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A long isoform of the human Epithelial Sodium Channel (ENaC) a subunit has been identified, but little data exist
regarding the properties or regulation of channels formed by a728. The baseline whole cell conductance of oocytes
expressing trimeric a728bg channels was 898.1 § 277.2 and 49.59 § 13.2 mS in low and high sodium solutions,
respectively, and was 11 and 2 fold higher than the conductances of a669bg in same solutions. a728bg channels were
also 2 to 5 fold less sensitive to activation by the serine proteases subtilisin and trypsin than a669bg in low and high
NaC conditions. The long isoform exhibited lower levels of full length and cleaved protein at the plasma membrane and
a rightward shifted sensitivity to inhibition by increases of [NaC]i. Both channels displayed similar single channel
conductances of 4 pS, and both were activated to a similar extent by reducing temperature, altogether indicating that
activation of baseline conductance of a728bg was likely mediated by enhanced channel activity or open probability.
Expression of a728 in native kidneys was validated in human urinary exosomes. These data demonstrate that the long
isoform of aENaC forms the structural basis of a channel with different activity and regulation, which may not be easily
distinguishable in native tissue, but may underlie sodium hyperabsorption and salt sensitive differences in humans.

Introduction

Background
Hypertension is a risk factor for myocardial infarction and

stroke. One of the primary determinants of an individual’s blood
pressure is blood volume, which is chronically regulated by the
kidneys. Reabsorption of water from the nephron lumen to the
plasma is tied to the osmotic gradient created by the movement
of sodium. The epithelial sodium channel (ENaC) is the final
step in sodium reabsorption in the collecting duct of the nephron
(CD) and the rate-limiting step in reabsorption in these epithelia.

High activity ENaC is a heteromultimer consisting of a struc-
tural subunit, typically a, as well as b and g subunits with a
membrane stoichiometry which electrophysiology indicates con-
sists of 2 a subunits, one b and one g,1 while structural homol-
ogy to the crystalized acid sensing ion channel (ASIC),2,3

suggests a trimer of each subunit.

Modularity and alternate splicing
a ENaC is critical for channel formation.1,4 a-like subunits

such as Xenopus epsilon,5 ASIC1,6 or human d, can exhibit differ-
ent properties and may substitute for a in some tissues yielding
channels with different activity and/or regulation. In humans, a
longer a isoform has been detected in the kidney but it remains
incompletely characterized.7 We examined the properties of this
728 a.a isoform because little is known about its physiological
function and regulation despite being first identified by Thomas
et al. in 1998 where it was shown to have single channel

conductance and macroscopic currents similar to those of the 669
a.a. isoform. It was also shown to be expressed in multiple tissues
including colon, lung, and kidney,7 however, there are no detailed
comparisons between channels formed with a728 and a669.

A significant part of ENaC regulation occurs through membrane
trafficking/recycling leading to differences of membrane protein
expression.8 Another major aspect of regulation occurs through
changes to open probability mainly through proteolytic cleavage of
the channel.9 The channel also responds to changes of intra and
extracellular NaC leading to downregulation in response to increases
of [NaC].10,11 The response and regulation of a728 channel by
[NaC] is undetermined and is examined in the current work.

Regulation by [NaC] and proteolysis
Two types of inhibition by sodium have been described and

differentiated based on time course:12-14 a slow effect due to high
[NaC], termed “feedback inhibition,” and mediated by PKC15

and a fast effect termed “self-inhibition” likely mediated by the
NaC ions interaction with the channel,11 and this represents an
intrinsic channel property that does not require further second
messenger.14 ENaC in native epithelia, and especially in the kid-
ney, is exposed to different [NaC] making both regulatory pro-
cesses physiologically relevant. Further, there is variation in the
degree to which blood pressure is sensitive an individual’s salt
intake, and it is unknown if such differences could be, at least in
part, mediated by differences in the structural isoform expressed
(a669 vs a728).
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Another regulator of channel activity is cleavage by internal
and external proteases.9,16,17 This occurs on two ENaC subunits,
with a being one of these subunits.9 Cleavage markedly increases
open probability (Po) either by removal of an inhibitory tract,18

or loss of the first transmembrane domain.19 The baseline intra-
cellular and exogenous extracellular cleavage of channels formed
with a728 by proteases is unknown. Given the chronic exposure
of ENaC to urinary proteases, differences in proteolytic activa-
tion of these subunits is of potential significance to renal sodium
handling in the CD.

Effects of temperature
In addition to the above processes, ENaC is stimulated by

membrane rigidification by cooling.20,21 This effect increases
channel Po possibly by increased membrane order and rigidity
and interaction with the lipid bilayer.20 This activation of Po is
likely separate from that caused by cleavage, as it is immediate
and reversible, and, it is unknown if the 2 human a isoforms
exhibit similar responses to cooling.

We report that a728bg forms a high activity channel despite
low plasma membrane density of the full length and cleaved
forms. This indicates that ENaC may be highly active in the
absence of cleavage. Regulation by NaC was also different with
a728 channels exhibiting larger inhibition by chronic and acute
high [NaC]i with sensitivity shifted to higher [NaC]. Effects of
temperature were similar indicating that the interaction with the
lipid bilayer was not likely modified. Altogether, these data

indicate that a728 can form a high activity channel in vivo that is
less dependent on proteolysis for its activity and is further stimu-
lated in low [NaC]i, and that the existence of channels with this
isoform may predispose collecting duct epithelia to NaC

retention.

Results

Structure and function
The structure and function of the a ENaC N-terminus

remains largely unstudied despite being 1st identified by Thomas
and colleagues in 1998.7 We examined the amino acid sequence
of the extended a728 N-terminus with to the known a669

sequence and homology to rat. Figure 1A represents the alterna-
tive splice sites which give rise to the differences in the mRNA
sequence between a669 and a728. The a728 transcript produces
upstream an additional 59 amino acids from a longer first exon
of a669 which also contains a unique 50 UTR. Because the ASIC
structure solved by Jasti et al.2 did not include the N-terminus
there is no homologous structure to which this sequence can be
compared to estimate a secondary structure.

