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The epithelial Na* channel (ENaC) is comprised of three
homologous subunits (a, 3, and 7) that have a similar topology
with two transmembrane domains, a large extracellular region,
and cytoplasmic N and C termini. Although ENaC activity is
regulated by a number of factors, palmitoylation of its cytoplas-
mic Cys residues has not been previously described. Fatty acid-
exchange chemistry was used to determine whether channel
subunits were Cys-palmitoylated. We observed that only the
and y subunits were modified by Cys palmitoylation. Analyses of
ENaCs with mutant 8 subunits revealed that Cys-43 and Cys-
557 were palmitoylated. Xenopus oocytes expressing ENaC with
a B C43A,C557A mutant had significantly reduced amiloride-
sensitive whole cell currents, enhanced Na™ self-inhibition, and
reduced single channel P, when compared with wild-type ENaC,
while membrane trafficking and levels of surface expression
were unchanged. Computer modeling of cytoplasmic domains
indicated that  Cys-43 is in proximity to the first transmem-
brane « helix, whereas B Cys-557 is within an amphipathic
a-helix contiguous with the second transmembrane domain.
We propose that § subunit palmitoylation modulates channel
gating by facilitating interactions between cytoplasmic domains
and the plasma membrane.

Epithelial sodium channels (ENaCs)* mediate amiloride-
sensitive Na™ transport across the apical membrane of high
resistance epithelia and have important roles in regulating
extracellular fluid volume and blood pressure, as well as airway
surface liquid volume and mucociliary clearance. The «, 8, and
v subunits of ENaC are members of the ENaC/Degenerin fam-
ily of ion channels, which include H" -gated channels (referred
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to as acid-sensing ion channels (ASICs)) that are expressed in
mammalian central and peripheral nervous systems and have a
role in nociception and mechanosensation (1). ENaC and other
family members are ion channels composed of subunits that
have a similar topology with two transmembrane helices, a
large extracellular region, including numerous conserved disul-
fide bridges, and cytoplasmic N and C termini. The recently
resolved crystal structure of ASIC1 (2) revealed a homotrimer
with highly organized extracellular regions, suggesting that
ENaC is an «a, 3,7, heterotrimer.

ENaCs are assembled within the endoplasmic reticulum
(ER), where they undergo N-linked glycosylation. Assembly is
inefficient, and the majority of newly synthesized subunits
undergo ER-associated degradation with a half-life of 1-2 h as
determined by metabolic labeling (3-7). A small pool of newly
synthesized subunits has a significantly longer half-life (>4 h)
and represents assembled channels that have exited the ER and
are present in later compartments. This latter pool contains
subunits whose N-glycans have undergone both Golgi-depen-
dent terminal processing and cleavage of a and vy by furin, a
protease localized primarily to the trans-Golgi network (5, 8,9).
ENaC exit from the ER is regulated by a signal within the C-ter-
minal cytoplasmic domain of the « subunit («RSRYW620 in
murine ENaC) that resembles the well described cytoplasmic
dibasic motifs recognized by the coat protein complex II pre-
budding (7). Interestingly, some fraction of ENaC reaches the
cell surface lacking Golgi-associated processing: the N-glycans
are not processed, and the @ and y subunits are not cleaved (11).
Proteolytic cleavage of ENaC by furin, and by other proteases in
the post-Golgi compartment(s) under normal and pathological
states, activates the channel by releasing small inhibitory pep-
tides from a and v, respectively, and thereby increasing channel
open probability (P,) (for review, see Refs. 12—17).

Ubiquitination of ENaC by Nedd4-2 and de-ubiquitination
of ENaC by UCH-L3 or Usp2—45 differentially regulate ENaC
membrane trafficking after reaching the cell surface, and pro-
longed residence on the cell surface further activates the chan-
nel by increasing subsequent proteolysis (18 —20). ENaC chan-
nel gating and membrane trafficking are also regulated by
inositol phospholipids presumably by binding cationic residues
within the 8 and vy subunits (21-25; for review, see Ref. 26).

Post-translational modification of channels by Cys palmitoy-
lation is another potential mechanism for modulating ENaC
activity. In mammals, there are 23 members of the palmitoyl-
transferase family, also known as DHHC Cys-rich domain-con-
taining proteins (or “DHHC proteins”), which catalyze the
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palmitoylation of proteins at specific cytoplasmic Cys residues
(27, 28). DHHC refers to the conserved reactive site residues
(Asp-His-His-Cys) found in all palmitoyltransferases. Cys
palmitoylation of proteins is often found near hydrophobic
moieties, including (i) C-terminal prenyl groups, (ii) N-termi-
nal myristoyl groups, (iii) other palmitoylated Cys residues, and
(iv) transmembrane domains (29). Transient Cys palmitoyla-
tion of soluble cytoplasmic proteins may reversibly enhance
their membrane association by providing an acyl group and
thereby increasing hydrophobicity. The subcellular localization
of specific palmitoyltransferases determines their target mem-
brane for soluble protein substrates (for reviews, see Refs. 28,
29). Recent reports indicate that subcellular localization of
palmitoyltransferases also provides the functional setting for
modification of transmembrane proteins (30).

Cys palmitoylation has a primary or secondary role in ER
quality control. This modification is essential for the proper
folding and ER exit of several multitransmembrane proteins
(31-35). Transient palmitoylation also differentially regulates
membrane trafficking of proteins at the cell surface. For exam-
ple, Cys mutations that block palmitoylation (i) inhibit endocy-
tosis of the asialoglycoprotein receptor (36), (ii) stimulate endo-
cytosis (but not recycling) of the transferrin receptor (37), and
(iii) inhibit recycling (but not endocytosis) of the transmem-
brane mucin MUCI (38). Mutations that prevent Cys palmitoy-
lation also (i) block interactions of tetraspanin CD151 with
integrin a6B4 (39), (ii) block association of the netrin-1 recep-
tor with lipid microdomains (40), and (iii) alter the function of
several G-protein-coupled receptors (34, 41). Palmitoylation of
the Kv1.1 channel facilitates K™ channel interactions with
plasma membrane lipids, which contributes to electric field-
induced conformational changes (42). Clearly, Cys palmitoyla-
tion has a key role in modulating the membrane trafficking and
activity of many transmembrane proteins.

