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The epithelial Na* channel (ENaC) functions as a pathway for Na* absorption in the kidney and lung, where it is
crucial for Na* homeostasis and blood pressure regulation. However, the basic mechanisms that control ENaC gat-
ing are poorly understood. Here we define a role in gating for residues forming interfaces between the extra-
cellular domains of the three ENaC subunits. Using cysteine substitution combined with chemical cross-linking, we
determined that residues located at equivalent positions in the three subunits (0477, Brass, and Yeas5) form inter-
faces with residues in adjacent subunits (Byss, Yvs7, and oy 19, respectively). Cross-linking of these residues altered
ENaC activity in a length-dependent manner; long cross-linkers increased ENaC current by increasing its open
probability, whereas short cross-linkers reduced ENaC open probability. Cross-linking also disrupted ENaC gating
responses to extracellular pH and Na’, signals which modulate ENaC activity during shifts in volume status. Intro-
duction of charged side chains at the interfacing residues altered ENaC activity in a charge-dependent manner.
Current increased when like charges were present at both interfacing residues, whereas opposing charges reduced
current. Together, these data indicate that conformational changes at intersubunit interfaces participate in ENaC
transitions between the open and closed states; movements that increase intersubunit distance favor the open
state, whereas the closed state is favored when the distance is reduced. This provides a mechanism to modulate

ENaC gating in response to changing extracellular conditions that threaten Na* homeostasis.

INTRODUCTION

The epithelial Na" channel (ENaC), a heterotrimer of
a, B, and v subunits, functions as a pathway for Na* ab-
sorption across epithelia in the kidney collecting duct
and connecting tubule, lung, distal colon, and sweat duct
(Schild, 2004; Snyder, 2005). In this role, the channel is
critical for the maintenance of extracellular Na" and
volume balance. ENaC mutations and defects in its reg-
ulation cause inherited forms of hypertension (e.g.,
Liddle’s syndrome) and hypotension (pseudohypoaldo-
steronism type 1; Lifton, 1996) and may contribute to
the pathogenesis of lung disease in cystic fibrosis (Boucher
etal., 1986). ENaCis a member of the degenerin (DEG) /
ENaC family of cation channels, which share common
structural features, including two transmembrane do-
mains, relatively short cytoplasmic amino and carboxy
termini, and a large highly structured extracellular do-
main (Ben-Shahar, 2011).

ENaC gating is modulated by a variety of extracellular
signals. In the kidney collecting duct, the Na" and Cl™
concentrations vary widely, decreasing to <10 mM under
conditions of hypovolemia and increasing to >150 mM
with volume excess (Rose, 1984). Both Na"and Cl™ inhibit
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ENaC activity (“Na' self-inhibition” and “Cl™ inhibition”),
functioning as negative feedback mechanisms to re-
duce Na' absorption (Garty and Palmer, 1997; Chraibi
and Horisberger, 2002; Sheng et al., 2004; Collier and
Snyder, 2009a, 2011). Serine proteases enhance ENaC
activity by removing inhibitory fragments from the
extracellular domains of the a and vy subunits (Hughey
et al., 2003, 2004; Caldwell et al., 2004; Carattino et al.,
2008; Kashlan et al., 2012). Laminar sheer stress stimu-
lates ENaC under conditions of increased urine flow
(Carattino et al., 2004; Morimoto et al., 2006). ENaC is
also exposed to wide fluctuations in extracellular pH.
Urine pH varies from 4.5 to 8, becoming acidic in re-
sponse to hypovolemia and alkaline with hypervolemia
(Rose, 1984). Urine pH also varies with diet and with
metabolic acidosis and alkalosis. In the lung, airway sur-
face liquid is slightly alkaline (pH 7.8-8.1) but becomes
acidic with lung diseases including pneumonia and cys-
tic fibrosis (Hunt, 2007; Pezzulo et al., 2012). Changes
in pH within these ranges modulate ENaC gating; acidic
pH stimulates ENaC, whereas alkaline pH inhibits
ENaC (Collier and Snyder, 2009b).
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Although changes in ENaC gating are critical for reg-
ulating epithelial Na* transport, the basic mechanisms
that control ENaC opening and closing are poorly un-
derstood. However, there are some recent data to guide
us. Crystallization of a related DEG/ENaC ion channel
(cASICla) in desensitized ( Jasti et al., 2007; Gonzales
et al., 2009) and toxin-bound (Baconguis and Gouaux,
2012; Dawson et al., 2012; Baconguis et al., 2014) states
has facilitated the generation of ENaC structural mod-
els, and mutagenesis has begun to identify residues nec-
essary for regulation of ENaC gating. In the current work,
we explore the mechanisms that underlie gating by tak-
ing advantage of extracellular domain residues located
at an equivalent position in the three ENaC subunits.
BENaC-E446 and YENaC-E455 function as putative pro-
ton sensors; mutation of these residues reduced ENaC
activation by acidic pH (Collier et al., 2012). In contrast,
the equivalent residue in « ENaC (K477) carried a positive
charge and its mutation enhanced acid activation of ENaC
(Collier et al., 2012). Here we demonstrate that these
residues are located at intersubunit interfaces, where
they participate in conformational changes required
for ENaC to transition between open and closed states.

MATERIALS AND METHODS

DNA constructs

cDNAs for human «a-, $-, and yENaC in pMT3 were cloned as
previously described (McDonald et al., 1994, 1995). Mutations
were generated by site-directed mutagenesis (QuikChange II XL;
Agilent Technologies) and sequenced in the University of Iowa
DNA Core.

Homology modeling and molecular graphics

A model of afyENaC based on the chicken ASICI crystal structure
(PDB ID 4NYK) was generated using Phyre2 (Kelley and Sternberg,
2009). Structures of each subunit were aligned to the appropriate
subunit of the ASICla homotrimer using UCSF Chimera. Molecu-
lar graphics and analyses were performed with the UCSF Chimera
package (Resource for Biocomputing, Visualization, and Infor-
matics, University of California, San Francisco, supported by
NIGMS P41-GM103311; Pettersen et al., 2004).