We compared the human a728 sequence to that of rat a699

(Fig. 1B) because the rat N-terminus is longer than that of human
a669 and because there are notable electrophysiological differences
between rat and human ENaC especially in terms of voltage activa-
tion and sensitivity to NaC.22 The first 24 a.a. of the rat sequence

Figure 1. Layout of the N-terminus of human a ENaC. Two isoforms are described with a conventional form resulting in 669 a.a. and an alternative longer
N-terminus form resulting in a 728 a.a. (A) The coding sequence organization in a728 is similar to that of a669 with the exception of a different 50 UTR and
a different exon 1 start site resulting in 59 unique a.a. Figure generated in FancyGene.47 (B) A multiple sequence alignment of the 1st 61 a.a. of a728

showing homology to the first 26 a.a. of rat a ENaC, as well as a repeating motif, which contains a smaller motif homologous to an endocytic domain
identified in rENaC.48
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are homologous to human a728 a.a
13-37, and these are absent from
the human a669 sequence.

Rectification and voltage
activation

Two of the characteristic
electrophysiological properties of
a669bg are its current-voltage
relationship which shows inward
rectification (Fig. 2), and a volt-
age dependent activation possibly
by voltage induced changes to
[NaC] at the inner mouth of the
channel.22 Rectification and volt-
age activation are in addition to
NaC-self inhibition intrinsic
channel properties and changes in
them reflect differences in channel
properties and function. We
tested rectification and voltage
activation of a728bg to determine
if the longer N-terminus led to
differences in these properties.

Rectification of the a728bg
and a669bg channels was assessed
from the ratio of the slope con-
ductances at ¡100 mV and
C40 mV in ND94 recording
solution. Conductance of a728bg
(Fig. 2) was more linear (1.68§
0.21) than a669bg (5.47§ 0.81)
at hyperpolarizing voltages
(Fig. 2D, P < 0.01).

Voltage dependent activation
at ¡100 mV in a728bg was
apparently less than that observed
in a669bg. The observed activation in a728bg was longer than
the 500 ms measurement and for this reason it was not possible
to determine a finite time constant or magnitude of activation
(Fig. 2C). Therefore, we cannot rule out that the reduced activa-
tion is actually just due to a much longer time constant of activa-
tion of a728bg. Given complications with NaC loading in
prolonged clamping to ¡100 mV, it was not possible to extend
the time course of the measurement to accurately obtain a time
constant. Nonetheless, these data indicate marked differences in
the way these 2 channels respond to acute changes of voltage.

These differences of voltage activation and rectification led to
a different characteristic I/V relationship for the 2 isoforms. Con-
sistent with effects of NaC and voltage on these parameters, we
expect that these isoforms would also exhibit different responses
to changes of [NaC].

Whole cell conductance
Thomas et al.7 reported similar macroscopic currents between

a669bg, and a728bg. However, their experiments were designed

to examine if channels containing a728 were largely similar to
those containing a669. Recordings were also performed under
high sodium conditions, which could miss some of the differen-
ces between these 2 isoforms by different [NaC]i. To further
explore these differences, especially in light of differences in recti-
fication and voltage activation, we tested the baseline activity of
both isoforms under chronic conditions of high or low [NaC].

Incubation of ENaC expressing oocytes in low extracellular
NaC reduces [NaC]i from 65 mM to 12 mM. As seen in Fig-
ure 3A, a728bg oocytes incubated in low NaC had a baseline
amiloride sensitive conductance (gNa) of 898.1§ 277.2 mS (n D
13), while a669bg injected oocytes had a baseline conductance of
49.59§ 13.2 mS (n D 13). This 18 fold difference indicates
marked differences in overall activity between the 2 constructs
caused by the extended N-terminus.

Higher activity of a728bg persisted in high NaC, however,
prolonged incubation in the 96 mM NaC solution lead to larger
decrease of the gNa of a728bg relative to that of a669bg, which

α728βγ

mS
0 200 400 600 800 1000

μA
-10

-8

-6

-4

-2

0

2

4

α669βγ

mS
0 200 400 600 800 1000

μA

-10

-8

-6

-4

-2

0

2

4
Rectification

g ou
t/g

in

1

2

3

4

5

6

7

α728βγα669βγ

∗∗

A

B

C

D

Voltage Activation

mS
0 100 200 300 400 500 600

I m
/I 0

0.6

0.8

1.0

1.2

1.4

1.6

α728βγ

α669βγγ

Figure 2. Whole cell currents, voltage activation and rectification of a728bg channels. (A) Whole cell currents
of a728bg in the voltage range of ¡100 to +40 mV. (B) Whole cell currents of a669bg. (C) Normalized currents
at ¡100 mV, demonstrating voltage activation and differences between the 2 isoforms (n D 6, P < 0.05). Io
represents the current immediately after voltage clamping. (D) Comparison of the ratio of outward to inward
slope conductances indicating larger inward rectification of a669 channels. n D 11 and 25 for a669 and a728.
** denote P < 0.01.
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decreased to 81.1§ 24.2 mS (n D 23) and 20.5§ 5.1 mS (n D
24), respectively. Thus, high NaC caused an additional 4.5 fold
inhibition of a728bg relative to a669bg (11 vs 2.5 fold inhibition
of a728bg versus a669bg). This indicates that a728bg inhibition
by increasing [NaC]i requires higher values which are greater
than 12 mM and in the range of 65 mM; or that a669bg is more
sensitive to [NaC]i and is already inhibited to a larger extent than
a728bg in the range of 12 mM.

The activity of channels formed by a ENaC is heavily depen-
dent on the co-expression of the b and g subunits. To eliminate
the possibility that a728 is capable of forming highly active chan-
nels alone or under different subunit combinations we expressed
only a728 and in combination with g in absence of the b subunit.
On its own, the conductance of a728 was too low to be accurately
measured and it displayed a current at ¡100 mV of 62.6§ 9.9
nA (Fig. 3C). Channels formed with a728g had an amiloride
sensitive conductance of 2.2§ 0.7 mS indicating that all 3 subu-
nits are required for full activity and that the extended N-termi-
nus does not change this requirement.

