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The activity of the epithelial Na� channel (ENaC) is modu-
lated by Na� self-inhibition, a down-regulation of the open
probability of ENaC by extracellular Na�. A His residue within
the extracellular domain of �ENaC (�His239) was found to have
a critical role in Na� self-inhibition. We investigated the func-
tional roles of residues in the vicinity of this His by mutagen-
esis and analyses of Na� self-inhibition responses in Xenopus
oocytes. Significant changes in the speed andmagnitude of Na�

self-inhibition were observed in 16 of the 47 mutants analyzed.
These 16mutantsweredistributedwithin a 22-residue tract.We
further characterized this scanned region by examining the
accessibility of introducedCys residues to the sulfhydryl reagent
MTSET. External MTSET irreversibly increased or decreased
currents in 13 of 47 mutants. The distribution patterns of the
residues where substitutions significantly alteredNa� self-inhi-
bition or/and conferred sensitivity to MTSET were consistent
with the existence of two helices within this region. In addition,
single channel recordings of the�H239Fmutant showed that, in
the absence of Na� self-inhibition and with an increased open
probability, ENaCs still undergo transitions between open and
closed states. We conclude that �His239 functions within an
extracellular allosteric regulatory subdomain of the � subunit
that has an important role in conferring the response of the
channel to external Na�.

Sodium transport across apical membranes by epithelial
sodium channels (ENaCs)2 plays a critical role in regulating the
extracellular fluid volume, as well as airway surface liquid vol-
ume (1). Several disorders, including Liddle syndrome and
pseudohypoaldosteronism type I, result from ENaC mutations
in humans (2). ENaC is regulated by many factors, which affect
either channel density at the membrane surface or open prob-
ability (Po). Among regulators of ENaC Po is Na� self-inhibi-
tion, a down-regulation of both native and cloned ENaCs by
extracellular Na�. As urinary [Na�] in distal renal tubules vary
considerably under different physiological and pathological
conditions, the existence of Na� self-inhibition provides a

mechanism for epithelial cells to rapidly tune the rate of Na�

influx according to fluctuations of the urinary [Na�]. It may
protect cells from damage by a sudden rise of intracellular
[Na�] and limit Na� absorption in kidney tubules to maintain
body fluid balance. When the urinary [Na�] is lower in the
distal tubules, ENaCs are relieved from Na� self-inhibition,
thus enhancing Na� reabsorption to minimize urinary Na�

losses. Recent studies of the Na� self-inhibition response of
cloned ENaCs in Xenopus oocytes have yielded some clues
regarding this intrinsic regulatory mechanism. However, a
detailed understanding of this process remains elusive.
A functional ENaC complex likely is formed by three homol-

ogous subunits in a manner similar to the trimeric structure of
chicken acid-sensing ion channel 1 (cASIC1) (3), a member of
the ENaC/degenerin superfamily. All three subunits contribute
to the channel pore. ENaC subunits have two transmembrane
domains (M1 and M2) linked by a large extracellular domain
(ECD) and intracellular termini. Recent mutagenesis studies
have revealed several structural elements that are required for
conferring the Na� self-inhibition response. In a chimeric
study, the proximal part of the ECD was found to control the
speed of the inhibition (4). We reported that substitution of
His239 of mouse �ENaC with Asp, Arg, or Cys eliminated and
the homologous mutations of �His282 enhanced Na� self-inhi-
bition of mouse ���ENaCs (5). All three ENaC subunits con-
tain 16 conserved Cys residues in the ECD. Point mutations of
eight �- and nine �Cys residues significantly alter the Na� self-
inhibition response, suggesting they are necessary for the for-
mation of correct tertiary structure permitting this allosteric
regulation (6). TheNa� self-inhibition response is dramatically
changed by mutations at the homologous �Gly481 and �Met438
within the thumb domains of the ECD (7). In addition, several
ENaC regulators, including transition metals, proteases, and
extracellular H� and Cl�, affect ENaC activity in part via alter-
ations of Na� self-inhibition (8–14).

