
lar [K�] influence activity of the Na�–Cl� cotransporter in the
distal convoluted tubule and blood pressure (5, 6). Inherited
forms of human hypertension or hypotension are largely asso-
ciated mutations in specific genes that encode either renal
tubular Na� transporters or their regulators (7, 8). Other than
well-defined Liddle syndrome mutations that disrupt or result
in a loss of a Pro-Tyr (PY) motif in the C terminus of the �- or
�-subunit, correlating nonsynonymous ENaC variants that
alter channel activity with predicted changes in blood pressure
in humans has been challenging. This may reflect that fact that
only two of the common ENaC nonsynonymous variants alter
ENaC function in heterologous expression systems, and these
have not been clearly linked to changes in blood pressure in
humans (9 –14). Other functional ENaC nonsynonymous vari-
ants that we and others have described are rare or of low-fre-
quency (15–19). It is difficult to show that these rare functional
human ENaC variants affect blood pressure in epidemiological
studies, and the effects of specific ENaC variants on blood pres-
sure in animal models have not yet been addressed. Another
barrier is that the vast majority of ENaC variants, including
synonymous and nonsynonymous ones, have no defined func-
tional roles.

The resolved crystal structure of an acid-sensing ion channel
1 (ASIC1), a member of the ENaC/degenerin family, has pro-
vided important insights regarding the highly-organized struc-
ture of the extracellular domains of ENaC-subunits and has
recently been confirmed by a resolved structure of ���ENaC
(20, 21). A central core is formed by multiple �-strands that
form the �-ball (�2, �4, �5, �7, and �8) and palm domains. The
�-ball domain contributes to an acidic pocket in ASIC1 that has
a role in fine-tuning acid activation of the channel (20). Its func-
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tional role in ENaC has not been clearly defined. A recently
resolved cryo-EM structure of the extracellular domain of
human ENaC revealed that it is strikingly similar to ASIC1, with
a few notable differences. The �- and �-subunits have an
embedded inhibitory track in their finger domains, and the
region encompassing this track is formed by �-strands and
is not present in ASICs (21). We identified several nonsynony-
mous variants in the �7-strand and its following loop of the
human �-subunit that is part of the �-ball (�R350W,
rs181065138; �V351A, rs139861603; �H354R, rs753035419;
and �G355R, rs189376498). We found that all these variants
except �H354R alter human ENaC activity when expressed in
Xenopus oocytes. Among these variants, �R350W exhibited the
most robust effect on enhancing channel activity and open
probability (Po).

Results

Location of the �7-strand in the extracellular domain of the
resolved ENaC and ASIC1 structures

In the structures of ASIC1 and ENaC, five short �-strands form
the �-ball domain (20, 21). When we examined human gene vari-
ant databases (NCBI dbSNP, 1000 Genome Project, TopMed (22)
and ExAC (Exome Aggregation Consortium (23)), we noted that
several nonsynonymous human SCNN1A (encoding �ENaC)
variants (�R350W, �V351A, �H354R, and �G355R) are present in
the �7-strand and its following loop that form part of the �-ball of
the �-subunit (Fig. 1, A and B). Sequence alignments show �Arg-
350, �Val-351, and �His-354 are well-conserved among the
ENaC/degenerin family, but �Gly-355 is only conserved among
�-subunits from different species (Fig. 1C).

ENaC variants alter channel activity

To investigate the effects of these �7-strand human ENaC
variants, we generated the �R350W, �V351A, �H354R, and
�G355R mutations and co-expressed wildtype (WT) or mutant
human �-subunit with WT human �- and �-subunits in Xeno-
pus oocytes. Amiloride-sensitive whole-cell currents were
assessed by two-electrode voltage clamp. Representative cur-
rent recordings from oocytes expressing WT or mutant ENaCs
are shown in Fig. 2, A, C, E, and G. Oocytes expressing the
�R350W variant had 2.51 � 1.37-fold greater amiloride-sensi-
tive currents than WT (Fig. 2B, n � 82– 89, p � 0.0001 versus
WT), whereas oocytes expressing the �G355R variant had
1.78 � 1.11-fold greater amiloride-sensitive currents than WT
(Fig. 2H, n � 58 –59, p � 0.0001 versus WT). In contrast,
oocytes expressing �V351A had 0.45 � 0.36-fold reduced cur-
rents when compared with WT (Fig. 2D, n � 76 –77, p �
0.0001). The �H354R mutant currents were similar to WT (Fig.
2F, n � 50 –51, p � 0.05 versus WT).