Using fatty acid-exchange chemistry we found that the 8 and
v ENaC subunits, but not the a subunit, are modified by Cys
palmitoylation. Although there are five cytoplasmic Cys resi-
dues in the B subunit, we found that only the Cys adjacent to the
first and second transmembrane domains are palmitoylated.
Expression of ENaC with a mutant 8 subunit lacking these two
Cys exhibited reduced amiloride-sensitive currents when
expressed in Xenopus oocytes. Analysis of ENaC membrane
trafficking, surface levels (N), and single channel recordings
showed that the reduction in ENaC activity reflected a lower
channel 2. Our results suggest that Cys palmitoylation of the 3
subunit modulates channel gating, perhaps by stabilizing the
open state of the channel.

EXPERIMENTAL PROCEDURES

Vectors and Cell Culture—Wild-type (WT), and N-terminal
and C-terminal epitope-tagged mouse ENaC subunit cDNAs,
were previously described (8, 43). The B subunit mutations
were generated in pCDNA3.1(+) (Invitrogen) using a standard
two-step PCR method. MDCK type 1 cells were a gift from
Barry M. Gumbiner (Memorial Sloan-Kettering Cancer Center,
New York) and MDCK type 2 cells were obtained from Gerard
Apodaca (University of Pittsburgh, Pittsburgh, PA). Cells were
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cultured and transfected with ENaC cDNAs as previously
described (8).

Assay for Protein Cys Palmitoylation in MDCK Cells—Cys
palmitoylation of ENaC subunits was assessed using fatty acid-
exchange chemistry whereby S-palmitate is selectively removed
by treatment with hydroxylamine and exchanged for biotin (44,
45). We optimized conditions for assaying ENaC palmitoyla-
tion. aByENaC was transiently expressed in MDCK (type 1 or
type 2) cells, where the «, 8, or y subunit had both an N-termi-
nal HA tag and a C-terminal V5 tag, and the other two subunits
lacked epitope tags. Cells were plated at 90% confluency on
plastic (24-mm well of a 12-well Costar Cluster, Corning, NY)
the day before transfection with plasmids and Lipofectamine
2000 (Carlsbad, CA). The day after transfection, cells were
extracted for 20 min at room temperature on a rotating shaker
using 200 ul of detergent buffer (50 mm Tris-HCI, pH 8, 4
mg/ml deoxycholate, 1% Nonidet P-40) containing 50 mm
N-ethylmaleimide to alkylate free Cys residues. Cell debris was
removed by centrifugation at 20,800 X g for 7 min at 4 °C. The
supernatant was recovered, and ENaC was immunoprecipi-
tated (IP) in a 1.5-ml micro tube (with snap cap) with 10 ul of
goat anti-V5 antibodies immobilized on agarose (Bethyl Labo-
ratories, Inc., Montgomery, TX) by incubation overnightat 4 °C
with end-over-end mixing. 20 ul of Sepharose CL6 beads were
then added as carrier to each IP. The IPs were washed twice
with 1% Triton X-100 in HEPES buffer (10 mm HEPES, pH 7.4,
150 mm NaCl) and once with HEPES buffer, by vortexing and
centrifuging at room temperature twice for 0.5 min at 9,300 X g
and removing all liquid with a Hamilton syringe (0.1 ml
Gastight #1710, 22 s, inner diameter 0.71 mm, Hamilton Co.,
Reno, NV). IPs were resuspended into 0.5 ml of either 1 m
hydroxylamine-HCI (pH 7.4, 150 mm NacCl, 0.2% Triton X-100)
to remove S-palmitate or 1 M Tris-HCI (pH 7.4, 150 mm NaCl,
0.2% Triton X-100) as a control. The tubes were rotated end-
over-end at room temperature for 60 min and centrifuged at
room temperature, and all liquid was removed with a Hamilton
syringe. Pellets were washed twice with 1% Triton X-100 in
HEPES buffer and resuspended in 0.5 ml of 0.2 mg/ml EZ-Link®
(+)-biotinyl-3-maleimidopropionamidyl-3,6-dioxaoctanedi-
amine (maleimide-PEO2-biotin from Thermo Scientific, Rock-
ford, IL) in 50 mm Tris-HCI, pH 7, 150 mm NaCl, and 0.2%
Triton X-100) to label newly exposed Cys sulthydryls. Tubes
were incubated at room temperature with end-over-end rota-
tion for 2 h before washing twice with 0.01% SDS in HEPES
buffer, and all liquid was removed with a Hamilton syringe.
ENaC was released from the beads by adding 60 ul of 1% SDS
HEPES buffer and heating at 90—-100 °C for 2 min. The tubes
were centrifuged at room temperature, and the supernatant
was recovered with a Hamilton syringe and moved to a new
tube. 10% was removed to determine the “Total IP,” and the
remainder was mixed with 0.8 ml of 0.5% Triton X-100 in
HEPES buffer and 30 ul of Streptavidin-conjugated agarose to
recover the newly biotinylated ENaC. The samples were incu-
bated overnight with end-over-end rotation at 4 °C and then
washed with 1% Triton X-100 in HEPES buffer followed by one
wash with HEPES buffer. All liquid was removed with a Ham-
ilton syringe, and the pellet was incubated for 3.5 min at
90-100 °C with Laemmli sample buffer (Bio-Rad) plus 0.7 m
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B-mercaptoethanol, and the precipitated proteins were ana-
lyzed by SDS-PAGE and immunoblotting with either mouse
anti-V5 antibodies conjugated to horseradish peroxidase
(Invitrogen) or mouse anti-V5 antibodies (Invitrogen) and goat
anti-mouse second antibody conjugated to horseradish perox-
idase. Bands were visualized using Western Lightning Chemi-
luminescence Reagent Plus (PerkinElmer Life Sciences) and
quantified with a Bio-Rad Versadoc (Bio-Rad) and Bio-Rad
Quantity One software. The percentage of biotinylated subunit
was calculated for each sample based on the total IP. The dif-
ference in the percentage of biotinylated subunit following
hydroxylamine treatment, and the percentage of biotinylated
subunit following Tris treatment (i.e. control) represents the
percentage of the subunit that was palmitoylated.