Biochemical cross-linking

HEK 293T cells cultured in Dulbecco’s modified Eagle’s medium
(DMEM) were transfected with cDNAs encoding human o-, 3-, and
YENaC using Lipofectamine 2000 (Invitrogen). After transfec-
tion, 10 pM amiloride was added to the culture medium. To reduce
spontaneous disulfide bonds, cells were incubated with 50 mM di-
thiothreitol (DTT) for 15 min at 37°C in Ringer’s solution (135 mM
NaCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 2.4 mM K,HPO,, 0.6 mM
KH,PO,, and 10 mM HEPES, pH 7.4) with 10 pM amiloride. To
cross-link cysteines, cells were treated with MTS reagents (100 pM
MTS-14-O4-MTS or MTS-2-MTS [Toronto Research Chemicals])
or vehicle (DMSO) at room temperature for 30 s (or 5 min for
aBrascYvszc) in Ringer’s solution with 10 pM amiloride.

To label and isolate cell surface ENaC, cells were washed with
ice-cold PBS with 1 mM CaCl, and MgCl, (PBS-CM), labeled with
0.5 mg/ml sulfo-NHS-biotin (Thermo Fisher Scientific) in PBS-CM
for 20 min on ice, and quenched by incubation with 100 mM gly-
cine in PBS-CM for 10 min. After washing three times with PBS-CM,

338 ENaC gating movements

cells were lysed in 0.4% sodium deoxycholate, 1% Nonidet P-40,
63 mM EDTA, 50 mM Tris-HCI, pH 8, protease inhibitor mixture
(Sigma-Aldrich), and 30 mM N-ethylmaleimide (Sigma-Aldrich).
Biotin-labeled cell surface proteins were isolated by incubating
500 pg of cell lysate with immobilized NeutrAvidin beads (Thermo
Fisher Scientific) for 12 h at 4°C, and ENaC subunits were de-
tected by immunoblotting using anti- or anti~y polyclonal anti-
body (1:2,000; StressMarq) followed by incubation with anti—rabbit
IgG antibody-peroxidase conjugate (1:2,000; Santa Cruz Biotech-
nology, Inc.) and enhanced chemiluminescence (ECL 2; Thermo
Fisher Scientific). Total ENaC was detected by immunoblotting of
the cell lysate (25 pg).

Expression and whole-cell electrophysiology

in Xenopus laevis oocytes

Oocytes were harvested from albino Xenopus females and manu-
ally defolliculated after a 1-h treatment with 2.4 U FALGPA activ-
ity per milliliter of type IV collagenase (Worthington Biochemical
Corporation) in Ca*free ND-96 (96 mM NaCl, 2 mM KCI, 1 mM
MgCl, and 5 mM HEPES, pH adjusted to 7.4 with NaOH). After
nuclear injection of cDNAs encoding a-, 3-, and yYENaC (0.02 pg/pl
each), cells were incubated at 18°C in modified Barth’s saline
(88 mM NaCl, 1 mMKCl, 0.33 mM Ca(NOs)y, 0.41 mM CaCly, 0.82 mM
MgSO,, 2.4 mM NaHCOs, 10 mM HEPES, 50 pg/ml gentamicin
sulfate, 10 pg/ml sodium penicillin, and 10 pg/ml streptomycin
sulfate, pH adjusted to 7.4 with NaOH) for 20-24 h before study.
Oocytes were voltage clamped to —60 mV (two-electrode voltage
clamp), and currents were amplified with an Oocyte Clamp OC-
725C (Warner Instruments), digitized with a MacLab,/200 interface
(ADInstruments), and recorded and analyzed with Chart software
(ADInstruments). Cells were bathed in 116 mM NaCl, 2 mM KCI,
0.4 mM CaCly, 1 mM MgCly, and 5 mM HEPES, pH adjusted to
7.4 with NaOH. Cysteines were modified by treatment with MTS
reagents (100 pM for 30 s; MTS-2-MTS, 1,2-ethanediyl bis-MTS;
MTS-4-MTS, 1,4-butanediyl bis-MTS; MTS-6-MTS, 1,6-hexanediyl
bis-MTS; MTS-11-O3-MTS, 3,6,9-trioxaundecane-1,11-diyl-bis-MTS;
MTS-14-O4-MTS, 3,6,9,12-tetraoxatetradecane-1,14-diyl-bis-MTS;
MTSES, sodium (2-sulfonatoethyl) MTS; MTSET, [2-(trimethyl-
ammonium)ethyl ]MTS bromide) or reduced with DTT (30 mM
for 30 s). ENaC current was determined by addition of 10 pM
amiloride to the bathing solution. To quantitate Na® self-inhibition,
cells were bathed in low sodium (1 mM NaCl, 115 mM N-methyl-
p-glucamine, 2 mM KCl, 0.4 mM CaCl,, 1 mM MgCl,, and 5 mM
HEPES, pH adjusted with HCI) and then rapidly shifted to high
sodium (116 mM NaCl). Na* self-inhibition was quantitated as
[ (peak current — steady-state current) /peak current]. pH responses
were measured in low Cl™ bath solution (58 mM Na,SO,, 58 mM
p-mannitol, 2 mM KCl, 0.4 mM CaCl,, 1 mM MgCl,, and 5 mM
HEPES, pH adjusted with NaOH).