It appears that one of the functions of the ECDs of ENaC
subunits is to confer the negative regulation by extracellular
Na�, as the mutated residues and potential sites of action for
the above mentioned regulators are all within the ECDs. The
crystal structure of cASIC1 revealed a highly organized ECD
structure consisting of five distinct subdomains termed palm,
�-ball, finger, thumb, and knuckle (3). The ECDs of ENaC sub-
units are expected to have a similar overall organization. How-
ever, some subdomains likely differ in structure given their lim-
ited homology. For example, sequence alignments indicate that
the least conserved region betweenASICs and ENaCs is in their
proximal ECDs that encompasses the finger domain (3) and
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contains some of the sites implicated in Na� self-inhibition.
The poor conservation precludes the possibility of mapping
these sites of interest on the cASIC1 structure with reasonable
accuracy. To gain additional insights regarding the structural
requirements of Na� self-inhibition, we systematically investi-
gated the functional roles of selected residues in the vicinity of
�His239, whichwe previously termed the extracellular allosteric
regulatory site (EARS) (5, 8). Our data indicate that mutations
of multiple residues significantly suppressed Na� self-inhibi-
tion and suggest that the critical �His239 functions within a
regulatory subdomain of 22 residues that has a specific role in
conferring Na� self-inhibition. In addition, we demonstrate
that an ENaC mutant that has lost Na� self-inhibition still
undergoes gating transitions.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—Point mutations were intro-
duced into mouse �, �, and � ENaC (���mENaC) cDNAs in
pBluescript SK-vector (Stratagene, La Jolla, CA) using the
QuikChange II XL site-directed mutagenesis kit (Stratagene).
The intendedmutationwas verified byDNA sequencing.Wild-
type and mutant ENaC cRNAs were made using T3 RNA
polymerase (Ambion, Inc.), purified by an RNA purification kit
(Qiagen), and quantified by spectrophotometry.
ENaC Expression and Two-electrode Voltage Clamp—ENaC

expression in Xenopus oocytes and current measurements by
two-electrode voltage clamp were performed as reported pre-
viously (15). Stage V and VI oocytes with the follicle cell layer
removed were injected with 50 nL/cell of mixed cRNAs com-
posed of 0.5–2 ng of each mENaC subunit (�, �, and �) and
incubated at 18 °C in modified Barth’s solution (88 mMNaCl, 1
mM KCl, 2.4 mM NaHCO3, 15 mM Hepes, 0.3 mM Ca(NO3)2,
0.41 mM CaCl2, 0.82 mM MgSO4, 10 �g/ml streptomycin sul-
fate, 100 �g/ml gentamycin sulfate, pH 7.4). All experiments
were performed at room temperature (20–24 °C) 20–52 h fol-
lowing injection. Oocytes were placed in a recording chamber
from Warner Instruments (Hamden, CT) and perfused with a
constant flow rate of 12–15 ml/min. Voltage clamp was per-
formed using aTEV-200 voltage clamp amplifier (DaganCorp.)
and the DigiData 1322A interface controlled by pClamp (ver-
sion 9.2, Molecular Devices Corp., Sunnyvale, CA).
Na� Self-inhibition—Na� self-inhibition was examined by

rapidly replacing a low [Na�] bath solution (NaCl-1; containing
1 mM NaCl, 109 mM N-methyl-D-glucamine, 2 mM KCl, 2 mM

CaCl2, 10 mM Hepes, pH 7.4) with a high [Na�] bath solution
(NaCl-110; containing 110mMNaCl, 2mMKCl, 2mMCaCl2, 10
mM Hepes, pH 7.4) while the oocytes were continuously
clamped to �60 or �100 mV as specified. Bath solution
exchange was done with a Teflon valve perfusion system con-
trolled by computer (AutoMate Scientific, Inc, Berkeley, CA).
Upon completion of the experiment, 10 �M amiloride was
added to the bath solution to determine the amiloride-insensi-
tive portion of the whole cell current. Inward currents present
in 10 �M amiloride at �60 or �100 mV were mostly �200 nA.
Data from oocytes with unusually high amiloride-insensitive
currents (�5% of the total current) were eliminated to mini-
mize current contamination frommembrane leak and endoge-
nous channels. To avoid complications from the observable

variability in the Na� self-inhibition response of wild-type
(WT) ENaCs among different batches of oocytes (6), the
response of WT channels was always tested in an alternating
manner with mutants in the same batch of oocytes.
An exponential equation by Clampfit (version 9.2,Molecular

