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to epithelial sodium channels containing the 6-subunitin
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The limited sodium availability of freshwater and terrestrial
environments was a major physiological challenge during verte-
brate evolution. The epithelial sodium channel (ENaC) is pres-
ent in the apical membrane of sodium-absorbing vertebrate epi-
thelia and evolved as part of a machinery for efficient sodium
conservation. ENaC belongs to the degenerin/ENaC protein
family and is the only member that opens without an external
stimulus. We hypothesized that ENaC evolved from a proton-
activated sodium channel present in ionocytes of freshwater
vertebrates and therefore investigated whether such ancestral
traits are present in ENaC isoforms of the aquatic pipid frog
Xenopus laevis. Using whole-cell and single-channel electro-
physiology of Xenopus oocytes expressing ENaC isoforms
assembled from af3y- or 6By-subunit combinations, we dem-
onstrate that Xenopus 8f7y-ENaC is profoundly activated by
extracellular acidification within biologically relevant ranges
(pH 8.0-6.0). This effect was not observed in Xenopus af3y-
ENaC or human ENaC orthologs. We show that protons inter-
fere with allosteric ENaC inhibition by extracellular sodium
ions, thereby increasing the probability of channel opening.
Using homology modeling of ENaC structure and site-directed
mutagenesis, we identified a cleft region within the extracellular
loop of the 8-subunit that contains several acidic amino acid
residues that confer proton-sensitivity and enable allosteric
inhibition by extracellular sodium ions. We propose that Xeno-
pus 8fy-ENaC can serve as a model for investigating ENaC
transformation from a proton-activated toward a constitutively-
active ion channel. Such transformation might have occurred
during the evolution of tetrapod vertebrates to enable bulk
sodium absorption during the water—to-land transition.

Water—to—land transition was a key event in the evolution of
tetrapod vertebrates. By transitioning into terrestrial habitats,
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tetrapod ancestors faced major physiological challenges, such
as the need for breathing air, as well as a limited availability of
water and sodium. Mechanisms that permitted sodium absorp-
tion from a sodium-scarce environment are likely to have
evolved while vertebrate ancestors invaded freshwater habitats.
This suggests that tetrapod ancestors were likely equipped with
amolecular machinery allowing them to evolve efficient mech-
anisms for bulk sodium and, consequently, water conservation.

Although comparative physiological studies reveal evolu-
tionary adaptations at an organ level (1), not much is known
about functional adaptations of proteins required for sodium
and water conservation. In tetrapod vertebrates, a key protein
for conserving sodium is the epithelial sodium channel
(ENaC).? The presence of ENaC genes in modern jawless ver-
tebrates (2) suggests that ENaC evolved early within the verte-
brate lineage. In sodium-absorbing epithelia of tetrapod verte-
brates, ENaC is located in the apical epithelial membrane and is
rate-limiting for the uptake of sodium ions into epithelial cells.
In conjunction with basolateral Na™ /K™ -ATPases, ENaC facil-
itates the vectorial absorption of sodium ions, which also gen-
erates osmotic forces that drive water absorption (3). In
humans, an increased volume of airway surface liquid as well as
urinary salt-loss in patients suffering from type 1 pseudohy-
poaldosteronism are clinical manifestations of ENaC loss— of—
function mutations mirroring insufficient adaptation to terres-
trial life (4). In severe cases, patients require a daily uptake of
18 g of sodium (2) as compared with a recommended daily value
of a maximum of 1.5 g (5).

Canonical ENaCs assemble as heterotrimers consisting of
three homologous subunits («, B, and 7). A fourth 8-subunit
can replace the a-subunit and form heteromeric ENaCs with
different biophysical and functional properties (6). A recent
study resolving the structure of human aBy-ENaC revealed
that each subunit contains short intracellular N and C termini
that are connected by two transmembrane helices and a large
extracellular domain (7). The topology of this ectodomain
resembles a clenched hand comprising the “palm,” “knuckle,”

2 The abbreviations used are: ENaC, epithelial sodium channel; ANOVA, anal-
ysis of variance; ASIC, acid-sensing ion channel; SSI, sodium self-inhibition;
PDB, Protein Data Bank; TEVC, two-electrode voltage-clamp; NMDG,
N-methyl-p-glucamine.

J. Biol. Chem. (2019) 294(33) 12507-12520 12507

© 2019 Wichmann et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0001-9808-8407
https://orcid.org/0000-0002-9156-3284
https://orcid.org/0000-0002-4472-695X
https://orcid.org/0000-0002-3554-7538
http://www.jbc.org/cgi/content/full/RA119.008255/DC1
mailto:mike.althaus@newcastle.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.008255&domain=pdf&date_stamp=2019-6-27

pH-sensitivity of Xenopus 6-ENaC
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Figure 1. Extracellular pH modifies Xenopus 6By-ENaC currents. g, representative recordings of transmembrane currents (/,,) in oocytes expressing
Xenopus 8By-ENaC. The extracellular pH alters transient current kinetics of Xenopus 88y-ENaC. Arrows indicate application of amiloride (g, 100 um). b, current
decays normalized to the initial peak values (/;; i,itia) from recordings as depicted in a follow a two-phase decay consisting of a fast, initial decay as well as a
slow, continuous current rundown. ¢, fractions of the fast, initial current decay (/,, decay;,ii) are reduced with decreasing extracellular pH (one-way ANOVA,
F = 20.31,p < 0.0001; Tukey’s multiple comparisons test). d, amiloride-sensitive current fractions (Al,,,) derived from recordings as shown in a are markedly
increased at pH 6.0 (Kruskal-Wallis test, p < 0.0001; Dunn'’s multiple comparisons test).

“finger,” and “thumb” domains, surrounding a central “B-ball.”
Aside from the ENaC-specific GRIP (gating relief of inhibition
by proteolysis) domain, which confers channel sensitivity to
proteolytic activation, this structural organization is similar to
that of acid-sensing ion channels (ASICs) (7). However, despite
a shared channel architecture, representatives of the degen-
erin/ENaC family are functionally distinct, as they open in
response to various external stimuli (8). This includes mecha-
nosensitive degenerin channel complexes in Caenorhabditis
elegans (9), peptide-gated channels in molluscs (10), and pro-
ton-sensitive ASICs (11). ENaC emerged in vertebrates and is
the only member of this protein family that opens without an
external stimulus, representing an evolutionary adaptation for
bulk sodium absorption. The molecular changes that enabled
an evolutionary transition from a stimulus-activated ancestor
to a constitutively-active ENaC are unknown. Many freshwater
vertebrates absorb sodium ions from the environment by spe-
cialized gill epithelial cells (ionocytes) that secrete protons via
apical vacuolar-type H" -ATPases (12). Protons are either used
to co-transport sodium ions into ionocytes via proton-coupled
sodium transporters or sodium-permeable ion channels that
open in response to apical extracellular acidification (12).

We hypothesize that ENaC evolved from an ancestral ion
channel that was originally opened in response to protons and
then progressed to constitutive activity during water—to—land
transition. At a molecular level, this hypothesis is supported
by the close evolutionary relationship and the structural simi-
larities between ENaC and proton-gated ASICs, which are evo-
lutionarily older. ASICs recently have been suggested as possi-
ble candidates for proton-coupled sodium uptake in ionocytes
of freshwater zebrafish (12) and rainbow trout (13). Further-
more, mammalian ENaCs are sensitive to extracellular pH in a
species-specific manner, as exemplified by a 40% increase in
human afy-ENaC activity due to extracellular acidification
(pH 6.0) (14). Precedents for evolutionary gain or loss of pro-
ton-sensitivity within vertebrate degenerin/ENaC proteins
have recently been demonstrated for ASIC1, which gained pro-
ton-sensitivity during the emergence of bony fishes (15), and
ASIC4, which lost proton-sensitivity in the mammalian lineage
(16).
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We and others (17) have recently shown that §3y-ENaC in
the South African clawed frog Xenopus laevis generates sodium
currents, which have a more transient form compared with
those generated by a3y-ENaC. This is the only ENaC ortholog
characterized to date that displays such characteristics. The
transient nature is due to a slow but profound inhibition of
ENaC activity by extracellular sodium ions, a mechanism called
sodium self-inhibition (SSI) (17, 18). Various cues such as acidic
pH (14) or proteases (19) have been shown to increase ENaC
activity by uncoupling channels from SSI. Because Xenopus
ENaCs containing the 6-ENaC subunit are insensitive to pro-
teolytic activation (18), we hypothesized that the enhanced SSI
of Xenopus 6By-ENaC enables channel activation through
extracellular acidification. This ENaC isoform might therefore
exhibit functional characteristics of a proton-stimulated ENaC
ancestor.