Single-channel studies in Xenopus oocytes

ENaC was expressed in Xenopus oocytes by cytoplasmic injection
of equal concentrations of a-, B-, and yENaC cRNA (1 pg/ql
each) generated by in vitro transcription using mMessage mMa-
chine T7 (Ambion). Injection volumes were varied between ~5
and 20 nl to titrate ENaC expression to optimize the likelihood of
recording from patches containing only one to three channels.
Single-channel currents were recorded from devitellinized oocytes
in the cell-attached patch-clamp configuration 1-3 d after injection.
The pipette solution contained 110 mM LiCl, 2 mM KCl, 1.54 mM
CaCl,, and 10 mM HEPES, pH 7.4 with LiOH; or 1 mM LiCl,
109 mM NMDG, 2 mM KCI, 1.54 mM CaCl,, and 10 mM HEPES,
pH 7.4 with HCL. In all experiments, the bath solution contained
110 mM LiCl, 2 mM KCl, 1.54 mM CaCl,, 10 mM HEPES, pH 7.4
with LiOH. Li" was used in place of Na' to increase the signal to
noise ratio. Currents were amplified using an Axopatch 200B ampli-
fier (Axon Instruments), acquired at 4 kHz and filtered with a 1-kHz
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Bessel filter, and stored using Pulse software (version 8.53; HEKA).
Currents were digitally filtered at 50 Hz, and amplifier artifacts
were removed for analysis. Currents were analyzed using TAC
(version 3.0.8; Bruxton Corporation). Slope conductance was de-
termined between —100 and —40 mV. Open state probability (P)
was determined from recordings of patches containing one to
three channels for 5—10-min duration (—100 mV for inward cur-
rent and 60 mV for outward current). The number of channels
per patch was estimated by counting current levels. The majority
of patches contained one to two channels. To study the effects of
modification with MTS compounds, cells were pretreated with
the MTS compound before seal formation.

Statistics
All data are expressed as mean + SEM. Differences were assessed by
paired or unpaired ¢ tests, with significance indicated by P < 0.05.

RESULTS

Localization of intersubunit interfaces
We hypothesized that cgs77, Brass, and yg4s5 participate in
conformational changes that underlie ENaC gating. To
pursue this hypothesis, we first examined their locations
in the ENaC channel complex. Fig. 1 A shows a partial
sequence alignment of the three homologous ENaC
subunits and ASICla; agq77, Brass, and yr4s5 are located
between two cysteines that are conserved throughout
the DEG/ENaC family of ion channels. Fig. 1 B shows a
homology model of ENaC based on the crystal structure
of ASICla (PDB ID 4NYK; Gonzales et al., 2009). The
structure of a single subunit resembles the anatomy of a
left hand. The region above the transmembrane do-
main is the wrist. The cysteine-rich region of the chan-
nel is the thumb. The central B-ball region sits within
the palm domain, and the extremities of the structure
are referred to as the knuckle and finger domains ( Jasti
etal., 2007). Our previous work indicates that the three
ENaC subunits assemble in an oy orientation (listed
clockwise) when viewing the channel from the extra-
cellular side (Collier and Snyder, 2011). otg477, Brass, and
Y455 are located in a loop that connects the base of the
thumb domain to the palm domain (Fig. 1 B). At this
location, each residue is predicted to lie at an interface
with its neighboring subunit. For example, Bpye is lo-
cated at the interface with yYENaC, close to yys7 (Fig. 1 B).
Likewise, o477 is predicted to lie at an interface close to
Bvss, and yg455 at an interface with oy, 9 (Fig. 1 B). These
three residues lie within the palm domain $1-82 linker.
To begin to validate this model, we tested whether the
putative pH-sensing residues at these potential inter-
faces could be chemically cross-linked to their predicted
neighbors. We initially focused on the interface between
ags77 and Byss, replacing both residues with cysteine.
After treatment with bifunctional cysteine-reactive com-
pounds of differing lengths (MTSx-MTS, where “x” indi-
cates number of atoms in the linker backbone), we labeled
and isolated ENaC at the cell surface by biotinylation,

resolved ENaC on a nonreducing gel (to maintain subunit
cross-linking), and then detected BENaC by immuno-
blot. With wild-type ENaC, we detected a band of ~90 kD,
corresponding to monomeric BENaC (Fig. 2 A). Treat-
ment with MTS-14-O4-MTS or MTS-2-MTS did not alter
migration of BENaC. This indicates that native cys-
teines are not sufficient to cross-link ENaC subunits.
In contrast, when we expressed og477¢BvsscYENaC, both
MTS-14-O4-MTS and MTS-2-MTS induced appearance
of a higher molecular mass band, corresponding to the
predicted size for a B-o dimer (Fig. 2 A). Thus, ags7c
and Bygsc are located in close enough proximity to be
cross-linked. The higher mass band was not present in
the absence of crosslinker (DMSO), indicating that cross-
links did not form spontaneously. As a control for speci-
ficity, we coexpressed Byssc With Yrassc (position equivalent

A B1-p2 Linker Thumb-Palm Loop
o«ENaC '18pVSLWINENSDELVFEAVTIC 83 cREPC 479
BENaC ’8EVSVSLIVGFETMDFPAVTIC 98  (EESC 448
vENaC 80TvEVSIEWHFRELDFPAVTIC 100 CEEAC 457
CASIC1a 74HVTELDEWAATRLTFPAVIFC 9% CEMPC 364

Figure 1. Extracellular intersubunit interfaces. (A) Partial se-
quence alignments of the extracellular domains of human o-, 8-,
and YENaC and chicken ASICla. Putative interfacing residues are
indicated by gold boxes. (B) ENaC structural models: areas of in-
terest in aENaC are shown in red, BENaC in blue, and yENaC in
green. The structure on the left side shows membrane-spanning
and extracellular domains. The right structures show close-up
views (corresponding to the boxed portion of the left structure)
from the side (top structure) and rotated 90° to view channel
from the top (bottom structure). Side chains of putative inter-
facing residues are shown in orange. Some regions of the bottom
structure are hidden for clarity.
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to agar7c) . We did not detect cross-linking between these
residues after MTS-14-O4-MTS treatment, consistent
with the prediction that these residues are not located
at the same interface (Fig. 2 A).