Functional variants do not alter levels of ENaC surface
expression

We examined whether the differences in whole-cell currents
we observed with the gain– of–function variants (�R350W and
�G355R) or loss– of–function variant (�V351A) in oocytes
reflected changes in numbers of channels at the plasma mem-
brane. Levels of surface expression of WT and mutant human

ENaCs in oocytes were determined using a chemiluminescence
assay, using a human �-subunit construct with an extracellular
epitope FLAG tag (17). As shown in Fig. 3, oocytes expressing
either WT or mutant ENaCs had similar levels of surface
expression.

ENaC trafficking and expression may vary in different cells,
and the three subunits may traffic to the cell surface in a non-
coordinate fashion (24). To confirm our observations in
oocytes, we examined ENaC surface expression in a mamma-
lian cell line (Fisher rat thyroid, FRT cells) by co-transfection of
nontagged human �- and �ENaCs, and WT or mutant human
�ENaC with N-terminal HA tag and C-terminal V5 tag (25).
Biotin-labeled surface proteins were purified and immuno-
blotted with anti-HA antibody. ENaC-subunit maturation in
the biosynthetic pathway involves furin cleavages of both �-
and �-subunit (26 –28). As shown in Fig. 4, all three mutants
(�R350W, �V351A, and �G355R) and WT showed similar sur-
face levels of both full-length (90 kDa) and cleaved (22 kDa)

Figure 1. Location of variants in the human ENaC structure. A, location of
�Arg-350 in a trimeric human ENaC model (PDB 6BQN (21)). The �, �, and
�-subunits are shown as red, blue, and green ribbons, respectively, using
PyMOL 2.0 (60). Side chain of �Arg-350 is shown as yellow spheres. Left, side
view, and right, top view. Both views show that �Arg-350 is near the palm
domain of �ENaC. B, locations of �Arg-350, �Val-351, �His-354, and �Gly-355 in
the extracellular �-ball domain of �ENaC. Helical domains are displayed in red
and �-strands in yellow. All four residues are shown as sticks with carbons in cyan,
oxygen in red, and nitrogen in blue. C, sequence alignments of ENaC/degenerin
members. Alignments were performed using Vector NTI 11 (Thermo Fisher Sci-
entific). Only sequences of the �7-strand and its following residues are shown.
Amino acid numbers of the first residue in all sequences are shown in parenthe-
ses. Four residues where variants of this study reside are shown in red letters.
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forms of �ENaC (Fig. 4, A, C, E, and G). All four groups also had
similar levels of expression of the full-length and cleaved forms
of �ENaC in whole-cell lysates (Fig. 4, B, D, F, and G).

These results suggest that the increases in whole-cell cur-
rents seen with �R350W�� and �G355R��, as well as the
reduction in current seen with �V351A��, compared with WT,
likely reflected a change in channel open probability and/or
single channel conductance.

Gain– of–function variants �R350W and �G355R suppress the
Na� self-inhibition response

In addition to transporting Na�, ENaC open probability is
suppressed by extracellular Na�, a process referred to as Na�

self-inhibition (4, 29, 30). We examined whether the increase in
current seen with the �R350W variant reflected a loss of the
inhibitory effect of extracellular Na�. A typical Na� self-inhi-
bition current trace recorded in oocytes expressing WT ENaC
is shown in Fig. 5A. An increase in bath [Na�] from 1 to 100 mM

was associated with a rapid increase in inward Na� current
reaching a peak value (Ipeak), followed by a slower reduction in
inward Na� current that reflects Na� self-inhibition, with the
current reaching a steady state (Iss). We used the ratio of Iss to
Ipeak as measure of the magnitude of the Na� self-inhibition
response. Oocytes expressing �R350W�� had a blunted Na�

self-inhibition response, with an Iss/Ipeak of 0.86 � 0.04 (n � 19,
p � 0.0001 versus 0.52 � 0.05, n � 20 for WT, Fig. 5, A and B).

Figure 2. Three variants of human �ENaC changed channel activity in Xenopus oocytes. Oocytes expressing WT and mutant human ENaCs were clamped
at �100 mV (membrane potential), and whole-cell currents were recorded in a bath solution (NaCl-110, containing 110 mM NaCl) in the absence and presence
of 10 �M amiloride. A, C, E, and G, representative recordings of WT and mutant ENaCs. Traces were superimposed with the same time and current scales.
Negative values reflect inward Na� currents. B, D, F, and H, normalized currents, representing amiloride-sensitive currents in all cells that were divided by the
mean of the WT group in the same batch of oocytes. Data were pooled from three to five batches of oocytes. Dot plots were overlaid with mean � S.D. The p
values were from Student’s t test.
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Another gain– of–function �G355R variant also reduced Na�

self-inhibition response (Fig. 5, G and H). These results suggest
that the increases in current seen with �R350W�� and
�G355R�� reflect an increase in ENaC open probability. Unex-
pectedly, the loss– of–function �V351A variant did not show
an enhanced Na� self-inhibition (Fig. 5, C and D). The “silent”
�H354R variant modestly, but significantly, reduced Na� self-
inhibition (Fig. 5, E and F).