We demonstrate that, in contrast to canonical Xenopus
afy-ENaC, 6-ENaC-containing channels are profoundly
activated by extracellular acidification. Modulation of 83+y-
ENaC activity within physiological pH ranges (pH 8.0-6.0)
involves changes in single-channel open probability and SSI.
Substitutions of single aspartates in an acidic cleft located at
the interface between the 6-ENaC knuckle and finger
domains significantly alter 68y-ENaC sensitivity to pH and
SSI, suggesting convergence of channel regulation by extra-
cellular protons and sodium within this region. These find-
ings suggest that Xenopus 63y-ENaC might be a functional
model that represents the junction between constitutively active
ENaCs and cognate proton-gated ion channels within the degen-
erin/ENaC family. Consequently, this amphibian ENaC isoform
may provide insight into the evolutionary transition between gat-
ing modes that may have occurred during water—to—land transi-
tion of tetrapod vertebrates.

Results

Activity of Xenopus &y-ENaC is sensitive to changes in the
extracellular pH

The effect of extracellular acidification on Xenopus 68y-
ENaC activity was functionally characterized by microelec-
trode recordings, employing the Xenopus oocyte expression
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Figure 2. Extracellular pH affects gating of Xenopus-6y ENaC. g, representative current traces from cell-attached patch-clamp recordings of oocytes
expressing Xenopus 8By-ENaC at a holding potential of —100 mV. Recordings were performed using pipette solutions at pH 8.0, 7.4, or 6.0 (pH
Dashed lines indicate the number of individual open channel levels or the current baseline (c). b, open probability of individual channels increases with

2 3 4
Level (n)

pip)'

decreasing pH,,;, (one-way ANOVA, F = 24.93, p < 0.0001; Tukey’s multiple comparisons test). ¢, number of visible channels in cell-attached recordings
as depicted in a (one-way ANOVA, F = 5.83, p = 0.0056; Tukey’s multiple comparisons test). d, current (/)/voltage (V,,.,4) plots derived from cell-attached
patch-clamp recordings of Xenopus 5By-ENaC at different pH,;,. The pH,;, does not affect the channel’s slope conductance (G;,,.) (one-way ANOVA,
F = 1.854, p = 0.1725), which was calculated from the linear regression of unitary channel conductance (mean of at least three single channel
amplitudes per n) at —40 to —100 mV. e, estimation of the number of channels in the patch. P, is the probability of n channels out of the total number
of channels within the patch being opened. The observed probability for each n (i.e. observed current levels) was compared with a theoretical
distribution of P, as predicted by a binomial distribution, assuming n channels present in the patch. There is no significant difference between observed
and predicted P, values under the employed pH,,;, conditions (Kruskal-Wallis test with Dunn’s multiple comparisons test in each panel. p > 0.9999
between each pair of P,, observed and P, predictecﬁ). Statistical evaluation is based on individual recordings lasting for 120-180 s with a maximum of
eight channels per patch. Please note that single-channel characteristics at pH,,;, 7.4 include data, which have been reported earlier (18). Patch-clamp

data for both studies were collected simultaneously using the same oocyte batches for all pH conditions and af+y- as well as 88y-ENaC.

system at a holding potential (V,,) of —60 mV. We and others
have previously demonstrated a transient nature of transmem-
brane currents (/,,) mediated by Xenopus ENaC containing the
8-subunit after washout of the ENaC blocker amiloride or a
rapid increase in the extracellular sodium concentration (17,
18). As illustrated in Fig. 1, this characteristic decay of I, in
oocytes expressing Xenopus 63y-ENaC was altered depending
on the extracellular pH. Changing the extracellular sodium
concentration ([Na*]) from 1 to 90 mm at pH 7.4, elicited a
rapid increase of I, that was followed by an initial, fast decline
and a subsequent slow but continuous rundown (Fig. 1a). Cur-
rent levels normalized to the initial peak in 7, followed a two-
phase decay function (Fig. 15), where 39.6 = 3.1% (n = 14) of
the total current decline was attributable to the initial fraction
of I, decay (Fig. 1c). Although this two-phase current decline
was also observed at an alkaline pH of 8.0, the fraction of the
initial 7,, decay under these conditions was significantly
enhanced (58.5 = 3.1%; p = 0.0058; n = 17). In contrast, acid-
ification of the extracellular solution to pH 6.0 markedly
reduced the fraction of this initial 7,, decay (15.9 = 6.9%; p =
0.0048; n = 8) culminating in increased amiloride-sensitive
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current fractions (Al,,;,) mediated by Xenopus 6B7y-ENaC
under acidic conditions (Fig. 1d). Changes in the extracellular
pH did not affect the magnitude of the initial peakin I, (I, pear:
—11.0 = 1.6 pA at pH 8.0, —10.3 = 1.1 pA at pH 7.4, and
—12.5 = 1.1 pA at pH 6.0; one-way ANOVA, F = 0.7822, p =
0.4632). These results indicate that the extracellular pH influ-
ences the activity of Xenopus 8B3y-ENaC and alters current
kinetics at the whole-cell level.

We next examined the effect of extracellular acidification on
8Bvy-ENaC at the single channel level. Cell-attached patch-
clamp recordings lasting for 120-180 s at V},,q = —100 mV
were performed using pipette solutions with pH values (pH,;,)
of 8.0, 7.4, and 6.0 (Fig. 2). Individual channels displayed a low
open probability (P,) at pH,;, 8.0 (0.12 £ 0.02, n = 15), whereas
P, increased to a moderate level at pH ;, 7.4 (0.24 = 0.04; p =
0.011; n = 18) and was further enhanced at pH,;, 6.0 (0.52 *
0.04; p = 0.0003; n = 15; Fig. 2b). The number of visible chan-
nels was increased in recordings performed at pH ;, 6.0 when
compared with alkaline conditions at pH,;, 8.0 (Fig. 2¢); how-
ever, a low P, at pH,;, 8.0 might lead to underestimation of
channel abundance. The slope conductance (Gg,.) of 6By-

J. Biol. Chem. (2019) 294(33) 12507-12520 12509
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Figure 3. Xenopus 6By-ENaC is activated by extracellular acidifica-
tion. g, recordings of /,, in oocytes expressing Xenopus a3-y- or 83y-ENaC.
Amiloride-sensitive (a, amiloride, 100 uMm) currents mediated by 6Bvy- but
not aByENaC are dose-dependently increased by a stepwise acidification
of the extracellular solution (pH 8.0-6.0; pH 0.2 increments). b, dose-re-
sponse curves of acid-mediated activation of Xenopus ENaC isoforms. Nor-
malized (I, orx/Im, pr 7.4) current levels were fit to a sigmoidal dose-re-
sponse function with variable slope (Hill-slope of Xenopus 6By-ENaC:
1.6 = 0.4). Compared with pH 7.4, alkaline conditions decrease channel
activity to a minimal factor (min.) of 0.5 = 0.2, whereas acidification
enhances activity of §3y-ENaC by a maximal factor (max.) of 3.9 = 0.2. ¢
and d, maximal acid-induced activation of currents mediated by human
aBy-ENaC (max.: 1.03 £ 0.01) or §By-ENaC (max.: 1.05 = 0.01) is consid-
erably reduced with respect to Xenopus 53y-ENaC.

ENaC was derived from linear regression of unitary channel
conductance at Vj,, 4 from —40 to —100 mV. The pH,,;, did not
significantly affect the G, of the channel (Fig. 2d; one-way
ANOVA, F = 1.854, p = 0.1725). Taken together, these results
indicate that pH-mediated modulation of Xenopus 63y-ENaC
activity is based on changes in channel P,.

The 8-subunit confers a pronounced pH-sensitivity to Xenopus
ENaC

The magnitude of stimulation of Xenopus 6By-ENaC by
extracellular acidification was compared with channels con-
taining the a-ENaC subunit (aB+y) from X. laevis as well as both
human channel orthologs (637y- and afy-ENaC). As depicted
in Fig. 3a, stepwise acidification of the extracellular solution
from pH 8.0 to 6.0 in increments of pH 0.2 resulted in a succes-
sive increase of I,, in oocytes expressing Xenopus 3y-ENaC
that reached a maximum between pH 6.4 and 6.0 and was sen-
sitive to amiloride. The dose-response relationship of individ-
ual current levels normalized to [, at pH 7.4 indicated a maxi-
mal activation of the channel by a factor of 3.9 * 0.2 under
acidic conditions, whereas alkaline pH reduced ENaC activity
to a factor of 0.5 = 0.2 (n = 15). The sigmoidal dose-response
curve exhibited a Hill-slope of 1.6 = 0.4 and a half-maximal
channel activation (EC,) at pH 6.9 (Fig. 3b). Alkaline inhibi-
tion, maximal acidic activation, as well as the EC, and Hill-
slope of Xenopus 6By-ENaC were not significantly different
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when H,SO, was employed for pH titration instead of HCl
(data not shown). In Xenopus ENaC containing the a-subunit,
maximal acid-induced channel activation was significantly
reduced to a factor of 1.2 = 0.06 (n = 12), while there was no
channel inhibition at alkaline pH. Moreover, pH-mediated
channel regulation between pH 8.0 and 6.0 was also reduced in
human ENaC isoforms (Fig. 3, ¢ and d). Human 8B3y-ENaC
displayed a maximal acid-induced fold-activation of 1.05 =
0.01 and an alkaline inhibition to a factor of 0.93 * 0.04 (n =
12), whereas in a3y-ENaC these values were 1.03 = 0.01 and
0.9 £ 0.1 (n = 11), respectively. These results demonstrate that
the presence of the §-subunit facilitates a markedly pronounced
pH-sensitivity in Xenopus ENaC that is not found in either iso-
form of orthologous human channels. As /,, recorded in water-
injected oocytes was not reduced at alkaline pH or enhanced
under acidic conditions, the involvement of endogenous chan-
nels or transporters in the observed pH-mediated changes of ,,;
can be excluded.