We performed similar experiments at the other two
predicted intersubunit interfaces. With expression of
OLBE446C’YV8’7C: MTS-14-O4-MTS and MTS-2-MTS induced
cross-linking to form B~y dimers (Fig. 2 B). However, with
ar120cBYrassc we detected a higher molecular mass band
in the absence of cross-linking reagent (Fig. 2 C). This
finding suggests that a spontaneous disulfide bond was
formed between oy ;90 and Yg4s5c. Consistent with this pos-
sibility, the dimer band was abolished by the reducing
agent DTT (Fig. 2 C). Together, the biochemical cross-
linking data support the model that putative pH-sens-
ing residues are located at interfaces with residues in
the B1-B2 linkers of adjacent ENaC subunits (Fig. 1 B).

Cross-linking alters ENaC activity

If conformational changes at the intersubunit interfaces
contribute to ENaC gating, then cross-linking might
alter ENaC activity by introducing constraints to move-
ment. We began by testing the effects of a long cross-
linker, MTS-14-O4-MTS. In Xenopus oocytes expressing
aByENaC, we quantitated ENaC current using the open
channel blocker amiloride (Fig. 3 A). We then treated

the cells with MTS-14-O4-MTS in the continued presence
of amiloride (to minimize modification of endogenous
pore cysteines [Snyder et al., 1999]) and compared cur-
rent after washout of MTS-14-O4-MTS and amiloride
with current before treatment (Fig. 3, A, B, D, and E,
blue lines). In cells expressing wild-type ENaC, MTS-14-
O4-MTS produced a small (16.9 = 3.1%) decrease in
current (Fig. 3, A and C), likely by reacting with endog-
enous pore cysteines (Snyder et al., 1999). In contrast,
when we expressed oga77¢BvsscYENaC, MTS-14-O4-MTS
produced a large (421.4 + 32.4%), irreversible increase
in ENaC current (Fig. 3, B and C). This stimulation re-
quired cysteines at both positions; MTS-14-O4-MTS did
not increase current when either cysteine was intro-
duced individually (Fig. 3 C). The requirement for both
cysteines indicates that simultaneous modification of
both was required for ENaC stimulation, consistent with
the formation of a cross-link between the residues. As
an additional control for specificity, we introduced a
cysteine at a neighboring position in BENaC (S84C). As
part of a B sheet, its side chain is predicted to be in the
opposite orientation as V85C. When we coexpressed
Bsg4c with Og477C and ’yENaC, MTS-14-O4-MTS failed to
stimulate ENaC current (Fig. 3 C).

We used the same strategy to examine the other two
interfaces. At the interface between Brusc and Yysic,
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Figure 2.

Cross-linking of intersubunit residues. (A—C) Representative immunoblots of BENaC (A and B) and yENaC (C) after isola-

tion of the biotinylated cell surface fraction from HEK 293 cells expressing the indicated ENaC subunits. Cells were treated with DMSO
(control), MTS-14-O4-MTS, MTS-2-MTS, or DTT, as indicated. Molecular mass is indicated in kilodaltons. Models illustrate the three
ENaC subunits (viewed from the top) and locations of cross-linked residues.
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cross-linking with MTS-14-O4-MTS increased current
(28.9 + 6.3%; Fig. 3, D and F), albeit to a lesser extent
than its effect at the interface between agy77c and Byssc.
At the interface between oy 190c and Yess5¢ (which formed
a spontaneous disulfide bond), MTS-14-O4-MTS also in-
creased ENaC current (136.1 + 12.8%; Fig. 3, E and F).
Thus, a fraction of these channels likely lack spontane-
ous disulfide bonds, rendering them susceptible to cross-
linking by MTS-14-O4-MTS. Together, the data lend
additional support to a model in which o477, Brass, and
Vras5 are located at intersubunit interfaces with Byss, Yvs7,
and oy 199, Tespectively. Moreover, at each interface, cross-
linking with MTS-14-O4-MTS increased ENaC current.
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Figure 3. Cross-linking alters ENaC current. (A, B, D, and E) Rep-
resentative current traces (voltage clamped to —60 mV) in oo-
cytes expressing wild-type aByENaC (A), aksr7cBvsscYENaC (B),
aBrascyvsrcENaC (D), and ari2cBYeasscENaC (E). Records show
ENaC current before (blue lines) and after treatment with MTS-
14-O4-MTS (in the presence of amiloride [Amil]). (C and F)
Percent change in ENaC current induced by MTS-14-O4-MTS in
oocytes expressing a3 yENaC (subunits are wild type or the indi-
cated mutants). Mean + SEM is shown (n=6-12; *, P < 0.001).

Length dependence of cross-linking

To determine whether ENaC function is dependent on
the distance between the residues at the intersubunit
interface, we tested a range of different length cross-
linkers. We focused on the interface between agy;; and
Bvss because cross-linking at this location produced the
largest effect on ENaC current. Fig. 4 shows the changes
in ENaC current produced by cross-linkers ranging
from 5.2 A (MTS-2-MTS) to 20.8 A (MTS-14-O4-MTS)
in length (Loo and Clarke, 2001). When both ag477 and
Bvs; were replaced with cysteine, ENaC current was in-
creased by MTS-14-O4-MTS and MTS-11-O3-MTS (Fig. 4).
In contrast, shorter cross-linkers (MTS-6-MTS, MTS-4-
MTS, and MTS-2-MTS) produced small decreases in
ENaC current (Fig. 4). However, it is unclear whether they
resulted from cross-linking of k477 and Bygs because
similar decreases were observed with wild-type ENaC
or with single cysteine substitutions (with the exception
of ag477¢, which was stimulated by MTS-2-MTS). Thus,
the effect of cross-linking reagents on ENaC current was
length dependent; only long reagents were sufficient to
increase ENaC current. This suggests that an increase in
intersubunit distance favors the open state.