�R350W increases ENaC open probability

If a mutation is considered as a gating modifier, it should
cause a change in channel open probability in a predicted man-
ner. We used a cell-attached path-clamp technique to deter-
mine the open probability of WT ���, �R350W��, and
�V351A�� human ENaCs in oocytes. The open probability of
�R350W�� channels was 0.35 � 0.12 (n � 11), significantly
greater than that of WT (0.23 � 0.09, p � 0.05, n � 10; Fig. 6, A
and E). In contrast, the open probability of �V351A�� channels
was 0.19 � 0.13, similar to that of WT (p � 0.05, n � 7; Fig. 6, A
and E). Both NPo and N (number of channels within patches) in
�R350W��-expressing oocytes were moderately greater than
in WT-expressing cells (Fig. 6, C and D). Single channel con-
ductances measured with 110 mM LiCl in patch pipettes were
similar between WT, �R350W��, and �V351A�� (Fig. 6B).

Other �Arg-350 variants also increase ENaC activity

During our study, additional variants at �Arg-350 were
revealed in NCBI dbSNP. We examined the other variants to
further explore the function role of �Arg-350. All three vari-
ants (�R350G, �R350Q, and �R350L) showed significantly
increased amiloride-sensitive currents (Fig. 7). Although the
relative increases in currents seen with �R350G (1.37 � 0.83,
n � 41, p � 0.05 versus WT) and �R350Q (1.47 � 0.82, n � 40,
p � 0.01 versus WT) were modest, a robust increase was seen
with �R350L (2.63 � 1.54, n � 38, p � 0.001 versus WT). Like
�R350W, all three mutations significantly reduced Na� self-
inhibition response as evidenced by greater Iss/Ipeak values
(�R350G, 0.81 � 0.05, n � 10, p � 0.001 versus WT; �R350Q,

0.84 � 0.07, n � 9, p � 0.001 versus WT; and �R350L, 0.69 �
0.07, n � 9, p � 0.001 versus WT, from Student’s t tests).

Comparison of gain– of–function variants located in the
�-subunit

Besides the well-known gain– of–function mutations in �-
and �ENaCs that cause Liddle syndrome, emerging evidence
indicates that gain– of–function mutations/variants in the
�-subunit present novel causes of salt-related clinical disorders
(15, 16, 31). The point mutation �C479R was reported in a
family with Liddle syndrome (31). In addition, �W493R variant
was found in a group of patients with a cystic fibrosis phenotype
and with either a single mutant cystic fibrosis transmembrane
conductance regulator (CFTR) allele or no CFTR mutation (15,
16). We compared �R350W, �C479R, and �W493R for func-
tional changes in ENaC activity, normalized to WT. Relative
amiloride-sensitive currents of �R350W�� (3.0 � 1.5, n � 49)
were similar to that of �W493R�� (3.2 � 1.9, n � 44, p � 0.05),
and both were significantly greater than that of both �C479R��
(1.4 � 0.7, n � 46, p � 0.0001) and WT (1.0 � 0.4, n � 43, p �
0.0001, Fig. 8A). As shown in Fig. 8B, Na� self-inhibition
response was dramatically reduced in all three variants (n �
17–19, p � 0.0001 versus WT). The increases in Iss/Ipeak seen
with �W493R were modestly greater than that seen with
�R350W, and both were significantly greater than that
observed with �C479R.

DISCUSSION

The increasing number of sequenced human genomes has
been accompanied with the identification of an increasing
number of human ENaC missense variants. We and others have
found human ENaC variants located in the extracellular
domains of ENaC subunits that affect channel activity when
expressed in oocytes, primarily though changes in open proba-
bility that are associated with changes in Na� self-inhibition
(16 –19). Although functional human ENaC variants have been
described in the thumb, finger, knuckle, and palm domains, the
only functional variant in the �-ball previously described was a