Functional Expression and Biochemistry in Xenopus Oocytes—
ENaC expression in Xenopus oocytes, two-electrode voltage
clamp and chemiluminescent surface detection of ENaC were
performed as previously reported (46-48). Oocytes were
injected with WT o« and v, along with WT or mutant 3 cRNAs
(1-2 ng of each), and electrophysiological measurements were
performed 24 h post-injection. The difference in measured cur-
rent at —100 mV in the absence and presence of amiloride (10
M) was used to define ENaC-mediated currents. The protocol
for harvesting oocytes from Xenopus laevis was approved by the
University of Pittsburgh’s Institutional Animal Care and Use
Committee.

Membrane Trafficking in Xenopus Oocytes—ENaC exocyto-
sis and endocytosis in Xenopus oocytes were determined as pre-
viously described (47, 49, 50). Biotinylation of cell-surface pro-
teins expressed in oocytes and immunoblot analysis of
biotinylated ENaC was previously described (51, 52). Briefly,
channel endocytosis was determined by measuring the time-
dependent loss of cell Na™ currents in the presence of brefeldin
A to block forward channel trafficking. Channel exocytosis was
performed using an amiloride-binding site mutant aS583C.
Surface channels with «S583C are blocked by treatment with 1
mM [2-(trimethylammonium)ethyl]methanethiosulfonate bro-
mide (MTSET). The initial rate of current recovery reflects the
rate of channel exocytosis. As these channels are relatively
insensitive to amiloride, 100 um benzamil was used to block
ENaC and determine the ENaC-insensitive component of the
whole cell Na™ current.

Sodium Self-inhibition—To evaluate Na* self-inhibition
(SSI), a low [Na™] bath solution (1 mm NaCl) was rapidly
replaced by a high [Na™] bath solution (110 mm NaCl) while the
oocytes expressing ENaC subunits were continuously clamped
at —100 mV. The peak current (I,.,) and steady-state current
(I,,) were determined as previously described (53). The ratio
I /L. was used as a measure of the Na™ self-inhibition
response, with a smaller value indicating greater Na™
self-inhibition.

Single Channel Recordings—Patch clamp was performed in
oocytes expressing WT or mutant ENaCs as previously
described (54, 55). Both pipette and bath solutions were the
same as the high [Na™] solution for testing Na™ self-inhibition
(110 mm NaCl). Patch clamp with a cell-attached configuration
was performed using a PC-One Patch Clamp amplifier (Dagan
Corp., Minneapolis, MN) and a DigiData 1322A interface con-
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nected to a PC. Patches were clamped at membrane potentials
(negative value of pipette potentials) of —40 to —100 mV. Soft-
ware pClamp 8 or 10 (Molecular Devices Corp./MDS Analyti-
cal Technologies) was used for data acquisition and analyses.
Single-channel recordings were acquired at 5 kHz, filtered at
300 Hz by using a built-in, four-pole, low pass Bessel filter. P
was estimated by single-channel search function of pClamp 10
from 5-min recordings that contained only 2 current levels
(closed and open states) at a clamping membrane potential of
—100 mV. Single-channel conductance was obtained by linear-
fitting unitary currents against clamping voltages in the range
of —40 and —100 mV. Unitary currents were determined by
averaging multiple cursor measurements at each voltage.

Statistical Analyses—Comparisons between groups were
performed with Student’s ¢ tests. A p value of <0.05 was con-
sidered significantly different.

RESULTS

ENaC Is Palmitoylated on the 3 and y Subunits—Palmitoy-
lation occurs primarily on cytoplasmic Cys residues, and there
are five cytoplasmic Cys residues within the « subunit, five
within B3, and two within . Cys palmitoylation of ENaC sub-
units was assessed using fatty acid-exchange chemistry
whereby S-palmitate, selectively removed by treatment with
hydroxylamine, is exchanged for biotin (44, 45). ENaC was
transiently expressed in MDCK cells, where o, 3, or y had both
an N-terminal HA tag and a C-terminal V5 tag, but the other
two subunits lacked tags. Cells were extracted in detergent in
the presence of N-ethylmaleimide to alkylate free Cys sulfhy-
dryl groups, and ENaC was immunoprecipitated with a goat
anti-V5 antibody conjugated to beads. The IPs on beads were
treated with 1 M hydroxylamine to release palmitate from Cys
(or 1 M Tris as a control), prior to treatment with maleimide-
PEO2-biotin to biotinylate newly exposed Cys sulfhydryl
groups. Ten percent of each treated IP was reserved to quantify
total ENaC within the sample, and the remainder was incu-
bated with streptavidin-conjugated beads to recover biotinyl-
ated (i.e. palmitoylated) subunits. Both the immature (en-
doglycosidase H-sensitive and not cleaved) and mature
(endoglycosidase H-resistant and cleaved) forms of each sub-
unit were detected by quantitative immunoblotting with
anti-V5 antibodies conjugated to horseradish peroxidase using
a Bio-Rad Versadoc (Fig. 14). The percentage of biotinylated
subunit was determined for samples treated with either
hydroxylamine or Tris. The difference in extent of subunit bio-
tinylation following hydroxylamine versus Tris treatment rep-
resents the percentage of the subunit that is palmitoylated (Fig.
1B). Greater levels of B and vy (but not «) subunit biotinylation
after treatment with hydroxylamine (versus Tris) were
observed, consistent with Cys palmitoylation of the 8 and vy
subunits. We observed that 14 = 0.2% of 8 subunits and 8.8 =
0.4% of -y subunits were palmitoylated (mean * S.E. for n = 3
experiments).