Changes in the extracellular pH modulate ENaC sodium
self-inhibition

Transmembrane currents mediated by ENaC are generally
subject to a time-dependent decay that is attributable to two
distinct mechanisms. SSI describes an immediate, allosteric
reduction of ENaC P, in the presence of high extracellular
sodium concentrations (20). The more slowly-progressing
feedback inhibition involves a reduction of channel P, and
internalization of membrane resident ENaCs due to accumula-
tion of intracellular Na* (21). Because previous reports have
suggested that ENaC activation by acidic pH is predominantly
associated with a reduced SSI (14), we hypothesized a similar
correlation in Xenopus 83y-ENaC, which is characterized by a
markedly pronounced SSI (17, 18). Fig. 4 illustrates a similar
reversibility and magnitude of acid-induced activation and SSI
of 8By-ENaC as well as an apparent independence of both
mechanisms from the slowly progressing decline of I,, over
time. Increasing extracellular [Na*] from 1 to 90 mm at pH 7.4
induced a peaked increase in I, that was followed by a rapid,
initial current decay and a subsequent slow current rundown
(Fig. 4a, also see Fig. 1). During this current rundown, extracel-
lular acidification (pH 6.0 for 30 s) reversibly activated a con-
sistent fraction of I, that did not decrease but slightly increased
over time (Fig. 4b). The observed increase of pH 6.0 sensitive I,
fractions can be mainly attributed to a reduced magnitude of
the first acid-induced current increase, which may originate
from an overlap with the strong, initial current decay. Notably,
the magnitudes of SSI (measured as current fractions lost after
3 min of SSI) were constant over time when SSI was repetitively
induced (Fig. 4, ¢ and d) supporting a functional correlation
between ENaC activation by acidic pH and inhibition through
SSIL. To examine a functional interdependence between Na™-
mediated inhibition and acid-induced activation of ENaC, we
assessed the Na™* dependence of channel activation due to
extracellular acidification. As presented in Fig. 4, e and f, the
half-maximal proton-induced activation (pH EC,,) of Xenopus
8B7y-ENaC depended on the extracellular Na™ concentration.
Reduction of the extracellular [Na™] dose-dependently shifted
the channel’s pH EC,, to more alkaline values, suggesting that
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Figure 4. Acidic pH elicits a reversible, consistent, and Na*-dependent
activation of Xenopus 8By-ENaC. g, representative current trace of an
oocyte expressing Xenopus 63y-ENaC. Repetitive acidification of the extracel-
lular milieu (from pH 7.4 to pH 6.0 for 30 s) reversibly increases /,, (a =
amiloride, 100 um). b, normalized I, fractions sensitive to pH 6.0 (I, pH60 —
I, o1 7.4, o 6.0) from recordings as depicted in a. Acid-sensitive current
fractions do not decline but rather increase over time (repeated-measures
one-way ANOVA, F = 57.8, p < 0.0001; Tukey’s multiple comparisons test). c,
assessment of repetitive SSI in an oocyte expressing Xenopus 83y-ENaC. SSI
was defined as the decline in /,, at 3 min after increasing extracellular [Na™]
from 1to 90 mm. d, Na™ self-inhibition values from recordings as depicted in
c. Current fractions lost to SSI ((ly, peak — Im, 3 min)/I, peak) @re constant over
time (repeated-measures one-way ANOVA, F = 0.8537, p = 0.4313; Tukey’s
multiple comparisons test). e, Na™ dependence of acid-induced ENaC activa-
tion was examined through determination of the pH ECs, (pH 8.5-6.0; pH 0.5
increments) under different Na™ concentrations (390 mm). Fractional chan-
nel activation was calculated as the difference between /,, at a given pH (/,, ,)
and the minimal /, (I, i) in relation to the maximally observed difference in
Ing (Apmax i) in the respective recording ((ly,  — Iy, min)/Amax I))- £, alkaline-
shift of the pH ECs,, in the presence of reduced [Na '] indicates that less pro-
tons are needed for acid-induced channel activation under low [Na*] (one-
way ANOVA, F = 38.51, p < 0.0001; Tukey's multiple comparisons test). g,
extracellular acidification (from pH 7.4 to pH 6.0) still activates Xenopus 83y-
ENaC after maximal rundown of currents.
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lower concentrations of protons are necessary to maximally
activate ENaC at reduced extracellular [Na™]. These results
indicate that pH-mediated activation of Xenopus 6By-ENacC is
affected by the extracellular Na™ concentration, thus suggest-
ing that protons alter channel activity by modulating SSI.
Because SSI of ENaC is only visible during experimental condi-
tions as employed in this study, we additionally examined
whether proton-sensitivity is maintained in prolonged record-
ings, when currents have reached a quasi-steady—state level.
Indeed, extracellular acidification (pH 6.0) led to a strong
increase of I, (Fig. 4¢), indicating that pH-sensitivity might also
represent a physiologically relevant stimulus activating Xeno-
pus 6By-ENaC.

To further examine how protons and SSI interact, we deter-
mined the effect of extracellular pH on the magnitude and
apparent Na™ affinity of SSI in Xenopus 58y-ENaC (Fig. 5). SSI
was assessed by successively increasing extracellular [Na™]
from 1 mM to either 3, 10, 30, 60, 90, or 120 mMm for 3 min.
Fractional inhibition of I,, from the initial peak current
(Lns, peard) to current levels after 3 min (I, 5 ;) Was defined as
SST((Uas, peak!Tar, 3 min)! Uz, pear))- Plotting the magnitude of SSI
against the respective [Na*] allowed for estimation of maximal
inhibition (V,,,,) and apparent Na™ affinity (K,,,) of SSI as val-
ues followed a Michaelis-Menten relation. Under alkaline con-
ditions (pH 8.0), Xenopus 6By-ENaC exhibited a maximal SSI
of 0.57 * 0.03, which was half-maximally reached at 2.1 = 0.4
mM Na™ (n = 10; Fig. 5a). Although the magnitude of maximal
SSI reached a similar value in the presence of pH 7.4 (0.55 *
0.03, p = 0.9502), the Na™ affinity of SSI was significantly
reduced under these conditions (K,, = 8.1 = 2.2 mMm Na™,
p = 0.0347, n = 16; Fig. 5b). Compared with pH 7.4, further
extracellular acidification (pH 7.0, Fig. 5¢) led to a reduction
of maximal SSI (0.4 = 0.05, p = 0.017), whereas the apparent
Na™ affinity (K, = 16.8 = 6.8 mm Na™, p = 0.9999, n = 13)
was not significantly changed. In line with results presented
in Fig. 1, SSI of Xenopus 6B3y-ENaC was altered at pH 6.0
(Fig. 5d). Although the magnitude of channel inhibition was
moderate in the presence of 3 mm Na™ (0.29 * 0.04), it did
not increase with rising sodium concentrations (SSI at 120
mM Na® = 0.14 = 0.02, n = 10). Because these data did not
converge with a Michaelis-Menten fit, estimation of maxi-
mal SSI and apparent Na™ affinity was not feasible. Never-
theless, these data clearly demonstrate that changes in the
extracellular pH affect the magnitude and Na™ affinity of SSI
in Xenopus 8Bvy-ENaC, thus indicating that extracellular
protons activate ENaC by antagonizing Na " -mediated chan-
nel inhibition. This is additionally supported by the synergy/
antagonism estimation using an interaction matrix com-
posed of Na™- and proton-dependent SSI values of Xenopus
8By-ENaC (Fig. 5e¢). The landscape visualizes deviations of
the observed values for SSI from a reference model (Bliss
model (22)) that assumes a functional independence be-
tween the two factors. Negative Bliss values with an average
of —23.4 indicate an antagonistic combinational effect,
which protons exert on the Na*-dependent magnitude of
SSI in Xenopus 83y-ENaC.
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Figure 5. Extracellular acidification antagonizes sodium self-inhibition
of Xenopus 6By-ENaC. g, representative recording of /,, in oocytes express-
ing Xenopus 8B3y-ENaC. SSI was determined by rapidly changing extracellular
[Na*] from 1 to 3-120 mm at pH 8.0. The magnitude of Na™ self-inhibition
(s, peak = I, 3 min) I, peat) Was plotted against the respective [Na™] and fitted
to the Michaelis-Menten equation, allowing estimation of maximal inhibition
(Vinax) @and apparent affinity forNa™ (K,,,). b-d, current recordings and Michae-
lis-Menten plots of SSI in Xenopus 83y-ENaC at pH 7.4, 7.0, and 6.0. At pH 8.0,
Vnax Of SSIis similar to values at pH 7.4 (b), but SSI displays an enhanced Na™
affinity (Kruskal-Wallis test, p = 0.035; Dunn’s multiple comparisons test).
Compared with values at pH 7.4, further acidification (pH 7.0, ¢) decreases
Vi hax (One-way ANOVA, F = 5.508, Tukey’s multiple comparisons test, p =
0.017), whereas the apparent Na™ affinity of SSI is not significantly changed
(Kruskal-Wallis test, Dunn’s multiple comparisons test, p > 0.999). Irrespective
of the extracellular [Na™], SSI of Xenopus 88y-ENaC is markedly reduced at pH
6.0 (d) and does not converge to a Michaelis-Menten fit. e, interaction land-
scape for Na*-dependent SSI at different extracellular H. The Bliss score
indicates deviations of the measured combinational responses from a refer-
ence model that assumes independence between Na*- and H*-mediated
responses. Negative Bliss values across the interaction landscape indicate
antagonism of Na™ dependent SSI by increasing H*.
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Mutations in the “acidic cleft” of the 8-ENaC subunit affect
pH-sensitivity and sodium self-inhibition