Figure 3. Functional variants do not alter ENaC surface expression in oocytes. A, surface expression levels in oocytes injected with cRNAs for WT ��F� (�F

for �FLAG), �R350W�F� or WT ��� (no FLAG control) ENaCs. B, surface expression levels in oocytes injected with WT ��F�, �V351A�F�, �G355R�F�, or WT
���ENaC. Levels of surface expression were assessed using a chemiluminescence assay 48 h after cRNA injection. Relative light units measured from individual
oocytes were normalized to the mean relative light units of the same batch of oocytes expressing WT (��F�). Data were combined from three batches of
oocytes. Similar relative surface expression levels of WT (��F�) and mutants (�R350W�F� in A and V351A�F� and �G355R�F� in B) were observed (NS, not
significant). However, levels of FLAG-tagged WT (��F�, positive control) were significantly greater than nontagged WT (���, negative control, p � 0.0001,
one-way ANOVA with Dunnett’s post hoc test).
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Figure 4. Function variants do not alter ENaC surface expression in FRT cells. Cells were transfected with a WT or mutant (�R350W, �V351A, or �G355R)
�-subunit with an N-terminal HA and C-terminal V5 epitope tag, together with nontagged WT �- and �-subunits. Surface proteins were labeled with NHS-SS-
biotin and following cell lysis were isolated with avidin beads. Following SDS-PAGE, proteins were immunoblotted with a horseradish peroxidase-conjugated
anti-HA antibody. Chemiluminescence was quantified with Bio-Rad ChemiDocTM system and then normalized to GAPDH expression. Resultant values were
normalized to WT to obtain the relative expression levels for each experiment. Relative �ENaC surface expression levels are shown in A (full-length, 90 kDa), C
(cleaved, 22 kDa), and E (full-length� cleaved, 90 � 22 kDa). Relative total �ENaC expression levels (5% of the cell lysate) are shown in B (full-length, 90 kDa),
D (cleaved, 22 kDa), and F (full-length � cleaved, 90 kDa � 22 kDa). G, representative blots for surface and total (5% of the cell lysate) expression of �ENaC.
Negative control (NC) represents results with cells transfected with nontagged human �, �, and � cDNAs. WT, 350, 351, and 355 represent the cells transfected
with cDNAs for HA-�-V5, HA-�R350W-V5, HA-�V351A-V5, or HA-�G355R-V5, respectively, accompanied with nontagged �- and �ENaCs. Bars are mean � S.D.
All values in A–F were not significantly different (p � 0.05, n � 3– 4, one-way ANOVA).
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loss– of–function variant associated with pseudohypoaldoste-
ronism type 1 (�C133Y (7, 32)). We found that the human
ENaC variants �R350W, �V351A, �G355R, located in �7 and
the succeeding loop of the �-ball domain, significantly altered
ENaC activity when expressed in oocytes. �R350W and
�G355R are novel gain– of–function variants, and for �R350W,
this gain– of–function was associated with a reduction in Na�

self-inhibition along with an increase in channel open probabil-
ity. The changes in ENaC activity seen with �R350W, �V351A,
and �G355R were not accompanied by a change in channel
surface expression as assessed by a chemiluminescence-based
assay in oocytes and a surface biotinylation assay in FRT cells,
although patch-clamp analysis suggested that the channel

number in patches of �R350W was modestly greater than WT.
These differing results may reflect differences in the sensitivi-
ties of these assays to detect changes in ENaC surface expres-
sion. Although we did not perform single channel recordings of
�G355R�� channels, the increase in current and the accompa-
nying decrease in Na� self-inhibition suggest that channels
with the �G355R variant have an increase in open probability
when compared with WT (30). Although the �V351A variant
significantly reduced ENaC currents, it did not affect surface
expression level, Na� self-inhibition response, nor open prob-
ability. At present, it is unclear what caused the current
reduction.

Figure 5. �R350W, �H354R, and �G355R reduce the Na� self-inhibition
response. A, C, E, and G, representative recordings in oocytes expressing WT
or mutant ENaCs to show the Na� self-inhibition response. Oocytes were
clamped at �100 mV, whereas bath Na� concentration was increased from 1
mM (NaCl-1, gray bar) to 110 mM (NaCl-110, black bar). Traces were superim-
posed with the same time and current scales. B, D, F, and H, Iss/Ipeak represents
the magnitude of Na� self-inhibition. Values were obtained from amiloride-
sensitive Iss and Ipeak. Horizontal bars are mean � S.D. Data were collected
from three batches of oocytes. The p values were from Student’s t tests, NS,
not significant.