Devices Corp.) was used to fit the first 40 s of current decay
following the maximal inward current (peak current, Ipeak)
directly after the bath solution change from a low to high Na�

concentration. Steady state current (Iss) was measured at 40 s
after Ipeak. The amiloride-insensitive currents were subtracted
from Iss and Ipeak currents to determine the amiloride-sensitive
current ratio of Iss/Ipeak, the index for the magnitude of Na�

self-inhibition.
Modifying Channels with Sulfhydryl Reagents—Oocyteswere

perfused with NaCl-110 while clamped to �30, �60, or �100
mV. Control currents were measured for 2 min, and then the
bath solution was changed to NaCl-110 supplemented with
1 mM [2-(trimethylammonium)ethyl]methanethiosulfonate
bromide (MTSET, Toronto Research Chemicals, Inc.) or 5 mM

sodium (2-sulfonatoethyl)methanethiosulfonate (MTSES,
Toronto Research Chemicals, Inc.) for 2 min. The reagent was
then washed out with NaCl-110 for 1 min, followed by perfu-
sion with 10�M amiloride in NaCl-110 to determine the amilo-
ride-insensitive current. Due to the short half-life of the
reagents in aqueous solutions (16), reagents were measured in
powder form and dissolved in bath solution immediately prior
to use. Oocytes with unstable currents were not used in these
experiments.
Single Channel Recordings—Oocytes were placed in a hyper-

tonic solution (NaCl-110 supplemented with 200 mM sucrose)
for 5 min. The vitelline membranes were manually removed,
and the oocytes were then placed in a recording chamber with
NaCl-110 at room temperature (22–25 °C) for least 20 min
before initiating recordings. The pipette solution was the same
as bath solution (NaCl-110). Patch pipettes with a tip resistance
of 5–10 megohms were used. Patch clamp in the cell-attached
configuration was performed using a PC-One Patch Clamp
amplifier (Dagan Corp.) and a DigiData 1322A interface con-
nected to a personal computer. Patches were clamped at mem-
brane potentials (negative value of pipette potentials) of�40 to
�100 mV. pClamp (versions 8 and 10, Molecular Devices
Corp.) were used for data acquisition and analyses, respectively.
Single channel recordings were acquired at 5 kHz, filtered at
300Hzby a four-pole lowpass Bessel filter built in the amplifier,
and stored on the hard disk. Open probability was estimated by
single channel search function of pClamp (version 10) from
recordings that contained nomore than five current levels (four
channels) and lasted for at least 5 min. Voltages were not cor-
rected by the junction potential.
Statistical Analyses—Data are presented as mean � S.E. Sig-

nificance comparisons between groups were performed with
Student’s t tests. Ap value of�0.05was considered significantly
different.

RESULTS

Aromatic Substitutions of �His239 Eliminate Na� Self-Inhibi-
tion Response—Na� self-inhibition is absent in oocytes ex-
pressing ���mENaC with �His239 mutated to Asp, Arg, or Cys
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(5).We tested whethermore conservativemutations of �His239
with aromatic residues would retain their functional role in the
regulation of ENaC by external Na�. As shown in Fig. 1, substi-
tution of �His239 with Phe, Trp, or Tyr eliminated Na� self-
inhibition, suggesting this His residue has an important role in
this process.
Mutations of �His239 alter ENaC inhibition by extracellular

