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The epithelial sodium channel (ENaC) is preferentially
assembled into heteromeric ��� complexes. The � and � (not
�) subunits undergo proteolytic cleavage by endogenous furin-
like activity correlatingwith increased ENaC function.We iden-
tified full-length subunits and their fragments at the cell surface,
aswell as in the intracellular pool, for all homo- andheteromeric
combinations (�, �, �, ��, ��, ��, and ���). We assayed cor-
responding channel function as amiloride-sensitive sodium
transport (INa).We varied furin-mediated proteolysis bymutat-
ing the P1 site in � and/or � subunit furin consensus cleavage
sites (�mut and �mut). Our findings were as follows. (i) The �
subunit alone is not transported to the cell surface nor cleaved
upon assembly with the � and/or � subunits. (ii) The � subunit
alone (or in combination with � and/or �) is efficiently trans-
ported to the cell surface; a surface-expressed 65-kDa � ENaC
fragment is undetected in �mut��, and INa is decreased by 60%.
(iii) The � subunit alone does not appear at the cell surface; �
co-expressed with � reaches the surface but is not detectably
cleaved; and � in ��� complexes appears mainly as a 76-kDa
species in the surface pool. Although basal INa of ���mut was
similar to ���, �mut was not detectably cleaved at the cell sur-
face. Thus, furin-mediated cleavage is not essential for partici-
pation of � and � in ��� heteromers. Basal INa is reduced by
preventing furin-mediated cleavageof the�, but not�, subunits.
Residual current in the absence of furin-mediated proteolysis
may be due to non-furin endogenous proteases.

The highly sodium-selective epithelial sodium channel
(ENaC)2 is composed of three homologous subunits (�, �, and
�) and is expressed in several ion-transporting epithelia, includ-
ing the kidney, colon, and lung (1). The membrane topology of
each subunit was predicted to consist of two transmembrane

domains with short cytoplasmic amino and carboxyl termini
and joined by a large extracellular loop. This prediction is
strongly supported by recent crystallization of ENaC relative
ASIC1. TheASIC1 structure (2) alsomakes it clear that ENaC is
likely a heterotrimer (�1�1�1), in contrast to the heterotet-
rameric, octameric, or nonameric stoichiometry (����) pro-
posed previously (3–5). In the Xenopus oocyte expression sys-
tem, it has been possible to quantitate the number of channel
complexes expressed at the cell surface and to measure in the
same oocyte the amiloride-sensitive current generated by the
expression of ENaC at the membrane (6, 7). This assay demon-
strated the preferential assembly of ��� channels. Maximal
ENaC activity measured by the amiloride-sensitive inward cur-
rent (INa) is observed only when the �, �, or � subunits are
co-injected in the Xenopus oocyte expression system. There is
an excellent correlation between INa and the number of channel
complexes expressed at the cell surface (7).When the� subunit
is injected alone (presumably �3 trimers), only 1 or 2% of max-
imal activity is observed. When the �/� or �/� subunits are
co-injected (potentially forming �2�1, �1�2, �2�1, or �1�2),
5–15%ofmaximal activity is recorded. The� or� subunit alone
does not lead to any significant channel activity, whereas
expression of the �/� subunits leads to very small activity (2%)
after prolonged incubation (6–7 days after injection) (8). These
data indicated that the � subunit has an essential chaperone
role, bringing the � and � subunits to the plasma membrane,
but the � and � subunits are also essential for optimal expres-
sion of channel complexes at the cell surface.
The endogenous processing of ENaC in heterologous expres-

sion systems is significant and specific for each subunit. Hughey
et al. (9) showed that when tagged subunits were expressed
alone in Chinese hamster ovary orMadin-Darby canine kidney
type 1 epithelia, the � (95 kDa), � (96 kDa), and � (93 kDa)
subunits each produced a single band on SDS gels by immuno-
blotting. However, co-expression of the ��� ENaC subunits
revealed a second band for each subunit (65 kDa for �, 110 kDa
for�, and 75 kDa for �). The smaller size of the processed� and
� subunits was consistent with proteolytic cleavage. Hughey
et al. (10) have subsequently implicated furin in ENaC proteolytic
processing. They demonstrated that the� and �ENaC subunits
may be cleaved during maturation at consensus sites for furin
cleavage. Using site-specific mutagenesis of the key P1 arginine
in the RXXR(P1) furin sequences in � and �, ENaC expression
in furin-deficient cells, and furin-specific inhibitors, the
authors proposed that ENaC cleavage correlated with channel
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activity (10). A demonstration of a direct correlation between
endogenous proteolytic cleavage of surface-expressed ENaC
and activation in the same expression systemwas not provided.
Important questions remain. Does the processing occur on the
exocytic and/or endocytic pathway or at the plasma mem-
brane? What is the relative importance of � versus � cleavage
for channel activation? We recently designed an experimental
protocol that allows labeling of cell surface-expressed protein
(11) and direct correlation of channel cleavage and amiloride-
sensitive ENaC-mediated sodium transport (12). However,
because both the � and � subunits undergo endogenous prote-
olysis, leading to a specific pattern for each subunit expressed at
the cell surface, it is not clear whether � and/or � processing
was required for channel activity under base-line conditions.
We reasoned that if cleavage of the � and/or � ENaC subunits
takes place at the plasma membrane, causing channel activa-
tion, there should be a precursor-product relationship between
the pool of full-length uncleaved channel (precursor associated
with little or no ENaC activity) and the pool of cleaved channel
(product associated with increased ENaC activity). We co-in-
jected the �, �, and � subunits in all combinations and meas-
ured INa and the size of channel subunits expressed at the cell
surface (biotinylated proteins) or in the intracellular pool (non-
biotinylated proteins) to establish a direct correlation between
cell surface expression of cleaved subunit and sodium trans-
port. Using the � and/or � ENaC subunits with furin cleavage
site mutations, we provide evidence that ENaC activation dur-
ing preferential assembly requires furin-dependent and furin-
independent processing.