Figure 6. �R350W has an increased channel open probability. A, repre-
sentative traces of single channel recordings from oocytes expressing WT
���, �V351A��, and �R350W��. Cell-attached patches were performed at
�80 mV (opposite to pipette potential) with a NaCl-110 bath solution and a
pipette solution containing 110 mM LiCl. C and O represent closed and open
states. Recordings were further filtered at 20 Hz with a low-pass Gaussian
following 100 Hz of low-pass Gaussian algorithm by ClampFit 10 (Molecular
Devices) for display. The filtering did not eliminate transitions, as judged by
visual inspection. B, single channel conductances of WT and the two variants,
determined by linear regression of unitary currents and clamping voltages in
the range of �20 to �100 mV. Values were not significantly different (p �
0.05, one-way ANOVA). C, NPo as the product of N (channel number in
patches) and Po (open probability) of WT and the mutant channels. D, N (chan-
nel numbers) of WT and mutant channels. E, Po of WT and mutant channels.
B–E, data are shown as dot plots with mean and S.D. as bars. Significantly
different values in C–E are noted (p � 0.05, one-way ANOVA followed with a
Dunnett’s post hoc test). NS, not significant.
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We used a �-subunit with an extracellular epitope tag to
determine surface expression of ���ENaCs. As �-subunits
alone do not transit to the plasma membrane at a measurable
level in Xenopus oocytes (33), �-subunits at the surface level
largely reflect ��� channels (34 –36). We observed similar lev-
els of surface expression of WT and mutant ENaCs in Xenopus
oocytes and FRT cells, using either an epitope-tagged �-subunit
or an epitope-tagged �-subunit.

The identification of multiple functional variants in the
�-ball domain of �ENaC strongly suggests that this domain

plays an important role in ENaC-gating regulation. The �-ball
is a structure formed by five �-strands and is surrounded by the
helical finger, thumb, and knuckle domains and the �-sheet
palm domains (Fig. 1) (20, 21). In ASICs, Arg-191 in the �-ball
interacts with protonable residues at the acidic cavity, poten-
tially contributing to acid sensing (20). Extracellular protons in
the physiological range selectively activate human ENaCs by
presumably interacting with multiple �- and �ENaC residues
(37, 38). It would be interesting to examine whether �Arg-350
plays any role in the pH regulation of ENaC. In MEC-4, touch-
disrupting mutations were identified in the �-ball domain (39).
However, there have been few studies examining the specific roles
of residues in ENaC �-ball domains (32, 40–42). Mutations of a
pair of Cys residues within the rat ENaC �-ball (first and sixth
extracellular Cys forming a sulfide bridge) greatly hampered chan-
nel delivery to plasma membrane (32), suggesting that the struc-
tural integrity of the �-ball domains in all three-subunits is essen-
tial for efficient functional expression of ENaCs. We previously
observed that mutations of the same pair of Cys residues of mouse
�ENaC suppressed the Na� self-inhibition response (40), which
could reflect some degree of misfolding. Edelheit et al. (41)
reported that �R350A significantly reduced whole-cell current
that was associated with a moderately reduced surface expression.
Although the magnitude of the Na� self-inhibition response was
not altered, the rate of the decrease in Na� current in response to
a rapid increase in [Na�] was enhanced (41). The homologous
mutation in �-subunit (�K328A) led to a reduced channel current,
associated with reduced channel surface expression (42). The
authors also noted a reduced Na� self-inhibition response, which
should increase ENaC activity. We found that four substitutions
(Trp, Gly, Gln, and Leu) at �Arg-350 led to increased channel
currents, associated with a suppressed Na� self-inhibition re-
sponse. Taken together, our results and previous studies suggest
that the �-ball domains have important roles in the regulation of
ENaC gating.

The increases in current seen with channels expressing the
�R350W and �G355R variants were similar in magnitude to
that seen with the �W493R variant and significantly greater
that that seen with the �C479R variant (Figs. 2 and 8) (16, 31).
The observation that the �C479R variant was present on one
allele of a sibling pair with a Liddle syndrome phenotype (31)
suggests that individuals with an �R350W, �G355R, or
�W493R variant are at risk for hypertension presenting as
Liddle syndrome.

Figure 7. Other variants at�Arg-350 increase ENaC activity. Normalized currents obtained in the same batches of oocytes expressing WT and mutant channels are
shown in A (�R350G and WT), B (�R350Q and WT), and C (�R350L and WT). Normalized currents (measured at �100 mV) were obtained as described in Fig. 2 legend.
Data were pooled from three batches of oocytes for each WT and mutant pair. Bars are mean � S.D. The p values were from Student’s t tests.

