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The epithelial Na* channel ENaC is a key player in the
maintenance of whole body Na* balance, and consequently of
blood pressure. It is tightly regulated by numerous signaling
pathways including ubiquitylation via the ubiquitin-protein
ligase Nedd4-2. This mechanism is itself under the control of
several kinases, which phosphorylate Nedd4-2, thereby inter-
fering with ENaC/Nedd4-2 interaction, or by Usp2-45, which
binds to and deubiquitylates ENaC. Another, different regula-
tory mechanism concerns the proteolytic activation of ENaC,
during which the channel is cleaved on its luminal side by in-
tracellular convertases such as furin, and further activated by
extracellular proteases such as CAP-1. This process is regu-
lated as well but the underlying mechanisms are not under-
stood. Previously, evidence was provided that the ubiquityla-
tion status of ENaC may affect the cleavage of the channel.
‘When ubiquitylation of ENaC was reduced, either by co-ex-
pressing Usp2—45, or mutating either the ENaC PY-motifs (i.e.
the binding sites for Nedd4-2) or intracellular lysines (i.e.
ubiquitylation sites), the level of channel cleavage was in-
creased. Here we demonstrate that lysine-mutated ENaC
channels are not ubiquitylated at the cell surface, are preferen-
tially cleaved, and Usp2-45 does not affect their cleavage effi-
ciency. We further show by limited proteolysis that the intra-
cellular ubiquitylation status of ENaC affects the extracellular
conformation of ®kENaC, by demonstrating that non-ubiquity-
lated channels are more efficiently cleaved when treated with
extracellularly added trypsin or chymotrypsin. These results
present a new paradigm in which an intracellular, post-transla-
tional modification (e.g. ubiquitylation) of a transmembrane
protein can affect its extracellular conformation.

Na™ homeostasis and blood pressure control are tightly
linked and primarily regulated in the kidney, as evidenced by
the genetic association of mutations in the genes encoding the
epithelial Na* channel (ENaC)? with early onset of salt-sensi-
tive hypertension in Liddle’s syndrome (1, 2). ENaC is com-
posed of three homologous subunits («B7), each comprising
short cytosolic N and C termini, 2 transmembrane domains,
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and a large cytoplasmic loop (3); it is expressed in the apical
membrane of high resistant epithelia in various tissues includ-
ing the kidney, colon, and lung (3). ENaC is strongly regulated
by numerous hormonally controlled signaling pathways that
act via ubiquitylation and proteolytic cleavage. Indeed, in Lid-
dle’s syndrome, mutations in the genes encoding 3- or
v-ENaC lead to the inactivation of cytosolic PY-motifs that
serve as binding sites for the ubiquitin-protein ligase Nedd4-2
(4, 5), suggesting that 1) ENaC is regulated by Nedd4-2-de-
pendent ubiquitylation, and 2) this regulation is impaired in
Liddle’s syndrome. This concept was confirmed recently in a
Nedd4-2 KO model, which displays salt-sensitive hyperten-
sion (6), and by a number of studies linking Nedd4-2 poly-
morphisms with essential hypertension (7—10). Regulation of
ENaC by proteolytic cleavage is the other pathway that has
drawn a lot of attention in recent years (for a review see Ref.
11). The idea that ENaC is activated by proteases was first
proposed by Rossier and co-workers (12) who identified an
extracellular channel activating protease (CAP-1 or human
prostasin) that enhanced ENaC activity when co-expressed
with ENaC in oocytes. Since this pioneering work, and the
demonstration that endogenous ENaC subunits are indeed
cleaved in a regulated fashion that is stimulated by aldoster-
one (13), a number of different proteases have been shown to
be involved in ENaC regulation, including CAP 1 to 3 (14),
plasmin (15, 16), elastase (17), or furin (18), and it was shown
that these proteases cleave the a- and y-subunit. The impor-
tance of these proteolytic mechanisms for Na™ transport was
underlined by the demonstration that plasmin plays a key role
in nephrotic syndrome (15), whereas elastase is relevant in
cystic fibrosis (17). Recent data suggests that the two mecha-
nisms (ubiquitylation, proteolysis) are connected to each
other. Indeed, Snyder and co-workers (19) reported that
ENaC Liddle’s syndrome mutations (with channels missing
the binding sites for Nedd4-2), are more efficiently cleaved
than wild-type channels, and suggested that this depends on
the ubiquitylation status of ENaC. Consistently, the balance of
ubiquitylation/deubiquitylation (i.e. the ratio of Nedd4-2 to
Usp2-45 activity) controls the cleavage of - and y-ENaC via
2 different mechanisms (20): 1) Deubiquitylation directly pro-
motes «ENaC proteolysis independently of its turnover at the
cell surface, whereas 2) yENaC cleavage can be induced by
inhibition of endocytosis with dominant-negative dynamin,
indicating that prolonged length of time at the cell surface
stimulates proteolysis.

