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We examined activation of the human epithelial sodium
channel (ENaC) by cleavage. We focused on cleavage of «ENaC
using the serine protease subtilisin. Trimeric channels formed
with aFM, a construct with point mutations in both furin cleav-
age sites (R178A/R204A), exhibited marked reduction in spon-
taneous cleavage and an ~10-fold decrease in amiloride-sensi-
tive whole cell conductance as compared with «WT (2.2 versus
21.2 microsiemens (uS)). Both «WT and «FM were activated to
similar levels by subtilisin cleavage. Channels formed with «FD,
a construct that deleted the segment between the two furin sites
(A175-204), exhibited an intermediate conductance of 13.2 uS.
More importantly, oFD retained the ability to be activated by
subtilisin to 108.8 x 20.9 uS, a level not significantly different
from that of subtilisin activated «WT (125.6 = 23.9). Therefore,
removal of the tract between the two furin sites is not the main
mechanism of channel activation. In these experiments the lev-
els of the cleaved 22-kDa N-terminal fragment of @ was low and
did not match those of the C-terminal 65-kDa fragment. This
indicated that cleavage may activate ENaC by the loss of the
smaller fragment and the first transmembrane domain. This was
confirmed in channels formed with aLD, a construct that
extended the deleted sequence of ®FD by 17 amino acids (A175-
221). Channels with aLD were uncleaved, exhibited low base-
line activity (4.1 uS), and were insensitive to subtilisin. Collec-
tively, these data support an alternative hypothesis of ENaC
activation by cleavage that may involve the loss of the first trans-
membrane domain from the channel complex.

It is well established that serine proteases activate the epithe-
lial sodium channel (ENaC).? Activation occurs by direct mech-
anisms that induce channel subunit cleavage (1, 2) as well as
those that are cleavage-independent but may involve cleavage
of protease-activated membrane receptors (3). Channel cleav-
age studies have established that cellular proteases such as furin
endogenously cleave the channel « and y subunits. Mutation of
identified endogenous cleavage sites on both of these subunits
diminished baseline activity, demonstrating a role for cleavage
in ENaC activation.
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The acute effects of ENaC cleavage have largely relied on
examining the effects of the protease trypsin on the « and vy
subunits. These studies have examined the effects of cleavage
on wild type and furin cleavage-deficient ENaC in oocytes and
epithelial cells (1, 4, 5). Although these have markedly im-
proved our understanding of channel activation by serine pro-
teases, they suffer from the main shortcoming that trypsin is a
non-selective serine protease that can cleave after a single argi-
nine residue (6, 7), and therefore, it only offers a limited tool for
examining the mechanisms of cleavage at specific sites. Con-
sistent with the reduced specificity for trypsin is the observa-
tion that ENaC retains its cleavage by this protease after muta-
tion of consensus cleavage sites for furin (1).

Despite their limitations, these studies have indicated that
ENaClisactivated by cleavage by an increase of open probability
(P,) of membrane resident-inactive channels (8). Kleyman and
co-workers (9, 10) have proposed that the mechanism of the P
increase involves the release of small inhibitory fragments from
the a and 7y subunits and that cleavage at two points in the
extracellular loop is necessary for ENaC activation. They also
proposed that the resulting N- and C-terminal fragments of
subunit cleavage remain associated with the active channel
complex, although a direct comparison of fragment levels at the
membrane was not feasible given the presence of two different
tags on these fragments. Therefore, this conclusion has not
been experimentally validated.

To determine the mechanisms of ENaC activation by cleav-
age, we focused on the acute effects of cleavage and specifically
cleavage of the core a subunit that is necessary to observe chan-
nel activity. We utilized the serine protease subtilisin, which
exhibits a different cleavage preference than furin. This allowed
us to examine the effects of cleavage on constructs with mark-
edly reduced endogenous cleavage. To examine ENaC cleavage,
subunits were tagged with two hemagglutinin (HA) tags; that is,
toward the N terminus before the currently identified cleavage
sites and at the C terminus. This allowed visualization of mul-
tiple proteolytic products of the same subunit and with the
same antibody.

We report that wild type channels are activated ~6-fold after
cleavage by subtilisin. Channels formed with oFD, a construct
that lacks the proposed inhibitory domain contained between
the two furin cleavage sites, exhibited lower rather than higher
activity when compared with aWT (~50% of WT activity).
More importantly, «FD also retained the ability to be markedly
activated by subtilisin. Similarly, channels formed with «FM, a
construct that mutated the two furin cleavage sites but retained
the proposed inhibitory segment between the two furin cleav-
age sites, was also activated by subtilisin and to similar levels as
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aFD. On the other hand, channels formed with aLD, a con-
struct that eliminated the proposed inhibitory domain, as well
as subtilisin cleavage exhibited low baseline activity and was not
activated by exogenous subtilisin. In all cleavable constructs,
the N-terminal fragment of « exhibited lower density at the
membrane than the C-terminal «, indicating potential internal-
ization. We propose an alternative mechanism whereby cleav-
age predominantly activates the channel by the loss of the first
transmembrane domain from the channel complex rather than
by removal of a short inhibitory domain in the extracellular
loop.

EXPERIMENTAL PROCEDURES

Xenopus Oocyte—Qocytes were prepared as previously
described (11). Oocytes were surgically removed and defolicu-
lated in Ca®*-free buffer containing 1 mg/ml collagenase (type
1A, Sigma). After an overnight recovery, defoliculated oocytes
were injected with cRNA for the human ENaC subunits. All
subunits were cloned in the PGEM-HE oocyte expression vec-
tor as previously described (3). The 9-aa HA tag was inserted
into the subunits at positions described under “Results.” All
insertions, deletions, and point mutations utilized PCR with the
enzyme PFU Ultra (Stratagene, La Jolla CA). All modifications
were verified by sequencing the entire insert. Recordings were
carried out 1-3 days after injection. Procedures to determine
surface binding utilized a colorimetric assay with a horseradish
peroxidase-coupled anti-HA antibody (Roche Applied Science)
and were previously described (3, 12).

Oocytes incubation and recording solutions were as previ-
ously described (11). All recording were carried out in ND94
consisting of 94 mm NaCl, 2 mm KCl, 1.8 mMCaCl,, 1 mm
MgCl,, and 5 mm HEPES, pH 7.4—-7.5. Amiloride was obtained
from Merck and was used at 10 um to inhibit ENaC-generated
currents. Commercial grade subtilisin and trypsin were ob-
tained from Sigma and used at concentrations indicated under
“Results.” Electrical recordings from oocytes have been
described in detail in the references above.