EXPERIMENTAL PROCEDURES

cRNAs—Complementary RNAs of rat ��� ENaC subunits
were synthesized in vitro using SP6 and T7 RNA polymerase. C
terminally V5 epitope-tagged �, �, and � ENaC subunits were
created by PCR amplification. For each subunit, two primers
were synthesized. The forward primer contains the SpeI site
and the start codon of the ENaC gene; the reverse primer con-
tains the I site, the coding sequence for V5, and the C-terminal
sequence of the ENaC gene. PCR products were purified and
cloned into the SpeI/NotI sites of vector pSDE. Furin mutants
were engineered as described by Hughey et al. (10) using C
terminally V5 epitope-tagged � or � subunits. In the present
study we used the �R205A/R231A mutant (�mut) and �R138A
(�mut).
Antibodies—Monoclonal anti-V5 antibody was obtained

from Invitrogen and used according to the manufacturer’s
instructions. The actin antibody was from Sigma.
Expression of ENaC cRNA in Xenopus Oocytes—The cRNAs

were injected intoXenopus oocytes (3.3 ng of each subunit) and
kept inmodified Barth solution (MBS) containing 88mMNaCl,
1mMKCl, 2.4mMNaHCO3, 0.8mMMgSO4, 0.3mMCa(NO3)2,
0.4mMCaCl2, and 10mMHepes-NaOH (pH 7.2). Electrophysi-
ological measurements and cell surface biotinylation were per-
formed 24 h after injection. INa was recorded using a two-elec-
trode voltage clamp and was defined as the difference between
Na� currents obtained in the presence and absence of amilo-
ride (5 �M).

Biotinylation of ENaC Subunits on the Cell Surface—Biotiny-
lation was performed in 40-well plates using 50 oocytes/exper-
imental condition as described (11, 12). All biotinylation steps
were performed at 4 °C. After incubation in MBS for 30 min at
4 °C, the oocytes were washed three times with MBS. After the
last wash, theMBSwas removed and replaced by a biotinylation
buffer containing 10 mM triethanolamine, 150 mM NaCl, 2 mM
CaCl2, and 1mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Pierce) (pH
9.5). The incubation lasted 15 min with gentle agitation. The
biotinylation reaction was stopped by washing the oocytes two
timeswith quench buffer containing 192mMglycine and 25mM
Tris-Cl (pH 7.5) added toMBS. After the second wash, oocytes
were incubated for 5 min in the quench buffer with gentle agi-
tation. Oocytes were then washed two times with MBS and
lysed by repeated pipetting with Pasteur pipettes in lysis buffer
containing 1%TritonX-100, 500mMNaCl, 5mMEDTA, 50mM
Tris-Cl, and 5 mg/ml each leupeptin, antipain, and pepstatin
(20 �l/oocyte). The lysates were vortexed for 30 s and centri-
fuged for 10 min at �5,000 � g. Supernatants were transferred
to new 1.5-ml Eppendorf tubes containing 50 �l of Immuno-
Pure-immobilized streptavidin beads (Pierce) washedwith lysis
buffer. After overnight incubation at 4 °C with agitation, the
tubes were centrifuged for 1 min at �5,000 � g. The superna-
tant (non-biotinylated pool) was removed, and the beads were
washed three times with lysis buffer. 35 �l of 2� SDS-PAGE
sample buffer was added to the beads. All samples were heated
for 5 min at 95 °C before being loaded on 8–15% SDS-polyac-
rylamide gel. Cell surface labeling was restricted to plasma
membrane proteins, as shown by the absence of any significant
amount of actin in this fraction. Essentially, the non-biotiny-
lated protein pool represents proteins expressed intracellularly
(i.e. the intracellular pool of membrane- and non-membrane-
associated proteins) and is characterized by a large amount of
actin. In some experiments, the non-biotinylated protein pool
was spun down at 20,000 � g for 20 min to get a crude post-
cytoplasmic membrane fraction (the non-biotinylated mem-
brane-enriched pool).
Statistical Analysis—All data are represented as means, and

error bars indicate S.E. Statistical significance was determined
by analysis of variance and was followed by Bonferroni’s post-
test when appropriate. A p value �0.05 was considered statis-
tically significant. The number of independent experimental
repetitions is represented by n.