To identify molecular determinants that facilitate ENaC
inhibition by extracellular Na™ ions, Kashlan et al. (23) previ-
ously reported the presence of a putative binding site for Na™ in
the extracellular loop of the a-subunit in mouse ENaC, which
was termed the acidic cleft. Site-directed mutagenesis of several
acidic residues within this region altered SSI of mouse af3y-
ENaC and in one instance additionally affected sensitivity to
extracellular acidification. Hypothesizing the presence of an
analogous site of interaction in Xenopus 6-ENaC, we aimed to
determine the effect of mutating key acidic residues within the
8-subunit of Xenopus ENaC on channel modulation by pH and
Na™. Fig. 6a shows a 3D model of a Xenopus 53y-ENaC trimer
based on the cryo-EM - derived structure of human «af3y-ENaC
(PDB code 6BQN (7)). The region corresponding to the acidic
cleft in mouse a-ENaC is located at the interface between the
B2-a1 and B6-B7 loops at the top of the 6-ENaC extracellular
domain (Fig. 6a, red area). This region contains three nega-
tively charged aspartates (8Asp-105, Asp-293, and 8Asp-296)
that provide potential sites for protonation and potentially con-
tribute to the coordination of Na™ ions (Fig. 6, b and c) (24, 25).
Within the corresponding structure of Xenopus a-ENaC, two
of these aspartates are replaced by a lysine (aLys-105) and a
glutamate (aGlu-296), respectively (Fig. 6¢). In line with previ-
ous observations (23), these structural discrepancies may suffi-
ciently alter the Na*- and proton-sensitivity of the a-ENaC
acidic cleft. To examine a putative role of the acidic cleft in
proton-mediated activation and SSI of Xenopus 63y-ENaC, we
generated mutant channels containing either single (85,55
Spaoany and Sp06n), double (85)05x p29sn AN Bpoosn, p2o6n)s
or triple (8p3: 0p105K, D293, D2o6n) SUDStitutions of aspartates
within this region. The charge-reversing 8,05 mutation
was chosen, as the presence of a negatively charged 6Asp-
105 in place of a lysine in «-ENaC (aLys-105) represents the
primary difference between both subunits’ acidic clefts.
Because negatively charged side chains in positions 8Asp-
293 and O6Asp-296 are conserved in the acidic cleft of
a-ENaC, we decided to investigate their impact on pH- and
Na™-mediated channel regulation through introduction of
charge-neutralizing mutations.

The magnitude of acid-induced activation of WT or
mutant channels was assayed by successively decreasing
extracellular pH from 8.0 to 6.0 in pH 0.2 increments (see
Fig. 3). Introduction of single aspartate substitutions within
the 8-ENaC acidic cleft significantly reduced maximal acid-
induced channel activation when compared with WT 68y-
ENaC (Fig. 7, a and b, and Table 1). This effect was not
cumulative in double-mutant channels, as maximal acid-in-
duced activation of 8p105 p2osnBY aNd Sp93n,p2oenBY Was
not significantly different from that of ENaC containing only
single aspartate substitutions. However, mutation of all aspar-
tates in the 86-ENaC acidic cleft (8p;) further decreased the
maximal acid-induced channel activation when compared with
double-mutant channels (Table 1). Reduction of ENaC activity
at alkaline pH was curtailed in all mutant channels except those
containing the 8,45, mutation (Table 1). The SSI of WT and
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Figure 6. Comparison of acidic cleft residues in Xenopus 6- and a-ENaC subunits. g, structural arrangement of a Xenopus 53y-ENaC trimer with the position
of the 8-ENaC acidic cleft highlighted in red. b, sequence alignments of human and Xenopus ENaC subunits depicting the 82-a1 and B6-87 loops that
constitute parts of the 8-ENaC acidic cleft. Bold letters indicate acidic cleft residues that have been mutated in this study. ¢, models of the acidic cleft within
Xenopus 6- and a-ENaC. Residues in the acidic cleft are shown as stick representations with the rest of the protein chain depicted as ribbon representations.

Contacts between residues in the acidic cleft are highlighted with distances shown.

mutant Xenopus 83y-ENaC was assessed at extracellular [Na™]
from 3 to 120 mm as described above. Interestingly, ENaCs
containing the 8p506n Mutation (SproenBYs Sposn,p2oenBYs
and 6,5B7y) exhibited a strongly reduced SSI with moderate
inhibition of channel activity in the presence of 3 mm Na™
(8paoenBY, 0.23 * 0.04) that did not increase with [Na™]
(8pyoenBy SSI at 120 mm Na* = 0.18 = 0.02, n = 16; Fig. 7, ¢
and d). Although introduction of 85 s OF Opnosn also
decreased maximal SSI compared with WT channels, the con-
siderably reduced effect of these mutations indicates an essen-
tial role for the 6Asp-296 residue in SSI of Xenopus 6B3y-ENaC.

Functional convergence of ENaC regulation by protons and
Na™* within the acidic cleft was further investigated through
assessment of the half-maximal proton-induced activation (pH
EC,,) in the presence of high (90 mm) and low (3 mm) [Na™]
(Fig. 7, eand ). Consistent with the results shown in Fig. 4, eand
f, the pH EC,, of WT 6Bvy-ENaC significantly shifted from
6.93 + 0.02 (1 = 11) in the presence of 90 mm [Na™] to 7.49 =
0.05 (n = 12; p < 0.001) under 3 mm [Na™]. This shift was lost
in 88y-ENaC containing the single 6,44, OF triple 6,5 muta-
tions. Instead, the pH EC,, of channels containing acidic cleft
mutations was shifted toward more alkaline values in the pres-
ence of 90 mm [Na*] when compared with WT §8y-ENaC.

Taken together, these results suggest a contribution of neg-
atively charged residues within the acidic cleft of Xenopus
8-ENaC to the regulation of channel activity by pH and SSI.
Notably, the charge-neutralizing 8,44 mutation seems suffi-
cient for almost complete ablation of SSI, while also profoundly
decreasing acid-induced ENaC activation. Because substitu-
tions at the 6Asp-105 and 8Asp-293 positions mimicked the
8D296N effect on pH-mediated regulation of Xenopus 6B7y-
ENaC but induced a less profound reduction of SSI, distinct
contributions of these positions to channel regulation by pro-
tons and Na* may be hypothesized.