Oocyte Homogenization and Western Blotting—Injected oo-
cytes were processed as previously described (3, 13). Oocytes were
biotinylated on ice using a sulfo-NHS-biotin linker (Pierce) and
homogenized at 10 ul/oocyte in buffer containing 170 mm
NaCl, 10 mMm Tris, 5mm EDTA, pH 7.5, and a protease inhibitor
mixture (Sigma). Oocytes were first broken by triturating with
27-gauge syringes. Yolk and nuclei were pelted by centrifuga-
tion at low speed (200 X g) for 5 min. Supernatants were spun at
top speed (14,000 X g) for 20 min at 4 °C to obtain the mem-
brane pellet. This insoluble pellet represented the total (bulk)
ENaC fraction and was used for further processing. For the
plasma membrane fraction, homogenized proteins were sol-
ubilized with 1% Triton, pulled down with streptavidin beads
(Pierce), and released by boiling into SDS sample buffer.
Fractionated proteins were separated by SDS-PAGE (with or
without 5% glycerol) and transferred to nitrocellulose
membranes.

Blots were blocked in Tris-buffered saline containing 5%
nonfat dry milk and 0.1% Tween 20. Blots were then probed
with the anti-HA antibody already coupled to horseradish per-
oxidase (Roche Applied Science) or a commercial ®kENaC N
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terminus antibody (Affinity BioReagents, Golden CO). Surface
binding was determined in intact oocytes as previously de-
scribed using the same anti-HA antibody (12). The commercial
anti-aENaC antibody was probed with an horseradish peroxi-
dase-conjugated anti-rabbit secondary. Blots were washed five
times, and bound antibodies were visualized by enhanced
chemiluminescence Super signal ECL Dura (Pierce). All blots
were repeated a minimum of three times on oocytes obtained
from three different frogs and were digitally acquired using a gel
documentation system (Alpha Innotech, San Leandro, CA).
Signal intensity of unadjusted images was analyzed using NIH
Image] or Alpha Innotech software.

MALDI-TOF—Cleavage sites for subtilisin were examined
with aENaC peptides using MALDI-TOF spectroscopy. Enzy-
matic cleavage by subtilisin was performed in the same solution
used for oocyte recordings (ND94). All control and protease
reactions (50 ul) were allowed to proceed for 40 min at room
temperature. Reactions were terminated by the addition of 5 ul
of 50% acetic acid. Before analysis, samples were purified by
passage through Zip Tip C18 micro columns (Eppendorf) fol-
lowed by elution in a saturated solution of cyano-4-hydroxycin-
namic acid in 0.1% trifluoroacetic acid, 60% acetonitrile. Eluted
samples were immediately spotted on a MALDI target and air-
dried. Spectra were obtained using Biflex IV MALDI-TOF mass
spectrometer (Bruker Daltonics Inc., Billerica MA). Individual
spectra were obtained from 200 shots. Data were analyzed
using the FindPeptide software to <0.5-dalton accuracy.

Peptide Syntheses—All peptides were synthesized by Gen-
script Corp. (Piscataway, NJ). Peptides were purified to >95%
purity. Peptides were either directly dissolved into buffer or
dissolved into DMSO at 20 mMm and rediluted into buffer at the
appropriate concentrations.

All biochemical experiments were repeated a minimum of
three times and were carried out on oocytes harvested from
separate frogs. All electrophysiological experiments were
repeated as indicated in the figure legends on oocytes from a
minimum of four frogs. Statistical analyses utilized Student’s
t test. p values <0.05 were considered statistically signifi-
cant. Unless otherwise indicated, data are summarized as the
means * S.E.

RESULTS

Spontaneous Subunit Processing—To examine proteolytic
processing and the fate of the processed fragments at the mem-
brane, we introduced HA tags into each of the human ENaC
subunits. Each subunit contained two HA tags which allowed
detection and comparison of processed and unprocessed frag-
ments utilizing the same antibody. This approach eliminates
problems with differences in antibody sensitivity in multi-
tagged proteins as it is expected that the two HA tags would
exhibit similar binding to their antibody in fully denatured pro-
teins. The HA tag was chosen given its low background in con-
trol oocytes and its suitability for in vivo binding (12) and
immunofluorescence studies. The 9-aa HA tag was introduced
into «ENaC at positions 161 and 670 into BENaC at positions
138 and 641 and yENaC at positions 143 and 650. In « and y the
loop HA tag replaced existing sequences as previously used for
rat ENaC (14). These constructs did not alter channel expres-
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FIGURE 1. Endogenous processing of « ENaC in trimeric channels. A composite Western blot of oocytes
expressing a2HA/B/y separated by SDS-PAGE on 12% acrylamide gels is shown. Total homogenates were
probed with a commercial N-terminal epitope a ENaC antibody (A) or with an anti-HA antibody (B). The plasma
membrane fraction was estimated from surface-biotinylated proteins probed with the anti-HA antibody (C). A
background signal of non-expressing oocytes probed with the anti-HA antibody was not detected in the
biotinylated pool and was very low in the total pool (D). The two furin cleavage sites are shown schematically
in E at Arg-178 and Arg-204 (long arrows). The origin of the major predicted fragments observed in A, B, and C
is also shown. Dark circles indicate the relative location of the HA tag. Short arrows indicate the position of the
first HA tag. Full-length a migrated at ~85 kDa, whereas the two main fragments migrated at ~65 and 22 kDa.
Full-length « was observed in all panels. The C-terminal 65-kDa « fragment did not contain the epitope
recognized by the commercial antibody and was only observed when probed with the anti-HA antibody. The
N-terminal 22-kDa « fragment was recognized by both antibodies. Of the intracellular processed components,
only the full-length and the 22- and 65-kDa fragments were routinely observed at the plasma membrane,
indicating that these fragments are amenable to biotinylation. In 12 blots no correlation was observed
between the levels of the 65- and 22-kDa fragments (see “Results” and Fig. 5). This and other gels were loaded
with the equivalent protein yield from 2-3 oocytes in the total lanes and 25 oocytes in the biotinylated lanes.

detected with both antibodies and
migrated at 20-25 kDa. Additional
ENaC fragments were observed in
the total fraction. These represent
additional intracellular processing
or degradation as they were not
observed at the plasma membrane
(©.

The data in Fig. 1 indicate that
the double HA tag can be used to
detect aENaC fragments at the
plasma membrane. They also indi-
cate that « is mostly cleaved under
baseline conditions, although some
unprocessed « is clearly evident.
They also indicate that the levels
of two « fragments are not simi-
lar. This difference was observed
in many experiments in both the
plasma membrane and total frac-
tions (see Fig. 5 below) and likely
indicates that the smaller o N-ter-
minal fragment is degraded after
subunit cleavage.