As an additional test of this paradigm, we examined
the functional effect of the spontaneous disulfide bond
that formed at the interface between oy 90c and Yesssc
(Fig. 2 C). This bond constrains the interfacing residues
in close proximity to one another. When we reduced
this disulfide bond with DTT, there was a large increase
in amiloride-sensitive current (Fig. 5, Aand B). DTT pro-
duced a very small increase in current in cells expressing
aBruscyvsrcENaC, but had no effect on agy77¢BvsscYENaC
or wild-type ENaC (Fig. 5 B). Thus, in contrast to the
effect of long cross-linkers, shortening the distance be-
tween oy 90c and Yrassc (by spontaneous disulfide bond-
ing) inhibits ENaC activity. Together, the data support a
model in which increased intersubunit distance favors

400 - aK477C BV85C
o 300 -
D
S 200-
<
O
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aK477C
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Bv85C
-100' T T T T 1
2 4 6 11 14

MTS-x-MTS

Figure 4. Length dependence of cross-linking. Percent change
in ENaC current in Xenopus oocytes expressing a3yENaC (black),
agerrcPBy (green), aBvssey (red), or agsrzcBysscYENaC (blue)
induced by treatment with cross-linking reagents of different
lengths (“x” indicates the number of atoms in the linker back-
bone): MTS-2-MTS (5.2 A), MTS-4-MTS (7.8 A), MTS-6-MTS
(10.4 A), MTS-11-O3-MTS (16.9 A), and MTS-14-O4-MTS (20.8 A).
Mean + SEM is shown (7= 3-15; some data symbols and error bars
are hidden by other data symbols).
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ENaC opening, whereas reduced distance favors the
closed state. In the next section, we tested this model
more directly at the single-channel level.

Cross-linking alters ENaC gating

We tested the effect of cross-linking on ENaC gating by
recording single-channel currents (cell-attached patch
clamp with Li" as the permeant cation to increase the
signal to noise ratio). Fig. 6 A shows a representative trace
for ags77cBvsscYENaC that was not treated with cross-
linker; the P,was 0.40 + 0.06 (Fig. 6, A and B; and Table 1),
similar to wild-type ENaC (Snyder et al., 1995). Treat-
ment with MTS-14-O4-MTS increased ENaC P, to 0.60 +
0.04 (Fig. 6, Aand B; and Table 1). In contrast, it had no
significant effect on single-channel conductance (8.06 +
0.07 pS without modification [n=8], 6.51 + 0.90 pS with
modification [n = 5], P = 0.103). Thus, cross-linking by
MTS-14-O4-MTS increased current by altering channel
gating. However, the increase in P, was less than we
expected, based on the fivefold increase in whole-cell
current produced by MTS-14-O4-MTS. Quantitation of
ENaC gating is complicated by a high degree of variabil-
ity in Py, in part because of differences in the proteolytic
cleavage state of individual ENaC channels (Hughey
etal., 2003, 2004; Caldwell et al., 2004; Carattino et al.,
2008; Kashlan et al., 2012); ENaC activity is enhanced
by proteolytic removal of a- and yYENaC extracellular
domain segments. To reduce variability, we eliminated
cleavage of yYENaC by mutating its proteolytic cleavage
sites, which converts channels to a low-activity state
(Carattino et al., 2008). When coexpressed with ogs77¢
and Bygsc, Powas 0.03 +0.01 (Fig. 6, Cand D; and Table 1).
MTS-14-O4-MTS increased P, fourfold to 0.12 + 0.02
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Figure 5. Spontaneous disulfide bond reduces ENaC current.

(A) Representative current trace (voltage clamped to —60 mV)
in a Xenopus oocyte expressing oy 190cBYr4s5cENaC. Amiloride-sen-
sitive ENaC current was measured before and after treatment with
30 mM DTT (white bar). ENaC current was determined by block
with 10 pM amiloride (Amil, black bars). (B) Percent change in
ENaC current induced by DTT in oocytes expressing a3 yENaC
(subunits are wild type or the indicated mutants). Mean + SEM is
shown (n=6-7; * P <0.002).
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(Fig. 6, C and D; and Table 1), consistent with the in-
crease in ENaC activity observed at the whole cell level.

We also tested the effect of a short cross-linker, MTS-
2-MTS, on ENaC gating. We hypothesized that by reduc-
ing intersubunit distance, MTS-2-MTS would decrease
ENaC P,. To facilitate detection of such a change, we
exposed the outside of the channel to a low cation con-
centration (1 mM Li" in pipette) to enhance ENaC ac-
tivity (Bize and Horisberger, 2007) and measured outward
current at a holding potential of 60 mV. Under these
conditions, the P, of unmodified channels was high
(0.67 + 0.13; Fig. 6, E and F; and Table 1), and treat-
ment with MTS-2-MTS reduced P, to 0.20 + 0.08 (Fig. 6,
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Figure 6. Cross-linking alters ENaC open probability. (A-D) Repre-
sentative single-channel current traces (cell-attached con-
figuration) obtained at —100 mV (110 mM LiCl in bath and
pipette) in oocytes expressing ags77cBvsscYENaC (A and B) or
QR4770BVESCYRIS5A, R137A, R138A, R178W, R179A, R180A, R181AENAC (C and D)
without (top traces) or with (bottom traces) MTS-14-O4-MTS
pretreatment. (B) Open probability determined from patches
described in A (n = 5-8; *, P < 0.045). (D) Open probability
determined from patches described in C (n = 5; *, P < 0.025).
(E) Representative single-channel current traces (cell-attached
configuration) obtained at 60 mV (110 mM LiCl in bath and
1 mM LiCl in pipette) in oocytes expressing as77cBvsscYENaC
without (top trace) or with (bottom trace) MTS-2-MTS pretreat-
ment. (F) Open probability determined from patches described
inE (n=4-7;% P<0.015). Mean + SEM is shown.