Na�, Ni2�, and Cl�, as well as ENaC activation by external
Zn2� and H� (5, 8, 13, 14, 17). As gating properties of �His239
mutant channels have not been explored, we obtained single
channel recordings of ���H239F channels expressed in
oocytes. Cell-attached patch records revealed an average Po of
���H239F (0.73 � 0.06, n � 10) that was significantly higher

than that of the WT (0.39 � 0.08, n � 8, p � 0.01, Fig. 1). The
product of Po and channel number (N � Po) of the mutant
(1.55 � 0.23, n � 10) also was significantly greater than that of
WT (0.67 � 0.21, n � 8, p � 0.05). However, channel numbers
in the patches were similar, 1.6 � 0.3 (n � 10) for the mutant
and 2.3� 0.4 (n� 8, p� 0.05) forWT. Single channel conduct-
ance of the mutant (4.7 � 0.2 pS, n � 6) was not different
significantly from that of WT (4.4 � 0.1 pS, n � 7, p � 0.05).
These results demonstrate that in the absence of a Na� self-
inhibition response, ENaCs still transition between open and
closed states although at a higher Po.
Point Mutations of Residues Neighboring �His239 Alter Na�

Self-inhibition—Toascertainwhether residues in the vicinity of
�His239 influence Na� self-inhibition, we performed scanning
mutagenesis in the region from Ser214 to Glu261 of �mENaC.
This 48-residue tract is conserved among human, mouse, and
rat �ENaC subunits and is predicted to contain helical,
extended, and coiled structures (see Fig. 5, A and B). The 47
consecutive residues (excluding the native Cys220), were
mutated individually to Cys, and mutant �mENaC subunits
were co-expressed with wild-type �- and �mENaCs in oocytes.
Na� self-inhibition responses of the mutants were examined
and comparedwithWT in the same batches of oocytes. Among
the 47mutants, 16 significantly altered both the speed andmag-
nitude of Na� self-inhibition, and four increased only the time
constant (p � 0.01, Figs. 2 and 3). A suppressed and slowed
response was observed in 13 mutants (F225C, S227C, G228C,
N230C, I232C, W235C, Y236C, H239C, N242C, I243C,
M244C, A245C, and Q246C), and a greater and faster response
was seen in the other three mutants (E234C, L238C, and
Y240C). These 16 mutants, including H239C, are located in a
22-residue tract between �Phe225 and �Gln246 (Fig. 3), suggest-
ing a specific role of this segment in Na� self-inhibition. Inter-
estingly, Fig. 3, A and B, show certain patterns in the distribu-
tion of residues where mutations led to significant changes in
Na� self-inhibition. For example, from Gln233 to Met241, three
contiguous residues where substitutions altered Na� self-inhi-
bition (Fig. 3, black bars) were flanked by residues where muta-
tions did not alter Na� self-inhibition (open bars), suggestive of
a helical structure.
Multiple Residues near �His239 Are Solvent Accessible—The

above distribution patterns prompted us to further probe the
secondary structure(s) in the scanned region by examining
accessibility of introduced Cys residues to a sulfhydryl reagent.
These experiments also may provide clues regarding relative
locations of the residues in the channel complex (i.e. exposed or
buried). Positively charged and membrane impermeant
MTSET was used to avoid unwanted modifications of sulfhy-
dryl groups in transmembrane or intracellular domains of
ENaCs (18, 19). Of the 47 mutants tested, external MTSET (1
mM) irreversibly inhibited four (S226C, S227C, N230C, and
M241C) and activated eight (I229C, E234C, Q246C, V247C,
K252C, I253C, S256C, and A259C) mutants (Figs. 3 and 4).
These results indicated that at least 12 residues in the scanned
region were exposed to solvent. The first seven residues modi-
fied by MTSET are within the 22-residue tract (�Phe225 to
�Gln246), which hosts residueswhosemutations resulted in sig-
nificant changes in Na� self-inhibition. This confirms the