Double-tagged B and yare shown
in Fig. 2. B is uncleaved at the
membrane and exhibits little in-
tracellular processing or degrada-
tion products. Membrane bound y
is essentially all in the cleaved form
at the plasma membrane. This was
invariably observed when all three
subunits were expressed and indi-
cates that channel activation ob-
served by extracellular trypsin is
likely due to cleavage of unpro-
cessed « at the oocyte membrane
rather than vy (also see below). Sim-
ilar to B, y exhibited little intracellu-
lar degradation and was mostly
present in the intracellular fraction
in the shorter processed form.

sion, biophysical properties, or amiloride sensitivity. Given that
all three subunits were tagged with HA, separate experiments
were carried out with one tagged and two untagged subunits to
examine the effects on «, B, and v, e.g «2HA/B/7y, a/B2HA/Y,
and o/B/y2HA.

Double-tagged « is shown in Fig. 1. In this composite blot we
compare the HA signal in whole cell lysate with that using a
commercial N-terminal antibody as well as the differences
in total versus plasma membrane-bound ENaC. Unprocessed o
migrated at 80-85 kDa and was detected with both the
anti-HA antibody (B) and the commercial N-terminal antibody
(A). The C-terminal fragment of cleaved « containing the
majority of the extracellular loop and the second transmem-
brane domain migrated at 60 — 65 kDa and was only observed in
lanes probed with the anti-HA antibody. The N-terminal frag-
ment of o containing the first transmembrane domain was
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Our data indicate that the effects of exogenous proteases in
activating ENaC expressed in oocytes are likely mediated by
processing of unprocessed « at the membrane and propose a
dominant role of this subunit in channel activation. This con-
clusion is at odds with two recent reports indicating that vy
processing is dominant in this system (5, 15). However, it is
important to point out that our results are not directly compa-
rable with those of Carattino et al. (15) as these authors did not
examine plasma membrane ENaC subunit processing, and to
Diakov et al. (5), who base their conclusion of the role of y by
examining processing and the effects of trypsin on dimeric /3
and «/y channels. Notwithstanding, the role of « processing in
channel activation is clearly established below.

To examine the role of « and its processing in channel acti-
vation, we examined if processing can be prevented by the ser-
ine protease inhibitor aprotinin. This peptide inhibitor has

AV DN
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FIGURE 2. Endogenous processing of 3 and y ENaC in trimeric channels.
Shown is a Western blot of oocytes expressing trimeric «/p/y with 2HA-
tagged 3 or vy separated by SDS-PAGE on 12% acrylamide gels. B is unpro-
cessed at the plasma membrane, whereas vy is essentially all in the processed
shorter form. Similar results were also observed in the total compartment,
although some unprocessed vy is observed. These results indicate that both 8
and vy are highly stable in oocytes as no significant degradation products
were observed in the total (intracellular-dominated) compartment. The two
proposed serine protease cleavage sites in -y are shown schematically at Arg-
138 and -181 (long arrows). Dark circles and short arrows indicate the relative
location of the HA tags. Data are representative of three experiments. Condi-
tions were as described in Fig. 1. See “Results” for additional details.

been extensively used to inhibit endogenous serine proteases in
epithelial preparations, including the Xenopus A6 epithelia (16,
17), and it is unknown if it can also inhibit ENaC processing in
Xenopus oocytes. The effect of aprotinin on « processing is
shown in Fig. 3 and indicates that aprotinin was without effects
on processing in both the plasma membrane and total (cyto-
plasmic dominated) fractions. Consistent with this result, the
amiloride-sensitive conductance was also insensitive to aproti-
nin, confirming the previous observation that rat ENaC activity
is insensitive to aprotinin when expressed in Xenopus oocytes
(18). This indicates that ENaC-cleaving oocyte-endogenous
proteases are either aprotinin-insensitive at least at 100 ug/ml
aprotinin or that oocytes are impermeable to this peptide
inhibitor.
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Mutation of a ENaC Cleavage Sites and Cleavage by Sub-
tilisin—To further examine o ENaC processing, we mutated
the terminal arginine (P1) in both identified serine protease
(furin) cleavage sites (Arg-178 and 204) to alanines (2). This
aENaC construct is referred to as aFM. a was largely uncleaved
in aFM/B/7y. In oocytes expressing wild type « and B/, ~86%
of a was endogenously processed at the membrane (see Figs. 3
and 5). In those expressing aFM, this effect was reversed where
~90% of a was unprocessed at the membrane. Consistent with
this observation, the 22-kDa N-terminal « fragment is nearly
undetected at the membrane in cells expressing oFM. These
changes in both the 65- and 22-kDa fragments between o W'T
and aFM further confirm our ability to detect both fragments at
the plasma membrane.

Expression of aFM also markedly reduced the amiloride-
sensitive conductance to ~17% that of the control wild type
(Fig. 3C), consistent with the effect of this mutation on subunit
processing. These results indicate that « is processed by oocyte
endogenous proteases at Arg-178 and/or Arg-204 and that this
processing plays a dominant role in controlling channel activ-
ity. The importance of a processing in overall channel activity is
further demonstrated below.

The above data also indicate that the acute effect of tENaC
cleavage can be studied using a protease that can cleave aFM at
the plasma membrane. To examine cleavage in this and other «
constructs, we chose to avoid trypsin as low levels of this pro-
tease do not cleave ENaC (3), whereas high levels cause oocyte
endogenous effects (19) in addition to potential multiple cleav-
age events that may cause nonspecific and poorly controlled
effects (see Figs. 8 and 9). These shortcomings were avoided by
utilizing the serine protease subtilisin. This protease is the
archetypical S8 protease that also contains furin. Subtilisin
favors different cleavage sites than furin (20, 21) but shares its
catalytic domain with this protease (22). Thus, subtilisin would
allow us to use constructs that eliminate endogenous cleavage
by removing the P1 arginines but all the while retaining the
ability for exogenous cleavage in a manner that is similar to that
for furin.

The biochemical effects of subtilisin on aWT and oFM
cleavage are shown in Fig. 4. Endogenous processing of wild
type a was mostly complete in trimeric channels (Fig. 44). By
contrast, «FM was largely in the unprocessed form. Uncleaved
a in both of these constructs could be cleaved with subtilisin
treatment at either 10 or 50 ng/ml for 15 min. The increase of
the cleaved 65 kDa « fragment was easy to visualize in «FM
given the low baseline levels of this fragment. To visualize the
effect on aWT, we examined the disappearance of the un-
cleaved form of this subunit.

On average, 50 ng/ml subtilisin caused cleavage of ~64% of
plasma membrane uncleaved full-length o WT (Fig. 4B). This
effect was insensitive to soybean trypsin inhibitor at 20-fold
excess, ruling out a contamination of this protease by trypsin.
Subtilisin did not affect fragment levels in the total fraction,
which is dominated by the intracellular compartment (Fig. 4),
consistent with a membrane-only effect of this protease.