TABLE 1
ENaC single-channel properties

Construct n t NP, Py
min

aga77cBysscy 8 1.9+0.4 8.7+ 0.6 0.74 +0.18 0.40 + 0.06
aga7rcBysscy + MTS-14-O4-MTS 5 1.6 £0.2 9.0+0.5 0.98 +0.32 0.60 + 0.09
AR4770BVssCYUncleaved 5 6.7+0.9 0.03 £ 0.01 0.03 £0.01
ka77cBYssCYUndleaved + MTS-14-O4-MTS 5 1.6 +0.4 9.3+0.5 0.22 +0.11 0.12 +£ 0.03
ag77cPBysscy Low Li* 4 1.5+0.3 9.8+0.1 0.92+0.15 0.67 +0.13
ag77cPBysscy Low Lit + MTS-14-O4-MTS 7 1.9+0.4 8.0+ 1.0 0.46 + 0.18 0.20 + 0.08

Values of ENaC single-channel properties shown in Fig. 7, including the number of patches studied (n), mean number of channels per patch (N), mean

duration of the experiments in minutes (t), mean product of the number of channels per patch, and the estimated open probability (NPy) and mean

estimated channel open probability (Pp). No analyzed patch contained more than three channels.

E and F; and Table 1). Thus, cross-linking with MTS-2-
MTS altered ENaC gating by favoring the closed state.

Electrostatic effects at interfaces alter ENaC activity

The opposing effects of short and long cross-linkers on
ENaC activity suggest that shortening the distance be-
tween interfacing residues favors channel closing, whereas
lengthening of the distance favors channel opening. As
an additional strategy to assess this model, we tested the
effects of electrostatic interactions between the inter-
facing residues.

We first examined the interface between the posi-
tively charged residue o477 and Byss. We replaced Byss
with cysteine, coexpressed this subunit with wild-type
a- and YENaC in Xenopus oocytes, and then acutely var-
ied the charge at this position by covalent modification
with MTSET and MTSES (which have no effects on
wild-type ENaC [Snyder et al., 1999]). Like charges at
the interfacing residues should increase the distance
between them through electrostatic repulsion, whereas
opposing (attractive) charges should reduce the dis-
tance. When we introduced a positively charged side
chain, by exposure of oocytes to MTSET, ENaC current
was irreversibly increased (Fig. 7, A and C). Thus, like
charges increased ENaC activity. Conversely, introduc-
tion of a negative charge (MTSES) irreversibly decreased
ENaC current (Fig. 7, B and C); opposing charges re-
duced ENaC activity.

We examined a second intersubunit interface between
negatively charged <yp45 and ap9 (which we replaced
with cysteine). In this case, introduction of a positive
charge (MTSET) decreased ENaC current, whereas a
negative charge (MTSES) increased current (Fig. 7 D).
Thus, at both interfaces, repulsive (like) charges increased
ENaC activity, whereas attractive (opposite) charges re-
duced activity. These data support the concept that in-
tersubunit conformational changes contribute to ENaC
gating, with movement of the residues farther apart fa-
voring channel opening and movement closer together
favoring channel closing.

Cross-linking disrupts ENaC regulation

by extracellular pH and Na*

ENaC gating is modulated by extracellular signals. We
tested whether intersubunit conformational changes un-
derlie this regulation by cross-linking interfaces to con-
strain movements. We first examined ENaC regulation
by extracellular pH, which requires acidic residues at
two of the interfaces (Briss and yr4s5; Collier et al., 2012).
To keep these residues intact, we used the interface be-
tween agyy7c and Bygscy to introduce the cross-link. Before
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Figure 7. Electrostatic effects at interfaces alter ENaC activ-

ity. (A and B) Representative current traces in Xenopus oocytes
(voltage clamped to —60 mV) expressing wild-type ENaC (blue)
or afysscYENaC (black) treated with MTSET (white bar, A) or
MTSES (white bar, B). ENaC current was determined by block
with 10 pM amiloride (Amil, black bars). (C and D) Percent
change in ENaC current after treatment with MTSET (ET+)
or MTSES (ES—) for cells expressing ofvsscYENaCG (C) or
ay120cPYENaC (D). Mean + SEM is shown (n=12; *, P < 0.0002).
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cross-linking, acidic extracellular solution increased
amiloride-sensitive current (Fig. 8, A and B), whereas
alkaline pH reduced current (Fig. 8 B). After treatment
with MTS-14-O4-MTS, there was a large decrease in ENaC
stimulation by acidic pH (Fig. 8, A and B; traces were
scaled to facilitate comparison of pH responses) and a
smaller decrease in inhibition by alkaline pH (Fig. 8 B).
MTS-2-MTS had a similar effect (Fig. 8 B). Thus, cross-
linking disrupted ENaC regulation by pH, implicating a
critical role for intersubunit conformational changes.

ENaC activity is also regulated by extracellular Na*
through a negative feedback mechanism known as Na*
self-inhibition. To test whether intersubunit conforma-
tional changes are also required for this process, we asked if
it would be disrupted by cross-linking. We began by ex-
amining the pairing of oy 9c¢ and Ygassc, which form a
spontaneous disulfide bond. We incubated ENaC in low
extracellular Na* (1 mM; Fig. 9 A), which converts ENaC to
a high P, state (Chraibi and Horisberger, 2002). We then
rapidly shifted to a high-Na" (116 mM) solution, generat-
ing a large peak in Na" current (Fig. 9 A, red lines) that de-
creased over time to a lower steady-state level (Fig. 9 A,
blue lines). This decrease in current reflects the degree
to which ENaC is inhibited by extracellular Na'. When
cells expressed oy 90cBYras5cENaC, DTT increased the
fraction of current inhibited by Na* by 35 + 8% (Fig. 9,
A and B). DTT had no effect on Na" self-inhibition for
wild-type ENaC or channels with cysteines at the other
two interfaces (Fig. 9 B). These data suggest that sponta-
neous cross-linking of oy 90c and Yesssc disrupts confor-
mational changes required for ENaC Na' self-inhibition.