RESULTS

� Subunit—After a 24-h incubation (Fig. 1A), a subunit alone
(lane 1) did not generate a significant amiloride-sensitive cur-
rent. Co-expression of � with � (Fig. 1A, lane 2) or � (lane 3)
increased INawith respect to�-injected (lane 1) or non-injected
(lane 13) oocytes, representing �15% of maximal activity
observed when the ��� subunits were co-injected (lane 4). A
full-length uncleaved 95-kDa � subunit band was predomi-
nantly observed at the cell surface (Fig. 1B) of � (lane 1)-, ��
(lane 2)-, �� (lane 3)-, and ��� (lane 4)-injected oocytes. The
predominant cleavage product was a 65-kDa band, although
other bands (80 kDa and smaller) were observed but in small
and variable proportions upon long film exposure (data not
shown). In the non-biotinylated protein pool (Fig. 1C), the
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95-kDa band was predominantly observed (lanes 1–4). Mem-
brane enrichment of the non-biotinylated protein pool revealed
the � subunits to be in the full-length 95-kDa form (Fig. 1D,
lanes 1–4).

�mut Subunit—The 65-kDa fragment has been observed in
vivo and in vitro and proposed to be due to furin-mediated
proteolysis. To test the possible physiological role of the expres-
sion of the putative furin 65-kDa fragment at the cell surface, we
directly compared the effect of�mut on INa and on the pattern of
a cleaved� fragment at the cell surface.After 24 h of incubation,
the �mut subunit alone (Fig. 1, B–D, lane 5) did not generate a
significant amiloride-sensitive current. Co-expression of �mut
with � (lane 6) or � (lane 7) increased INa with respect to non-
injected oocytes (lane 13) at levels significantly higher (p �
0.05) than that observed in WT �� (lane 2 versus lane 6) and
equal to that in �� complexes (lane 3 versus lane 7). Co-expres-
sion of �mut with � and � (lane 8) resulted in a 60% reduction
(p � 0.01) in INa. Co-expression of �mut with � and �mut (lane
12) resulted in a similar 60% reduction (p � 0.05) in INa. Muta-
tion of the furin cleavage sites in the � subunit eliminated the
appearance of the 65-kDa cleavage product at the cell surface
(Fig. 1B, lanes 5–12).
Quantitation of six independent � assembly experiments is

shown in Fig. 2. Upon preferential assembly of ��� complexes,
there was no significant change in the biotinylated pool, non-
biotinylated protein pool, or membrane-enriched protein pool
of the full-length 95-kDa� subunit (Fig. 2,A–C, lanes 1–4), but
there was a small but insignificant increase in the amount of
cleaved 65-kDa fragments in the biotinylated pool (panels A–C,
lanes 5–8). There was no detectable 65-kDa band in the non-
biotinylated pool or in the membrane-enriched protein pool
(Fig. 2, B and C, lanes 1–8). The non-biotinylated membrane-
enriched pool showed a progressive but non-significant
decrease in the full-length � subunit (Fig. 2C, lanes 1–4).
Mutation of the furin cleavage sites in the� subunit alone did

not change the quantity of the 95-kDa bands in the biotinylated
protein pool (Fig. 2A, lanes 9–12), the non-biotinylated pool
(panel B, lanes 9–12), or the non-biotinylated membrane-en-
riched pool (panel C, lanes 9–12). This mutation also elimi-
nated the 65-kDa band in the biotinylated protein pool (Fig. 2A,
lanes 13–16), the non-biotinylated pool (panel B, lanes 13–16),
and the non-biotinylated membrane-enriched pool (panel C,
lanes 13–16).

�mut and �mut Subunits—Mutation of the furin sites in both
the � and � subunits decreased the amount of 95-kDa bands in
�mut�mut- and �mut��mut-injected oocytes in the biotinylated
pool (p� 0.01 and 0.001, respectively; Fig. 2A, lanes 19 and 20),
the �mut��mut-injected oocytes in the non-biotinylated pool
(p� 0.05; panel B, lane 20), and the�mut��mut-injected oocytes
in the non-biotinylated membrane-enriched pool (p � 0.001;
panel C, lane 20). The 65-kDa band was also eliminated in the
biotinylated protein pool (Fig. 2A, lanes 21–24), the non-bio-