Figure 8. Comparisons of the effects of �R350W and other known gain–
of–function human ENaC variants. ENaC activities and Na� self-inhibition
responses were examined in the same batches of oocytes expressing human
ENaC ��� (WT), �R350W��, �C479R��, or �W493R��. A, normalized cur-
rents of WT, �C479R, �R350W, and �W493R mutants, obtained in three
batches of oocytes with numbers of cells in parentheses. B, Iss/Ipeak of WT and
the three variants, obtained in three batches of oocytes. Significantly differ-
ent values in both A and B are noted (p � 0.0001, one-way ANOVA followed by
Tukey’s post hoc test). NS, not significant. C, locations of �Arg-350, �Trp-493,
and �Cys-479 in a trimeric model of human ENaC. Three subunits (�, �, and �)
are shown as three colored ribbons, from PDB 6BQN (21), using PyMOL 2.0
(60). Three residues where the gain– of–function variants reside are shown as
yellow spheres. D, zoomed-in view of the same model as C. For clarity, only
�Arg-350 in �7 of �-subunit and a partial palm domain of �-subunit are
shown. Eight �ENaC residues within 8 Å of the side chain of �Arg-350, pre-
dicted by PyMOL, are shown. The dashed line identifies �/�-subunit interface.
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Low-frequency and rare variants likely influence the herita-
bility of complex disorders (43–45). Furthermore, normal
physiological processes may be modified by rare variants (45).
All functional variants in this study are rare. The �Arg-350
variants (Trp, Gly, Gln, and Leu) have reported allele frequen-
cies of less than 0.001 (dbSNP Build 152). �R350Q was reported
as a de novo mutation in an individual with nonfamilial Brugada
syndrome together with a KCNB2 mutation (46), and SCNN1A
has been included in the current list of genes associated with
Brugada syndrome (47). The �R350Q variant was reported in
an individual with Dent disease (48), although its contribution
to the disease is unclear. As sequencing efforts increase, we
expect to see reports of additional associations of ENaC vari-
ants with human diseases.

The variants �R350W, �W493R, and �C479R suppress the
Na� self-inhibition response (Fig. 7) (16). All three residues are
located at an intersubunit interface (Fig. 8C), highlighting the
important role of intersubunit interfaces in ENaC gating (17, 21,
31, 41, 42, 49–52). The �Arg-350 side chain in the resolved ENaC
structure projects toward the �-subunit palm domain (21). Exam-
ination of the structure in the vicinity of �Arg-350 indicates that
most �ENaC residues near �Arg-350 are polar (Fig. 8D). We spec-
ulate that �Arg-350 and nearby �-subunit polar residues form a
hydrophilic patch interacting with their counterparts in the �-sub-
unit palm domain, facilitating the Na� self-inhibition response.
Replacing �Arg-350 with Trp or Leu would interfere with these
hydrophilic interactions between the �- and �-subunits and with
the Na� self-inhibition response.

Based on structural information from ASIC1 (53), we previously
suggested �Trp-520 in mouse ENaC (equivalent to human �Trp-
493) and nearby residues in the �-subunit form a hydrophobic
patch that facilitates interactions with neighboring structures
within ENaC (54). The orientation of �Trp-493 in the resolved
human ENaC structure (21) is consistent with this notion. Shobair
et al. (55) suggested a different mechanism of ENaC activation by
�W493R based on a heterotetrameric ���� model, where W493R
on one �-subunit interfaces with �Glu-348, and W493R on the
other �-subunit interfaces with residues on the �-subunit. The
resolved structure of ENaC does not support their model, as ENaC
is an ��� trimer (21), where �Trp-493 is in proximity to hydro-
phobic and aromatic residues, including residues in loops con-
necting the �6 and �7 and the �8 and �9 in the �-subunit. Multiple
substitutions at �Trp-493 (Ala, Cys, or Glu) result in an �2.5-fold
increase in amiloride-sensitive current (16). This observation sug-
gests that it is the loss of �Trp-493 interactions with neighboring
residues when other amino acids are placed at this site that leads to
the loss of Na� self-inhibition, rather than interactions between
�W493R and �Glu-348 (55).

In summary, �R350W, �G350G, �R350Q, �R350L, and
�G355R are novel gain– of–function human ENaC variants,
whereas �V531A is a loss– of–function variant. When ex-
pressed in Xenopus oocytes, �R350W shares similar features
with the �W493R and �L511Q variants (16, 17) as well as
�C479R mutation implicated in Liddle syndrome (31). These
variants increase whole-cell Na� currents and open probability
and suppress the Na� self-inhibition response. When exam-
ined, little or no effect on the number of channels expressed at
the plasma membrane has been observed. These variants form

a new class of ENaC extracellular gain– of–function variants
with properties that are distinct from classic Liddle mutations
targeting the PY motif. Further studies are needed to determine
the contributions of these variants to human disorders.

Experimental procedures

Materials

All reagents were purchased from Sigma unless otherwise
noted.