We interrogated the interface between agy77¢c and Bygsc
using bifunctional cysteine-reactive reagents. In cells
expressing oxs77cBvsscYENaC, MTS-14-O4-MTS reduced
Na' self-inhibition by 37.7 + 3.3% (Fig. 9, C, D, and G).
In contrast, MTS-14-O4-MTS did not reduce Na' self-
inhibition for wild-type ENaC or for ENaC containing a
single cysteine substitution (oags77c Or PByssc; Fig. 9 G).
Thus, cross-linking ogs77 and Byss with MTS-14-O4-MTS
reduced Na' self-inhibition.

In Fig. 9 (E-G), we tested the effect of the shorter
cross-linker MTS-2-MTS on Na® self-inhibition. In cells

expressing oga77cBvsscYENaC, MTS-2-MTS produced a
large decrease in Na* self-inhibition (74.6 £ 6.9%), much
greater than the effects of MTS-2-MTS on wild-type
ENaC or the single cysteine mutants (Fig. 9 G). This
resulted from a decrease in the peak current elicited by
addition of Na' to the extracellular solution. Similarly,
MTS-4-MTS, MTS-6-MTS, and MTS-11-O3-MTS also de-
creased Na' self-inhibition (Fig. 9 G). Thus, reagents with
a wide range of lengths were capable of cross-linking cys-
teines at the interface between o477 and Bygs. Although
only the relatively long cross-linkers were sufficient to
increase ENaC current, cross-linkers reduced Na* self-
inhibition independent of their length. By constraining
movements at this interface, cross-linking likely disrupts
ENaC transitions between the open and closed states.

DISCUSSION

This work elucidates a mechanism that mediates ENaC
gating. We found that conformational changes at inter-
faces located between the three ENaC subunits participate
in the transition between the open and closed states (il-
lustrated in Fig. 10). Movements that increase the distance
between interfacing residues favor channel opening, an
effect mimicked by introduction of long cross-linkers or
repulsive charges. Conversely, movements that shorten
intersubunit distances favor ENaC closing, a state mim-
icked by short cross-linkers or attractive charges. Thus,
the interfaces between ENaC subunits are important lo-
cations for the regulation of ENaC gating.

The data allow us to estimate the minimum distances
between the interfacing residues. MTS-2-MTS cross-
linked o477 LO BVSBC and BE446C to Yvs7c, indicating that
the sulfur atoms within these residue pairs are located
within 5 A of one another. The distance between yE455C
and «L.120C is <2 A based on their ability to form a
spontaneous disulfide bond. These reflect the intersub-
unit distances when the channel is closed. In the open
state, the intersubunit distances increase. At the inter-
face between agyz7c and Byssc, only cross-linkers 16.9 A
or longer were sufficient to increase ENaC activity. The
actual intersubunit distance in the open state may be

Figure 8. Cross-linking disrupts pH regulation.
(A) Representative current traces in Xenopus

A B oocytes (voltage clamped to —60 mV) express-
pH 74 525 ing ak477¢PvsscYENaC before (black, —MTS-14)
- MTS and after (blue, +MTS-14) treatment with MTS-

A&il 14-O4-MTS. Extracellular pH was shifted from

[ (R R 7.4 to 5.25, as indicated. The two traces were
+ MTS-2-MTS obtained from different cells and are scaled to

+ MTS-14-04-MTS

% Change (Rel. to 7.4)

+ MTS-14-O4-MTS

facilitate comparisons. (B) Percent change in
ENaC current (relative to current at pH 7.4) in
response to changes in extracellular pH before
(black) and after treatment with MTS-14-O4-
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MTS (blue) or MTS-2-MTS (green). Mean + SEM
is shown (n = 3-6; some data symbols and error
bars are hidden by other data symbols).
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Figure 9. Cross-linking decreases Na' self-inhibition. (A) Rep-
resentative current traces in Xenopus oocytes (voltage clamped
to —60 mV) expressing oyi9cBVrssscENaC, before and after
treatment with 30 mM DTT for 30 s. To quantitate Na* self-
inhibition, extracellular Na* was transiently reduced to 1 mM, as
indicated by the black bar, and then rapidly shifted back to 116 mM
Na'. ENaC currentwas blocked by 10 pM amiloride (Amil, black bar).
(B) Percent change in Na® self-inhibition (SSI) induced by DTT
in oocytes expressing afyENaC (subunits are wild type or the
indicated mutants). Mean + SEM is shown (n=6-7; *, P < 0.005).
(C-F) Representative current traces in oocytes (voltage clamped
to —60 mV) expressing oga77cBvsscYENaC before (C and E) and

Closed State Open State

A
\J
>\k. S
a I/-
4
K477 = /85

MTS-2-MTS

MTS-14-04-MTS

Figure 10. ENaC gating model. Two state model of heterotri-
meric ENaC as viewed from the top of the channel. Each subunit
is represented as an irregular trapezoid. Approximate location
of agy477 and Byg; are indicated on the model. Cross-linking with
MTS-2-MTS favors the ENaC closed state and MTS-14-O4-MTS fa-
vors the open state. ENaC gating is regulated by extracellular pro-
tons (stimulatory) and Na® (inhibitory); cross-linking disrupted
this regulation by preventing transitions between the open and
closed states.

shorter than this because the cross-linkers are flexible
(Zhou etal., 2008). However, they are likely to push apart
the interfacing residues through the bulk of their long
spacers. Importantly, our conclusions are supported by
a second strategy using electrostatic repulsive and at-
tractive effects to alter intersubunit distance.

The interfaces we identified play key roles in ENaC
regulation by protons. Acidic residues at two of the three
interfaces are required for protons to increase ENaC
activity, likely by functioning as protonation sites (Collier
etal., 2012). We speculate that protonation drives con-
formational changes that increase intersubunit distances
through an electrostatic process, similar to the effects of
long cross-linkers and repulsive charges. However, the
ENaC homology model does not provide sufficient res-
olution to identify the potential charged interaction
partners for these residues.