VOLUME 286+NUMBER 4+-JANUARY 28, 2011



The observation that an intracellular process (ubiquityla-
tion/deubiquitylation) controls extracellular events is intrigu-
ing and suggests that the modification by ubiquitin, either
directly or indirectly via interaction with other proteins,
changes the accessibility of the extracellular proteolytic sites.
We have investigated this question by applying limited prote-
olysis on ENaC channels that are either ubiquitylated or deu-
biquitylated and confirm that deubiquitylation causes a con-
formational change in ENaC, facilitating its cleavage.

EXPERIMENTAL PROCEDURES

DNA Constructs—All ENaC constructs were based on rat
ENaC and most of them described previously (20). Briefly,
aENaC-(HA); was subcloned into pCMV4 (21), BENaC into
pCDNA3, and yENaC into pcDNA3.1(+)Zeo. BENaC was
tagged with a C-terminal Myc tag, and YENaC with a C-ter-
minal VSV tag. The ENaC lysine to arginine mutants were
generated by PCR as described (22). Furin sites on «ENaC
(R205A, R231A) or yENaC (R138A) were mutated either in
wild-type ENaC or in the lysine mutant. Usp2-45 WT and the
inactive mutant (C67A) were generated by PCR as described
before and cloned into pcDNA3 (20). The dynamin constructs
were previously described (20).

Cell Culture and Transfection—Hek293 (Human Embry-
onic Kidney) cells were cultured in Dulbecco’s modified Ea-
gle’s medium (Invitrogen) supplemented with 10% of fetal
bovine serum (Invitrogen) and 0.05 units/ml of penicillin/
streptomycin (Invitrogen) and incubated at 37 °C/5%CO,,.
Cells were transiently transfected in 10-cm dishes at 60% con-
fluence, using the Ca>" phosphate method.

Cell Surface Biotinylation—24 h after transfection, cells
were washed twice with cold PBS(1X), then treated 30 min
with 4 ml of biotin (0.3 mg/ml) (EZ link Sulfo-NHS-SS-Biotin
from Perbio) per 10-cm dish at 4 °C. Cells were washed twice
with cold TBS(1X) and lysed in 1 ml/dish lysis buffer (50 mm
Hepes pH 7.4, 150 mm NaCl, 1.5 mm MgCl,, 1 mm EGTA pH
8.0, 10% glycerol, 1% Triton X-100, 1.2 mg/ml N-ethylmale-
imide and Complete protease inhibitor mixture (1 tablet/20
ml; Roche)). The cells were solubilized 3 h on a wheel at 4 °C
and centrifuged 30 min at 20,000 X g at 4 °C. Supernatants
were recovered, and protein concentrations were quantified
by the Bradford method (Coo protein dosage kit; Interchim).
30 ul of streptavidin Sepharose beads were added to 0.7 to 2
mg of total proteins and incubated overnight on a wheel at
4 °C. A small part of the supernatants were recovered to have
the non biotinylated fraction. The beads were washed five
times with lysis buffer, and dried beads were resuspended in
30 ul of 100 mm dithiothreitol. They were incubated 1 h at
37 °C with shaking. Then they were centrifuged 2 min at
11’000 X g to recover the supernatant. 5X sample buffer (1.47
M sucrose, 10% SDS, 5 mm EDTA, 300 mm Tris pH 8.8, 0.25%
bromphenol blue, and 130 mwm dithiothreitol) was added, and
the proteins were run on SDS-PAGE, transferred on nitrocel-
lulose, and analyzed by Western blotting. All the experiments
were carried out at least twice or three times.

Antibodies/Western Blotting— Anti-aENaC antibodies were
raised against the N terminus, and the 8,7y antibodies against
the C terminus, as described previously (23) and used at a di-
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lution of 1:500. Anti-Usp2-45 antibodies were used as de-
scribed before at a dilution of 1:500 (20). Anti-actin (Sigma) is
used at a dilution of 1:2,000. Secondary antibodies were cou-
pled with horseradish peroxidase (GE Healthcare), and West-
erns revealed with ECL (GE Healthcare or Pierce). Anti-ubiq-
uitin antibodies (FK2, Enzo Life Sciences) were used at a
dilution of 1:500.