ENaCs Lacking Sites for B Subunit Palmitoylation Exhibit
Reduced Activity—The five cytoplasmic Cys residues in the B
subunit were individually mutated to Ala (BC10A, BC30A,
BC43A, BC557A, and BC595A), and palmitoylation of these
epitope-tagged mutants was assessed when co-expressed with
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FIGURE 1. Mouse ENaC 8 and vy subunits are Cys-palmitoylated. A and
B, aByENaC with one double epitope-tagged subunit (N-terminal HA and
C-terminal V5) expressed in MDCK cells was analyzed by fatty acid-exchange
chemistry to replace Cys-palmitate with biotin after treatment of the IP with
hydroxylamine (Hydroxl) (+), or with Tris (—) as a control. Biotinylated ENaC
was recovered from anti-V5 IPs with streptavidin beads (90% biotin), and per-
cent biotinylated was calculated from total (10% total IP) ENaC after quantita-
tive immunoblotting for V5. Percent palmitoylated was calculated by sub-
tracting percent biotinylated after treatment with Tris from that after
treatment with hydroxylamine. A representative immunoblot is shown in
A, and the data from three experiments are presented in B as mean = S.E.

non-tagged WT « and vy (Fig. 2, A and B). We observed that
palmitoylation of either BC43A or BC557A was significantly
reduced when compared with WT . Levels of palmitoylation
of the double mutant BC43A,C557A and a quadruple mutant
BC30A,C43A,C557A,C595A were similar to that observed with
the single BC43A or BC557A mutants, representing back-
ground labeling of ~4% of the total 8 subunit pool. In contrast,
biotin labeling of the WT B subunit was 9.2 = 1.3% of the
total B subunit pool (mean = S.E. for n = 7-20 experiments).
Altogether, these results indicated that ENaC is palmitoy-
lated both on BCys-43 at the junction of the N-terminal cyto-
plasmic domain and the first transmembrane domain (M1),
and on BCys-557 near the junction of the C-terminal cyto-
plasmic domain and the second transmembrane domain
(M2).

We examined whether the BC43A,C557A mutant affected
ENaC activity. Whole cell amiloride-sensitive currents were
measured in Xenopus oocytes expressing either (i) WT ENaC,
(ii) aBC43AYy, (iii)) aBC557A, or (iv) aBC43A,C557Ay. Cur-
rents were significantly reduced in oocytes expressing either
single or double B subunit Cys mutation(s), although the
BC43A and BC43A,C557A mutants reduced whole cell cur-
rents to similar levels (Fig. 2C). Whole cell amiloride-sensitive
currents in oocytes expressing (i) aBC10Avy, (ii) aBC30Ay, or
(iii) «BC595Ay were not significantly different from currents in
oocytes expressing WT ENaC (Fig. 2D).

ENaC Lacking BC43,557 Palmitoylation Exhibit Normal Sur-
face Expression and Membrane Trafficking—Palmitoylation of
the B subunit adjacent to the transmembrane domains could
modulate channel activity by either altering the number of sur-
face channels (N) by affecting membrane trafficking and/or by
altering channel P,. Three different assays were used to assess
levels of surface expression of WT and «BC43A,C557Ay chan-
nels. Oocytes expressing ENaC with WT B or mutant
BC43A,C557A (24—48 h post-injection of cRNA) were sub-
jected to: (i) surface biotinylation of ENaC, or (ii) antibody-
based surface chemiluminescence detection of ENaC. Alterna-
tively (iii) amiloride-sensitive currents were assessed using the
BS518K degenerin mutation (i.e. «S518Ky versus a8S518K,
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FIGURE 2. ENaCs lacking sites for 8 subunit Cys palmitoylation exhibit
reduced activity. A and B, one or multiple cytoplasmic Cys in 3 were mutated
to Alaand assessed for palmitoylation as described for Fig. 1. A representative
immunoblot is shown in A, and combined data are presented in B. The per-
centage of B subunit palmitoylation was significantly reduced for the sin-
gle mutants BC43A and BC557A when compared with WT and was not re-
duced further with a double BC43A,C557A mutant or a quadruple
BC30A,C43A,C557A,C595A mutant (mean = S.E., *, p < 0.05 versus WT,n =
7-20 experiments). C, whole cell Na™ currents in Xenopus oocytes were
reduced for channels with a BC43A mutant, a BC557A mutant, or a
BC43A,C557A mutant, compared with WT (mean = S.E.; **, p < 0.01; **¥*,
p < 0.001 versus WT (n = 34-37 oocytes)). D, whole cell Na* currents in
Xenopus oocytes were not significantly different for channels with a
BC10A mutant, a BC30A mutant, or a BC595A mutant, compared with WT
(n = 15-16 oocytes).

C43A,C557Ay), because ENaC is fully activated with the
BS518K degenerin mutation. Concurrently, we measured rates
of ENaC exocytosis and endocytosis to identify any effects of
BC43A,C557A mutations on ENaC trafficking.