The acidic cleft is necessary but not sufficient for enhanced
pH-sensitivity of Xenopus 6y-ENaC

To test whether the acidic cleft of 8-ENaC is sufficient for
enhanced acid-induced ENaC activation, we mutated corre-
sponding residues within Xenopus a3 y-ENaC. Neither partial
(@r05p) Nor full (ay;osp Ea0ep,q2e71) reconstitution of the
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6-ENaC acidic cleft in the a-ENaC subunit conveyed an
enhanced pH-sensitivity to the channel (Fig. 7g), thus deeming
the acidic cleft necessary but not sufficient for proton-mediated
activation of Xenopus ENaC. Previous work on vertebrate
ASICs revealed that a segment connecting the first two
B-sheets within the proximal part of the channel’s ectodomain
modifies ASIC-gating kinetics and pH-sensitivity indepen-
dently of the proton sensor within the acidic pocket (26, 27).
Comparison of the corresponding peptide sequence in verte-
brate ENaCs revealed that a leucine residue is conserved in the
B1-pB2 linker of @-ENaC orthologs, whereas 8-ENaC contains a
lysine at this position (Fig. 9). Our homology model of Xenopus
6-ENaC indicates SLys-89 to be located in the subunit’s extra-
cellular loop, where it is oriented toward the $9-sheet of the
6-ENaC palm domain (Fig. 84). Substitution of this lysine by a
leucine (8ygo;) significantly shifted the pH dependence of the
channel to more acidic values (Fig. 85). Interestingly, baseline
currents generated by 6y g4o; By-ENaC were strongly reduced
under alkaline to neutral pH conditions, but still susceptible to
strong acid-induced activation, leading to an enhanced stimu-
lus-activated character of this mutant channel.

In summary, we have demonstrated that incorporation of the
d-subunit confers a pronounced pH-sensitivity to Xenopus
ENaC, generating acid-activated ion channels. Protons antago-
nize SSI and induce ENaC activation by increasing channel
open probability. Mutational analysis of single aspartates
within the 8-ENaC acidic cleft suggests a functional conver-
gence of channel regulation by pH and SSI within this region.
Although necessary, the presence of an acidic cleft is not suffi-
cient to enhance proton-sensitivity of ENaC. Analogous to ver-
tebrate ASIC1, the B1-32 linker in ENaC further modifies the
apparent pH-sensitivity of Xenopus 63y-ENaC.

Discussion

This study aimed to determine whether functional traits of
ancestral proton-activated ion channels are retained in the
6By-ENaC isoform of the anuran X. laevis. Indeed, our results
demonstrate that Xenopus 63y-ENaC, unlike aBy-ENaC, is
profoundly sensitive to changes in the extracellular pH. Extra-
cellular acidification from pH 8.0 to 6.0 resulted in a 7—8-fold
increase of amiloride-sensitive transmembrane currents in
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Figure 7. Three aspartates in the 5-ENaC acidic cleft distinctly affect ENaC sensitivity to pH and Na™. g, representative /,, recordings of Xenopus
oocytes expressing WT §B3y-ENaC or channels containing a single aspartate to asparagine (8p,06n/3y) Mmutation. Channel sensitivity to pH was assessed
by a stepwise reduction of extracellular pH from 8.0 to 6.0 (pH 0.2 increments). b, pH-dependent activation of §8y-ENaC containing none (wt), one
(8p105kBY: Op203nBY, AN Bp206nBY): tWO (8p203n,0206nBY AN 8p105k,0206n87Y) OF three (8p3BY: 8p10sk,p203n,0206nY) Mutations leading to substitution of
single aspartates. Maximum acid-induced channel activation is reduced in ENaC-containing single mutations (8510587, 8p203n87Y: @and 8p,06nB7Y) When
compared with WT §By-ENaC. There is no cumulative effect in channels containing two mutated aspartates, but substitution of three aspartates (85 87)
further decreases maximum acid-induced activation as well as alkaline channel inhibition (Kruskal-Wallis test, p < 0.0001; Dunn’s multiple comparisons
test). ¢, assessment of SSI at [Na™] from 3 to 120 mm in oocytes expressing WT (8837) or mutant (8p,0nB7Y) ENaC. d, Na™ self-inhibition ((ly peax —
In, 3 min)/Im, pear) Of WT, single, double, and triple mutant channels. Introduction of 8p,43y OF 85105« Moderately decreases maximal SSI when compared
with WT 83y-ENaC, whereas ENaC containing §p,0¢y has a profoundly reduced SSl irrespective of the extracellular [Na*]. Substitution of additional
aspartates in double or triple mutant channels does not further decrease ENaC SSI (one-way ANOVA, F = 10.26, p = 0.0003; Tukey’s multiple compar-
isons test). e, proton-sensitivity of 38y ENaC mutants was assessed by determining fractional channel activation ((/;;  — Iy min)/Amax /1) resulting from
a stepwise reduction of the extracellular pH (pH 8.5-6.0; pH 0.5 increments) in the presence of 90 or 3 mm extracellular Na™. f, reduction of extracellular
[Na"]evokes an alkaline-shift of the pH EC,, in WT 83y-ENaC but not in channels containing the 85,060 87 OF 8p387y mutations. However, in the presence
of 90 mm Na™, introduction of these mutations shifts the pH ECs, to more alkaline values, when compared with WT ENaC (one-way ANOVA, F = 48.02,
p < 0.0001; Tukey’s multiple comparisons test). g, pH-sensitivity of Xenopus afy-ENaC (n = 11) is not enhanced by partial (ay;05p87Y; 1 = 13) or full
(@k105D,E296D,0207L87Y; N = 12) reconstitution of the 3-ENaC acidic cleft in this subunit. Individual values for pH-mediated regulation and SSI of WT and
mutant ENaC (a-d), including statistical analyses, are listed in Table 1.

oocytes expressing Xenopus 6By-ENaC (Fig. 3). This stimula-
tory effect of extracellular protons is much stronger compared
with Xenopus ay-ENaC (Fig. 3), human ENaC orthologs (Fig.
3) (14), or rodent ENaCs (23, 28). The reversibility and rela-
tively fast time course of acid-induced ENaC activation suggest
that protons interfere with ENaC gating, rather than altering
membrane abundance of the channel. This is in line with pre-
vious studies that either demonstrated a decreased pH-sensi-
tivity of ENaCs containing gating-mutations (14, 29) or
reported a direct influence of protons on ENaC P, (30, 31).
Consistently, cell-attached patch-clamp recordings presented
in this study indicate an inverse correlation between pH and
ENaC P, (Fig. 2b). Previous studies reported a significant inhi-
bition of rat aBy-ENaC by cytoplasmic acidification (31, 32),
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but changes in the extracellular pH within a range that was
employed in our study have a slow and marginal effect on the
cytoplasmic pH of Xenopus oocytes (33, 34). Although we can-
not completely exclude a contribution of changes in the intra-
cellular pH to modulation of Xenopus 6By-ENaC activity, our
results suggest that channel gating is predominantly affected by
extracellular protons.

Previous studies have suggested that acid-induced ENaC
activation involves a relief from SSI, which describes an allos-
teric reduction of ENaC P, due to the binding of Na™ to the
extracellular domain of the channel (20, 23). Collier et al. (2009)
demonstrated that extracellular acidification (pH 8.5-6.5)
reduces the magnitude but not the Na™ affinity of SSI in human
afy-ENaC, thereby suggesting that protons trigger conforma-
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Table 1

pH-sensitivity of Xenopus 6-ENaC

pH-mediated regulation and Na™ self-inhibition of 8-ENaC acidic cleft mutants

Individual values for pH-mediated regulation and Na™ self-inhibition of Xenopus 8By-ENaC containing aspartate substitutions in the 8-ENaC acidic cleft derived from
recordings as presented in Fig. 7, a—d. Values for maximal activation and minimal activity in the “pH-mediated channel activation” columns are based on individual
sigmoidal dose-response functions. Statistical evaluation of these data was performed as follows: maximal activation (Kruskal-Wallis test, p < 0.0001; Dunn’s multiple
comparisons test); minimal activity (one-way ANOVA, F = 12.11, p < 0.0001; Tukey’s multiple comparisons test). Values for V, . and K, in the “Na™ self-inhibition”
columns are derived from individual Michaelis-Menten plots where applicable. Statistical evaluation of the corresponding data was performed as follows: V.. (Kruskal-
Wallis test, p < 0.0001; Dunn’s multiple comparisons test); K,,, (Kruskal-Wallis test, p = 0.061; Dunn’s multiple comparisons test). All values represent mean * S.E.

pH-mediated channel activation

Na* self-inhibition

Maximal activation Minimal activity n Vnax K, (mmNa%) n
8By-ENaC 3.48 = 0.31¢ 0.5 = 0.03* 22 0.72 £0.01 3.8 0.7 16
3105 BY 2.04 = 0.11¢? 0.62 = 0.02° 14 0.57 = 0.03” 2.7 1.2 9
Sp03nBY 1.94 * 0.07%° 0.49 *+ 0.03* 14 0.62 + 0.03” 8.9+ 3.6 16
Bpo0anBY 1.81 + 0.10° 0.60 + 0.02%° 16 .
Sp20n, p2oenBY 1.92 + 0.09%* 0.54 = 0.02* 19 15
Sp105K,p206nBY 1.7 £ 0.04*° 0.65 =+ 0.02° 17 11
81105k, 02038, 296N BY 1.38 = 0.04° 0.74 + 0.03” 12 10

“ p < 0.05 when compared with 85,05 p293n, p20snBY-ENaC in the respective column.