Activation by proteases
Proteolysis is a major regulatory mechanism for ENaC, having

been observed in vivo and in vitro. This process is also known to
be reproduced in the oocyte system. Because a728 has been
detected in the kidney7 (see below), and because endogenous uri-
nary serine proteases can cleave and activate a669bg ENaC, we
measured the proteolytic activation profiles of a669bg and
a728bg. We examined 2 serine proteases-trypsin and subtilisin-

which have been shown to activate a669bg.
17,19 As the data

shown above suggested different responses to NaC between iso-
forms, we tested the effects of these proteases under both high
and low NaC conditions.

A representative activation of a728bg with 50 ng/ml trypsin
in high [NaC] is shown in Figure 4A. Trypsin caused a 15 fold
activation in a time course similar to that we previously described
for a669bg.

9 In contrast, activation of channels formed with a728

and a728g alone (Fig. 3B) were minimal and ~2 fold or less indi-
cating that this process-just like in a669-required the presence of
all 3 channel subunits.

In high [NaC] conditions subtilisin activated trimeric a669bg
by 6.9§ 2.2 fold, and a728bg by 2.0§ 0.3 fold (Fig. 4C, P <

0.05). Activation in low [NaC] was 2.1§ 0.4 fold for a669bg
and 1.3§ 0.2 fold for a728bg (Fig. 4D, P < 0.05). These data
indicate interaction between [NaC]i and proteolytic activation-a
likely effect on baseline channel open probability (Po). It also
indicates that a728bg in low [NaC]i is either nearly insensitive to
proteolysis or that it is largely already cleaved by endogenous
intracellular proteases. This was tested with a different protease.

Activation by trypsin followed a similar profile, but with
larger magnitudes of activation. In high sodium trypsin activated
a669bg by 53.6§ 19.6 fold, and a728bg by 10.7§ 2.7 fold
(Fig. 4E, P < 0.05). In low sodium trypsin activated a669bg by
9.5§ 2.8 fold, and a728bg by 2.9§ 0.4 fold (Fig. 4F, P <

0.05). Thus, for both proteases activation of a728bg was lower in
low NaC and less than that of a669bg.

Protein expression and processing
In addition to intrinsic changes to channel function, changes

in trafficking to or from the membrane and high membrane
expression could explain the high activity seen in a728bg. High
endogenous cleavage could also explain the high baseline activity
and low activation by external proteases. We tested both of these
possibilities by biochemically examining channel plasma mem-
brane expression and the magnitude of endogenous intracellular
proteolytic processing. Given the marked differences in activation
between high and low NaC we examined these parameters under
both [NaC]i conditions.

Western blot of oocytes expressing channels of either isoform
in high or low sodium or a728 alone is shown in Figure 5. The
longer a728 isoform in a728bg channels migrated at 88.1 §
2.2 kDa while a669 in a669bg channels migrated at 81.6 §
1.6 kDa. This is consistent with the presence of the additional 59
a.a. Both isoforms exhibited an endogenously cleaved form which
migrated at 64.6§ 1.8 and 60.9§ 1.0 kDa, respectively.

The longer a728 isoform in trimeric channels exhibited low
membrane and endogenous cleavage levels in both low and high
NaC. In this example a728 also exhibited lower intracellular levels
than a669 studied under the same conditions, although as shown
in the summary below this was not consistently observed. This
indicates much higher activity of a728bg at the membrane
despite lower cleavage and rules out that trimeric channel activa-
tion was due to enhanced expression or processing.

Monomeric a728 when injected at 10 fold higher cRNA levels
could be observed at the plasma membrane; however, this also
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Figure 3. a728bg forms a high activity channel. Channel activity was
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exhibited no evidence of
endogenous cleavage. Interest-
ingly, when cleaved as part of
trimeric complex, a728 was
consistently of higher M.W.
than that of a669 (Fig. 5B)
indicating the presence of dif-
ferent cleavage location or
additional biochemical modifi-
cation to account for this
4 kDa difference. Alternatively,
this differences is consistent
with the 26 amino acid frag-
ment between the 2 putative
furin cleavage sites, RSRR and
RRAR (see Discussion).

Baseline expression and
processing and effects of [NaC]
are summarized in Figure 5C.
Overall both isoforms exhib-
ited much lower membrane
than intracellular levels, espe-
cially given differences in load-
ing equivalents between these
fractions. Full length levels of
a728bg and a669bg were simi-
lar in the intracellular fractions
irrespective of the [NaC] ruling
out increased protein expres-
sion as the explanation for
a728bg hyperactivity. Mem-
brane full length and cleaved
a728bg were also lower than
those for a669bg and this was
especially evident in high NaC.
Thus, despite the 18 and 2.5
fold higher activity of a728bg
in low and high NaC, there
were no comparable increases
and in fact lower absolute lev-
els of cleaved a728 than a669

indicating that the cleaved
form is not the only one which
supports high activity.

Examination of the propor-
tion of cleaved a at the mem-
brane (Fig. 6) indicates
similar cleavage proportion
between a728 and a669 despite
the lower absolute levels of the
cleaved form and the much higher whole cell currents in a728.
This indicates that the additional 59 a.a. in a728 do not markedly
affect overall cleavage efficiency per se, although a shift in cleav-
age preference cannot be ruled out. This also indicates that the
reduced activation of a728 trimers with trypsin and subtilisin are

likely due to saturation of Po of existing and likely high activity
uncleaved channels.

Also notable in Figure 6 are the larger cleaved fractions of
both isoforms in 96 mM than 9.6 mM NaC. These differences
are opposite to the differences of [NaC] on activity and are
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consistent with a different mode of channel regulation by NaC

that is separate from that by cleavage (see Discussion and
Fig. 12).