Oocyte surface biotinylation was carried out as previously
described (52). Briefly, oocytes expressing ENaC with C-termi-
nal V5-tagged WT 3 or mutant BC43A,C557A were treated
with membrane-impermeant sulfo-NHS-SS-biotin prior to
extraction with detergent and recovery of biotinylated proteins
with streptavidin-conjugated agarose. Five percent of the
extract was retained for immunoprecipitation with anti-V5
antibodies and represented the total cellular pool of the 8 sub-
unit. Quantitative immunoblot analyses of all samples using a
Bio-Rad Versadoc revealed that there was no significant differ-
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FIGURE 3. The BC43A,C557A mutation does not affect surface expression
of ENaCs. A and B, oocytes were injected with cRNA for WT ay and either WT
B (BWT) orthe BC43A,C557A mutant (Bmut) with epitope tags (N-terminal HA
and C-terminal V5). After surface biotinylation, an aliquot of total extract
(Total 5%) and ENaC recovered with streptavidin-conjugated beads (Surface
95%) were subjected to immunoblotting with anti-V5 antibodies. A repre-
sentative blot is shown in A (n = 40 oocytes each). The normalized data from
four experiments (1-3 frogs each, and 9-40 oocytes per group) are presented in
B with surface levels of WT aBy setat 100 (= 8.3 S.E., n = 4). There was no signif-
icant (N.S.) difference between surface expression of ENaC with WT 3 and ENaC
with mutant BC43A,C557A (113 = 10, mean and S.E.,, n = 4). C, oocytes were
injected with cRNA for WT ay and either WT 3 or the mutant BC43A,C557A
(Bmut) with a FLAG epitope tag (FL) within the extracellular loop. Non-tagged
ENaC was used as a negative control (a3y). Surface levels of FLAG-tagged ENaC
were subsequently determined by an antibody-based chemiluminescence
assay. The data from two experiments are presented (n = 8-35 oocytes each
group) and were normalized to non-tagged a3 yENaCsetat 1(* 0.1,S.E.,.n = 38).
There was no significant difference between measurements for a8FLy (12.3 =
1.0, n = 52) and aBFLmuty (10.0 = 0.1, n = 47). D, oocytes were injected with
cRNA for WT « and v, and either WT B, BS518K (degenerin mutant),
BC43A,C557A, or BS518K, C43A,C557A. Data for amiloride-sensitive Na™ currents
are presented from three experiments (n = 4-7 oocytes each). A significant dif-
ference was found between afy (—3957 nA * 388, mean * S.E, n = 18) and
afBC43A,C557Ay (—2657 nA =332, n = 16) (*, p < 0.02), whereas there was no
significant (N.S.) difference when channel P, was enhanced by the 8S518K muta-
tion (—7797 nA = 1173, n = 19 for «3S518K~y, and —6847 nA = 996, n = 22 for
«a3S518K, C43A,C557AY).

ence in the fraction of biotinylated 8 subunit on the cell surface
when ENaC palmitoylation was blocked by the BC43A,C557A
mutation (Fig. 3, A and B).
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Chemiluminescence detection of surface ENaC was carried
out as previously described (47). Briefly, oocytes expressing
ENaC with a WT 8 subunit or mutant BC43A,C557A (both the
WT and mutant 8 subunits contained an external FLAG-
epitope tag) were incubated for 1 h on ice with an anti-FLAG
antibody and then an HRP-tagged second antibody. Individual
oocytes were placed in chemiluminescence reagent for 1 min at
room temperature prior to quantitation with a luminometer
(Fig. 3C). Oocytes expressing ENaC with a non-epitope-tagged
B were used as a negative control. No significant difference in
the level of chemiluminescence was observed when 8 subunit
palmitoylation was blocked with the BC43A,C557A mutation.

Amiloride-sensitive Na™ currents were measured in oocytes
expressing ENaC with a BS518K degenerin mutation that
increases the P_ to ~1 (56). The BC43A,C557A mutations were
also introduced onto this 8S518K background. No significant
difference in whole cell amiloride-sensitive Na™ current was
observed due to the BC43A,C557A mutant in the presence of
the activating degenerin mutation (57), in contrast to the sig-
nificant reduction in channel activity that was observed
between WT ENaC and channels lacking 8 subunit palmitoy-
lation due to the BC43A,C557A mutant (p < 0.02) in the
absence of the activating degenerin mutation (Fig. 3D).

Concurrently, we measured the rates of exocytosis and endo-
cytosis of ENaC with a WT B subunit or the BC43A,C557A
mutant in oocytes using our published protocols (50). Mem-
brane-impermeant MTSET irreversibly blocks ENaCs at the
cell surface when channels have an «S583C mutation (58).
Briefly, ENaC exocytosis was measured by treating oocytes
expressing ENaC aS583CBy or aS583CBC43A,C557Avy,
with 1 mm MTSET for 4 min to inhibit surface channels.
After removing MTSET from the bath, amiloride-sensitive
Na™ currents were measured by two-electrode voltage
clamp every 30 s for 5 min to monitor current recovery.
The rates of recovery were similar for ENaC with WT 8 or
the BC43A,C557A mutant (Fig. 4A).

ENaC endocytosis was determined by measuring amiloride-
sensitive Na™ currents in oocytes expressing a3y or mutant
aBC43A,C557Ay, before and 1.5 and 3 h after the initiation of
incubation with brefeldin A to block delivery of newly synthe-
sized ENaC to the cell surface. We observed a similar decay of
whole cell amiloride-sensitive Na* currents with oocytes
expressing WT ENaC or the a3C43A,C557Ay mutant, indicat-
ing that rates of endocytosis were similar (Fig. 4B).

ENaC Lacking Sites for B Subunit Palmitoylation Exhibit
Reduced Channel P,—As WT and aBC43A,C557Ay channels
are expressed at the cell surface at similar levels, the reduced
channel activity we observed with the BC43A,C557A mutant is
likely due to a reduced channel P,. Na™ self-inhibition reflects a
reduction in channel activity in the presence of a high external
[Na*]. We have previously shown that ENaC P, correlates with
the degree of Na™ self-inhibition; the greater the extent of Na™
self-inhibition, the lower the channel P_ (53). We assessed the
Na™ self-inhibition response of WT channels and the mutant
(BC43A,C557Ay) lacking sites for B subunit palmitoylation,
by monitoring whole cell Na* currents in oocytes bathed in a
low [Na™] solution (1 mm NaCl), which was rapidly changed to
a high [Na™] bath solution (110 mm NaCl) (Fig. 54). Following
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FIGURE 4. ENaC exocytosis and endocytosis are not affected by the
BC43A,C557A mutation. A, oocytes were injected with cRNA for aS583CBy
(closed circles) or the mutant aS583CBC43A,C557Ay (open circles). Surface
ENaC activity was blocked with MTSET and current recovery was monitored
over time and plotted as the percentage of amiloride-sensitive whole cell
current prior to MTSET treatment. Rates of current recovery were 2.84 *=
0.02% min " (closed circles, n = 9) and 2.42 + 0.08% min ' (open circles,n =
21). There was no significant difference in the rates of current recovery.
B, oocytes were injected with cRNA for afy (closed symbols) or the mutant
aBC43A,C557Ay (open symbols). Amiloride-sensitive currents were measured
in oocytes up to 3 h with (triangles) or without (circles) addition of brefeldin A
to block delivery of channels from the biosynthetic pathway to the plasma
membrane (n = 9-12 oocytes). There was no significant difference in current
reductions in response to brefeldin A.