? p < 0.05 when compared with wildtype §8y-ENaC in the respective column.

tional changes that affect ENaC gating downstream of Na™ bind-
ing. The results we presented in this study indicate a similar
functional interdependence between pH and SSI in Xenopus 6By-
ENaC, because extracellular acidification (pH 8.0-6.0) also
reduced the V. of SSI in Xenopus 63y-ENaC in a dose-depen-
dent manner (Fig. 5). However, we observed an increased potency
of acidic pH in curtailing SSI of this amphibian ENaC isoform,
which is potentially caused by a proton-mediated antagonism of
Na™ bindingat a conserved Na™ coordination site within an acidic
cleft of the 6-ENaC ectodomain.

Additional evidence for functional convergence of ENaC
regulation by pH and SSI comes from mutations within the
8-ENaC acidic cleft, which decreased both acid-induced chan-
nel activation as well as ENaC inhibition through SSI (Fig. 7).
This is consistent with previous findings that demonstrated a
contribution of conserved negatively charged residues in the
acidic cleft of mouse a-ENaC to both SSI and pH (23). The
authors suggested the acidic cleft as a potential Na™ -binding
site that initiates SSI and proposed that protonation of a central
aspartate (Asp-296 in Xenopus 6-ENaC) at acidic pH would
obstruct Na™ coordination. Consistent with this hypothesis,
the 8,96y Mutation led to a full disruption of SSI in Xenopus
6By-ENaC, while also partially impeding acid-induced channel
activation (Fig. 7). A model involving a proton-mediated antag-
onism of Na™ binding, which would contribute to subsequent
channel activation by disruption of SSI, is consistent with the
observed shift in half-maximal proton-induced activation of
8By-ENaC due to a reduction of the extracellular [Na*] (Fig. 4,
e and f) as well as 8-ENaC acidic cleft mutations that mimic this
effect (Fig. 7, e and f). Furthermore, we observed a decrease in
the apparent Na™ affinity of SSI as a result from extracellular
acidification (Fig. 5). It thus seems reasonable to propose that
protonation of acidic residues within the 6-ENaC acidic cleft
shifts the Na*-binding equilibrium of this coordination site
and thereby impedes initiation of SSI. Substitutions of nearby
located aspartates in the 6-ENaC acidic cleft (85,05 and
Spao3ny), however, did not lead to a full ablation of SSI, whereas
acid-induced channel activation was reduced to a similar extent
as observed with the 85,46 mutation (Fig. 7). This accentuates
a central role for the negative charge of the 6Asp-296 moiety in
ENaC SSI, potentially involving coordination of Na™ at this
position. Interestingly, as indicated in Fig. 9, the negative
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charge present in Xenopus 8Asp-296 is strongly conserved
throughout the a-ENaC lineage as well as in other members of
the degenerin/ENaC family (7, 35), whereas it is lost in most
mammalian 8-ENaC orthologs. Although conservation of this
residue would imply a central role in channel functionality, its
presence does not seem to correlate with an increased pH-sen-
sitivity or SSI of ENaC. However, we found that introduction
of the neighboring 6,05 Or 8,95y Mutations in Xenopus
8-ENaC led to a small but significant reduction in the magni-
tude of ENaC SSI while also significantly reducing proton-in-
duced channel activation. Thus, it may be speculated that the
proximate molecular environment of 6Asp-296 additionally
modifies Na™ coordination within the acidic cleft, allowing for
modification of Na*- and pH-sensitivity without altering basic
channel functionality. Consistently, the structural similarities
between the acidic cleft of Xenopus 6-ENaC and «-ENaC sub-
units (Fig. 6; also see Fig. 9) suggest that subtle amino acid
alterations within this extracellular region may have profound
effects on the channel’s pH-sensitivity. This is interesting from
an evolutionary perspective, because mutations within the
acidic cleft might have the potential to transform a proton-
stimulated ENaC ancestor into a less proton-sensitive and
rather constitutively active channel. Indeed, it was recently
highlighted that functional diversification within the degen-
erin/ENaC protein family is associated with a high variability in
the extracellular regions contributing to the formation of the
acidic cleft, including the knuckle and finger domains as well as
the B6 -7 loop (2). Three acidic residues within that region are
conserved in a-like ENaC in lamprey as well as 6-ENaC in
amphibians and reptiles, whereas the number of acidic residues
decreases within the mammalian 6-ENaC lineage (Fig. 9).
Human 8B37y-ENaCs have a largely reduced SSI (36) and lack
strong pH-sensitivity (Fig. 3), suggesting a potential correlation
between altered acidic cleft structure and constitutive-ENaC
activity within the 8-ENaC lineage. It is, however, unclear
whether the altered structure of the acidic cleft in mammals
caused a reduction in SSI or the cleft mutated as a result of
functional uncoupling from gating mechanisms. We also note
that proton-sensitivity of Xenopus 63y-ENaC does not neces-
sarily represent a functional trait that was retained during chan-
nel evolution but may have developed secondarily in the sec-
ondarily aquatic, pipid frog (37). Future studies might focus on
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Figure 8. Proton sensitivity of Xenopus 63’y ENaCis further modulated by a lysine in the 3-ENaC 31-B2linker. a, homology model of the Xenopus 6-ENaC
subunit indicating the location of 6Lys-89 in the linker region between the 81 and 82 sheets in the palm domain. b, fractional channel activation ((/, , —
Ig, min)/ Amax Iny) resulting from a stepwise reduction of the extracellular pH (pH 8.0-5.5; pH 0.5 increments) in WT and 8,55, 8y ENaC. Introduction of the dyge,
mutation leads to a significant acidic-shift of the channel’s pH EC;,, (Student’s unpaired t test). ¢, representative /,, recording of an oocyte expressing 8ygo, 37y-
ENaC. Macroscopic currents mediated by mutant channels display “stimulus-activated” characteristics as they are low at neutral pH 7.4 and reversibly increased

by extracellular acidification (pH 6.0, 30 s; a = amiloride, 100 um).

comparing pH-mediated regulation of ENaC orthologs from
species representing early tetrapod ancestors to attain a better
understanding of this conundrum. In contrast to 8-ENaC, pro-
teolytic processing has exclusively been established in the
a-ENaC lineage, as represented by the presence of two furin
cleavage sites in subunit orthologs from terrestrial tetrapods
(Fig. 9) (38). Furin cleavage activates ENaC by uncoupling the
channel from SSI (19). This might provide a potential explana-
tion for the strong conservation of the acidic cleft structure and
residual pH-sensitivity in the a-ENaC lineage (Fig. 9).

The recently resolved structure of human afBy-ENaC identi-
fied extensive contacts between the knuckle and finger domains
of neighboring subunits, forming a collar of inter-subunit inter-
actions at the top of the extracellular loop (7). The a-helices
from the knuckle («6) and the finger domains (al and «2) of
human ENaC were shown to enclose the 86 -7 loop that has
been proposed to form part of the acidic cleft in mouse a-ENaC
(23) as well as Xenopus 6-ENaC (Fig. 6). The homology model of
Xenopus 6By-ENaC presented in this study indicates the
B6—B7 loops of individual subunits to be located between the
B2-al loop preceding the finger domain and the a6 —311 loop
of the knuckle domain within the same subunit, generating
individual intra-subunit conjunctions. Conformational changes
due to the coordination of Na™ in the 8-ENaC acidic cleft may
therefore be transmitted by means of the knuckle—finger collar to
drive structural reorganizations that eventually lead to the adop-
tion of alow P, ENaC-gating mode. Conversely, protonation of the
acidic cleft could oppose Na™ coordination at this site and thereby
shift the channel’s gating equilibrium toward a high P, state.
Although a precise mechanistic interpretation of how the acidic
cleft contributes to regulation of Xenopus 63y-ENaC gating by pH
and SSI may not be feasible based on the present results, they
clearly demonstrate that both modulatory factors converge within
the acidic cleft where they likely interact in a competitive manner.