FIGURE 1. Aromatic substitutions at �His239 eliminate Na� self-inhibi-
tion. A, representative recordings from oocytes expressing ��� (WT),
���H239F, ���H239W, and ���H239Y. Bath Na� concentrations are shown
as open (1 mM Na�) and gray (110 mM) bars in the WT recording and are
omitted in the mutant recordings. B, ratios of Iss to Ipeak, shown as mean � S.E.
(n � 6 –11). Gray bars indicate that values are significantly different from that
of WT (p � 0.001). C and D, representative single channel recordings of WT
and ���H239F channels. Membrane potentials (Vmem) are negative values of
pipette potentials. Closed and open states are identified as C and O, respec-
tively. Current and time are shown in scale bars. E, individual Po values of WT
(circles) and ���H239F (triangles) are shown together with the mean � S.E.
(n � 8 for WT and 10 for the mutant). The means are significantly different
(p � 0.01).
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important functional role of this tract. The last five sites modi-
fied byMTSETare located in a stretch of 15 residues (�Val247 to
�Glu261) immediately following the 22-residue tract.Mutations
within this 15-residue tract did not significantly alter Na� self-
inhibition, suggesting these residues are not essential to the
mechanism of Na� self-inhibition. The observation that
MTSET significantly increased currents of multiple mutants
implies that this 15-residue tract also contains functionally
important sites.
A lack of response to MTSET may reflect a solvent inacces-

sible residue. Alternatively, the residue may be accessible and
modified by MTEST but lack a change in functional activity
followingMTSET treatment. For example, channels that lack a
Na� self-inhibition response and have a high baseline Po are
unable respond to MTSET treatment with an increase in cur-
rent. We examined whether the lack of response of �H239C to
MTSET reflected a high Po state by co-expressing �H239Cwith
an � subunit mutant that lowers Po (�G481M) (7). �G481M/
��H239C channels exhibited a Na� self-inhibition response
that was significantly greater than WT (Iss/Ipeak � 0.33 �
0.01, n � 5, p � 0.001 versus WT or ���H239C). However,

these channels did not respond to
MTSET with a significant change in
current (IMTSET/I � 1.32 � 0.05,
n � 5, p � 0.05 versus WT), sug-
gesting that �His239 is solvent
inaccessible.
The two sets of data, mutation-

induced changes in Na� self-inhibi-
tion and responses to MTSET,
allowed us to analyze potential sec-
ondary structures. Our data were
consistent with an � helix com-
prised of residues �Ala231–Ile243. As
shown in Fig. 5C, all residues where
mutations led to significant reduc-
tions in Na� self-inhibition were
located on the same face in a helical
wheel projection, whereas residues
whose replacements did not alter or
moderately enhanced Na� self-in-
hibition lined the opposite face. The
two residues where introduced sulf-
hydryl groups were modified by
MTSET shared the same face with
the residues whose mutations did
not suppress Na� self-inhibition.
We attempted to map functional
data to helical wheels that had vari-
ous lengths and starting residues.
The above 13-residue helix was the
one most compatible with all three
criteria: secondary structural pre-
dictions (Fig. 5B), mutation-in-
duced changes in Na� self-inhibi-
tion, and responses to MTSET (Fig.
3). In addition, the four residues
whose substitutions by Cys residues

rendered the mutants responding to MTSET with irreversible
increases in currents line the same face of a helical wheel com-
prising 10 residues from �Glu250 to �Ala259, suggesting a sec-
ond helical structure (Fig. 5D). For residues between �Phe225
and �Asn230, no consensus secondary structures could be elu-
cidated from our functional studies.
Functional role of �Glu234—Of all of the mutants tested,

MTSET had the greatest effect on �E234C with an IMTSET/I of
3.2 � 0.2 (n � 27). The large stimulatory effect was somewhat
surprising given the moderate enhancement of Na� self-inhi-
bition observed with this mutation (Figs. 2 and 3). We per-
formed additional studies to examine the functional role of
�Glu234. Substitutions with Gln, Lys, or Arg showed an
enhancement of Na� self-inhibition similar to that of �E234C.
The Iss/Ipeak values were 0.47� 0.02 (n� 6) for �E234Q, 0.41�
0.02 (n � 6) for �E234K, 0.44 � 0.02 (n � 6) for �E234R, and
0.59 � 0.02 (n � 6) for WT. The time constants were 5.2 � 0.3
(n� 6) for �E234Q, 5.0� 0.3 (n� 6) for �E234K, 5.1� 0.3 (n�
6) for�E234R, and 7.8� 0.2 (n� 6) forWT.All above values for
the mutants significantly were less than that of WT (p � 0.01).
The results suggest that �Glu234 is not critical for the Na� self-