Subtilisin also caused processing of plasma membrane-
bound oFM (Fig. 4). These effects are summarized in Fig. 4C,
where the data are normalized to the levels of aFM cleaved by

JOURNAL OF BIOLOGICAL CHEMISTRY 36337



Cleavage Activates ENaC by Removing a Transmembrane Domain

A B

oa/Bly /Bl

a/Bly _opm/Bi

Aprotinin R . Aprotinin -
(kDa) 40
30
20
10{ NS
LM

a/ﬂ/;/ 0'/ﬂ/}/ +

FMPBY FMP +
Aprotinin p i

Aprotinin

FIGURE 3. Effect of «ENaC cleavage on spontaneous channel activity. Western blot and the corresponding amiloride-sensitive conductance of oocytes
expressing trimeric channels formed with a/B/y or aFM/B/y (aFM, double furin mutant containing the R178A and R204A mutations) separated on 12%
acrylamide gels are shown. Spontaneous channel processing was insensitive to overnight addition of 100 ng/ml aprotinin. This was observed in both the
plasma membrane and total fractions (A and B) and manifested as no significant change of the amiloride-sensitive conductance (C). Mutation of the terminal
arginine in both proposed furin cleavage sites markedly reduced spontaneous a processing and the appearance of both N- and C-terminal fragments. This was
accompanied by a marked and statistically significant (p < 0.01) decrease of the amiloride-sensitive conductance to 17% of control (C). NS indicates not

significant. Data are representative of three experimentsin Aand B.n = 8 and 11 from 5 different frogs in C for the effect of aprotinin and the furin mutation,
respectively.
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FIGURE 4. Subtilisin cleaves wild type and furin mutant «. Shown is a Western blot of trimeric channels with WT or FM « separated on 12% acrylamide gels.
Oocytes were untreated or treated for 25 or 15 min with the protease subtilisin at 10 or 50 ng/ml, respectively. A, subtilisin at 50 ng/ml cleaved both o WT and
aFM at the plasma membrane with no effect on the total fraction, which contained 90-95% intracellular proteins. This effect was not blocked by 1 wg/ml
soybean trypsin inhibitor (STJ) ruling out a contamination by trypsin or trypsin like proteases. No effect of subtilisin was observed in the total compartment.
B, shown is the dose-dependent decrease of full-length plasma membrane-bound wild type a with subtilisin treatment (n = 4). C, shown is the dose-dependent
increase in the levels of the 65-kDa C-terminal processed « in the furin mutant construct (n = 4). p values were calculated from paired measurements of band
intensities in treated and untreated groups. See Fig. 6 for the parallel electrophysiological data.

50 ng/ml subtilisin (65-kDa fragment). On average, 50 ng/ml
subtilisin caused a 6-fold increase in the levels of the 65-kDa
C-terminal fragment in aFM. Similar to wild type, the effects of

subtilisin cleaves at sites that overlap or are in close vicinity to
Arg-178 and Arg-204.
Interestingly, no consistent changes were observed in the

subtilisin on «FM were not discernable in the total protein frac-
tion. a processed by subtilisin in the furin mutant migrated at
an indistinguishable size from endogenously cleaved wild type
a and from subtilisin-cleaved wild type . This indicates that
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plasma membrane levels of the N-terminal 22-kDa fragment
after subtilisin treatment in either «WT or oFM. This disjoint
in the levels of these two fragments after acute cleavage is con-
sistent with the lack of a correlation observed with spontaneous

AV DN
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baseline cleavage. This result indicates that the N-terminal
fragment likely dissociates from the channel complex. Given
that the 22-kDa N-terminal fragment would contain the pro-
posed ubiquitination sites on the « subunit, this result would
also be consistent with rapid internalization of this fragment
and of ubiquitinated proteins in general (23).

The interpretation that the 22-kDa fragment is possibly
internalized and may not be necessary to form an activated
channel is further supported by the data examining the sponta-
neous levels of the two « fragments at the membrane. As shown
in Fig. 5, the 22- and 65kDa « fragments averaged 8.2 and 77.9%
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FIGURE 5. Absence of a correlation between the N- and C-terminal «ENaC
proteolytic fragments. The levels of the two cleaved « fragments (22 and 65
kDa) were examined and were normalized to total plasma membrane-bound
ENaC (uncleaved + 22 kDa + 65 kDa = 1.0). The levels of the C-terminal
fragment were consistently high, whereas those of the N-terminal fragment
were consistently low with no apparent correlation between the two. This is
also evident from the calculated ratio of these two fragments, which varied
between 0.55 and 0. These results along with those in Fig. 4 indicate that the
N-terminal fragment is likely internalized after cleavage and is unlikely to be
part of the active channel complex.n = 12.

of total a detected at the plasma membrane (the remaining
~14% was uncleaved «). More importantly, no correlation was
observed between these two fragments, and the ratio of their
plasma membrane levels (N-term/C-term) varied between 0.55
and 0. In these experiment, the range of the plasma membrane
levels of the N-terminal fragment was large, a result that could
not be explained by small potential differences in the antigenic-
ity of the HA tag between the N-terminal and C-terminal frag-
ment of a. Furthermore, any such potential antigenic differ-
ences would be expected to be minimal as (4) antibody binding
is carried out on denatured proteins, and (b) the N-terminal
fragment is easily detectable in the bulk fraction (see Figs. 1, 3,
and 4). This variability in the levels of the N-terminal fragment
was also unlikely because of marked differences in the ability to
biotinylate this fragment as it is easily detectable in many exper-
iments at the plasma membrane (see Figs. 1C and 3A). Thus,
this variability likely indicates that this fragment is not stable at
the plasma membrane and that it is not necessary to be part
of the activated cleavage complex (see “Discussion”).

The electrophysiological effects of subtilisin are shown in
Fig. 6. This protease markedly activated WT as well as FM a.
The effects were dose-dependent, with higher levels causing
more rapid and higher activation. At 50 ng/ml, subtilisin acti-
vation peaked at 15 min leading to a ~6-fold activation of W'T
a and ~35-fold activation of FM «. Activation rebounded at
times longer than 20 min (at 50 ng/ml), a process previously
described and attributed to Nedd4-2-mediated internaliza-
tion of cleaved ENaC (4). The potential complication of this
rebound was avoided by limiting our analyses to the initial
period of channel activation; i.e. the first 15 min after 50 ng/ml
subtilisin.