Detection in human urine
Although Thomas et al.7 detected a728 mRNA in human kid-

neys, the correlation between mRNA concentrations and steady
state protein levels is not always strong.23 Moreover, the in vivo
cleavage status of this protein was undetermined. As normal
human tissue is not readily available for examining protein
expression we isolated and examined various urinary fractions for
the presence of a728 protein. We fractionated urine into

organellar and exosomal frac-
tions because exosomes contain
plasma membrane bound pro-
teins and this fraction is known
to heavily contain aquaporin 2,
a membrane protein along
with ENaC present in the
collecting duct (data not
shown).24

We examined fractions corre-
sponding to cell debris, large
vesicles such as the Golgi appara-
tus, and exosomes. We used an
a728 specific antibody. As shown
in Figure 7 we detected full
length protein which migrated
at 87 kDa consistent with that
expected from full length
uncleaved a728. A second band
at 27 kDa was detected in some
subjects which was also com-
peted with the immunizing pep-
tide, and this likely represented
the cleaved N-terminal frag-
ment. No C-terminal fragment
was detected as the recognized
epitope is contained within the
first 59 a.a. This indicates the
presence of both full length and
potentially cleaved a728 in
human kidneys in vivo and also
variable cleavage between sub-
jects of this isoform by existing
urinary proteases. Additional
bands were also detected at less
than 20 kDa in some partici-
pants (see Fig. 7). These frag-
ments may be the products of
further proteolytic processing
when exosomes are exposed to
further urinary proteases.

Cell attached recordings
For both isoforms incuba-

tion in high [NaC] increased the degree of activation by cleavage.
Under both NaC conditions a728bg was also less sensitive to pro-
teolytic activation but displayed higher baseline activity than
a669bg. We used single channel recordings to examine if these
differences were due to differences in the single channel conduc-
tance or channel kinetics.

Cell attached patch clamp recordings of a728bg are shown in
Figure 8. Under high [NaC] the single channel conductance was
4.0 pS-similar to the single channel conductance of a669bg.

25,26

The single channel conductance in low [NaC] was 1.7 pS. Under
both [NaC] open and close times were consistent with known
values for a669bg. These values are consistent with those of

Figure 5. High activity of a728bg is not due to increased endogenous processing or membrane density. Western
blot of oocytes expressing a669bg, a728bg, and a728. (A) Representative example showing relative size and inten-
sity of protein as either membrane or intracellular fractions. Membrane and intracellular lanes were loaded with
the equivalent yield of 20 and 2 oocytes, respectively. The membrane was probed with an anti-HA antibody.
Lower cleavage is observed in the membrane fraction in a728bg in low and high Na+. Higher intracellular cleav-
age was in general observed in high Na+. Boxes indicate the size of the full length and large C-terminal frag-
ments and demonstrate an example of the shift in size for full length and cleaved fragments (85 vs 80 and 65 vs
60 kDa). (B) Average shift of full length and cleaved forms of a728 from that observed for a669. Some differences
were retained even in the cleaved subunit indicating possible differences in cleavage site or cleaved subunit
modification between the 2 isoforms (see text, P < 0.05). (C) Summary of the expression at the plasma mem-
brane. a728 proteins levels were consistently lower than those of a669. This was markedly evident for both the
full length and cleaved fragments in high Na+ conditions. (D) Expression in the intracellular fraction was more
robust and no major differences could be observed between the 2 a isoforms in both high and low NaC. N D 8.
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Thomas et al. in high NaC.7 There were also no marked differen-
ces in channel kinetics, however, a direct determination of chan-
nel open probability was limited by the slow nature of the ENaC
kinetics and variable gating.27,28 These data along with the West-
ern blot data above rule out that activation of a728bg occurs by
enhanced membrane density, enhanced single channel conduc-
tance, and indicate that activation must be by elimination due to
effects on open probability.

Ideally, single channel measurements would provide evidence
of differences in Po, however, too many channels were observed
in all a728bg patches and this required that we inject 5 fold less
cRNA for the channel subunits, which further precluded an accu-
rate assessment of this parameter. Also, such measurements
would fail to show changes of Po if multiple open states are
observed as we propose below in response to cleavage, sodium
inhibition and changes of membrane order.

Temperature response
ENaC is activated by low temperature, most likely by increas-

ing open probability following membrane rigidification.20,21

Given the time course and reversibility, this process represents a
cleavage independent means of activating membrane resident
channels. We examined the response of a728bg channels to a
temperature change in the range of 23�C to 10�C.

As shown in Figure 9, both isoforms exhibited similar effects
of cooling and no significant differences were observed. A
decrease from 23�C to 15�C increased the activity of a669bg and
a728bg by 1.3§ 0.2 and 1.4§ 0.3 fold, respectively. At 10� C,
and despite the drop of the single channel conductance 20,21, gNa

remained at 1.0§ 0.1 and 1.1§ 0.3 that observed at 23�C for
a669bg and a728bg. This indicates that activation by a728 is not
due to differences in the way the channel interacts with the mem-
brane and that this mode of activation is unaltered between the 2
isoforms.

Sodium inhibition
We find different effects of prolonged [NaC] changes on the

baseline activity of these 2 a isoforms. Further, differences
between the 2 isoforms in terms of rectification and voltage acti-
vation indicate variability in the acute effects of [NaC]i. Given
the importance of acute regulation by NaC, we examined the
effects of acute increases of [NaC]i by mechanical and electrical
forces.

Mechanical loading allowed us to examine the acute effects of
changing [NaC]i with initial changes occurring within 10s-within
the time expected for diffusion from the injecting electrode to
the oocyte membrane - and stable concentrations are observed
within 2-4 minutes.14 Experiments were done in 2 groups of
oocytes starting in low and high NaC baselines. As shown in Fig-
ure 10A in high NaC an increase of [NaC]i by 25 mM inhibited
a669bg by 83% of control, similar to that previously reported.14

The same increase in a728bg caused an initial stimulation to
175% of control followed by inhibition to 42%. Accounting for
the initial increase to 175%, similar magnitude of inhibition is
observed in both a728bg and a669bg at the final [NaC]i of
»90 mM (175% to 42% vs. 100% to 17%).