the change to a high [Na™] solution, Na™ currents rapidly rise
to a peak current (/,,.,,), followed by a decay to a steady-state
current (). The ratio of I /I, reflects the magnitude of the
Na™ self-inhibition response, with a smaller value indicating
greater Na™ self-inhibition. We found that ENaC with the
BC43A,C557A mutant had a significantly greater Na™ self-in-
hibition response when compared with WT ENaC (Fig. 5B, p <
0.02, n = 16-18), suggesting that mutating sites of 8 subunit
palmitoylation reduced channel P,.

To directly assess whether ENaCs lacking sites for 8 subunit
palmitoylation have a reduced channel Po, oocytes expressing
WT or afC43A,C557Ay channels were subjected to cell-at-
tached patch clamp. As shown in Fig. 5, C-E, WT ENaC
expressed in oocytes exhibited an intermediate P, of 0.45 =
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0.08, whereas a3C43A,C557Ay channels had a significantly
lower P_ (0.17 = 0.06; p < 0.05, n = 6). Interestingly, the unitary
Na™ conductance of a8C43A,C557Ay (5.1 = 0.1 pS) was mod-
estly, but significantly greater than WT conductance (4.2 = 0.1
pS) (p < 0.001, n = 4).

The B Subunit C43A,C557A Mutation Does Not Alter the
Extent of a or y Subunit Cleavage—We previously reported that
a subunit cleavage at two sites by the protease furin, as well as vy
subunit cleavage by furin and a second protease, activates ENaC
by releasing inhibitory tracts and increasing channel P, (53, 55).
We examined whether the reduced P, of channels lacking sites
for B subunit palmitoylation reflected a reduced fraction of
cleaved channel at the cell surface. Oocytes expressing W'T or
afC43A,C557Ay channels and either a C-terminal V5 epitope-
tagged a or y subunit were treated with the membrane-imper-
meant sulfo-NHS-SS-biotin. Cell surface (biotinylated) ENaCs
were recovered with streptavidin-conjugated agarose and sub-
jected to immunoblotting with anti-V5 antibodies to reveal the
full-length « (95 kDa) or vy (93 kDa) subunits, as well as the
cleaved « (65 kDa) or 7y (75 kDa) forms (Fig. 6A4). Our results
in Fig. 6, A and B, showed that the fraction of cleaved a and
v was not significantly altered by blocking palmitoylation of
BC43 and BC557 (p = 0.59 for @, and p = 0.16 for 7).

DISCUSSION

Palmitoylation of Ion Channels Has Diverse Functional
Effects—There are few reports of Cys palmitoylation of ion
channels. The functional consequences of channel palmitoyla-
tion are diverse and include effects on channel activity, mem-
brane trafficking, and stability. For example, PKA-dependent
phosphorylation and inhibition of large conductance calcium-
and voltage-gated potassium (BK) channels is dependent on
Cys palmitoylation of two key Cys residues within the Cys-rich
STREX (stress regulated exon) domain of the cytoplasmic C
terminus of the pore-forming « subunit (59). Palmitoylation of
the STREX domain results in channel activation and enhances
the association of the C-terminal tail of the « subunit with the
plasma membrane. In contrast, PKA-mediated phosphoryla-
tion of an adjacent Ser within the same subunit of the tet-
rameric structure inhibits channel activity as well as the inter-
action of the channel’s C terminus with the plasma membrane.
The GluR6 kainate receptor, a ligand-gated ion channel, is pal-
mitoylated on two cytoplasmic Cys residues (60). Cells express-
ing receptors with mutations of these Cys residues exhibited
normal kainate-dependent currents and similar levels of recep-
tors, but PKC-dependent phosphorylation of the mutant chan-
nel in an in vitro assay was 2.7-fold greater than for the WT
channel, suggesting that palmitoylation could regulate receptor
activity by modulating the phosphorylation state of the
channel.

Cys palmitoylation can directly alter channel activity. For
example, voltage-gated N-type Ca®>" channels are modulated
by diverse 3 subunits such that co-expression of the channel
with CaVB1b, CaVB3, or CaV 4 results in channel inhibition
by either M1 or neurokinin-1 receptors, or by exogenous
arachidonicacid (61, 62). Co-expression of the channel with the
CaVB2a subunit blocks neurokinin-1 receptor- or arachidonic
acid-mediated inhibition. The lack of channel inhibition was
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FIGURE 5. ENaCs with the BC43A,C557A mutation exhibit reduced P,. A, Na™ self-inhibition was assessed in oocytes expressing WT a3y or the mutant
«aBC43A,C557Ay. Whole cell currents were measured with oocytes bathed in a low [Na™] solution (white bar, 1 mm Na™ (sodium was replaced with N-methyl-
p-glucamine)) and subsequently bathed in a high [Na™] solution (black bar, 110 mm Na™). Representative current tracings are shown. B, the ratios of the
steady state (/) to peak (/,q,) currents reflect the extent of the Na™* self-inhibition response (mean = S.E., *, p < 0.02, n = 16-18). C-E, cell attached
patch clamp recordings were obtained from oocytes expressing a3y or «3C43A,C557Ay. Patches were clamped at —100 mV (membrane potential).
Both bath and pipette solutions contained 110 mm Na*. Recordings containing single channels lasting for at least 5 min were selected for analysis.
Representative recordings of single channel currents are shown in C where the letters C and O represent closed and open states, respectively. The scale
bars indicate current amplitude (pA) and time (minutes). P, was determined as described under “Experimental Procedures” and presented in D for
multiple experiments (n = 6) and as the mean = S.E. in E. The P, for « 3C43A,C557Ay (0.17 = 0.06) was significantly lower than that determined for WT

aBy (045 £0.08) (¥, p = 0.02,n = 6).

dependent on palmitoylation of CaVB2a. The voltage-depen-
dent potassium channel Kv1.1 is palmitoylated on a cytoplas-
mic Cys within the S2-S3 linker domain. Blocking palmitoyla-
tion with a Cys mutation reduced voltage sensing by the
channel. Palmitoylation may also enhance surface expression of
Kvl.1 (42).