Activation of conductance by subtilisin was also insensitive
to 20-fold excess soybean trypsin inhibitor (not shown), con-
sistent with the biochemical data in Fig. 5. Activated amiloride-
sensitive whole cell conductances in «WT and oFM reached

A B C
70 7 120
| ND94 a/Bly <0.01 a/Bly aF W,
60 - 6 1 1004 P<0.01
50 4 I
S5
q 40 : p<c1 o peot
3 Amiloride) g,’ 4 I ‘360
30 ] : — ?v 4
> g
g3 3 5
204 B p<0.01 = B 40 |
Amiloride £ 2 § ~N
10 = — g’
1 § (=) 20 1
1 I . 2l =
0 20 40 60 80 o L N : ; o Lo —
p<0.01

ND94 Subtilisin

FIGURE 6. Activation of ENaC by subtilisin cleavage of a. A, subtilisin caused marked time-dependent activation of the amiloride-sensitive conductance in
o/ B/y-expressing oocytes. Stimulation was dose-dependent with activation observed at levels as low as 2 ng/ml (B). Activation peaked at 15 min at 50 ng/ml
subtilisin. In this group of experiments 50 ng/ml subtilisin activated «WT by ~6-fold and aFM by ~35-fold. C, both activated channels reached similar absolute
values, indicating the same mechanism of activation (p < 0.01 between the conductance of a/B/y and aFM/B/y before subtilisin and p > 0.05 after subtilisin).
This effect is consistent with the biochemical data summarized in Fig. 4 and the in vitro cleavage data shown below. Subtilisin did not affect oocyte
endogenous currents (control oocytes are not shown, but note the absence of changes of amiloride-sensitive currents before and after subtilisin). n =
5forBandn = 10 for C.
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tallized ASIC1 (25). Therefore, it is
J expected to be solution-exposed
,—l—[ p<0.01 and amenable to extracellular cleav-
1.0 je age. To determine the sites of sub-
| Uptreated tilisin cleavage within this segment,
- in we examined cleavage of peptides

3 4 1 / . .
€l with sequences derived from o Arg-
Q& . . 178 to Arg-204 using MALDI-TOF.
518 10 ug/mi This technique allows us to pre-
> S 7 Amiloride cisely calculate the sizes of the
W 05 — Subtilisin cleaved products and consequently
a 10 pg/ml o | p<0.01 ' determine the cleavage sites an‘d‘ the
o 1 %’// %% Subtilisin Subtilisin clfeavage p‘referen(?e for Subt}llSll’l.
i % % 10 ng/mi 10 pg/m/ Given the size of this segment, it was
/ % Untreated Subtilisin Amiloride divided into two peptides shown in
b I R _ / . l—r—_ MW 70ugm | Figs. 8 and 9 that encompassed each

/ / :I: furin cleavage site.

1 / / In vitro cleavage of peptide H1
0.0 spanning Val-171—Pro-187 and en-
Control Oocytes compassing the first cleavage site is

FIGURE 7. Subtilisin activates membrane resident ENaC. Binding studies demonstrate the absence of
changes to channel density at the membrane in a/3/y-expressing oocytes in response to ng levels of subtilisin.
At much higher levels of this protease, binding intensity decreased consistent with channel subunit protein
digestion and loss of HA signal. As expected, amiloride at 10 um was without effects on anti-HA binding. The
horizontal dashed line indicates the average background binding. Data were obtained from oocytes batches

(25 each) from four different frogs. OD, outer diameter.

the same absolute levels. In combination with the Western blot
data indicating cleavage products of indistinguishable sizes,
these results indicate that subtilisin activated ENaC by cleaving
the « subunit at or near the same sites as those cleaved by
oocyte endogenous proteases. This is verified below.

The ability of subtilisin to cleave plasma membrane-bound
ENaC with no detectable effects on the total pool, one that is
dominated by intracellular ENaC protein, indicates a surface
membrane-only effect and activation of mostly inactive mem-
brane resident channels. Such a mechanism would be consis-
tent with that observed for ENaC activation by a variety of serine
proteases in oocytes as well as epithelial cells (3, 8, 24). To fur-
ther confirm this mechanism for subtilisin we examined its
effects on ENaC surface expression in intact oocytes. Experi-
ments have been previously described (12) and utilized expres-
sion of HA-tagged ain trimeric channels and examined binding
of a horseradish peroxidase-coupled anti-HA antibody.

Subtilisin at 10 ng/ml was without effect on surface expres-
sion, indicating activation of membrane resident channels (Fig.
7), consistent with the data above. At 10 ug/ml, subtilisin
decreased binding consistent with surface subunit degradation.
This effect could not be modified by amiloride, indicating that
changes of Na™ transport per se have no effect on surface bind-
ing. All of these maneuvers were without effect on background
binding. These results indicate that subtilisin can specifically
activate membrane resident ENaC at ng/ml levels and that it is
well suited for examining the role of cleavage in channel
activation.

The above biochemical and electrophysiological data indi-
cate that subtilisin cleaved near the endogenously cleaved sites
at Arg-178 and/or Arg-204. This segment between Arg-178 and
Arg-204 maps at or near the exposed finger domain of the crys-
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shown in Fig. 8. This peptide was
uncleaved by 10 ng/ml trypsin, con-
firming our previous result that this
level of trypsin activates ENaC via
an indirect, cleavage-independent
mechanism (3). At higher trypsin
levels, this peptide is cleaved at multiple sites. At 1 pug/ml tryp-
sin cleavage occurred after most basic amino acids with no
requirement for additional specific sequences. This indicates
that trypsin is a poor tool to study ENaC cleavage given this
potential non-specificity. By extrapolation, 10 —100 pg/ml tryp-
sin (levels that are commonly used to activate ENaC) could
cause additional cleavage throughout solution-accessible seg-
ments of the extracellular loop further confounding the inter-
pretation of experiments with this protease.

Cleavage of H1 by subtilisin occurred at a single position after
Arg-175. This was observed with 50 ng/ml subtilisin and to a
higher level with 200 ng/ml concentrations of this protease.
This result is not surprising given the cleavage preference for
subtilisin, which favors non-acidic residues at P2-P4 (20, 21),
and the observed size of the subtilisin-cleaved «, which is indis-
tinguishable from that cleaved by oocyte endogenous proteases
at Arg-178 or Arg-204. This shift in cleavage by three aa
explains the ability of subtilisin to cleave the aFM. Thus, sub-
tilisin presents an ideal tool to study the acute effects of cleavage
as it allows us to cleave channels with mutated endogenous
cleavage sites.

Shown in Fig. 9 is peptide H2. This peptide encompassed the
second furin cleavage site and spanned Leu-188 —Ala-207. Like
H1, this peptide was also uncleaved by 10 ng/ml trypsin but was
cleaved at multiple sites at higher concentrations (1 ug/ml).
Subtilisin was without effects on H2 at 50 ng/ml and was
slightly cleaved after Arg-201 at 200 ng/ml. As the cleavage and
activation effects are observed with subtilisin levels as low as 2
ng/ml, these results indicate that subtilisin does not likely
cleave in this segment.