Immunoprecipitations—Cells were washed two times in
cold PBS 1X. They were lysed in 1 ml of lysis buffer (50 mm
Hepes, 150 mm NaCl, 1 mm EGTA, 10% glycerol, and 1% Tri-
ton X-100; containing proteases inhibitors (protease inhibitor
mixture complete; Roche), 0.2 mm N-ethylmaleimide (Fluka),
1 mwm dithiothreitol (Sigma), and phosphatases inhibitors (100
mM NaF and 10 mm di-Na-pyrophosphate). Cells were vor-
texed 15 s and then centrifuged 15 min at 20,000 X g. Super-
natants were recovered and protein concentrations were
quantified by the Bradford method (Coo protein dosage kit;
Interchim). Immunoprecipitations were performed with a
minimum of 700 ug of total proteins.1:250 of antibody (HA
(Santa Cruz Biotechnology) for «ENaC, c-Myc (Sigma) for
BENaC) were added to the lysate and incubated 2 h on a ro-
tating wheel at 4 °C. Then 20 ul of protein G-Sepharose (GE
Healthcare) were added to the mix protein-antibody and in-
cubated in the same conditions over 1 h. Four washes were
done with 1 ml of wash buffer (50 mm Hepes pH 7.4, 150 mm
NaCl, 1 mm EGTA, 10% glycerol, 0.2% Triton X-100, and 1.5
mMm MgCl,), the centrifugations were done at 3,000 X g. Dried
beads were resuspended in 40 ul of sample buffer 2X. Then
the samples were run on SDS-PAGE, transferred on nitrocel-
lulose, and analyzed by Western blot.

Ubiquitylation of Cell Surface Proteins—Cells were biotinyl-
ated as described below. Then they were lysed in 500 ul of
lysis buffer (50 mm Hepes, pH 7.5 150 mm NaCl, 1 mm EGTA,
10% glycerol, and 1% Triton X-100 in H,O) containing pro-
teases inhibitors (protease inhibitor mixture (Complete;
Roche) and 0.2 mMm N-ethylmaleimide (Fluka) in 20 ml of lysis
buffer). Cells were vortexed for 15 s and then centrifuged 15
min at 20,000 X g at 4 °C. Then we followed the protocol of
immunoprecipitation until the washes (see above). Dried
beads were incubated with 100 ul of PBS/1% SDS 15 min at
99 °C under agitation. Supernatants were recovered, and we
added 900 ul of PBS and 30 ul streptavidin-Sepharose beads
(GE Healthcare). They were incubated 1 h on a rotating wheel
at 4 °C. Beads were then washed two times with PBS 1% Tri-
ton X-100. Dried beads were resuspended in 30 ul of 2X sam-
ple buffer. The samples were run on SDS-PAGE, transferred
on nitrocellulose, and analyzed by Western blot using either
anti-ubiquitin, or anti ENaC antibodies.

Trypsin and Chymotrypsin Treatment—The cells were
treated 24 h after transfection. Cells were washed two times
with PBS. 1 pug/ml of trypsin (Sigma) or chymotrypsin (Sigma)
was added to the medium (without FBS), and cells were incu-
bated 5min at 37 °C. After extensive washing with PBS, cells
were then biotinylated and recovered as described above.

Quantification of Blots—The levels of full-length and
cleaved aENaC were detected by Western blot fluorography
and quantified on a molecular imager FX. The ratios between
cleaved and full-length «ENaC were calculated, and values
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FIGURE 1. ENaC ubiquitylation in whole cell lysates and at the cell surface. A, Hek293 cells were transiently transfected with either wild-type or KR mu-
tant ENaC channels. The ubiquitylated and the total amount of ENaC expressed in Hek293 cells were visualized by Western blotting of immunoprecipitated
a-(HA), B-(c-Myc), and y-(VSV)-ENaC, with either anti ubiquitin or anti ENaC antibodies. B, cells were biotinylated, lysed and then immunoprecipitated with
HA tag (for «), c-Myc tag (for B), and VSV tag (for y). The channels present at the cells surface were recovered using streptavidin-Sepharose beads. Biotinyl-
ated proteins were analyzed by SDS-PAGE/Western blotting as indicated. ENaC KR: K to R mutation on all cytoplasmic lysines. fu: mutation on furin sites. The
nature of a fragment seen occasionally at ~70 kDa in the ENaC blots is not known (*). C, Hek293 cells were transiently transfected with ENaC WT +/—
Nedd4-2. Cells were biotinylated 24 h after transfection. Then they were lysed and an immunoprecipitation was performed with anti-HA to recover «ENaC.
The cell surface channels were recovered using streptavidin beads. Then proteins were run on SDS/PAGE and Western blot were performed as describe.
Quantification of three individual experiments of the ratio ubiquitylated/full-length «ENaC was calculated. They were normalized to aENaC full-length and
displayed as mean = S.E. (n = 3 experiments, *, p < 0.05). All the blots are representative of three independent experiments.

were normalized to the control (ENaC alone) and displayed as
mean * S.E. (n = three independent experiments). Bilateral
Student ¢ test for unpaired data were performed to determine
statistical significance.