Cys palmitoylation alters the activity of voltage-dependent
Kv1.5 channels by affecting their trafficking (42, 64). Kv1.5 is
palmitoylated on its cytosolic C terminus at one site (64). Chan-
nels with a Cys mutation exhibited enhanced surface expres-
sion due to a slower rate of internalization but exhibited no
change in the voltage dependence of channel activation. The
ATP-gated cationic P2X7 channel is palmitoylated on multiple
Cys within its cytosolic C-terminal tail. Mutation of multiple
clusters of Cys found 150-250 residues away from the trans-
membrane domain-blocked channel palmitoylation and
reduced its cell surface expression (33). The mutant P2X7
channels exhibited reduced association with detergent-resis-
tant membrane domains, shorter half-lives, and were retained
in the endoplasmic reticulum. Furthermore, Cys palmitoyla-
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tion influences the ability of aquaporin-4 channels to assemble
tetramers into clusters referred to as orthogonal arrays (65, 66).

Palmitoylation of ENaC Modulates Channel Gating—We
used fatty acid-exchange chemistry to assess Cys palmitoyla-
tion of ENaC subunits, as our attempts to label ENaC subunits
with [®H]palmitate were not successful (data not shown). Our
success with the fatty acid-exchange assay likely reflects the
greater sensitivity of detecting biotinylated subunits when
compared with the detection of subunits labeled with
[*H]palmitate. Despite the presence of multiple cytoplasmic
Cys residues in each subunit, we observed palmitoylation of
only the B and 7y subunits. Subsequent analyses of B subunit
cytoplasmic Cys mutants revealed that the two Cys residues
adjacent to M1 and M2 are palmitoylated. The placement of
palmitate in proximity to the transmembrane domains is con-
sistent with sites of palmitoylation that have been described for
other transmembrane proteins (29). Our results suggest that
Cys palmitoylation of the 8 subunit does not modulate channel
membrane trafficking or levels of cell surface expression.
Instead, our data indicate that Cys palmitoylation has a role in
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FIGURE 7. Predicted locations of palmitoylated BC43 and BC557. The
presence of a-helices in the cytoplasmic domains was predicted using the
PROF program of cascaded multiple classifiers to predict secondary structure
(available on-line). A, palmitoylated BC557 is within an a-helix at the junction
of the C-terminal cytoplasmic domain and M2. Placement of residues in the
C-terminal cytoplasmic a-helix is shown as a helical wheel. Hydrophobic res-
idues are indicated by shaded circles; hydrophilic residues are indicated by
open circles. See text for discussion. B, rectangles represent a-helices. The rota-
tion, angle, and length of the rectangles for M1 and M2 are based on the crystal
structure of ASIC1. Palmitoylated BC43 in the N-terminal cytoplasmic domain
is found in a coil domain between M1 and a cytoplasmic a-helix. The His-Gly
(HG) and Pro-Tyr (PY) motifs are located at the indicated positions. Palmitate is
indicated within the inner leaflet of the membrane as wavy lines.

modulating ENaC gating, possibly by enhancing interactions
of the B subunit’s cytoplasmic domains with the plasma
membrane.

To understand how Cys palmitoylation of the 8 subunit
might affect ENaC gating, we generated a model of the trans-
membrane domains and cytoplasmic domains of the 8 sub-
unit (Fig. 7). The rotation, angle, length, and «-helical struc-
ture of the two transmembrane domains were based on the
published crystal structure of ASIC1 (67). M1 includes BA50-
BI71 and M2 includes BI513-BI546. We used the PROF pro-
gram of cascaded multiple classifiers to predict the secondary
structure of the N-terminal and C-terminal cytoplasmic
domains (68). Two distinct a-helices are predicted within the 3
N-terminal cytoplasmic domain (8V3-R13 and BY22-C30), and
one a-helix is predicted to be within the 8 C-terminal cytoplas-

30460 JOURNAL OF BIOLOGICAL CHEMISTRY

alpha

FIGURE 6. Cleavage of ENaC is not affected by the BC43A,C557A mutation. Oocytes (n = 30-40 per lane)
expressing WT a3y or a3C43A,C557Ay (Bmut) with an epitope-tagged « or vy subunit (N-terminal HA and
C-terminal V5) were biotinylated and solubilized. Biotin-labeled proteins were precipitated and subjected to
immunoblotting with anti-V5 antibodies. A, the mobility of the immature non-cleaved (o 95K and y 93K) and
mature cleaved (a 65K and y 75K) subunits are indicated for a representative immunoblot. B, data from 3
experiments (1-2 frogs and 30-40 oocytes each) are presented as the percent cleaved « or -y subunit. There
was no significant (N.S.) difference between the percentage of cleaved « or y subunit in ENaCs containing WT
B (% cleaved «, 79.2 = 6.0,n = 5; % cleaved vy, 83.8 == 2.1, n = 6) or mutant BC43A,C557A (% cleaved «, 71.9 =

dues and palmitoylated BC557 on
one side and polar and charged res-
idues primarily on the other side of
the a-helix (Fig. 7). This suggests
that the BW547-R562 «-helix is
amphipathic and naturally associ-
ated with the membrane. Palmitoy-
lation of BC557 would thereby
enhance the hydrophobicity and
membrane association of the C-ter-
minal cytoplasmic domain.