FIGURE 1. Activity and expression of � rENaC assembled with � rENaC
and/or � rENaC with and without mutations in the � and � subunit furin
cleavage sites. Xenopus oocytes were injected with �, ��, ��, or ��� rENaC
cRNAs with and without mutations in the furin consensus sites in the � and �
subunits 24 h before experimental analysis. The � rENaC subunit was
V5-tagged at the C terminus. Cell surface-biotinylated proteins, non-biotiny-
lated proteins, and membrane-enriched protein fractions were probed with
V5 antibody to detect the V5 tag inserted in the C terminus of � ENaC. A
representative gel of three experiments (lanes 1–12) is shown. Quantitation of
the data are shown in Fig. 2. A, amiloride-sensitive current. Current was meas-
ured by voltage clamp in each experimental condition and expressed relative
to current in ��� rENaC-injected oocytes (1168 � 228 nA; n � 6 independent
experiments for WT (lanes 1– 4), n � 3 for experiments with � furin site muta-
tions �mut �R205A and �R231A (lanes 5– 8), and n � 3 for experiments with �
furin site and � furin site mutation �mut �R138A (lanes 9 –12)). Oocytes
injected with �� and ��� rENaC had a significantly higher amiloride-sensitive
current than � and �� rENaC-injected oocytes (p � 0.05 and 0.001, respec-
tively). Oocytes injected with �mut� rENaC and �mut�� rENaC had a signifi-
cantly higher amiloride-sensitive current than � and �� rENaC-injected
oocytes (p � 0.05 and 0.001, respectively). Interestingly, �mut� rENaC-in-
jected oocytes had significantly more current than �� rENaC-injected
oocytes (p � 0.05) and did not differ significantly from �mut�� rENaC-
injected oocytes. Oocytes injected with �mut��mut rENaC had a signifi-
cantly higher amiloride-sensitive current than �mut- and �mut�mut-in-
jected, but not �mut� rENaC-injected, oocytes (p � 0.001). B, biotinylated
cell surface proteins. Full-length 95-kDa � ENaC was detected at the cell
surface in all conditions where � rENaC was injected. The 65-kDa � ENaC
cleavage product was detected in some but not all experiments; it was
present when ��� rENaC was injected into the same oocyte but never
when oocytes were injected with �mut. C, non-biotinylated protein pool.
The non-biotinylated protein pool contained full-length 95-kDa � ENaC,
but not the 65-kDa cleavage product, in each experimental condition.

D, membrane-enriched proteins. Membrane-enriched protein pellets con-
tained full-length 95-kDa � ENaC, but not the 65-kDa cleavage product, in
each experimental condition. Absence of actin in the biotinylated proteins
indicated that no intracellular proteins were labeled. Even quantities of actin
in the non-biotinylated and membrane-enriched proteins indicated even
protein loading. N.I., non-injected oocytes.
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tinylated pool (panel B, lanes 21–24), and the non-biotinylated
membrane-enriched pool (panel C, lanes 21–24). Collectively,
the data indicate that the furin consensus site on the � subunit
is required for ENaC activation upon assembly into ��� com-
plexes, but 40% of INa is not accounted for by this mechanism.
Interestingly, the activation observed when � is assembled into
the �� heterodimer is not inhibited but rather enhanced, sug-
gesting that the � subunit may also play a distinct furin-inde-
pendent role in ENaC activation.

� Subunit—After a 24-h incubation (Fig. 3A), the � subunit
alone (lane 1) or �� subunits together (lane 3) did not generate

a significant current, whereas ��
(lane 2) or ��� (lane 4) significantly
increased INa with respect to �-in-
jected (lane 1) or non-injected (lane
5) oocytes. At the cell surface (Fig.
3B), a single molecular mass species
(105 kDa) of the � subunit was
detected in ���-injected oocytes
(lane 4) and in small proportions in
��-injected oocytes with no evi-
dence of cleavage or processing. In
the non-biotinylated protein pool
(Fig. 3C), a single molecular mass
species (105 kDa) of the � subunit
was detected in all conditions (lanes
1–4) with no evidence of cleavage or
processing. We conclude that the �
subunit cannot traffic to the plasma
membrane unless accompanied by
the � subunit. Quantitation is
shown in Fig. 4. The amount of �
subunits detected at the cell surface
in �-, ��-, or ��-injected oocytes
was small and not significantly dif-
ferent from background (non-in-
jected oocytes), whereas the
amount of � subunits detected in
���-injected oocytes was signifi-
cant compared with controls. There
were no significant differences in
the amount of � subunits detected
in the non-biotinylated protein
(intracellular) pool.

� Subunit—After a 24-h in-
cubation (Fig. 5A), the � subunit
expressed alone (lane 1) or in��-in-
jected oocytes (lane 3) did not
generate any significant amiloride-
sensitive current, whereas � co-ex-
pressed with � (lane 2) yielded �5%
of maximal activity observed when
the ��� subunits were co-injected
(lane 4). At the cell surface (Fig. 5B),
a 76-kDa � subunit species was pre-
dominantly observed in ���-in-
jected oocytes (lane 4). In the non-
biotinylated protein pool (Fig. 5C),

the 87-kDa full-length species was predominantly observed
(lanes 1–4) with very little, if any, evidence of the 76-kDa spe-
cies. However, this 76-kDa fragment was readily detected in the
non-biotinylatedmembrane-enriched pool in all injection con-
ditions along with the 87-kDa band (Fig. 5D, lanes 1–4). After a
24-h incubation (Fig. 5A), the �mut subunit expressed alone
(lane 5) or �mut co-expressed with � (lane 7) did not generate
any significant amiloride-sensitive current, whereas �mut co-
expressedwith� (lane 6) yielded around 5% ofmaximal activity
observed when the ���mut subunits were co-injected (lane 8).
Importantly, the level of activity was identical to that of wild