The differences in the initial response likely indicate that
a728bg required that higher [NaC]i are achieved prior to inhibi-
tion, and that this channel goes through an intermediate concen-
tration near 65 mM where activation of the single channel
current by increasing [NaC]i dominates leading to a stimulation.
This interpretation also requires that a669bg single channel cur-
rent is already saturated at this [NaC]i in agreement with meas-
urements of the whole cell conductance (Fig. 3).

Figure 7. a728 protein is present in human kidneys. Two fractions iso-
lated from the urine of 4 subjects representing large vesicles/intracellular
organelles, and exosomes. Western blot was probed with an a728 specific
antibody. The two main bands detected at 87 and 27 kDa, likely corre-
spond to full length and the N-terminal fragment of this isoform. The
27 kDa fragment was not detected in all fractions possibly indicating dif-
ferences in endogenous cleavage between these individuals. Additional
smaller fragments may have originated from further processing by uri-
nary proteases. Data representative of 6 different subjects.
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Figure 6. Summary of the proportion of processing of a728 and a669 in
trimeric channels. Data summarized as the ratio of cleaved to full length
subunit levels. Similar cleavage proportions are observed for both iso-
forms in the plasma and intracellular membrane fractions at the same
[Na+]. n D 6-8 in all groups. (P < 0.05 between high and low Na+).
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A 25 mM increase of [NaC]i from a low baseline of 12 mM is
shown in Figure 10B. In both cases the final conductance obtained
in 37 mM [NaC]i was stimulated to the range of 132-142% of con-
trol. However, the initial responses obtained as [NaC]i increased
from 12 to 37 mM were markedly different between the 2 isoforms
indicating likely differences in the increase of single channel current
by NaC. In the case of a728bg it exhibited an initial increase to
175% of control, while a669bg exhibited a larger increase to 380%
of control. As the [NaC]i stabilized, a728bg exhibited little further
effects while a728bg was inhibited nearly 3 fold (from 380% to

140%). These effects complement the
changes observed in panel A and
together indicate that the acute NaC

sensitivity of a728bg is shifted to the
right of that of a669bg where both the
initial increase and subsequent inhibi-
tion occur at higher [NaC]i.

To examine the acute effects of var-
iable and incremental increases of
[NaC]i we voltage clamped mem-
branes to ¡100 mV. Shown in Fig-
ure 11A are the effects of a voltage
driven NaC loading from a high base-
line of 70 mM [NaC]i. Similar to the
results of Figure 10, a larger initial
increase is observed in a728bg. This
was smaller in magnitude to that
observed above given that the changes
here are more gradual. Similarly, a
larger final inhibition is observed in
a728bg but at a higher [NaC]i consis-
tent with the interpretation above that
a728bg is rightward shifted in terms
of sodium sensitivity.

Voltage loading from a low [NaC]i of
12 mM is shown in Figure 11B. Con-
sistent with the data above a small stim-
ulation followed by inhibition is
observed for a669bg as [NaC]i increased
past 20 mM. Given the high conduc-
tances ofa728bg oocytes, and consistent
with the expectation from Figure 10
that clamping to ¡100 mV would
result in further marked stimulation of
the conductance in low NaC, currents
produced in this group were both too
large to reliably clamp and damaging to
the oocytes. For these reasons these
experiments could not be carried out.

Discussion

a728bg forms a highly active
channel

We report that the longer N-termi-
nus in a ENaC modifies channel properties and regulation. Our
data show that a728bg channels showed differences in rectification
and voltage activation; both intrinsic channel properties. Addition-
ally, a728bg channels are highly active despite similar single channel
conductance to a669bg and lower density at the membrane than
a669bg. This was observed in spite of little response to activation by
proteolysis and notwithstanding the low levels of endogenous cleav-
age of a728 at the membrane. This isoform also responded differ-
ently to both chronic and acute changes in [NaC] indicating a
rightward shift in the sensitivity to changes of [NaC]i. Despite these
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Figure 8. Single channel conductance and open/close times for a728bg channels. Single channel record-
ings were made in cell attached mode. (A and B) Representative current traces of a728bg at ¡100 mV
under low and high [Na+]. (C) Single channel I/V relationship of a728bg in low and high [Na+]. Both con-
ductance and kinetics were similar to those observed for a669bg (not shown, see Thomas et al.7). Oocytes
were injected with 5 fold less cRNA to allow channel recordings in stable patches. n D 4.
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marked differences, a728bg was activated by cold temperature simi-
lar to a669bg. Thus, based on the relative expression of short vs.
long a we expect major changes to epithelial sodium handling and
intrinsic regulation in humans.

As a728 is present in the kidney it is reasonable to conclude
that this isoform serves a biological function that is distinct from
that of a669. A high activity form of ENaC may have a desired
role in preventing either salt wasting, or hyponatremia and an
undesired role of promoting salt sensitive hypertension. This iso-
form could have developed evolutionarily as means of conserving
sodium in a rare sodium environment.

A variety of lines of evidence point to a728 behaving more like
arENaC than a669 hENaC. It has higher baseline activity, as
well as homology to the rat sequence. Consistent with this expla-
nation is the lower activation of rodent ENaC by trypsin than
that observed in the short human isoform.16,29

a728bg fragments and processing
Full length a728 migrated at a size consistent with the presence

of an additional 59 a.a. to a669. However, cleaved a728 was
4 kDa larger than cleaved a669. Currently, 2 sites have been have
been proposed and validated to be cleaved by endogenous furin
type proteases.29 These sites are approximately 26 a.a. apart. This
shift in mass would be consistent with a shift in preference of
cleavage between a669 and a728 from the second furin site
(RRAR) to the first furin site (RSRR) resulting in a large cleaved
fragment in a728 which is 26 a.a. longer. Alternatively, one
would have to propose post translational differences between the
2 subunits occurring prior to cleavage; as cleavage in the same
location in the absence of either explanation would result in an
identical product for the 2 a isoforms. This remains to be tested
but would allow toggling between regulatory pathways affecting
each isoform independently.