In addition to their role in pH regulation, interfaces
between ENaC subunits contribute to modulation by
other extracellular ions. For example, we found that con-
straining movements between interfacing residues (by
cross-linking) disrupted ENaC inhibition by Na'. Both
short and long cross-linkers reduced Na' self-inhibition,
presumably by preventing the channel from transition-
ing between open and closed conformations. Thus,
conformational changes at the intersubunit interfaces
are required for ENaC Na' self-inhibition. In previous
work, we identified two Cl~ binding sites at a different
location between adjacent subunits. Binding of Cl™ to

after (D and F) treatment with MTS-14-O4-MTS or MTS-2-MTS.
The extracellular solution contained 1 mM Na* (black bar) or
116 mM Na* (white bar). (G) Percent change in Na' self-inhibition
(SSI) for cells expressing a3y (black), axs77¢By (green), afvsscy
(red), or ags77cBvsscYENaC (blue) induced by treatment with
cross-linking reagents of different lengths (MTSx-MTS, where
“x” indicates the number of atoms in the linker backbone).
Mean + SEM is shown (n = 3-15; some error bars are hidden by
data symbols).
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one interface (a-B) inhibits ENaC activity by increasing
Na' self-inhibition, whereas C1~ binding to the second
interface (B-y) inhibits ENaC in an Na'-independent
manner (Collier and Snyder, 2011). External Cu? also
inhibits ENaC at interfaces between the ENaC subunits
(Chen etal., 2011). Thus, the interfaces harbor binding
sites that allow ENaC to respond to a variety of extracel-
lular modulators. In other channels, intersubunit inter-
faces have a similar function. For example, ligand-gated
channels including the acetylcholine receptor and glycine
receptor are activated through agonist binding to inter-
faces between adjacent subunits (Czajkowski et al., 1993;
Czajkowski and Karlin, 1995; Todorovic et al., 2010). Ac-
tivity of kainate subtype glutamate receptors is modu-
lated by binding of Na® and CI™ to dimer interfaces in
the extracellular domain (Chaudhry et al., 2009).

Our data indicate that movements at all three inter-
subunit interfaces contribute to ENaC gating. However,
it is interesting that there is asymmetry between them.
First, there are charge differences. Two of the sites con-
tain negatively charged residues (PBrsss and ygss5) that
function as putative proton sensors, whereas the third
interface contains a positively charged residue (oig477).
Second, a spontaneous disulfide bond formed between
Yeassc and o j90c but did not occur at the other two in-
terfaces. This suggests differences in the minimum dis-
tances between residues at the three interfaces. Third,
although cross-linking each interface with MTS-14-O4-
MTS increased ENaC activity, there were quantitative
differences; cross-linking Br4sc to Yyszc increased cur-
rent much less than cross-linking the other two inter-
faces. It is not yet clear whether movements occur at all
three interfaces in a concerted manner or whether
movements at a single interface are sufficient to modu-
late ENaC gating.

It is also not yet clear how movements at the inter-
faces are transduced into changes in ENaC gating. Pre-
vious work implicated movements in the outer vestibule
at the DEG residue, named because an equivalent mu-
tation in a related channel (MEC-4) causes neurode-
generation in Caenorhabditis elegans (Driscoll and Chalfie,
1991). Bulky or charged residues at this location lock
ENaC in an open state, and accessibility to its side chain
is state dependent, occurring selectively in the open state
(Snyder et al., 2000). Similar movements at this loca-
tion occur in ASICs (Adams et al., 1998; Tolino et al.,
2011). Recently, chicken ASICla was crystallized in pu-
tative open states, bound to psalmotoxin 1 (PDB IDs 4FZ0
and 4FZ1; Baconguis and Gouaux, 2012) and to snake
toxin (4NTW; Baconguis et al., 2014). Both toxins pro-
duce small constitutive currents. Toxin binding induced
lateral movements in the palm domain 31-32 linkers (lo-
cation of oy 199, Bvss, and yys; in ENaC), which were trans-
duced into transmembrane domain movements thought
to open the channel pore (Baconguis and Gouaux, 2012;
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Baconguis et al., 2014). Importantly, in the putative
open (toxin bound) states, there was an increase in the
distance between intersubunit interface residues (Met
364 and Val 81) equivalent to those we identified in
ENaC. Although it is not known whether the structures
of the toxin-bound ASICla reflect conformational
changes that occur during physiological activation or
whether gating-associated conformation changes are
conserved between ENaC and ASICI, the data support
the concept that movements at the intersubunit inter-
faces contribute to gating of DEG/ENaC ion channels.

Other extracellular domain regions have also been
implicated in ENaC gating. Proteolytic cleavage releases
inhibitory segments from a- and yENaC, which increases
ENaC activity. Elegant structural modeling of oaENaC
suggests that the inhibitory segment constrains gating
motions at a location between the thumb and finger do-
mains (Kashlan etal., 2011, 2012). Gating is also disrupted
by mutations at the base of the thumb domain (Shi
et al., 2011), in the finger domain (Shi et al., 2012a),
and in the wrist domain (Shi et al., 2012b). Additional
work will be necessary to determine whether these
regions function coordinately with the intersubunit in-
terfaces or whether they alter ENaC gating through in-
dependent mechanisms.

ENaC is a constitutively active channel, but a wide va-
riety of extracellular stimuli can modulate its activity. In
the collecting duct and connecting tubule of the kidney,
ENaC is exposed to extreme changes in the concentra-
tions of H', Na*, and Cl~ during changes in volume sta-
tus and diet. The ENaC extracellular domain functions
as a sensor to detect changes in the composition of the
highly variable extracellular milieu in which ENaC re-
sides. We speculate that this rapid tuning of channel
activity in response to changing extracellular conditions
may allow ENaC to respond to a variety of challenges
that threaten to disrupt Na' transport and fluid homeo-
stasis. Conformational changes at intersubunit inter-
faces play a critical role in this regulation and provide
an attractive site to target pharmacological modulation
of Na" absorption.
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