RESULTS

ENaC Gets Preferentially Cleaved in Its Non-ubiquitylated
State—Previous findings suggest that ubiquitylation and deu-
biquitylation of ENaC (involving Nedd4-2 and/or Usp2-45)
affect the proteolytic cleavage of a- and y-ENaC (19, 20). To
obtain additional evidence that it is indeed the ubiquitylation

2418 JOURNAL OF BIOLOGICAL CHEMISTRY

of ENaC, which affects the proteolytic cleavage, we expressed
in Hek293 cells either wild-type ENaC, or a previously de-
scribed ENaC mutant (22), in which all cytoplasmic lysines of
the 3 subunits were mutated to arginine (ENaC-KR), hence
representing a channel complex that cannot become modified
by ubiquitin on these sites. We immunoprecipitated the
ENaC subunits individually, and blotted the precipitated ma-
terial with either anti-ENaC or anti-ubiquitin antibodies (Fig.
1A). As shown previously by many laboratories the wild-type
ENaC subunits were poly-ubiquitylated (upper panels). In-
triguingly, however, the KR mutant channels still displayed

VOLUME 286+NUMBER 4+-JANUARY 28, 2011



polyubiquitylated chains, albeit weaker. This may be due to
associated proteins that are ubiquitylated, or, alternatively, as
we are dealing with a powerful overexpression system
(Hek293 cells), misfolded or improperly inserted channel sub-
units, in which lysines of the normally extracellular loop are
exposed to the cytosolic side. To study only properly assem-
bled channels, we decided to monitor ubiquitylation of ENaC
at the cells surface. We surface biotinylated cells 24 h after
transfection, lysed them, and recovered the ENaC subunits by
immunoprecipitation using either anti-HA («ENaC), anti-c-
Myc (BENaC), or anti-VSV (yENaC) antibodies. The recov-
ered subunits were then precipitated with streptavidin-Sepha-
rose, which binds the cell surface biotinylated ENaC pool and
analyzed this material by SDS-PAGE/Western blotting using
either anti-ubiquitin or anti-ENaC subunit antibodies (Fig.
1B). As shown previously (20), cell surface wild-type ENaC
subunits (lanes 2—4) detected by anti-ubiquitin antibodies
(upper panels) migrated as several discrete bands at an appar-
ent molecular mass of ~130 kDa, whereas the non-modified
forms (recognized by the ENaC antibodies), migrated at a
lower apparent molecular weight (95 to 110 kDa). The lysine-
free ENaC subunits (lanes 5-7 or 11-13) were observable in
the ENaC blots (lower panels), but hardly in the ubiquitin
blots, demonstrating the importance of these lysines for ubiq-
uitylation of the channel at the cell surface. A weak signal was
observable for «ENaC-KR mutant (Fig. 1B, lane 5). Currently,
we do not know its nature but it may be caused by the polyu-
biquitylation seen in Fig. 1A. In order to provide further evi-
dence that «ENaC is ubiquitylated at the cell surface, we co-
expressed afyENaC with the ubiquitin-protein ligase
Nedd4-2, and observed that the relative ubiquitylation level of
aENaC (ubiquitylated to full-length «ENaC) was increased
more than 10-fold when Nedd4-2 was co-expressed (Fig. 1C),
supporting the notion that this subunit is ubiquitylated at the
cell surface. We noticed that ENaC subunits mutated on the
furin sites described previously (18, 20) were stronger ubiqui-
tylated (lanes 8—10) than wild-type channels. We also ob-
served that ENaC channels composed of lysine-free ay com-
bined with wt 3 (lanes 14—16) were stronger expressed at the
cell surface than wild-type channels or channels mutated on
the lysines of all three subunits (lanes 11-13). This suggests
that 1) ubiquitylation of @ and yENaC has an impact on ENaC
cell surface expression, and 2) some of the cytoplasmic lysine
residues in 3 are important for proper assembly and export of
the channel to the plasma membrane consistent with our pre-
vious findings (22, 24).