FIGURE 2. Densitometry of � rENaC cell surface expression when assembled with � rENaC and/or � rENaC
with and without mutations in the � and � subunit furin cleavage sites. Western blots of biotinylated,
non-biotinylated, and membrane-enriched proteins from Xenopus oocytes injected with V5-tagged � rENaC
alone and with � rENaC and/or � rENaC with and without mutations in the � and � subunit furin cleavage sites
were subjected to densitometric analysis. In biotinylated and non-biotinylated experiments, n � 6 independ-
ent experiments for WT, n � 3 for experiments with � furin site mutations �mut �R205A and �R231A, and n �
3 for experiments with � furin site and � furin site mutation �mut �R138A. In membrane-enriched experiments,
n � 3 for all conditions. A, cell surface biotinylation. No significant difference in band density was detected in
the experimental groups in the 95- or 65-kDa bands at the cell surface in wild type- or �mut-injected oocytes.
There were significantly fewer 95-kDa bands at the cell surface in �mut�mut- and �mut��mut-injected oocytes
relative to the wild type controls (p � 0.01 and 0.001, respectively). B, non-biotinylated protein pool. No
significant difference in band density was detected in the experimental groups in the 95- or 65-kDa bands in
the cell in the wild type- or �mut-injected oocytes, with the exception of the �mut��-injected oocytes, which
had slightly fewer 95-kDa bands than in wild type ��� controls (p � 0.05). There were slightly fewer 95-kDa
bands in �mut�� than in the wild type controls (p � 0.05). C, membrane-enriched proteins. No significant
difference in band density was detected in the experimental groups in the 95- or 65-kDa bands in the cell in
wild type- or �mut-injected oocytes. There were significantly fewer 95-kDa bands in the �mut��mut-injected
than in the wild type-injected oocytes (p � 0.001). N.I., non-injected oocytes.
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type channels (Fig. 5A, lane 4 versus lane 8). At the cell surface
(Fig. 5B), only the full-length 87-kDa species was observed,
whereas the 76-kDa� subunit specieswas conspicuously absent
in ���mut-injected oocytes, indicating that the furin consensus
site was no longer used by endogenous furin or furin-like pro-
teases. In the non-biotinylated protein pool (Fig. 5C), only the
87-kDa full-length species was observed (lanes 5–8), with no
evidence of the 76-kDa species even after long-term exposure
(data not shown). In the non-biotinylated membrane-enriched
protein pool (Fig. 5D), there was no evidence of the 76-kDa
fragment, a fragment that was clearly identified in wild type
channel complexes (lanes 1–4 versus lanes 5–8).
Quantitation of six independent � assembly experiments is

shown in Fig. 6. Upon preferential assembly of ��� complexes,
there was a large variation in cell surface expression of the full-
length 87-kDa � subunit (Fig. 6A, lanes 1–4). There was a�10-
fold increase (p � 0.001) in the expression of the cleaved
76-kDa species in fully assembled��� channels (Fig. 6A, lane 8)
compared with �� (lane 6) or �� (lane 7) complexes. This
increase correlated with a 4-fold decrease (p � 0.05) of the
87-kDa species in the non-biotinylated total protein pool (Fig.
6B), but not in the non-biotinylated membrane pool (panel C).
There was a correlation between � cleavage and INa, suggesting
a causal relationship. To test this hypothesis, we performed
experiments with �mut.

�mut Subunit—If cleavage of� by furin is essential for channel
activation, it is expected that prevention of furin-specific cleav-
age should prevent ENaC activation. Upon preferential assem-

FIGURE 3. Cell surface expression of � rENaC when assembled with �
rENaC and/or � rENaC. Xenopus oocytes were injected with �, ��, ��, or
��� rENaC cRNAs 24 h before experimental analysis. The � rENaC subunit
was V5-tagged at the C terminus. Cell surface-biotinylated proteins and
non-biotinylated proteins were probed with V5 antibody to detect the V5
tag inserted in the C terminus of � ENaC. A, amiloride-sensitive current.
Current was measured by voltage clamp in each experimental condition
and expressed relative to current in ��� rENaC-injected oocytes (477 �
166 nA; n � 3 independent experiments). Oocytes injected with ���
rENaC had a significantly higher amiloride-sensitive current than �, ��,
and �� rENaC-injected oocytes (*, p � 0.001), and �� had a significantly
higher amiloride-sensitive current than � rENaC-injected oocytes (***, p �
0.05). B, biotinylated cell surface proteins. Full-length 105-kDa � ENaC was
detected at the cell surface in ��� rENaC-injected oocytes, corresponding
with oocytes exhibiting high channel activity. C, non-biotinylated protein
pool. The non-biotinylated protein pool contained full-length 105-kDa �
ENaC. Absence of actin in the biotinylated proteins indicated that no

intracellular proteins were labeled. Even quantities of actin in the non-biotin-
ylated proteins indicated even protein loading. N.I., non-injected oocytes.