Cleavage of a728 in urinary exosomes was variable between sub-
jects. Invariably, the full length isoform was observed at 87 kDa. A
product at 27 kDa was observed (see Fig. 7 and supplementary

Figure). The intensity of this product was variable demonstrating
possible variability among subjects. The size of this product is con-
sistent with cleavage at the first furin site; although we cannot rule
out additional processing of these fragments by the urinary

Figure 9. Activation of abg ENaC by cooling is similar, regardless of a
isoform. Changes in whole-cell amiloride-sensitive conductance at 15�C,
and 10�C were normalized to conductance at 23�C. n D 6. (P < 0.05
between all temperatures, but NS between isoforms).
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Figure 10. Changes of ENaC activity by acute increases of [Na+]i is iso-
form dependent. Oocytes were injected with 25 mM Na+ as described in
text. Amiloride sensitive conductance was recorded at ¡100 mV and
normalized to that immediately before Na+ injection. (A) Changes in
a669bg or a728bg expressing oocytes studied in high [Na+] in response
to an increase of [Na+]i from 65 to 90 mM. (B) Changes in a669bg or
a728bg expressing oocytes studied in low [Na+] in response to an
increase of [Na+]i from 12 to 37 mM. The two a isoforms displayed
marked differences indicating higher sensitivity of a669 to changes of
[Na+]i from a low baseline. Together these data indicate that inhibition
of a728 by increasing Na+ occurs at [Na+]i > 37 mM making this isoform
different in the way it responds to Na+ than a669. (n D 6 in each group).
P < 0.05 for the time dependent differences between the 2 isoforms
except the ending points (last 2) in (B).
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proteases as evident by the presence of additional smaller frag-
ments that were competed with excess immunizing peptide.

Protease activation in high and low NaC

The fraction of cleaved to full length protein expression was
similar for trimeric channels expressing a728 or a669. This

indicates that the extended N-terminus does not hinder access of
endogenous proteases to the channel. However, there were
marked differences in the response of these channels to exoge-
nous proteases in a manner that is [NaC] dependent. Moreover,
there are also differences in the levels of baseline cleavage of these
isoforms in different [NaC].

Proteolytic activation provides a mechanism for rapid channel
activation and is therefore an important acute regulator of NaC

absorption especially given the abundance of urinary proteases
which could potentially act on ENaC.30,31 Our data show that
the ratio of channel activation by cleavage (Fig. 4), and also base-
line cleavage (Fig. 6C), are positively correlated with the [NaC].
We also show that the activity of trimeric a728 is negatively corre-
lated with cleavage and [NaC]i (Figs. 3 and 6). The similarity in
profile of cleavage by trypsin, subtilisin and endogenous proteases
indicate that the differences in [NaC]-dependent activation are
generalized effects. This has been interpreted by others as a relief
of NaC-self inhibition by cleavage.32 However, when comparing
a728 to a669 at high NaC such an interpretation would be incon-
sistent with the larger effects of increasing [NaC]i on a728bg
(Fig. 10A), and the lower stimulation by exogenous cleavage of
this isoform (Fig. 4C and E). Irrespective of the exact mecha-
nism, this effect of [NaC]i on cleavage could represent a valuable
mechanism to preserve pools of uncleaved channels to respond to
recoveries from periods of elevated sodium conditions.

We find that both a isoforms are most active under low
[NaC]; the condition which exhibits the least endogenous prote-
olysis and the least fold activation by external proteases. There-
fore, the high baseline activity seen under low [NaC] and that
seen through proteolytic activation at high [NaC] cannot occur
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due to the high expression of a728bg. (See text.) In these experiments
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ing in Fig. 10B. n D 4.

Figure 12. Proposed multiple open state model for ENaC to describe the
separate effects of cleavage, sodium concentration and temperature. In
this model we propose that there is a single closed state “C0,” and multi-
ple non-interacting open states “O1. . .On.” This model explains how
some means of increasing Po are unchanged between isoforms (such as
temperature), while others (such as activation by proteases) show dis-
tinct differences. It also accounts for the high baseline activity in low Na+

under conditions with little cleavage. See Discussion for details.
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through the same mechanism. Thus, more than one channel
open state must exist to account for these 2 processes. We denote
these 2 open states as Ocleaved and O1 (summarized below).

The exact ratio of different a isoforms in the collecting duct,
or other human epithelia for that matter, is unknown. However,
it is known that activation by proteases in native and even cul-
tured epithelial tissue is variable.33 Such variability may possibly
reflect different [NaC]i conditions and also multiple channel
pools with differing activity due to different a subunit
composition.

NaC sensitivity
The driving forces across the apical membrane and by exten-

sion [NaC]i in an epithelium is, unlike that in a single non-polar-
ized cell, dependent on numerous factors that include apical and
basolateral permeability as well as paracellular shunt resistance.34

We examined the responses of both a isoforms in the concentra-
tion range of 12-110 mM [NaC]i. Given a NaC activity coeffi-
cient in the range of 0.8 35 these represent activities in the range
of 9.5–88 mM. The upper end of activity does not necessarily
represent physiological values however, the entire scale is broad
and covers low baseline values normally encountered 36-39, higher
values that are or could be encountered, and high values that aid
in better describing the complete relationship and differences in
the effects of [NaC] on a728bg. The ease of manipulating these
concentrations represents an important strength of the oocyte
system.

Our data indicate clear differences in the response of these 2
isoforms to NaC throughout the entire range of activities exam-
ined. Channels formed with a728 exhibited a rightward shift in
the response to [NaC]i. In other words, they were less sensitive to
inhibition by NaC than a669. In the range of activities which
could be encountered in the collecting duct of 28 mM or less39,
a728 channels exhibited further activation by increasing [NaC]i
and this occurred in a cleavage independent manner. A simple
hypothesis that could explain this effect is that the extended N-
terminus in a728 may contain or modify a NaC sensor. The latter
explanation is more feasible as the former would require the pres-
ence of multiple NaC sensors and high and low sensitivity to
inhibition of a728 by NaC.