FIGURE 2. Multiple mutations alter the Na� self-inhibition response. Representative recordings for Na�

self-inhibition responses of WT and selected mutants are shown. Oocytes were clamped at �60 mV and whole
cell currents were continuously recorded, while bath [Na�] was rapidly increased from 1 mM (open bar) to 110
mM (gray bar). The traces are representative of at least 13 independent observations.
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inhibition response and rathermay function as amoderate sup-
pressor of Na� self-inhibition in WT channels.

To test whether modification of �E234C is charge-depen-
dent, we examined the effect of a negatively charged sulfhydryl
reagent, MTSES. As shown in Fig. 6B, 5 mM MTSES did not
significantly alter whole cell Na� currents. However, MTSES
application blocked the stimulatory effect of MTSET (Fig. 6C),
indicating that the mutant was modified byMTSES without an
observable change in current. As MTSET and MTSES have
similar volumes but carry opposite charges at neutral pH (16),

these data suggest that access to
�E234C is not charge-dependent
but the modification-induced effect
requires a positive charge.
We tested whether the large acti-

vation of ���E234C channels by
MTSET resulted from a suppres-
sion of Na� self-inhibition by com-
paring self-inhibition responses
before and after MTSET modifica-
tion. As shown in Fig. 6D, Na� self-
inhibition was reduced greatly but
not eliminated. A similar result was
observed in oocytes treated with
MTSET in the low Na� bath solu-
tion (Fig. 6E), indicating that the
introduced Cys was accessible in
both a low and high [Na�] bath.
These observations suggest that
MTSET activated �E234C by pri-
marily suppressing Na� self-inhibi-
tion and thus increasing channel
Po, and that MTSET modification
under the current experimental
conditions was insufficient to elim-
inate Na� self-inhibition.

If MTSET activates �E234C
channels by suppressing Na� self-
inhibition, the expression of
�E234C with an additional muta-
tion that eliminates Na� self-inhibi-
tion should blunt the activation by
MTSET. We expressed �E234C
with additional mutations including
�H239R, �R143A-�144–186, and
�S518K. Mutant mENaCs with
�H239R had no Na� self-inhibition
response (5). The degeneration
mutation �S518K has a Po of 	1
(20, 21) and is expected to have no
Na� self-inhibition response. In-
deed, we observed no Na� self-
inhibition in oocytes expressing
��S519K� mENaC (Iss/Ipeak �
0.95 � 0.02, n � 4, p � 0.001 versus
WT). �R143A-�144–186 channels
also have a high Po (�0.95) (22).
Na� self-inhibition was not ob-

served in oocytes expressing this mutant (Iss/Ipeak � 0.99 �
0.01, n � 6, p � 0.001 versus WT). As expected, these double
mutant channels (�E234C with �H239R, �S518K, or �R143A-
�144–186) showed little or no Na� self-inhibition response,
and their response to MTSET was dramatically blunted (Fig. 7
and Table 1).

DISCUSSION

We demonstrated previously that �His239 has an important
role in Na� self-inhibition, based on the absence of an inhibi-