FIGURE 4. Densitometry of � rENaC cell surface expression when assem-
bled with � rENaC and/or � rENaC. Western blots of biotinylated and non-
biotinylated protein in Xenopus oocytes injected with V5-tagged � rENaC
alone and with � rENaC and/or � rENaC were subjected to densitometric
analysis (n � 3). Oocytes injected with ��� rENaC had significantly more
105-kDa bands at the cell surface than �, ��, and �� rENaC-injected oocytes
(p � 0.001). No significant difference was detected between the experimental
groups in the 105-kDa band in the non-biotinylated protein pool. N.I., non-
injected oocytes.
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bly of ���mut complexes (Fig. 6A, lane 12), there was a 3-fold
decrease (p � 0.05) in cell surface expression of the full-length
87-kDa� subunit comparedwith���-injected oocytes (lane 4).
Despite this relative decrease in cell surface expression, INa was
identical to that of wild type channels (Fig. 5A, lane 4 versus
lane 8), indicating that activation can occur independently of
furin-dependent � cleavage. There was a significant decrease of
the 87-kDa species in the non-biotinylated protein pool (Fig.
5B, lanes 9–12). The non-biotinylatedmembrane pool (Fig. 5C)
was less depleted compared with controls (lanes 9–11 versus
lanes 1–3). By contrast, a very significant 90% decrease of the
87-kDa species was observed in the membrane fraction (Fig.
5C, lane 12 versus lane 4) These data suggest that the� furin site
mutation may interfere with protein synthesis and/or degrada-
tion. Despite that effect, ENaC activity measured as INa
remained unchanged.We conclude that there is no causal rela-
tionship between � cleavage and ENaC activation upon prefer-
ential assembly.

DISCUSSION

Furin-dependent and Furin-independent Mechanisms—The
main findings of this study are 2-fold. First, assembly of the�,�,
and � ENaC subunits as functional (conducting) ���, ��, and
��heteromeric complexes greatly promotes surface expression
of cleaved products of both the � and � subunits. The endoge-
nous proteases that cleave the � and � subunits are not known
with certainty. However, the leading candidates for major play-
ers are furin or furin-like enzymes. When the consensus sites
for furin cleavage identified byHughey et al. (10) weremutated,
the 65-kDa � fragment and the 76-kDa � fragment were no
longer detected. Second, we discovered that specific elimina-
tion of furin-mediated cleavage had a range of effects on ENaC
at the cell surface. Furin-mediated cleavage of the � subunit
affected basal INa, whereas cleavage of the � subunit affected
overall expression levels. Although these observations are
descriptive, we feel that they offer mechanistic insights into the
roles of proteolysis in ENaC function.
Role of the 65-kDa � Fragment—Upon assembly of � into

��� complexes, both the INa and intensity of the 65-kDa frag-
ment increased (Figs. 1 and 2). When the � furin sites were
mutated, the 65-kDa fragment disappeared, and base-line INa
was reduced by 60% (p � 0.01). The cellular location where
cleavage occurs was not identified by the present data, but it is
clear that cleavage is promoted by channel assembly. The furin
gene family encodes proprotein convertases that are expressed
in various cellular compartments of the exocytic pathway.

FIGURE 5. Activity and expression of � rENaC when assembled with �
rENaC and/or � rENaC with and without mutations in the � subunit furin
cleavage site. Xenopus oocytes were injected with �, ��, ��, or ��� rENaC
cRNAs with and without mutations in the furin consensus site in the � subunit
24 h before experimental analysis. The � rENaC subunit was V5-tagged at the
C terminus. Cell surface-biotinylated proteins, non-biotinylated proteins, and
membrane-enriched protein fractions were probed with V5 antibody to
detect the V5 tag inserted in the C terminus of � ENaC. A, amiloride-sensitive
current. Current was measured by voltage clamp in each experimental con-
dition and expressed relative to current in ��� rENaC-injected oocytes
(2389 � 406 nA; n � 6 independent experiments for WT, and n � 3 for exper-
iments with the � furin site mutation �mut �R138A). Oocytes injected with
��� rENaC had a significantly higher amiloride-sensitive current than �, ��,
and �� rENaC-injected oocytes (p � 0.001), and �� had a significantly higher
amiloride-sensitive current than � rENaC-injected oocytes (p � 0.05). Oocytes
injected with ���mut had currents not statistically different from ���-in-
jected oocytes but higher than �mut-injected oocytes (p � 0.001). B, biotiny-
lated cell surface proteins. Full-length 87-kDa � ENaC was detected at the cell
surface in the �� rENaC injection condition, correlating with 5% channel
activity. The 76-kDa � ENaC cleavage product was only detected in the ���

rENaC-injected condition, correlating with 100% channel activity. The 76-kDa
cleaved band was not present at the surface of any of the oocytes injected
with the �mut subunit. The 87-kDa band was present in the ���mut injection
condition only. C, non-biotinylated protein pool. The non-biotinylated pro-
tein pool contained predominantly full-length 87-kDa � ENaC in all condi-
tions; there were traces of the 76-kDa band in ���-injected oocytes, but not
in ���mut-injected oocytes. D, membrane-enriched proteins. Membrane-en-
riched protein pellets contained full-length 87-kD � ENaC as well as the
76-kDa cleavage product in each experimental condition with wild type �
rENaC. Only the 87-kDa uncleaved band was present in oocytes injected with
the �mut subunit. The absence of actin in the biotinylated proteins indicated
that no intracellular proteins were labeled. Even quantities of actin in the
non-biotinylated and membrane-enriched proteins indicated even protein
loading. N.I., non-injected oocytes.
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These proconvertases can activate
their substrates in the endoplasmic
reticulumandGolgi, as well as at the
plasma membrane. The anthrax
toxin receptor is a well described
example of furin-mediated cleavage
at the cell surface (see review in Ref.
13).We readily detected the 65-kDa
fragment in the biotinylated pool,
but not in the non-biotinylated
pool, even when enriched for mem-
brane proteins. In our work and as
broadly recognized in other studies,
only a small percentage of total
ENaC is typically present at the cell
surface. Thus, the � subunit is
cleaved by an active enzyme at the
plasma membrane or in a rapid
turning-over membrane pool very
near the plasma membrane. Kinetic
experiments are needed to answer
this question.
The disappearance of the 65-kDa

fragment and decreased INa with
�mut suggest a causal relationship
between � cleavage and partial
ENaC activation. Interestingly,�mut
did not inhibit ENaC activation
upon assembly of heteromeric
�mut� complexes but, if anything,
enhanced INa above WT ��, reach-
ing 50% of ��� maximal activation.
We propose that the � subunit
(which does not undergo any pro-
teolytic cleavage) plays a significant
role in ENaC activation and may
contribute to furin-independent
activation of ENaC. Moreover,
these data further indicate that sig-
nificant INa is possible in complexes
containing the � subunit with furin
sites disabled.
Role of the 76-kDa � Fragment—

We show here that the 76-kDa �
fragment is observed at the cell sur-
face upon ��� assembly. This
observation parallels that of the
65-kDa � furin fragment and may
relate to the co-chaperone effects
that the ENaC subunits exert upon
each other (discussed below). How-
ever, our results do indicate differ-
ences between the behaviors of the
76-kDa � and 65-kDa � fragments
that may reflect the complexity of
interplay between the �, �, and �
subunits. For example, in contrast
to the � fragment, the � fragment

FIGURE 6. Densitometry of � rENaC cell surface expression when assembled with � rENaC and/or � rENaC
with and without mutations in the � subunit furin cleavage site. Western blots of biotinylated, non-bio-
tinylated, and membrane-enriched proteins from Xenopus oocytes injected with V5-tagged � rENaC alone and
with � rENaC and/or � rENaC with and without mutations in the � subunit furin cleavage site were subjected to
densitometric analysis. In biotinylated and non-biotinylated experiments, n � 6 independent experiments for
WT, and n � 3 for experiments with the � furin site mutation �mut �R138A. In membrane-enriched experi-
ments, n � 3 for all conditions. A, cell surface biotinylation. Oocytes injected with ��� rENaC had significantly
more 76-kDa bands at the cell surface than � rENaC-injected oocytes (p � 0.001). There was significantly less
87-kDa �mut ENaC at the cell surface in ���mut (p � 0.05) than in ��� controls. There were significantly fewer
76-kDa bands at the cell surface in ���mut-injected oocytes (p � 0.001). B, non-biotinylated proteins. There was
significantly less full-length 87-kDa � rENaC in ��� rENaC-injected oocytes than in � rENaC-injected oocytes in
the non-biotinylated protein pool (p � 0.05). There were very low quantities of 76-kDa � rENaC in the non-bio-
tinylated protein pool, and no significant difference was detected between the experimental groups. There
were significantly fewer 87-kDa bands in oocytes injected with �mut, ��mut, ��mut, and ���mut than with the
wild type subunit (p � 0.05, 0.01, 0.05, and 0.01, respectively). C, membrane-enriched proteins. There was no
difference in the quantity of 87- or 76-kDa bands in the wild type oocytes in the membrane-enriched proteins.
There were significantly fewer 87-kDa bands in oocytes injected with ��mut, ��mut, and ���mut than the wild
type subunit (p � 0.05, 0.01, and 0.001, respectively). There were significantly fewer 76-kDa bands in oocytes
injected with ��mut, ��mut, and ���mut than the wild type subunit (p � 0.05, 0.01, and 0.001, respectively). N.I.,
non-injected oocytes.
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was readily detected in the non-biotinylated membrane-en-
riched fraction (compare Figs. 1 and 5). Although this observa-
tion does not provide a specific interpretation, it does suggest
that the � and � ENaC subunits are processed differently.
In a further contrast between furin-mediated cleavage of �

and �, the 76-kDa � fragment was not required for full ENaC
activation (Figs. 5 and 6). Although this result is somewhat at
variance with Hughey et al. (10), who reported a significant
(nearly 40%) inhibition of INa, both studies agree that furin-
mediated cleavage of the � subunit is less significant for basal
INa than is furin-specific cleavage of �. The reason for the
apparent discrepancy is not clear, but our experimental proto-
col differs notably from theirs. In their experiments, a direct
correlation between the cleaved subunit and activation at the
membrane was not studied because the 76-kDa � fragment was
identified by Western blotting of the total cell lysate and was
not quantified. Our semi-quantitative approach permits the
quantitation of relative changes that occur upon preferential
assembly and correlation with INa. Importantly, we can corre-
late INa with the only biochemical pool relevant to function, i.e.
the biotinylated surface-expressed pool. This approach demon-
strated that although �mut did not reduce INa, there was a
marked decrease in full-length subunits at the surface. Interest-
ingly, mutation of the furin sites in the � subunit had no such
effect on surface expression. Thus, we speculate that the furin
site in � ENaC plays an important, but not yet understood, role
in overall ENaC biosynthesis and/or stability.
In summary, we propose that ENaC activation upon assem-

blyfromhomomertoheteromultimercomplexes involves furin-
dependent and furin-independent mechanisms in a complex
interplay of interactions between the �, �, and � subunits. The
relationship of � cleavage to heteromeric complexes remains
unclear. It is tempting to speculate that cleavage at the furin site
is a necessary first step to set the channel in a conformation
sensitive for a second cleavage either by other endogenous pro-
teases (CAP1/prostasin, CAP2, and CAP3) or by exogenous
serine proteases, such as trypsin and elastase. This second-hit
hypothesis is supported by recent experimental evidence of
such a mechanism (12, 14).
Physiological Relevance—Our observations highlight several

significant issues regarding proteolytic regulation of ENaC.
First, our study further defines and emphasizes the distinct and
non-equivalent roles of individual subunits that have been pre-
viously noted, even from the initial cloning studies. Each sub-
unit clearly undergoes a different extent of furin-mediated pro-
teolysis, and the differences we observed in subcellular location
of the 65-kDa � and 76-kDa � fragments suggest that proteol-
ysis at the “furin” sites may occur in different compartments. In
addition, the participation of cleaved subunits in heteromeric
complexes is already felt to influence critical channel charac-
teristics, such as open probability, but other characteristics,
such as dwell time at the cell surface, could be influenced. Sec-
ond, we observed robust residual current of mutant channels
that cannot be efficiently cleaved by furin or furin family mem-
bers that share the same canonical RXXR cleavage sites. Our
data do not allow us to choose among several interesting inter-
pretations for this observation. For example, our data are for-
mally consistent with the idea that cleavage by furin or furin-

like enzymes is not required for channel activity. As the P1
arginine is a stringent requirement for furin and furin family
members, this may turn out to be narrowly true. However, it is
also likely that other proteases can act on ENaC subunits at
other residues within the furin sequence or at nearby residues.
More detailed mutagenesis and single channel studies may
address these possibilities.
What is the in vivo physiological relevance of our findings?

The cleavage of the � subunit was first observed in vivo by
Masilamani et al. (15). In their study, long-term salt deprivation
of rats caused a 60-fold increase in plasma aldosterone and a
shift inmolecularmass of the�ENaC subunit in the kidney that
was consistent with a physiological proteolytic clipping of the
extracellular loop. This finding was confirmed using a 15-h salt
deprivation, causing a 2-fold increase in plasma aldosterone.
Recently Ergonul et al. (16) were able to quantitate this effect
under experimental maneuvers (sodium deprivation, potas-
sium loading, aldosterone infusion, and resalination) that
induce a large physiological range of plasma aldosterone con-
centrations. The authors concluded that changes in the proc-
essing and maturation of the channel involving the � and �
subunits occur rapidly enough to be involved in the daily regu-
lation of ENaC activity and sodium reabsorption by the kidney
(17). Of interest, the processing of the � subunit measured in
the total protein pool of kidney cortex in vivo is consistent with
the changeswe observedhere upon channel assembly in vitro. It
is known that in vivo aldosterone promotes rapid assembly and
translocation of channel subunits from an intracellular vesicu-
lar pool to the apical pole and apical membrane of the connect-
ing tubule and early collecting duct (18). The increased tran-
scription/translation of the � subunit would rapidly favor its
assembly with a pool of preformed � and � subunits and pro-
mote their translocation to the apical pole or apical membrane
of the aldosterone-sensitive distal nephron, which is composed
of the late distal convoluted tubule, the connecting tubule, and
the collecting duct. The critical role of the � subunit in this
process is underscored by the lack of channel translocation in
the collecting duct and by the normal translocation in the con-
necting tubule of mice genetically engineered to lack the � sub-
unit of ENaC in the collecting duct butwith ENaC expression in
the connecting tubule left intact (19). Obviously, it will be tech-
nically challenging to identify the molecular species expressed
in vivo in the apical membrane of aldosterone-sensitive distal
nephron cells.
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