Irrespective of the biophysical basis, alternative responses to
[NaC] between isoforms may provide tissue specific responses to
[NaC]. For example, in the kidney it may be desirable to have a
rapid decrease in absorption in response to an acute increase in
luminal [NaC] to buffer against transient changes in [NaC]
changing blood volume; while in the lung it may be desirable to
have a slower response to acute changes in plasma [NaC] to pre-
vent edema. These differences are further highlighted if one con-
siders possible differences in [NaC]i between different epithelia.

Kinetic model
Activations of ENaC by cold and by proteolysis likely repre-

sent distinct processes that increase open probability. Activation
by cold is reversible, while that by cleavage is irreversible. Cold
activation occurs through rigidification of the membrane, while
proteolytic activation occurs through either loss of the first

transmembrane domain,19 or loss of an inhibitory peptide.18

Our data further highlight and confirm these differences as pro-
teolytic activation for these two isoforms was markedly different
but temperature dependent activation was the same. This indi-
cates that these two open states cannot be the same and further
cannot communicate otherwise temperature activation of a728bg
would be different than a669bg. These two modes of activation
are likely due to two different non-communicating open states
rather than closed non-communicating states, although the latter
cannot be excluded. These are denoted as Ocleaved and O2.

Our data also indicate that a large part of a728bg baseline
activity could occur in the absence of cleavage. This requires the
presence of a third distinct open state. This state was described
above and denoted as O1. It is also likely non-communicating
with other open states as a728bg is still subject to similar activa-
tion by cold. This state is also observed in a669bg given its high
activity in the absence of appreciable endogenous cleavage in low
[NaC]. This multiple open state model is illustrated in Fig-
ure 12. For simplicity, only multiple open states are illustrated,
although the data are also explained by multiple non-communi-
cating closed states.

This model offers a kinetic explanation for the low sensitivity
to proteolysis in a728bg as well as a669bg in low [NaC]: the pro-
teolytic substrate may only become accessible to digest in a closed
state. High activity in low [NaC] (or in general for a728bg)
would cause a higher occupancy of the open state, and reduced
sensitivity to cleavage. Additional tests for these predictions are
required; however, the similarities and difference between
a728bg and a669bg activation by cleavage, cold temperature and
baseline activity provide clear evidence for supporting the pres-
ence of multiple states.

Modularity of ENaC
In addition to d, and a669, a728 is a third human ENaC

subunit that can form distinct high activity channels with b
and g. Several examples exist of ion channels with subunit
modularity either due to alternative splicing or alternate subu-
nits, including voltage gated calcium channels,40,41 and voltage
gated potassium channels.42 The modularity of ENaC may
also explain some of the interpersonal or inter-population dif-
ferences in NaC handling and blood pressure. The ENaC
sequences themselves are highly conserved, but differential
expression of alternatively spliced a or expression of d may
account for individual or population level variations in both
activity and regulation of activity.

Materials and Methods

RNA
The extra 177 bases from the longer a isoform were synthe-

sized (Genscript, Piscataway NJ) (NCBI accession #
NM_001159576) and ligated upstream of the start site into a
DNA plasmid containing the coding sequence for a669 which
also contained 2 HA tags as previously described.43 This plasmid
was linearized and translated into RNA with the RiboMAX T7
transcription kit (Promega, Madison WI). Capped RNA was
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quantified with a Nanodrop 1000 spectrophotometer (Thermo-
Fisher, Waltham MA), and by RNA gel electrophoresis. This
assured equal injection of all ENaC subunit isoform cRNAs.

Xenopus oocytes
Xenopus (Xenopus Express, Brooksville FL) oocytes were

obtained by surgical excision of the ovarian lobes. Oocytes were
digested with type IA collagenase (Sigma-Aldrich, St. Louis MO)
in Ca2C free OR2 medium as previously described.44 Stage V
and VI oocytes were selected and allowed to recover overnight in
ND94 medium with (94 mM NaCl, 1 mM MgCl2, 1.8 mM
CaCl2, 2 mM KCl, 5 mM HEPES, pH 7.4) containing 1% pen-
icillin-streptomycin (Mediatech, Corning NY) and 50 mg/ml
amikacin (MP Biomedical, Solon OH).

Oocytes were injected with 2.5 ng RNA for each ENaC sub-
unit, except those which expressed a alone which were injected
with 25 ng. Oocytes were then incubated in the 96 mM NaC

incubation solution (chronic high NaC) or a similar solution that
contained 9.6 mM NaCl and replaced the rest with 86.4 mM
N-methyl-D-glucamine (chronic low NaC). Oocytes were
recorded from 18-72 hours post injection. Western blot analyses
were performed on protein homogenates obtained from oocytes
48–72 hours post injection.

Two electrode voltage clamp
Oocyte recordings and calculation of membrane conductance

and capacitance were carried out as previously described.22

Briefly, oocytes were clamped to a holding potential of either 0,
or ¡100 mV with a TEV-200 voltage clamp (Dagan Instru-
ments, Minneapolis MN). Conductance and capacitance were
measured every 10s as the slope conductance at the holding
potential. In these experiments current/voltage relationships were
measured by 500 mS pulses from ¡100 to C40 mV. Clamping
was carried out using agar-Ag/AgCl electrodes as previously
described to avoid flow and time dependent artifacts.45

In experiments which acutely NaC loaded oocytes, or follow-
ing intracellular NaC injection, voltage was clamped to
¡100 mV (see Mechanical Loading). In both cases, and unless
otherwise noted, all reported values of conductance represent the
amiloride sensitive portion (10 mM amiloride). In all experi-
ments the recording chamber was continuously perfused at
8 mL/minute.

Mechanical loading (Sodium Injection)
Oocytes were clamped to 0 mV and injected with a 27.6 nL

bolus of 0.5 M Na2SO4 to increase [NaC]i by 25 mM as previ-
ously described.14 Na2SO4 was selected to avoid any effects of
chloride. To sustain high [NaC] and prevent efflux of injected
NaC, injected oocytes were clamped to ¡100 mV for the 1st
2 min, followed by a return to 0 mV to prevent large increases in
[NaC]i. The slope conductance at ¡100 mV was measured by a
500 ms pulse protocol.