FIGURE 3. Effects of mutations on Na� self-inhibition and MTSET responses. A, time constants (tau) for
current decays representing Na� self-inhibition. B, Iss/Ipeak. Values in A and B were obtained as described under
“Experimental Procedures.” Data were collected in different batches of oocytes. Student’s t tests were per-
formed in the same batch of oocytes to compare the Na� self-inhibition responses of WT and an individual
mutant. Values that are significantly different from that of WT are shown as black bars (p � 0.01). Dashed lines
show the averaged WT values representing 133 observations from 21 batches of oocytes, which are intended
for reference and not for statistical comparisons. The values of the mutants were obtained from 6 –30 oocytes.
C, ratios of the current after a 2-min MTSET treatment (IMTSET) and current prior to the treatment (I, n � 4 –27).
The IMTSET/I values were calculated from amiloride-sensitive currents. Student’s t tests were performed in the
same batches of oocytes to compare the IMTSET/I values of WT and an individual mutant. For some mutants,
results from several batches of oocytes were pooled in the same manner as for WT. Values that are significantly
different from that of WT (p � 0.01) are shown as black bars. The IMTSET/I values of all the mutants shown in black
bars are significant from WT (p � 0.01, paired Student’s t test). The dashed line shows the averaged IMTSET/I of WT
obtained by pooling all data from 48 oocytes.
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tory response in mutant channels with �H239D, �H239R, or
�H239C mutations (5). In the current study, we found that
more conservative substitutions of �His239 with amino acids
bearing aromatic side chains (Phe, Tyr, or Trp) also eliminated
Na� self-inhibition. These results suggest that the side chain of
�His239 is required for channels to respond to external Na�

with a reduction in channel Po.
Single channel recordings indicated that the �H239F muta-

tion, which eliminated Na� self-inhibition, increased the aver-
age Po compared withWT but retained otherwise typical tran-
sitions between closed and open states. This observation is
consistent with previously published work demonstrating that
the magnitude of Na� self-inhibition is an important factor
determining channel Po in the presence of extracellular Na� (7,
11). The previously described populations of ENaCswith a high
Po (�0.75) (23) likely correspond to channels with blunted or
absent Na� self-inhibition. Our observation that ENaCs lack-
ingNa� self-inhibition still undergo typical transitions between
closed and open states suggests that channel gating is not con-
trolled solely by Na� self-inhibition. External Na� is one of the
factors that govern the intrinsic gating of ENaC.
We found that multiple mutations in the neighborhood of

�His239 dramatically altered Na� self-inhibition. In fact, four
mutants (�F225C,�N230C,�W235C, and�N242C) in addition
to �H239C nearly eliminatedNa� self-inhibition. These results
suggest that a subdomain, comprising a stretch of 22 residues
from �Phe225 to �Gln246 that encompasses all residues where
mutations led to significant changes in both the speed andmag-
nitude ofNa� self-inhibition (Fig. 3), has a significant role in the
mechanism of Na� self-inhibition. The 25 residues flanking
this 22-residue tract do not appear to have an important role in
Na� self-inhibition, as Cys mutations produced either no
change in the magnitude of Na� self-inhibition (Iss/Ipeak) or
only moderate changes in the time constants (Fig. 3). This
22-residue tract is likely within the finger domain of the � sub-
unit, a region that is predicted to be in the periphery of the ECD
where many residues are likely to be solvent accessible (3, 24).

The modification of introduced Cys residues at multiple sites
by MTSET confirms that some residues in the scanned region
are solvent accessible. The 22-residue tract in the � subunit is
conservedmoderately, as 15 of 22 residues are identical or con-
served among the three subunits (Fig. 5E). Mutations at
selected sites in the related 22-residue tract in the � subunit
enhanced Na� self-inhibition.3 However, this tract is not pres-
ent within ASICs. We suggest that this tract constitutes a reg-
ulatory module to confer Na� self-inhibition (i.e. an Na� self-
inhibition module). Upstream of this region are the previously
identified cleavage sites for furin, prostasin, neutrophil elastase,
plasmin, and channel-activating proteas 2 (22, 25–28). Pro-
teases activate ENaC by releasing inhibitory tracts that, when
present, enhance Na� self-inhibition (10–12, 29). Our current
observations and previous studies (5, 7, 22, 27, 29–35) support
the notion that the � subunit plays an important role in control-

3 O. B. Kashlan, C. R. Boyd, C. Argyropoulos, S. Okumora, R. P. Hughey, M.
Grabe, and T. R. Kleyman, unpublished observations.

FIGURE 4. MTSET modification of introduced Cys residues. Oocytes were
clamped at �60 mV, and whole cell currents were continuously recorded
prior to, during (open bars) and after bath application of 1 mM MTSET. The gray
bars indicate the presence of 10 �M amiloride. The traces are representative of
at least five independent observations.