Site-directed mutagenesis

Point mutations in human �ENaC cDNA were generated
using QuikChange II XL site-directed mutagenesis kit (Agilent,
Santa Clara, CA). Target mutations were verified by direct
DNA sequencing. Mutant and WT human ENaC cRNAs were
synthesized with either SP6 or T7 RNA polymerase (Thermo
Fisher Scientific, Waltham, MA), using linearized plasmids as
templates. Synthesized cRNAs were purified with an RNA puri-
fication kit (Qiagen, Germantown, MD), and concentrations
were quantified by spectrophotometry.

ENaC expression

For functional expression of human ENaCs, cRNAs for �-, �-,
and �ENaC subunits (2 ng/subunit) were co-injected into oocytes
obtained from female Xenopus laevis. The University of Pittsburgh
Institutional Animal Care and Use Committee approved the ani-
mal protocol. Injected oocytes were incubated for 20–30 h at 18 °C
in modified Barth’s saline (MBS: 88 mM NaCl, 1 mM KCl, 2.4 mM

NaHCO3, 15 mM HEPES, 0.3 mM Ca (NO3)2, 0.41 mM CaCl2, 0.82
mM MgSO4, 10 �g/ml streptomycin sulfate, 100 �g/ml gentamy-
cin sulfate, and 10 �g/ml sodium penicillin, pH 7.4).

Two-electrode voltage clamp

Two-electrode voltage clamp was performed 24 h after
cRNA injection at room temperature (20 –24 °C), using either
an TEV200A amplifier (Dagan, Minneapolis, MN) with a Digi-
Data 1550 interface (Molecular Devices, Sunnyvale, CA) or an
Axoclamp 900A amplifier (Molecular Devices) with a DigiData
1440A interface, controlled by pClamp 10 (Molecular Devices),
as reported previously (17, 56). Pipettes filled with 3 M KCl had
a resistance of 0.2–2.0 megohms. Oocytes were continuously
voltage-clamped at �100 mV (membrane potential).

Na� self-inhibition

Na� self-inhibition was performed as reported previously
(17, 57). Na� self-inhibition responses were recorded following
a rapid transition from 1 mM Na� bath solution (NaCl-1: 1 mM

NaCl, 109 mM N-methyl-D-glucamine, 2 mM KCl, 2 mM CaCl2,
and 10 mM HEPES, pH 7.4) to 110 mM Na� solution (NaCl-110:
110 mM NaCl, 2 mM KCl, 2 mM CaCl2, and 10 mM HEPES, pH
7.4). Oocytes were then perfused with 110 mM Na� solution
containing 10 �M amiloride to determine the amiloride-insen-
sitive component of the whole-cell current. The ratio of steady-
state amiloride-sensitive current (Iss) in 110 mM Na� solution,
obtained 40 s after transition to the 110 mM Na� solution, to the
peak amiloride-sensitive current (Ipeak) observed following the
transition to 110 mM Na�, reflects the magnitude of Na�

self-inhibition.
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Patch clamp

Cell-attached patch clamp was performed in oocytes ex-
pressing WT ���, �R350W��, or �V351A�� human ENaC.
Bath solution contained 110 mM NaCl, 2 mM KCl, 2 mM CaCl2,
10 mM HEPES, pH 7.4. Pipette solution contained 110 mM LiCl,
2 mM KCl, 2 mM CaCl2, 10 mM HEPES, pH 7.4. Patch clamp was
carried out using a PC-One patch-clamp amplifier (Dagan
Corp.) and a DigiData 1440A interface connected to a PC. Cell-
attached patches were clamped at �80 or �100 mV (negative
value of pipette potential). pClamp 10 software (Molecular
Devices) was used for data acquisition and analyses. Single-
channel recordings were acquired at 5 kHz, filtered at 1 kHz
with a built-in Bessel filter. Channel open probability was esti-
mated with the single-channel search function of pClamp 10
from recordings that were a minimum of 5 min in length. Uni-
tary currents at clamping voltages (i.e. membrane potentials) of
20, �20, �40, �60, �80, �100, and �120 mV were determined
by cursor measurements and used to generate a current-voltage
plot yielding single channel slope conductance.