Having established that the lysine-free channels were not
ubiquitylated at the cell surface, we followed the cleavage of
ENaC in either wild-type channels or channels comprising
various combinations of lysine-free and wild-type subunits at
the cell surface (Fig. 2; W: wild-type; K: lysine mutated). As
shown in lane 1, occasionally endogenous crossreacting bands
were detected with the ENaC antibodies, which represent
endogenous proteins unrelated to ENaC (20). We confirmed
previous findings showing that wild-type ENaC was cleaved
on the a- and 7y-subunit (Fig. 2, lane 2). Importantly, when
a-ENaC was mutated, the cleavage of @ and vy was increased,
(Fig. 24, conditions 3 and 8 and quantification in Fig. 2B of
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FIGURE 2. Proteolytic cleavage of wild-type and mutant channels mu-
tated on cytoplasmic lysines. A, Hek293 cells were transiently transfected
with either wild-type (W) or cytoplasmic lysine mutant (K) ENaC. 24 h after
transfection, cells were biotinylated, recovered with streptavidin-Sepharose
and analyzed by SDS-PAGE/Western blotting using anti «-, or y-ENaC anti-
bodies as indicated. fI: full-length «- or y-ENaC; arrow: cleaved a- or y-ENaC.
a- and yENaC antibodies crossreact with endogenous proteins, as shown in
lane 1. In our previous work we have provided evidence that these do not
represent endogenous ENaC. B, quantification of the ratio of cleaved to full-
length «ENaC (as described under “Experimental Procedures”), normalized
to wild-type ENaC (condition 2), and displayed as mean = S.E. (n = 3 experi-
ments; *, p < 0.05 versus wt ENaC (2) as determined by Student’s t test).

the ratio of cleaved to full-length «ENaC), whereas mutation
of the other subunits had no effect. This supports the idea
that 1) it is direct ubiquitylation of «ENaC that controls the
process and 2) the « subunit needs to be in a non-ubiquity-
lated state to get efficient ENaC cleavage by endogenous con-
vertases such as furin.

Usp2—-45 Does Not Affect the Cleavage of Lysine Channel
Mutants—If ENaC subunits are in a non-ubiquitylated state,
Usp2-45 should not affect their cleavage. We confirmed this
assumption by expressing either wild-type or lysine-free
ENaC in Hek293 cells together with either Usp2—45, or domi-
nant-negative dynamin (DynK44A) and followed a- and
vENaC in the biotinylated fraction. Similarly to what was de-
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FIGURE 3. Effect of Usp2-45 and DynK44A on proteolytic cleavage of either wild-type or KR channel. A, Hek293 cells were transiently transfected with

either wild-type or cytoplasmic lysine mutant ENaC together with Usp2-45, wi

th dominant negative dynamin (DynK44A) or both. 24 h after transfection,

cells were biotinylated and biotinylated proteins analyzed as in Fig. 2 with either anti a-, YENaC, or anti-actin antibodies. FI: full-length «ENaGC; arrow:
cleaved aENaC. B, full-length «ENaC and its cleaved fragment were quantified and the ratio of cleaved to full-length is displayed (n = 3 experiments; *, p <

0.05; **, p < 0.01 versus wt ENaC). C, Hek293 cells were transiently transfected

with aENaC WT + Usp2-45 or aByENaC WT + Usp2-45. 24 h after transfec-

tion, cells were biotinylated then lysed. Surface proteins were recovered, run on SDS/PAGE, and analyzed by Western blot as indicated (n = 3).

scribed previously (20), both Usp2-45 and DynK44A in-
creased the cleavage of wild-type y-ENaC at the cell surface to
a similar extent (Fig. 3, compare lanes 3, 4, or 5 with lane 2),
whereas the cleavage of ®ENaC was strongly promoted by
Usp2-45 (appearance of a 28 kDa and a weaker ~32-kDa frag-
ment) and hardly by DynK44A (lanes 3 and 5 and quantifica-
tion in Fig. 3B). The lysine-free ENaC mutant behaved differ-
ently as both a- and yENaC-subunits were cleaved at the
plasma membrane in the absence of Usp2-45, and co-expres-
sion of Usp2-45 did not affect cleavage (Fig. 34, compare
lanes 7 and 8 and Fig. 3B). Interestingly, when expressing
ENaC-KR, only a 28-kDa fragment was seen. Interfering with
clathrin-mediated endocytosis by DynK44A increased the
density of cleaved ENaC fragments at the plasma membrane
without significantly changing the ratio of cleaved to full-
length «ENaC (lanes 9 and 10 and Fig. 3B). If ubiquitylation is
impaired or reduced by either mutating the cytoplasmic ly-
sines, or by co-expressing Usp2-45, one could also expect that
the ER-associated degradation is impaired and that more non-
assembled channels may escape to the plasma membrane,
hence subunits that may be more susceptible for cleavage. We
therefore expressed «ENaC alone, or a3 yENaC, together
with or without Usp2-45 (Fig. 3C). Western blotting of the
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biotinylated fraction revealed that when «ENaC was not as-
sembled with the other subunits, it was less cleaved than the
fully assembled channel, suggesting that the assembled chan-
nel is more prone for such proteolysis. Our findings therefore
further support the idea that «kENaC cleavage is efficient only
if the channel is deubiquitylated, and that Usp2-45 directly
acts on ubiquitylated ENaC channels.