Voltage loading (¡100 mV clamp)
Oocytes were acutely loaded with NaC by clamping to

¡100 mV for up to 20 min. This allowed larger and more

variable changes of [NaC]i. In these experiments, slope conduc-
tance at ¡100 mV and reversal potential were measured every
second by applying a voltage ramp from ¡100 mV to +20 mV
for 100 ms; with membrane voltage remaining clamped to
¡100 mV for the remaining 900 ms. Input and output signals
were generated or recorded at 5 kHz yielding a voltage change
during the ramp of 0.24 mV per point. The command voltage
signal was generated, and the current return signal was measured
by a National Instruments MyDaq data acquisition board (Aus-
tin TX), captured in NI Signal Express, and analyzed in R (R
Project for Statistical Computing). This protocol allowed us to
clamp membrane potential to ¡100 mV 90% of the time and to
examine the effects of internal [NaC] on inhibition with high
time resolution.

Cell attached patch clamp
Oocytes were devitellinized by shrinking for 5 min in

100 mM sucrose in high or low [NaC] solutions, followed by
manual removal of the vitelline membrane. Oocytes were then
allowed to recover in a bath solution of high or low sodium for
10–15 min. The pipette solution matched the bath solution in
all cases. Cell attached single channel recordings were carried out
at various holding voltages ranging between ¡100 mV to 0 mV
using an Axopatch 200B amplifier (Molecular Devices, Sunny-
vale CA) in cell-attached mode with a sintered Ag/AgCl pellet as
reference. Signals from seals > 20GV were amplified at 500£
gain and filtered at 200 Hz. Pipettes with resistances of 1–5 MV
were pulled from acetone washed Corning 8161 glass (Corning
Inc., Corning NY) using a multiple stage horizontal puller (Sut-
ter Instruments, Novato CA). Electrodes were fire polished and
tips were coated with polystyrene q-dope (GC electronics, Rock-
ford IL). Signals were digitized at 1 kHz with an ADC (Digidata
1322A, Molecular Devices) and analyzed using Clampfit 9
(Molecular Devices).

Western blot – xenopus oocytes
Groups of 50 oocytes were biotinylated for 40 min on a ran-

dom orbit shaker at 4�C with EZ-Link Sulfo-NHS-SS-Biotin
(Pierce, Rockford, IL) at 0.8 mg/ml in ND94. Oocytes were
washed 5£ and resuspended in 10 ml/oocyte in homogenization
buffer containing (150 mM NaCl, 10 mM Tris, 5 mM EDTA,
1% Triton £-100, pH 7.4). The HB also contained protease
inhibitors (Halt Protease Inhibitor Cocktail, Pierce). Oocytes
were disrupted with a 25 gauge needle followed by a low speed
spin (800 g) at 4�C to remove the yolk. The membrane fraction
was pelleted at 18,000 g, resuspended in 10 ml/oocyte in HB,
homogenized in a ground glass homogenizer and followed by
sonication. The now soluble total membrane fraction was iso-
lated at 18,000 g and used for Western blotting or incubated
with Streptavidin conjugated agarose beads (Pierce) for isolation
of the plasma membrane fraction. Biotinylated membrane pro-
teins were eluted from the beads for 20 min at 65�C in buffer
containing 1% BME. The protein equivalents of 20 or 2 oocytes
(for membrane and intracellular, respectively) were loaded per
lane on a 7.5% polyacrylamide gel, separated, transferred to
nitrocellulose membrane, blocked in 5% milk (TBS-T, (0.05%
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Tween-20). Membranes were probed with an anti-HA HRP-con-
jugated antibody (clone 3F10, Roche Inc., Indianapolis IN) and
proteins were visualized by Enhanced Chemiluminescence (Super
Signal Dura West, Pierce) in a gel documentation system
(MP4000, BioRad Hercules CA). Intensities of raw unadjusted
images were analyzed with included imaging software (BioRad).

Western blot – human urine
Urine from 6 participants (50 ml, 3 male and 3 female aged

23 to 70) was sequentially centrifuged at 300 g, 17,000 g and
200,000 g to pellet fractions corresponding to cell debris, intra-
cellular organelles/large membranes, and exosomes, respectively
as previously described.46 The pellet from each centrifugation
step was homogenized, treated in 1x Laemmli’s reducing buffer
for 10 minutes at 37�C. The equivalent protein yield of 3 ml of
urine was separated on 10% SDS-PAGE. Proteins were trans-
ferred to nitrocellulose membranes, then blocked in 5% milk for
1 h at room temperature, and followed by overnight at 4�C incu-
bation with the primary a728 N-terminus specific antibody at a
dilution of 1:2000. Membranes were washed 5£ and incubated
at room temperature with 1:20,000 dilution of the appropriate
secondary antibody and visualized as above.

Antibody against a728

An antibody was produced using the peptide sequence
“EGTQGPELSLDPDPC,” which is unique in humans to the
a728 N-terminus as an antigen. The rabbit antibody exhibited a
titer of >1:200,000 and was antigen purified. Antigenicity was
also confirmed by the ability of this antibody to recognize HA-
tagged a728 and the ability of the immunizing antigen to com-
pete this signal (see Fig. S1 for further characterization).

Temperature Control
Chamber temperature was controlled by a Dagan HCC-100A

temperature controller (Dagan Instruments) and an HE-200
thermal stage modified with an insulating layer of neoprene.
Temperature was sampled in the bath and used as feedback for
the controller. Chamber inflow was routed in the thermal stage
block multiple times to allow pre-equilibration of solution and
eliminate temperature variations from the perfusate.

Protease
ENaC expressing oocytes were treated with the serine pro-

teases subtilisin or trypsin (50 ng/ml) for 15 min. The ratio of
amiloride sensitive conductance before and after protease treat-
ment was used as the degree of activation.

Significance was determined by Student’s t-test. P of <0.05
was deemed significant and levels were indicated by * and ** for
P < 0.05 and 0.01, respectively. Summarized data are shown as
means and standard error of the mean.
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