These results demonstrate that subtilisin is more specific
than trypsin, that it can cleave near the sites used by endoge-
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FIGURE 8. Cleavage of human « H1 peptide by trypsin and subtilisin.
A, cleavage of a peptide encompassing the first furin cleavage site on o was
examined. Only fragments originating from the parental peptide were
labeled. All other fragments were unlabeled and originated from the added
trypsin or subtilisin. The corresponding cleavages in the original peptide are
shown by broken dashes. B, trypsin at 10 ng/ml was without effect. C, at 1
ug/ml, trypsin caused multiple cleavages indicating the non-specificity of
this protease. These sites and the corresponding peaks are shown in red.
D and E, subitilisin, on the other hand, caused a single cleavage at Arg-175 at
both 50 and 200 ng/ml (shown in green). Thus, subtilisin cleaves ENaC once
within three aa upstream of the first furin cleavage site. This result explains
the ability of this protease to cleave the aFM, which lacks Arg-178 but retains
the sequences at Arg-175. Data are representative of three separate
experiments.

nous proteases, and that it favors non-acidic residues at P2-P4.
These results are consistent with activation after a single cleav-
age in the segment between the two proposed furin cleavage
sites. However, these data do not rule out additional cleavage
outside this segment in either aWT or aFM. This is tested
below as well as the role of cleavage per se, and this segment
activates the channel.

Mechanism of Channel Activation; Loss of the N Terminus
Versus Removal of a Short Inhibitory Domain—As mentioned
above, it has been proposed that channel activation requires
obligatory removal of the tract in a between the two furin cleav-
age sites (10). To directly test this hypothesis we removed the

DECEMBER 25, 2009 +VOLUME 284+NUMBER 52

H2 - **LQRLRVPPPPHGARRARSVA?"

=

CONTROL

s ¢ r % § &% ¢ ¢ & §T & & & ¢t 7§ 5 ' &
500 1000 1500 2000 2500

Intensity

%8 QRLRVPPPPHGARRARSVA?”

L 1 1
10 ng/mi Trypsin

| LI IS L L — 1
500 1000 1500 2000 2500
C— 8L QR-.LRVPPPPH- GAR-_R- ARSVA™]| g
- (7]
Qo
H1gs R190 R201
; £
R201 R202 E
; ?
- LI -
s L L 1
500 1000 1500 2000 2500

%% QRLRVPPPPHGARRARSVA®’

200 ng/mi Subtilisin 50 ng/mi Subtilisin

500 1000 1500 2000 2500
E %) QRLRVPPPPHGAR-_ RARSVAZ”
R201
lI 3 1
rs+ ‘¥ v v 7 1 ¢t Tt ‘v T T T T 1
500 1000 1500 2000 2500
wz

FIGURE 9. Cleavage of human « H2 peptide by trypsin and subtilisin.
A, cleavage of a peptide encompassing the second furin cleavage site on «
was examined. B, trypsin at 10 ng/ml was without effect. C, as above, trypsin
caused multiple cleavages at 1 ug/ml. D and E, subtilisin, on the other hand,
was without effect at 50 ng/ml, indicating that this and lower levels of subtili-
sin likely activate ENaC via a single cleavage effect at Arg-175. See the Fig. 8
legend for additional details. Data are representative of three separate
experiments.

equivalent tract in human «. This construct is referred to as
aFD and eliminates aa Arg-175-Arg-204. As shown in Fig. 10,
this construct expresses to similar protein levels as «WT (and
also aFM) in both fractions. This construct was also poorly
cleaved by oocyte endogenous proteases, similar to that
observed for aFM.

Extracellular subtilisin retained the ability to cleave aFD as
evident by the increase of the 65-kDa « fragment after subtilisin
treatment. This effect was only observed in the plasma mem-
brane fraction, indicating that subtilisin either cleaved at a new
site not previously accessible before deletion of aa 175-204
or that subtilisin cleaved at a second site outside, but in close
proximity to the sequences between the two furin sites. None-
theless, the combination of subtilisin and oFD construct now
provides a direct test for the two hypotheses of channel activa-
tion by cleavage. This is examined below in electrophysiological
experiments.
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FIGURE 10. Spontaneous processing and the effects of subtilisin on a lacking the inhibitory tract between the two furin cleavage sites. Western blots
of oocytes expressing trimeric «WT, aLD, and aFD channels are shown. A and B represent the plasma membrane and total fractions. To visualize the small
differences in the size of these different constructs, proteins were separated on 5% acrylamide gels with 5% added glycerol to increase gel strength. Subtilisin
caused a 3-fold decrease of uncleaved (full-length) aWT consistent with its effect summarized above (Fig. 4B). This was only observed in the biotinylated
fraction. Subtilisin also cleaved aFD at the plasma membrane, accompanied by increased density of the 65-kDa C-terminal fragment. The aLD construct, which
extends the furin deletion by 17 aa, was not spontaneously cleaved at the plasma membrane and was furthermore insensitive to subtilisin. This construct
expressed at a lower density at the plasma membrane despite normal levels in the total compartment (see “Results”). The amino acid sequences of these three
a constructs in the vicinity of the two furin cleavage sites are shown in C. Also shown is the sequence of aFM. Data are representative of three experiments. See
Fig. 11 for the electrophysiological effects. Oocytes were injected with twice the cRNA of aLD to enhance expression and plasma membrane levels.

To determine the potential site of action of subtilisin on «FD,
we examined the amino acid sequences in the vicinity of the two
furin sites for the general motif of basic-XX-basic for furin-like
proteases and for AGSR-like sequences shown in Fig. 8 to be
cleaved by subtilisin. Two sites were identified at KDWK and
SSLR, respectively (Fig. 10C). We hypothesized that subtilisin
may either normally cleave at one of these sites or that they may
become more exposed to the actions of this protease after dele-
tion of 30 aa from the loop in the aLD construct leading to
enhanced proteolysis. This hypothesis was tested by generating
an «a construct that eliminated these sites. This construct is
referred to as aLD and extends the deleted amino acids of aFD
by 17. As shown in Fig. 10, aL.D was uncleaved at the plasma
membrane and was also uncleavable by subtilisin.