aENaC Undergoes Conformational Changes upon Ubiquity-
lation or Deubiquitylation—Assembled ENaC at the plasma
membrane is ubiquitylated at the cytosolic side (Fig. 1B),
whereas proteolytic cleavage takes place on the extracellular,
or luminal side. Consequently, deubiquitylation may control
ENaC cleavage either by prolonging the time period that the
channel remains at the cell surface, or alternatively, by induc-
ing a conformational change that exposes the proteolytic
site(s). Our previous findings suggest that cleavage of YENaC
by endogenous proteases is primarily controlled by the turn-
over of the channel at the cell surface, whereas «ENaC is reg-
ulated by other means (20). To detect possible conformational
changes we decided to carry out experiments of limited prote-
olysis using extracellularly added trypsin. With such a classi-
cal approach we expected to detect different cleavage patterns
if conformational changes at the extracellular side take place.
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FIGURE 4. Limited proteolysis using trypsin on ENaC channels co-expressed with Usp2-45 and/or DynK44A. A, Hek293 cells were transiently trans-
fected with either wild-type or furin mutant (fu) ENaC together with Usp2-45 WT or with DynK44A, or with Nedd4-2 WT. 24 h after transfection, cells were
treated with 1 pg/ml trypsin for 5 min at 37 °C, and biotinylation was performed to recover proteins present at the cell surface. Recovered proteins were run
on a SDS/PAGE and analyzed by Western blot as indicated. B, in 4 individual experiments the cleaved 30-kDa « fragment and full-length «ENaC was quanti-
fied. The ratio of cleaved to full-length « is displayed. *, p < 0.05 versus ENaC fu; ***, p < 0.001, ##, p < 0.01 versus wt ENaC (8) (n = 4).

Importantly, the short addition (5 min) of a protease to the
extracellular side will provide a snapshot of the channels at
the cell surface and not be affected by exocytosis or endocyto-
sis rates of the channel. Because wild-type ENaC undergoes
cleavage by endogenous convertases such as furin (20), we
used furin-site mutants of a- and y-ENaC that were described
previously (18). These mutant channels were not or hardly
cleaved on a- or y-ENaC by endogenous proteases as shown
in Fig. 4 (left, lanes 2—7, a- or y-ENaC, arrow). As comparison
we loaded wt channels that were strongly cleaved as shown
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above (lanes 8 —9). When the cells were treated with limiting
amounts of trypsin (1 ug/ml, 5 min, 37 °C), hardly any cleav-
age product of a- or yENaC was seen (right panel, lane 2, and
quantification in B). When Usp2-45 was co-expressed, both
a- and y-ENaC were cleaved by trypsin, as evidenced by the
presence of 2 major fragments of 28 and 32 kDa for «, and an
enhanced 75 kDa product for yENaC (Fig. 4, right side). Im-
portantly, the ratio of cleaved to full-length «ENaC was
strongly increased, suggesting a conformational change when
Usp2—45 was co-expressed (Fig. 4B). Interfering with endocy-
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tosis with DynK44-A did only very faintly reveal the cleaved
bands, corroborating the idea that the effect of Usp2-45 on
aENaC was not caused by inhibition of endocytosis, but by
another process, possibly a conformational change. To con-
firm that it was the ubiquitylation state of ENaC that was af-
fected by Usp2-45, we expressed lysine-free channels, which
comprised also the furin site mutations, and carried out an-
other set of limited proteolysis experiments with trypsin (Fig.
5). Wild-type, furin sites mutant (fu), furin-sites (fu) + ay KR
mutant, and furin sites (fu) + aBy KR ENaC mutant ENaC
channels were expressed. In lanes 1-5 (biotinylated fraction,
no trypsin addition) hardly any proteolytic fragment either for
a or YENaC was observed. When trypsin was added extracel-
lularly (lanes 6 —10), proteolytic fragments were hardly visible
in the wild-type channel (arrow). When KR mutated ENaC
subunits were expressed the cleavage of ®ENaC was strongly
enhanced (appearance of only the 28-kDa fragment) as com-
pared with the furin mutant (compare lanes 9 and 10 with 8,
arrow and quantification in B), and also cleavage of yYENaC
was stronger when « and y were KR mutated (compare lanes
8 and 9). Quantification of the ratio between cleaved and full-
length ®ENaC confirmed the very strong increase in cleavage
of the ®ENaC KR mutants (Fig. 5B). These findings suggest
that non-ubiquitylated ENaC is prone to be cleaved by limit-
ing amounts of trypsin, likely due to a conformational change.