Additionally, protons likely modulate conformational changes,
which would induce a transition into a low P_-gating mode,
downstream from the binding of extracellular Na™. The pres-
ence of a component in acid-induced activation of 63y-ENaC
that is independent of Na™ coordination at the acidic cleft is
indicated by the residual pH-sensitivity of 85,468y mutant
channels, which do not exhibit SSI (Fig. 7). Previous studies by
Snyder and co-workers (14, 28) have identified a crucial role of
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titratable residues within the - and y-ENaC subunits in facil-
itating acid-induced activation of human «fy-ENaC. Further
investigations by the same group (39) convincingly demon-
strated that key pH-sensitive residues located at the interfaces
between adjacent channel subunits affect ENaC gating by alter-
ing intersubunit distances through electrostatic interactions.
The subunit composition of Xenopus ENaC thus may alter pH-
sensitivity, not only by introduction of the 6-ENaC acidic cleft
but also through the formation of intersubunit interactions in
lower parts of the channel’s extracellular loop. pH-sensitive res-
idues in human afy ENaC have been proposed to facilitate
acid-induced channel activation through interactions with the
B1-pB2 linker in the lower palm domain of adjacent subunits
(39). This is in good agreement with our results suggesting that
modulatory sites distal to the acidic cleft, such as the 6-ENaC
B1-B2 linker, affect proton-induced activation of Xenopus
0By-ENaC (Fig. 8). These observations also suggest interesting
similarities to the molecular mechanisms determining pH-sen-
sitivity of ASICs. For example, mutations in the f1-[32 linker
conveyed pH-sensitivity to lamprey ASIC1 (26), largely
increased macroscopic and acid-induced current amplitudes of
elephant shark ASIC1 (27), and decreased the velocity of Xeno-
pus ASIC1.1 activation. Analogous to the proposed evolution-
ary adaptation of pH-sensitivity in ASICs from early diverging
vertebrates (27), structural modifications in the f1-£2 linker
could have enabled diversification of proton-sensitivity in
ENaC isoforms due to changes within the palm domain and
independently of the structure of the acidic cleft. Furthermore,
pH-sensitivity of mouse ASIC1la was reported to be affected by
mutations of Lys-211, which links the palm and thumb domains
of neighboring subunits (16). Conservation of the positive
charge at the corresponding position in Xenopus 6-ENaC
(6Arg-279) could additionally account for pH-sensitivity of this
channel isoform, whereas its absence in the a-ENaC subunit
(eMet-282) might prevent acid-induced channel activation.
Taken together, we propose that extracellular acidification acti-
vates Xenopus 63y-ENaC through modulation of SSI by means
of at least two distinct mechanisms. Protonation of acidic resi-
dues within the 8-ENaC acidic cleft likely shifts the Na™-bind-
ing equilibrium of a Na™ coordination site and thus impedes
initiation of SSI. Additionally, protons potentially interfere
with conformational changes, which would induce the transi-
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Figure 9. Conservation of motifs involved in pH-sensitivity and proteo-
lytic maturation of a- and 8-ENaC orthologs. Multiple sequence alignment
inferred from amino acid sequences of a- and 8-ENaC orthologs (Table S1)
showing sites involved in proton-mediated activation of X. laevis 63y-ENaC
that have been identified in this study (81-82, B2-al, and B1-32 linker).
Note that only one «a-like subunit ortholog has been identified in hagfish
Eptatretus burgeri and lamprey Petromyzon marinus, which therefore are dis-
played in a separate group. Rats do not have a functional gene for §-ENaC.
Colored backgrounds illustrate the presence of residues with hydrophobic
(blue) or polar (red) side chains in the B1-82 linker or negatively-charged
residues (yellow) in the acidic cleft. The Asp-296 position, which is essential for
Na™ coordination in Xenopus 83y-ENaC, is highlighted in red. Conservation of
the minimal consensus sequence for proteolytic maturation of ENaC subunits
by furin (sequence RXXR) is indicated by green check marks, and red crosses
represent the absence of this consensus sequence. Gray checkmarks indicate
the presence of an RXXR motif dislocated from the conserved location of the
respective furin cleavage site.

tion into a low P, gating mode resulting from the binding of
extracellular Na*.

Finally, the results presented in this study suggest a putative
physiological role of ENaCs containing the §-subunit. In adult
X. laevis, we found 8-ENaC mRNA exclusively in tissue samples
from the urogenital tract, including the kidneys, urinary blad-
der, and cloaca but not in the skin (18). The presence of func-
tional 6By-ENaC channels in the apical membrane of epithelial
cells within those organs could indicate a coupling of transepi-
thelial Na* absorption to urinary pH. Interestingly, luminal
acidification has been shown to stimulate Na™ absorption
across the toad urinary bladder (40), whereas Na™ absorption
across the skin was unaffected (41). Indeed, urinary acidifica-
tion has been observed along the distal mesonephric tubules
and the urinary bladder of multiple amphibian and reptile spe-
cies (42). In the urinary bladder of Bufo marinus, mucosal pro-
ton secretion was found to be partially associated with an
amiloride-sensitive Na™ absorption across the bladder epithe-
lium, suggesting a reciprocal coupling between these ion trans-
port mechanisms (43) that might resemble proton-coupled
Na™ absorption in ionocytes of freshwater fish. Previous work
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by Balinsky and Baldwin (44) reported that the urinary pH in
X. laevis is alkaline (pH 8.0), which might result from ammono-
telic nitrogen excretion in this species. Based on our studyj, this
would suggest 63 y-ENaC activity to be generally low. We have
previously shown that currents generated by 63y-ENaC are
consistently larger than those generated by afy-ENaC (18),
suggesting that ENaCs containing the -subunit might play a
role under conditions where maximum Na™ absorption is nec-
essary. X. laevis can survive droughts by aestivation, a physio-
logical state where the animals absorb water via the urinary
bladder. Nitrogen excretion switches from ammonotelia to
ureotelia under aestivation, which might trigger changes in uri-
nary pH. Indeed, McBean and Goldstein (45) reported a reduc-
tion in urine flow as well as an increase of plasma Na™ levels
preventing dehydration of X. laevis in an hyperosmotic envi-
ronment. Similar physiological responses due to salt stress have
been observed the aestivating toad Scaphiopus couchi (46) and
the semiaquatic B. marinus (47). However, because the cellular
localization of 6By-ENaC in the urogenital tract is still
unknown, further exploration is warranted to dissect the pre-
cise physiological role of this ENaC isoform under such
conditions.

In summary, we have demonstrated that X. laevis 83y-ENaC
is a profoundly pH-sensitive ion channel. Proton-sensitivity is
partially provided by an extracellular acidic cleft, where proto-
nation of acidic residues is coupled to SSI. These characteris-
tics, together with the evolutionary variability of this extracel-
lular region, suggest that 8-ENaC might have evolved from a
stimulated—activated ancestor that was uncoupled from pro-
ton-sensitivity during the evolution of tetrapod vertebrates.

Experimental procedures
Synthesis of cRNA

Constructs encoding full-length human or X. laevis 6-a-8-
and y-ENaC were present in the pTNT expression vector (Pro-
mega, Mannheim, Germany). Site-directed mutagenesis (prim-
ers listed in Table 2) was performed using the QuikChange
Lightning kit (Agilent Technologies, Waldbronn, Germany)
according to the manufacturer’s instructions. Successful
mutagenesis was verified by sequencing (SeqLab, Goettingen,
Germany). Constructs were linearized with BamHI (8- and
a-ENaC) or Nael (y-ENaC, both enzymes purchased from Pro-
mega). Plasmids containing B-ENaC were not linearized due to
the presence of BamHI and Nael restriction sites in the coding
sequence. Synthesis of m’G-capped cRNA was performed
using the T7 RNA polymerase system (RiboMAX large scale
RNA production system, Promega) according to the manufa-
cturer’s protocol. cRNAs were diluted in diethylpyrocarbonate-
treated H,O to a final concentration of 10 ng/ul per subunit for
two-electrode voltage-clamp (TEVC) recordings and 20 ng/ul
for patch-clamp recordings.

Expression in Xenopus oocytes

Stage V/VI oocytes were isolated from adult frogs as
described previously (18). Animals were anesthetized in 0.2%
MS-222/H,0 (Pharmaq, New Hampshire, UK) at pH 6.0 for 15
min prior to euthanasia by decapitation and sounding of the
spinal cord. The methods used to humanely euthanize the ani-
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Table 2
Site-directed mutagenesis primer sequences

Single nucleotide exchanges for site-directed mutagenesis are highlighted in underlined, bold letters. Generation of constructs containing single amino acid substitutions
(Bp2osne Opoosny Opi0sicr Oxsors and @yosp) as well as the 855050 pooen double mutant was achieved using wildtype 8- or a-ENaC constructs. The 8,45 primers were
employed in combination with constructs encoding 8p,06n- OF 8150030 paoen-ENAC for generation of 85,5 pooen- a0d 815105k prosn paoen-ENaC respectively. Primers
introducing the ay, o5, mutation were used in combination with constructs containing the 961 207, double mutation to create ey, sp gaosp,q2o71. triple mutants.