Surface expression in Xenopus oocytes

ENaC surface expression was determined using a chemilu-
minescence assay and a human �ENaC construct with an extra-
cellular epitope FLAG tag (58), as described previously (17).
Oocytes were injected with 2 ng/subunit cRNAs for WT or
mutant human �-subunit, WT human �-subunit, and human
�-subunit with an extracellular FLAG epitope tag (DYKD-
DDDK) that was inserted between residues Thr-137 and Arg-
138. Oocytes injected with a WT �-subunit cRNA without the
FLAG tag and WT �- and �-subunit cRNAs were used as a
negative control group. Surface expression was assayed 48 h
after cRNA injection. All steps were performed on ice, except
for the last step that was performed at room temperature.
Briefly, following a 30-min incubation with MBS (without anti-
biotics) supplemented with 1% BSA (MBS/BSA), oocytes were
incubated with MBS/BSA supplemented with 1 �g/ml of a
human anti-FLAG M2 mAb (Sigma) for 1.5 h. Oocytes were
then washed six times for 5 min in MBS/BSA and incubated in
MBS/BSA supplemented with 1 �g/ml secondary antibody
(peroxidase-conjugated AffiniPure F(ab	)2 fragment goat anti-
mouse IgG; Jackson ImmunoResearch, West Grove, PA) for 1 h.
Cells were extensively washed six times for 5 min in MBS/BSA
and finally washed six times for 5 min in MBS without BSA.
Individual oocytes were transferred into a white U-bottom
96-well plate, and 100 �l of SuperSignal ELISA Femto Maxi-
mum Sensitivity Substrates (Thermo Fisher Scientific, Rock-
ford, IL) was added to each well. Following a 1-min incubation
at room temperature, chemiluminescence was quantified with
a GloMax-Multi� detection system (Promega, Madison, WI).
Results are presented in relative light units.

Surface expression in FRT cells

FRT cells were maintained in DMEM/F-12 with 8% fetal
bovine serum (Life Technologies, Inc.) at 37 °C incubation.
Human �ENaC with an N-terminal HA tag and a C-terminal
V5 tag (HA-�ENaC-V5), �- and �-subunit DNAs were cloned
into pcDNA3.1 (25). Mutations (�R350W, �V351A, and
�G355R) were introduced into HA-�ENaC-V5. FRT cells were

grown on plastic wells (6-well size from Costar, Corning, NY)
and transfected with 2 �g of plasmid DNA per well using Lipo-
fectamine 3000 transfection kit (Invitrogen), as described pre-
viously (36).

Surface biotinylation was performed 24 h following transfec-
tion, as described previously (25, 59). Confluent FRT cells were
washed four times with cold Dulbecco’s PBS with 1.0 mM CaCl2
and 0.5 mM MgCl2 (PBS, Corning Life Sciences). Cells were
biotinylated with 1 mg/ml sulfosuccinimidyl 2-(biotinamido)-
ethyl-1,3	-dithiopropionate (sulfo-NHS-SS-biotin, Thermo
Fisher Scientific, Rockford, IL) in a buffer containing 137 mM

NaCl, 15 mM sodium borate, pH 9.0. After quenching biotin
with 8% fetal bovine serum in DMEM/F1–2, cells were washed
twice with PBS. Cells were then lysed in a detergent solution
(100 mM NaCl, 40 mM KCl, 1 mM EDTA, 10% glycerol, 1% Non-
idet P-40, 0.4% deoxycholate, 20 mM HEPES, pH 7.4) supple-
mented with protease inhibitor mixture III (Calbiochem) for 20
min. 5% of the cell lysate was saved for analysis of total protein
expression. The remaining cell lysate was incubated with 50 �l
of immobilized avidin-coated beads (Thermo Fisher Scientific)
overnight at 4 °C. Precipitated proteins were heated for 3 min in
Laemmli buffer containing 5% �-mercaptoethanol at 95 °C,
then resolved by SDS-PAGE on a 4 –15% polyacrylamide gel,
and immunoblotted with either a horseradish peroxidase-con-
jugated anti-HA antibody (0.05 �g/ml, 3F10, Sigma) or a horse-
radish peroxidase-conjugated anti-GAPDH antibody (0.2
�g/ml, ProteinTech, Rosemont, IL). Immunoblots were devel-
oped with a chemiluminescence reagent (PierceTM ECL West-
ern blotting substrate, Thermo Fisher Scientific). A Bio-Rad
ChemiDocTM system was used to image blots. Experiments
were repeated in four batches of FRT cells.

Statistical analyses

Data are presented as either mean � S.D. alone or together
with dot plots from individual datum points. Statistical signifi-
cance was examined by the Student’s t test for two group data
and one-way ANOVA followed by Dunnett’s (for comparison
between a mutant and WT) or Tukey’s post hoc test for multi-
ple group data, using Prism 8 (GraphPad Software, San Diego).
A p value of � 0.05 was considered statistically significant.

Author contributions—X. W., J .C., S. Shi, and S. Sheng data cura-
tion; X. W., J. C., and S. Sheng formal analysis; X. W., J. C., S. Sheng,
and T. R. K. investigation; X. W. writing-original draft; X. W.,
S. Sheng, and T. R. K. writing-review and editing; S. Shi methodol-
ogy; S. Sheng and T. R. K. conceptualization; T. R. K. resources;
T. R. K. supervision; T. R. K. funding acquisition; T. R. K. project
administration.
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