Sensitivity of ENaC to Both Trypsin and Chymotrypsin
Cleavage Depends on the Ubiquitylation Status of ENaC—To
acquire further evidence that there may be a conformational
change on the extracellular side of ENaC, we carried out simi-
lar proteolysis experiments using chymotrypsin. Chymotryp-
sin has been shown to stimulate ENaC activity as well (25, 26).
In Fig. 6, extracellularly added chymotrypsin, as well as tryp-
sin, cleaved preferentially ENaC containing the KR mutations
on a and YENaC (compare lane 4 with the other lanes).
Hence, our results suggest that ubiquitylation or deubiquityla-
tion of ENaC influence the efficiency by which either endoge-
nous convertases such as furin, or extracellularly added pro-
teases such as trypsin or chymotrypsin cleave proteolytically
the epithelial Na™ channel ENaC.

DISCUSSION

Data presented in this work show that the ubiquitylation
status of ENaC influences the sensitivity to proteolysis of «
and y ENaC subunits on their extracellular loop. For «ENaC,
the data are most compatible with a model in which either
ubiquitylation or deubiquitylation induce a change of confor-
mation, rendering proteolytic sites inassessable or assessable
to relevant proteases. To our knowledge this is the first dem-
onstration that ubiquitylation regulates the conformation of a
transmembrane protein across the membrane.

These conclusions are based on the following observations:
1) When Usp2-45 is co-expressed with ENaC, the channel
becomes deubiquitylated, and preferentially cleaved on « and
vENaC subunits by endogenous proteases/convertases, likely
by furin (Fig. 3 and Ref. 20). This cleavage requires the pres-
ence (and likely the assembly) of the three subunits, as «cENaC
alone is not cleaved. 2) Ubiquitylation-deficient ENaC mu-
tants missing all the cytoplasmic lysines are constitutively
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FIGURE 5. Limited proteolysis using trypsin on wild-type or lysine-mu-
tated ENaC channels. A, Hek293 cells were transiently transfected with
wild-type ENaC (WT), or on ENaC mutated on the furin sites (fu), or on ENaC
mutated both on the furin sites and on the cytoplasmic lysines (fu, ayKR,
afyKR). 24 h after transfection, cells were treated or not with 1 ug/ml tryp-
sin, and then biotinylated. Biotinylated proteins were recovered and ana-
lyzed on SDS/PAGE/Western blotting as indicated. B, quantification as de-
scribed in Figs. 2,3, and 4 (n = 4).
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FIGURE 6. Non-ubiquitylated ENaC channels are more efficiently
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with 1 wg/ml chymotrypsin, and then biotinylated. Proteins were run on a
SDS/PAGE and analyzed by Western blot as indicated in the previous fig-
ures. Shown are representative blots of two individual experiments.

cleaved (particularly when mutated on «ENaC), and the
cleavage is not further affected by Usp2-45, demonstrating
that this enzyme controls ENaC cleavage by acting directly on
the channel (Figs. 2 and 3). 3) Further in support are previous
published data showing that Liddle’s channels, missing bind-
ings sites for the ubiquitin-protein ligase Nedd4-2, are prefer-
entially cleaved (19). 4) Channels that are not ubiquitylated,
either because they are devoid of cytosolic lysines or because
they are deubiquitylated by Usp2-45, show different proteoly-
sis pattern by limited treatment with 2 different extracellu-
larly added proteases (trypsin or chymotrypsin) (Figs. 5 and
6). These treatments are short (5 min); therefore these experi-
ments likely show the steady state level of proteolytically ac-
cessible channels at the cell surface. Hence, changes in the
ratios of cleaved fragments to uncleaved, full-length channels
cannot be explained by alterations in expression of the chan-
nels (or their proteolytic fragments) at the cell surface, and
therefore likely represent changes in the conformation of the
channel. However, eliminating the ubiquitylation sites by mu-
tating cytoplasmic lysines to arginines, or deubiquitylating
ENaC subunits by Usp2-45, may affect quality control in the
ER and consequently ERAD (ER-associated degradation). We
can therefore not firmly exclude that under such conditions
aBy channels form, which are not properly folded in the pro-
tease-sensitive region and escape to the plasma membrane,
where they may exhibit enhanced sensitivity to proteases such
as trypsin. Future studies will aim to address this issue in fur-
ther detail.