Primer Primer sequence (5'-3")
Op203n Forward GGCATGTTGTCATGAAGATTAGCCTTCACAACCATAGAC
Reverse GTCTATGGTTGTGAAGGCTAATCTTCATGACAACATGCC
Bpnoen Forward GGAGAGGCATGTTGTTATGAAGATCAGCCTTCACA
Reverse TGTGAAGGCTGATCTTCATAACAACATGCCTCTCC
Op 105K Forward GAGCTGATTAATATACATATTAACTTGCTTAAATCTGTAGGGGTTCAGATTGCAAAT
Reverse ATTTGCAATCTGAACCCCTACAGATTTAAGCAAGTTAATATGTATATTAATCAGCTC
Op293N,D296N Forward GGCATGTTGTTATGAAGATTAGCCTTCACAACCATAGAC
Reverse GTCTATGGTTGTGAAGGCTAATCTTCATAACAACATGCC
BicsoL, Forward GGTCACAGCTGGAAATATTAAGCCCTTTGACTGCAAGCCT
Reverse AGGCTTGCAGTCAAAGGGCTTAATATTTCCAGCTGTGACC
105D Forward GCAGATCATTCTGAATCGCATCGTACCTGTACGGGTTTAAG
Reverse CTTAAACCCGTACAGGTACGATGCGATTCAGAATGATCTGC
QE296D,0297L Forward GGAATGTAATCATGCAGATCAGTCCGAAGGACAAGGGTTAG
Reverse CTAACCCTTGTCCTTCGGACTGATCTGCATGATTACATTCC

mals were consistent with the recommendations of the AVMA
Guidelines for the Euthanasia of Animals. All procedures and
experimental protocols were approved by the Animal Welfare
Officer of the University of Giessen (Registration No.: M_478/
M_549/M_649) as well as the Animal Welfare and Ethical
Review Body at Newcastle University (Project ID No: ID 630).
The animal housing facility (Giessen, Germany) was licensed by
local authorities (Az: FD 62-§11 JLU Tierphysiologie). For some
experiments, oocytes were purchased from the European Xeno-
pus Resource Centre (Portsmouth, UK) or Ecocyte Bioscience
(Castrop-Rauxel, Germany). Oocytes were kept in a culture of
oocyte Ringer’s solution (CulORS, in mm: 90 NaCl, 1 KCl, 2
CaCl,, 5 HEPES, 2.5 sodium pyruvate, 0.06 penicillin G, and
0.02 streptomycin sulfate at pH 7.4) prior to injection with 32 nl
of cRNA. Cells were incubated at 16°C in a low-sodium
CulORS (in mM: 10 NaCl, 80 N-methyl-p-glucamine (NMDG),
1KCl, 2 CaCl,, 5 HEPES, 2.5 sodium pyruvate, 0.06 penicillin G,
and 0.02 streptomycin sulfate at pH 7.4) for 1-2 days for two-
electrode voltage-clamp measurements or 2—7 days for patch-
clamp recordings.

Electrophysiological recordings

TEVC and cell-attached patch-clamp recordings were essen-
tially performed as described previously (18). In brief, TEVC
recordings of oocyte whole-cell transmembrane currents (Z,,)
were conducted using a Turbo Tec-03X amplifier (NPI, Tamm,
Germany) at a holding potential of —60 mV. Current signals
were low-pass filtered at 1 kHz and recorded with a strip-chart
recorder. If not stated otherwise, oocytes were perfused with
ORS (in mMm: 90 NaCl, 1 KCl, 2 CaCl,, 5 HEPES) through a
gravity-driven system at a speed of 10 ml/min. Sodium was
substituted with equimolar amounts of NMDG in ORS con-
taining differing sodium concentrations. Adjustment of pH was
achieved with HCl and NaOH. NMDG was used for alkaline
titration of ORS containing defined Na™ concentrations. The
ENaC inhibitor amiloride (100 um; Sigma-Aldrich, Taufkirchen,
Germany) was employed to identify ENaC-mediated current frac-
tions (AL

ami)'
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For patch-clamp experiments, mechanically devitellinized
oocytes were placed in a recording chamber containing bath
solution (in mm: 145 KClI, 1.8 CaCl,, 10 HEPES, 2 MgCl,, and
5.5 glucose at pH 7.4). Patch pipettes (6 -9 megohm resistance)
were pulled from borosilicate glass capillaries, heat-polished,
and filled with pipette solution (in mm: 145 NaCl, 1.8 CaCl,, 10
HEPES, 2 MgCl, and 5.5 glucose). The pH of the pipette solu-
tion was adjusted using HCl and NaOH. Current signals were
amplified using an LM-PC patch-clamp amplifier (List-Medi-
cal, Darmstadt, Germany), low-pass filtered at 100 Hz (Fre-
quency Devices, Haverhill, IL), and recorded at 2 kHz with
Axon Clampex software (Axon Instruments, Foster City, CA)
using an Axon 1200 interface. Single-channel analysis was per-
formed with Clampfit version 10.7 (Axon Instruments). The
amount of channels in each recording was stochastically esti-
mated by comparing the number of visible channels with a
theoretical amount derived from binomial distribution as
described previously (21). All electrophysiological recordings
were performed at room temperature.

Homology modeling

Homology modeling of Xenopus ENaC isoforms was per-
formed using the I-Tasser web server (48) and PyMol (The
PyMOL Molecular Graphics System, Version 2.0, Schrodinger,
LLC) to generate the heterotrimeric complexes based on the
cryo-EM—derived structure of human afy-ENaC (PDB code
6BQN (7)). Sequence alignments were generated employing the
Clustal Omega online tool (49).

Vertebrate ENaC sequence analysis

Protein sequences of different vertebrate a- and 6-ENaC
orthologs were collected from the UniProt and NCBI Protein
databases. Because many protein sequences are ix silico trans-
lation products from genomic DNA of sequencing efforts from
different animals that have yet not been validated by cDNA
cloning, verification of available sequence information was
required. To verify, or complete, a coding DNA sequence, the
genomic sequence information was compared with known cod-
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ing sequences from other species such as human or Xenopus. If
available, genomic sequence information was retrieved from
the linked sources of the respective protein sequences (Table
S1). In other cases, sequence information from closely related
species was submitted to BLASTN (NCBI) with default param-
eters for megablast/blast algorithms choosing the database for
whole-genome shotgun contigs and specifying the respective
organism or family. Depending on the size of the output
sequence, all sequences were immediately or iteratively com-
pared with confirmed exon sequences using MultAlin (http://
multalin.toulouse.inra.fr/multalin/)® (51) with parameters set
for DNA alignment. The comparison included determination
of the exon boundaries and the quality of the splice donor
and acceptor sites, exon length (as a consistent feature across
various species and isoforms), as well as potential Kozak con-
sensus sequences for the translational start. The verified or
completed cDNA sequence information was finally trans-
lated into the respective amino acid sequence (https://web.
expasy.org/translate/;*> Table S1). Generation of sequence
alignments using the ClustalW algorithm was achieved
employing the Mega X suite.

Data analysis

Data are presented in column scatter plots or x—y graphs with
lines/symbols and error bars representing mean = S.E. Oocytes for
each experiment were derived from at least three different donors,
and the number of individual experiments () is noted in paren-
theses. Statistical analyses were performed using GraphPad Prism
version 7 (GraphPad Software Inc., La Jolla, CA). Gaussian distri-
bution of individual data were assessed with the D’Agostino and
Pearson omnibus normality test. Multiple groups were compared
by one-way ANOVA followed by a post hoc Tukey’s multiple-
comparison test (two-tailed) for normally distributed data or a
Kruskal-Wallis test followed by Dunn’s multiple-comparison test
(two-tailed) for data not following Gaussian distribution. A p
value = 0.05 was considered significant. Whole-cell current
decays as depicted in Fig. 1a were fit to the built-in equation for a
two-phase exponential decay provided by GraphPad Prism, using
the constraints Yo (Iy/Lyy, initiar after 0 min) = 1 and Y. ccan (as/
It inieia after infinite minutes) >0.

Evaluation of synergy or antagonism between extracellular
H™ and Na™ on ENaC sodium self-inhibition (SSI) was per-
formed with the R-based syngeryfinder package (https://synergy-
finder.fimm.fi)® (50). Oocytes were exposed to six concentra-
tions of Na™ (3, 10, 30, 60, 90, and 120 mm) at four different
extracellular pH values (pH 8.0, 7.4, 7.0, and 6.0), and the
degree of SSI was determined as relative fractions of ENaC
inhibition. pH values were expressed as proton concentra-
tion in millimolar. To quantify the degree of H"/Na™ inter-
action, SSI “inhibitory values” ranging from 0 (no inhibition)
to 100 (full inhibition) were used as input for the synergy
finder tool employing the Bliss synergy reference model (22).
Interaction scores were visualized as three-dimensional
interaction surfaces according to Ref. 50 with negative Bliss
values indicating antagonism and positive values indicating

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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synergy. All figures were assembled and finalized using Ink-
scape (version 0.92.3; https://inkscape.org).?
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