An interesting result was that aLD expressed at the plasma
membrane at lower levels than any of the other « constructs.
This effect was not observed in the total fraction indicating that
the segment between Ser-205—Asp-221 may affect channel
trafficking or stability. Notwithstanding this effect, «LD now
provides a construct that is uncleaved and lacks the proposed
inhibitory domain that can be used to directly address the
mechanism of channel activation by cleavage.
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The electrophysiological data for these a constructs are
shown in Fig. 11. The amiloride-sensitive whole cell conduc-
tance of aFD was elevated as compared with oFM but remained
significantly lower than that of «WT. More importantly, «FD
activity remained nowhere close to that of subtilisin-activated
aWT. If the segment between the two furin cleavage sites,
which is deleted in oFD, is assumed to be the main mechanism
of channel activation, it would be expected that «FD would
exhibit a conductance that is even higher than that of subtilisin-
activated «WT. This follows, as expression of aFD would then
be equivalent to a 100% cleavage of plasma membrane o’ WT by
subtilisin, as all of these channels would be missing this seg-
ment. As shown in Fig. 11, this is clearly not the case. Further-
more, if channel activation primarily occurred by removing the
tract between Arg-178 and Arg-204, then oFD would be
expected to be insensitive to activation by cleavage. Again, this
is not the case, as subtilisin caused an ~8-fold activation of
aFD. Thus, cleavage cannot activate ENaC primarily by remov-
ing a short inhibitory domain from «. Rather, we propose that
this occurs by an alternative mechanism that involves the loss of
the N terminus and TM1 of this subunit and the channel com-
plex. This is consistent with the above data indicating much
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FIGURE 11.ENaCis markedly activated by subtilisin cleavage of «lacking the tract between the two furin
cleavage sites. Electrophysiological data correspond to the biochemical data summarized in Fig. 10. Sponta-
neous activity of aFD was significantly lower than that of aWT but higher than that of aFM (see Fig. 6C).
Channels formed with either «WT or «F D were activated to similar levels after 50 ng/ml subtilisin (N.S. indicates
p > 0.05). Channels formed with aLD exhibited low activity due to the absence of cleavage as well as its
decreased plasma membrane levels (see Fig. 10). Subtilisin was without effect on channels containing aLD.
Note the difference in the y axis between aWT/aFD and aLD.n = 12, 14, and 8 from 5 different frogs for aWT,

aFD, and alLD, respectively. See “Results” for additional details.

lower levels of the 22-kDa N-terminal fragment at plasma
membrane. This is also consistent with the result that «LD,
which eliminates subtilisin cleavage altogether, forms a non-
activated, low baseline activity channel. These results would be
also consistent with the data that the exact site of channel cleav-
age and the number of cleavage sites within the tract of aa 174 —
222 do not play a critical role in the magnitude of activation.
These data do not completely rule out an inhibitory effect of the
tract between Arg-178 and Arg-204; rather, they do clearly
indicate that such an effect is not the dominant or obligatory
mechanism of channel activation by cleavage.

DISCUSSION

We examined the mechanism of ENaC activation by extra-
cellular serine proteases. Our experiments utilized subunits
with two homomeric tags to examine channel cleavage and the
S8 serine protease subtilisin. We demonstrate that a subunit
cleavage is critical to channel activation. We also demonstrate
that channels formed with an « lacking the tract between the
two furin cleavage sites retain the ability to be fully activated by
cleavage. Conversely, we demonstrate that further elimination
of cleavage in this construct results in a low activity channel that
can no longer be fully activated. These results support an alter-
native mechanism that ®kENaC cleavage activates the channel
by removal of the N terminus and TM1.

Role of a Subunit Cleavage—The range of ENaC activation
between channels formed with mostly uncleaved and those
with mostly cleaved «a is nearly 35-fold (Fig. 6C). This repre-
sents an enormous capacity for changes in ENaC activity at
the plasma membrane and demonstrates the critical role of «
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10 activity. This dominant role of «
does not rule out the currently pro-
posed role for y subunit cleavage (5,
15). These studies cannot be directly
compared with those of ours as Dia-
L kov et al. (5) examined expression of
channels with two subunit combi-
nations, whereas Carattino et al.
(15) did not show any comparable
biochemical data. Moreover, in our
studies y was maximally endog-
enously cleaved, and therefore, it
could not be rate-limiting to chan-
nel activation. This represents a
2 unique advantage of the oocyte sys-

tem as it allows the separate exami-

nation of the role of «. In the

absence of such an advantage it
0 would have been difficult to experi-
+ mentally cleave these two subunits
separately.

It is also important to note that
we do not discount the role of vy
cleavage in vivo. Indeed, it is well
documented that the endogenous
levels of <y cleavage change with
maneuvers that alter sodium trans-
port in the rat kidney (26, 27). However, in these studies the
antibodies used to detect  are N-terminal and only recognize
the uncleaved form of this subunit. Therefore, a comparison of
the in vivo changes to « and 7y processing, and the link to
changes to Na™ transport is not currently feasible and requires
the development of additional tools. It is tempting to propose
that cleavage of both subunits can markedly affect activity and
that the role or the relative importance of cleavage of each sub-
unit may differ for ENaC expressed in different epithelial tissue.
However, it is also possible that cleavage of these two subunits
may represent aredundant mechanism to control activity. Such
a mechanism would be consistent with our proposed hypothe-
sis that the loss of the first transmembrane domain of « leads to
the activation of ENaC (see below) and that cleavage on « in
multiple positions can lead to the same activation.

Cleavage by Subtilisin—W'e used the protease subtilisin to
cleave ENaC. This protease is available in large quantities that
allow its use as a widespread tool to cleave ENaC. In oocytes,
subtilisin also has many advantages including that it has no
effects on endogenous currents. In contrast, trypsin at concen-
trations used to cleave ENaC activates oocyte endogenous Ca*" -
dependent currents (19). Although these currents are transient
in nature, they nonetheless preclude an accurate determination
of the time course of ENaC activation. More importantly, these
currents originate from changes to the intra-oocyte Ca*>* con-
centration, and it is unknown if these changes can also alter
ENaC activity, membrane density, or the response to cleavage.
It is well known that ENaC activity and membrane density are
sensitive to protein kinase C and specifically to Ca*>*-depen-
dent isoforms of protein kinase C, and in many systems it is also
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sensitive to the intracellular Ca®>* concentration (11, 28 —30).
Therefore, it would not be altogether surprising if the initial
Ca®" transient also affected the subsequent response of ENaC
to trypsin. Thus, subtilisin presents a better tool to examine
ENaC activation by cleavage in oocytes.

A second equally important issue with trypsin is the potential
to cleave after single arginine residues. Indeed, this protease is
used in digesting and fingerprinting proteins. We demonstrate
in peptides with sequences derived from aENaC that trypsin
cleaves at multiple sites, mostly after single arginines. This does
not necessarily indicate that all of these arginines are exposed in
functional plasma membrane-embedded trimeric channels.
However, it is difficult to envision how all arginines, except
those at the two furin cleavage sites, would be buried within the
channel complex. Therefore, a protease with increased speci-
ficity such as subtilisin can serve as a more appropriate surro-
gate for furin cleavage.