At this stage, we can only speculate on how the ubiquitin
modification of ENaC affects the extracellular conformation
of ENaC. Judged from the molecular weight shift from non-
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ubiquitylated (lower panels in Fig. 1) to ubiquitylated (upper
panels in Fig. 1) ENaC subunits, which is ~30 to 40 kDa, we
estimate that there are 4 to 5 ubiquitins of ~8 kDa, which are
attached to each subunit, representing an increase in molecu-
lar weight of roughly 30%. These modifications may represent
either multiple mono-ubiquitylations or short poly-ubiquity-
lated chains (as is often observed for membrane proteins)
(27). These bulky modifications occur on the short N termini
(24) and likely change their conformational arrangement suf-
ficiently to affect the whole transmembrane channel complex
(including the extracellular loops). Moreover, it is well recog-
nized that ubiquitin acts as a module that binds to numerous
cellular proteins. The number of known ubiquitin-binding
proteins is constantly growing and estimated to be larger than
150 (28). Such proteins interact via so-called ubiquitin-bind-
ing motifs, or domains (more than 20 different ones have
been identified so far), and translate an ubiquitin signal into a
cellular response. It is likely that the attached ubiquitins on
ENaC bind to other cellular proteins, which may influence the
conformation of the channel complex. Although ubiquityla-
tion is known to lead to the formation of both intra- or inter-
molecular interactions in cytoplasmic proteins (29), the case
of ENaC is, to our knowledge, the first one to demonstrate
that ubiquitylation changes the conformation at the extracel-
lular side of a transmembrane protein complex.

With respect to the conformational change on the extracel-
lular loops of ENaC, it is currently difficult to predict its na-
ture. We have relatively sparse information on the conforma-
tion of the extracellular loops of ENaC, although the structure
of a closely related ion channel (ASIC) has been resolved re-
cently (30). It will be necessary to solve the structure of active
and inactive ENaC, or ubiquitylated and non-ubiquitylated
channels, to understand the nature of the changes that occur
within ENaC.

We know that ENaC can be cleaved on “furin-sites” that
have been defined by Hughey and collaborators on the extra-
cellular loops of a- and y-ENaC (18), and which correspond
to a consensus of RXXR. There are 2 such sites on «ENaC,
and one on yENaC. In the region around these cleavage sites
are numerous additional positively charged amino acids (ly-
sines or arginines), which may serve as potential cleavage sites
for trypsin; there are also many large aliphatic residues (phe-
nylalanines, tyrosines, or tryptophans), which represent puta-
tive cleavage sites for chymotrypsin. Consequently, this is
likely the region which is affected by the ubiquitylation/deu-
biquitylation of the complex, thereby masking or unmasking
the proteolytic sites. To get further insides into these confor-
mational arrangements we will need a better understanding of
the structure of ENaC.

Although it is now well established that ENaC is activated
by proteolysis, we still do not know how this process is regu-
lated (for a review see Ref. 11). It has been shown over a dec-
ade ago, that low Na™ diet or aldosterone promotes the cleav-
age of yENaC (13), an observation that was further supported
by Ergonul ez al. (31), who demonstrated that a 7-9-day-long
low Na™ diet increased the cleavage of a- and y-ENaC. Re-
cently it was shown that several mechanisms could be envi-
sioned to explain the phenomena. It is possible that aldoster-
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one stimulates the expression of a protease, which may then
cleave ENaC, or alternatively, that endogenous protease in-
hibitors are suppressed by aldosterone. Such a mechanism has
been proposed by Wakida et al. (32). Alternatively, the link to
ubiquitylation described in the present work may be impor-
tant as well, and there is considerable, albeit indirect, evidence
in favor of such a regulatory pathway. ENaC channels con-
taining Liddle’s mutations, and hence lacking the binding sites
for Nedd4-2 have been shown to be preferentially cleaved (19)
and to display increased open probability Po (33), compatible
with the idea that cleavage of ENaC increases Po (12). Aldos-
terone induces the expression of GILZ, Sgkl, and Usp2-45,
which all are involved in the suppression of Nedd4-2-depen-
dent ENaC ubiquitylation (22, 34, 35); accordingly they are
also expected to induce ENaC cleavage, as shown for
Usp2-45 in this paper. Indeed, Fejes-Toth et al. (36) pre-
sented recently evidence that the proteolytic processing of
vENaC is reduced in mice lacking Sgk1. On the other hand
the in vivo role of GILZ or Usp2-45 in ENaC regulation and
processing has not been studied so far, nor has proteolytic
processing of ENaC been observed in Nedd4-2 KO mice (6).
Importantly, the relevance of ENaC proteolysis in regulation
and activity of ENaC, as it is seen iz vivo in the nephron, re-
mains to be established, as there is not always a strict correla-
tion between cleavage and function of ENaC (36).

In conclusion we have shown that the ubiquitylation status
of ENaC plays an important role for the susceptibility of
ENaC to luminal proteolysis, either by intracellular converta-
ses such as furin, but also by extracellularly added proteases
such as trypsin or chymotrypsin. The most likely explanation
for these findings is that addition (or removal of ubiquitin)
from the ENaC subunits causes important conformational
changes that either expose (or mask) the proteolytic sites
present on the loops of either a- and/or yENaC.
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