Other factors that may influence the interactions of ENaC
cytoplasmic domains with the plasma membrane have also
been reported to affect ENaC gating. For example, increases in
levels of specific inositol phospholipids increase channel P,.
These negatively charged lipids appear to enhance interactions
of specific cytoplasmic domains of ENaC subunits with the
plasma membrane. Deletion of the tract BK552-R563 (and a
similar tract in vy, but not «) was reported to block PI3K stimu-
lation of mouse ENaC activity by co-expression in CHO cells
(23). Furthermore, deletion of the basic tract BK4-K16 at the
extreme N terminus of mouse ENaC blocked both the down-
regulation of channel activity in CHO cells upon depletion of
membrane phosphatidylinositol 4,5 bisphosphate, and the
increase in P_ due to application of exogenous phosphatidylino-
sitol 4,5 bisphosphate (23). The highly conserved His-Gly motif
(BHG37) is found adjacent to the palmitoylation site at BC43.
The His-Gly motif is conserved in «, 8, and 7y subunits across
species (69). The BG37S mutation in human ENaC is associated
with pseudohypoaldosteronism, and ENaC containing BG37S
exhibits a significantly reduced P, of 0.04, compared with a P
of 0.48 for WT ENaC (69). Kellenberger et al. (70) previously
reported that multiple Cys in the N- and C-terminal cytoplas-
mic domains, but not Cys in M1 or M2 of ENaC expressed in
cut-open Xenopus oocytes, were responsible for thiol-mediated
inhibition of ENaC by a variety of reagents. Because Cys palmi-
toylation is reversible, thiol-mediated inhibition could proceed
by blocking ENaC palmitoylation. As noted above, BC557 is
likely within an a-helix contiguous with M2, and palmitoyla-
tion at this site could have a direct impact on the channel pore.
In support of this possibility, we found that ENaCs with a
BC43A,C557A mutation had a significantly reduced P, and a
significantly increased unitary conductance when compared
with WT channels, indicating that palmitoylation alters the
structure of the conducting pore.

Protein palmitoylation can impact protein-lipid interactions,
and there are reports that ENaC is present in cholesterol-en-
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riched lipid rafts in both amphibian A6 cells and mouse cortical
collecting duct cells (10, 71). Hill ez al. (10) reported that treat-
ment of cortical collecting duct cells with apical B-cyclodextrin
reduced ENaC currents by blocking constitutive apical biosyn-
thetic delivery, but we did not observe an effect on biosynthetic
delivery of ENaC in Xenopus oocytes due to mutation of
BC43,C557. Alternatively, BC43 or BC557 palmitoylation
could influence protein-protein interactions within the cyto-
plasm by altering the association or orientation of the cytoplas-
mic tails with the lipid bilayer, making motifs more or less avail-
able for interactions. Because we did not find that ENaC with
mutant BC43A,C557A had altered membrane trafficking, it is
unlikely that palmitoylation of the 3 subunit influences ENaC
binding of Nedd4-2 at the PY motif in the C-terminal tail (Fig.
7) that regulates ENaC endocytosis and recycling at the cell
surface (63). For the same reason, it is unlikely that 8 subunit
palmitoylation affects coat protein complex II binding to
aRSRYW620 and thereby ER exit (7).

Palmitoylation of the a subunit was not detected with our
assay using fatty acid-exchange chemistry to assess Cys palmi-
toylation. However, a background level of palmitoylation was
seen with the BC30A,C43A,C557A,C595A mutant (Figs. 1 and
2). Itis likely that this background does not represent palmitoy-
lation of BC10, because the BC10A mutation did not reduce
levels of B subunit palmitoylation when compared with WT
(Fig. 2). The background may reflect palmitoylation of residues
BC61 in M1 and/or BC533 in M2. The extracellular domain of
the B subunit also contains two unique Cys residues (8C182
and BC187) that are conserved in all mammalian B subunits,
but not found in « or vy subunits. It is possible that BC182 and
BC187 could be differentially accessible to modification with
biotin in our assay. Interestingly, the BC43 residue is conserved
in mammalian @ and 8 ENaC subunits, but not in the y subunit.
Although the BC557 residue is present in mouse and rat, it is
not conserved in mammalian «, 3, or y subunits. Although we
did observe palmitoylation of the y subunit, we have not yet
determined the sites and functional consequences of palmitoy-
lation of this subunit.

Our results also suggest that only 4% to 5% of the cellular pool
of ENaC is modified by 8 subunit palmitoylation, raising the
possibility that ENaC palmitoylation occurs at selected site(s)
within the cell. Because mutations that prevent  subunit
palmitoylation affect channel gating, it is likely that the cell
surface represents one cellular compartment where channels
are modified by palmitoylation. Furthermore, it is interesting to
note that the unitary Na™ conductance of channels that lacked
B subunit palmitoylation (5.1 + 0.1 pS) was significantly greater
than that observed for WT (4.2 = 0.1 pS). Because WT channels
expressed in oocytes exhibit a consistent Na™ conductance that
in our studies is ~4 pS, it is likely that the vast majority of
channels at the plasma membrane of oocytes have 8 subunits
that are palmitoylated.

Itis also notable that the Cys residues we identified as sites of
B subunit palmitoylation do not appear to exert functional
effects in an independent manner. Mutation of only one of the
Cys residues was sufficient to reduce levels of B subunit palmi-
toylation to background (Fig. 2). Furthermore, we did not
observe an additive effect on the reduction of ENaC currents in
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channels bearing mutations of BC43 or BC557, when compared
with ENaC with a double mutation at BC43 and BC557. Our
results suggest that preventing palmitoylation at one site by an
introduced mutation may reduce palmitoylation at the second
site.

In summary, we have identified sites of palmitoylation of
ENaC in the cytoplasmic domains of the 8 subunit of ENaC.
These sites are in proximity to the two transmembrane
domains of ENaC. Channels with mutations that prevent 3 sub-
unit palmitoylation at these two sites have reduced activity
reflecting a reduced channel P,. We suggest that 3 subunit
palmitoylation enhances interactions of ENaC cytoplasmic tails
with the plasma membrane, resulting in conformation changes
in the channel’s pore and gate that favors the open state of the
channel.
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