We conclude from our in vitro experiments that subtilisin
cleaves a once between aa Val-171 and Ala-207 after AGSR.
Based on the data from aL.D, we also determine that subtilisin
can only cleave the native a between aa 175 and 221. Thus, all
subtilisin cleavage in the native channel (and whether this
occurs at one or two sites) is limited to this segment of the
extracellular loop of a. Two possibilities exist. The first is that
subtilisin cleaves at two positions in all the a constructs except
aFD, which lacks one site, and aL.D, which lacks both sites. In
this case one would conclude that cleavage in these sites is likely
redundant as they lead to the same final outcome of channel
activation. In this case, this redundancy would argue against a
specific inhibitory role of the segment between the two furin
cleavage sites.

The second possibility is that subtilisin only cleaves at Arg-
175 as demonstrated from the MALDI-TOF experiments but
that the deletion of 30 aa between 175 and 204 in the oFD
exposes an additional cleavage site between 205 and 221 and
increases its affinity for cleavage by subtilisin. This second sce-
nario would be expected to cause a small shift in the size of the
65-kDa-cleaved o between aWT/aFM and oFD. This is not
observed in Fig. 10. However, this potential 2-kDa change in
size in a 65-kDa protein is likely within the limit of resolution of
mini gel electrophoresis. This explanation would indicate that
cleavage is redundant and also argues against a specific inhibi-
tory role of the segment between the two furin cleavage sites.
Thus, in both cases the loss of the segment between the two
furin cleavage sites is not likely to be an obligatory mechanism
of ENaC activation by a cleavage. Such built-in redundancy
into channel cleavage would certainly be consistent with the
ability of multiple diverse proteases such as trypsin, subtilisin,
elastase, prostasin, furin, and plasmin to activate ENaC in dif-
ferent systems with a similar final outcome (9, 24, 31-35).

Mechanism of Activation: Loss of TM1 Versus Short Inhibi-
tory Domain—The N terminus of cleaved « exhibited much
lower plasma membrane levels than those of the C terminus
and at times was undetectable at the plasma membrane (see Fig.
5). This difference is unlikely because of differences in the rec-
ognition of the HA antibody to its antigenic site between the
first and second part of ®ENaC as appreciable N-terminal sig-
nal is detectable in the intracellular fraction (see “Results”) and
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as these experiments utilize denaturing electrophoresis. More-
over, it is also unlikely that the differences in the levels of these
two fragments at the plasma membrane is because of the inabil-
ity or poor efficiency of biotinylation of the N-terminal frag-
ment as this fragment is detectable in many experiments (Figs.
1 and 3), and one would have to invoke that the accessibility of
primary amines on this fragment is a variable factor to yield the
result obtained in Fig. 5. Moreover, both fragments contain
multiple primary amines suitable for modification by the bioti-
nylating reagent.

The absence of a correlation between the levels of these two
fragments is rather consistent with internalization and degra-
dation of the N-terminal fragment. The N-terminal fragment
contains lysines that are likely ubiquitinated after binding of the
ubiquitin ligase to the C-terminal PY motifs (23). In this case, it
would be expected that the N terminus would be rapidly inter-
nalized and degraded, exactly as observed. Such a result further
argues against a role of this fragment as a component of the
active channel complex. Our attempts to determine whether
the N terminus could be trapped at the membrane before
potential internalization by examining shorter (5 min) cleavage
times were unsuccessful as they yielded poor cleavage efficiency
(not shown). This is consistent with the time course of activa-
tion by subtilisin shown in Fig. 6, which indicates a very linear
initial phase that would severely limit activation and presum-
ably the levels of cleaved fragments within the first 5 min.

How can the loss of the N terminus and TM1 lead to channel
activation? Recent data from the crystal structure of ASIC1, a
homologous ion channel, may shed insight into such a mecha-
nism. In the trimeric form of ASICI it was found that TM1 of
the individual subunits contributes much less than TM2 to the
overall conduction pore (36). In this case the loss of TM1 may
be a favorable process. From our results we find that channels
formed with «/v, which do not contain TM1 and TM2 from 3,
are active without cleavage (not shown). A possible mechanism
explaining the activity of a/y channels is the absence of the
additional transmembrane domains from the third subunit.
This effect would be mimicked in trimeric channels by cleavage
of @ and +y and the loss of TM1s from both of these subunits. In
the case of oocytes, this effect in trimeric channels may simply
just depend on the loss of TM1 from e, as yis already maximally
cleaved at the plasma membrane and likely missing its TM1.
Channel activation after the loss of TM1 may then occur if this
domain causes a mismatch, possibly a hydrophobic mismatch
in the length or the pore of the channel, leading to a decrease of
P, to levels that make the channel inactive. In this case any
cleavage of aENaC at an externally accessible cleavage site
within the vicinity of the furin cleavage sites would cause the
same channel activation. Such mechanisms of hydrophobic
mismatch leading to effects on P, have been proposed to affect
the gating of many ions channels including gramicidin (37— 42).

Are channels inhibited by the fragment contained between
the two furin cleavage sites? Kleyman and co-workers (10) have
demonstrated that a synthetic peptide derived from this frag-
ment inhibits ENaC activity in the um range in oocytes. This
fragment is present in oF M but absent from aFD. Both of these
channels exhibited lower baseline activity than aWT despite
the fact that the «FD construct eliminated this presumed inhib-
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itory segment. Comparing these two constructs, we find that
oocytes expressing aFD exhibited higher conductance than
those expressing oFM (Figs. 6 and 11; ~10 microsiemens high-
er activity). However, aFD was further activated by more than
8-fold (by an additional 100 microsiemens) by cleavage to levels
indistinguishable from those of & WT, indicating that an alter-
native mechanism accounts for the majority of protease activa-
tion of ENaC. We propose that this mechanism involves the
loss of the N terminus and TM1 from the channel based in part
on the result that aLD, a construct that eliminates cleavage
altogether, exhibits very low activity that is similar to that
observed with aFM.

The differences in the activity of «FM and aFD may indicate
that the segment between the two furin cleavage sites may
exhibit a secondary lesser effect on activity in addition to the
predominant effect observed by removing the N terminus and
TM1. Alternatively, an effect of this segment on activity may be
only important in the artificial situation in uncleaved channels
missing the tract between aa 175-204 (e.g. «FM versus aFD). In
this case the ability of the peptide with sequences originating
from this segment to inhibit ENaC may be due to other unre-
lated mechanisms such as interaction with other parts of the
channel that are different than those that aa 175-204 interacted
with when they were part of the native channel. In support of
such an alternative indirect inhibitory mechanism is the obser-
vation that the efficiency of inhibition by this peptide differs by
nearly 100-fold between oocytes and mammalian cells express-
ing ENaC (10), indicating that this is not likely because of inhi-
bition of an intrinsic channel property. These possibilities
remain to be tested and represent future experimental chal-
lenges to a better understanding of channel regulation.
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