FIGURE 5. Secondary structure predictions. A, sequence alignments of the
segments corresponding to �Ser214–Glu261 of mENaC. The alignments of �
subunits of mouse, rat, and human ENaCs were performed with Vector NTI
11.0 (Invitrogen), and only the regions of interest are shown. The full-length
identities at the amino acid level are 97% between �mENaC and �rENaC and
86% between �mENaC or �rENaC and �hENaC. �His239 is identified by an
asterisk. B, secondary structure predictions of the mutated region of �mENaC.
The predictions were performed with Network Protein Sequence Analysis
(38). h, helical; e, extended; t, turn; and c, coiled. C and D, helical wheel projec-
tions. The helical wheels were generated with Membrane Protein Explorer
(version 3.1) (39). Residues where mutations resulted in significant reductions
or enhancements of Na� self-inhibition, compared with WT, are identified by
downward arrows and upward arrows, respectively. Gray spheres denote the
residues where Cys substitutions led to significant changes in currents follow-
ing MTSET application. A dashed line separates the two faces with distinct
changes on the projected helical wheel. E, sequence alignments of the seg-
ments corresponding to the 22-residues tracts within �mENaC (�Phe225–
�Gln246), �mENaC, and �mENaC.
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ling the gating of the trimeric ENaC and mediating channel
regulation by various factors.
Weused three independentmeasures to probe the secondary

structure of the scanned region: sequence-based secondary
structural predictions, analyses of the periodicity of mutation-
induced changes in Na� self-inhibition, and analyses of the
periodicity of solvent accessibility. We identified two potential

� helices, comprising residues �Ala231–�Ile243 and residues
�Glu250–�Ala259 (Fig. 5C). The helical wheel projection in Fig.
5C shows that all residues whose substitutions by Cys signifi-
cantly suppressed Na� self-inhibition line one face, suggesting
that a functional role is confined to one face of the helix. Inter-
estingly, three adjacent residues (Trp235, His239, and Asn242)
showed the greatest reductions in Na� self-inhibition with Cys
substitutions. As channels with Cysmutations at these sites did
not respond to MTSET, they may be solvent inaccessible to
MTSET. However, we cannot rule out the possibility that some
Cys residues were modified by MTSET without detectable
change in currents. Within the residues �Ala231–�Ile243 com-
prising a putative helix, only two Cys substitution (�E234C and
�M241C) were clearly modified by MTSET and were on a face
of the helix that was clearly distinct from the face where Cys

FIGURE 6. Effects of MTSET and MTSES on ���E234C. Experiments were
similar to those in Fig. 4. Recordings representative of at least five oocytes
expressing ���E234C are shown. The gray bars at the end of recording traces
indicate the presence of 10 �M amiloride. A, typical response of ���E234C to
1 mM MTSET. B, representative recording of ���E234C current prior to, during
(open bar), and after application of 5 mM MTSES. C, a recording showing the
responses to 5 mM MTSES (open bar) and subsequent 1 mM MTSET (black bar).
D, Na� self-inhibition responses before and after 1 mM MTSET treatment.
MTSET was applied in 110 mM Na� bath solution (black bar). E, Na� self-inhi-
bition responses before and after 1 mM MTSET treatment. MTSET was applied
in 1 mM Na� bath solution (black bar).

FIGURE 7. Activation of ���E234C by MTSET depends on the presence of
an Na� self-inhibition response. The same method as described in Fig. 6D
was used to examine the effects of 1 mM MTSET on the currents and Na�

self-inhibition responses in oocytes expressing ���E234C (A), ���E234C-
H239R (B), ���R143A-�144 –186-E234C (C), or ��S518K/�E234C (D). Applica-
tion of MTSET is shown (black bar). The gray bars at the end of the traces indi-
cate the presence of 10 �M amiloride. The responses of each group were
examined in at least four oocytes.

TABLE 1
Effects of MTSET on currents and magnitudes of Na� self-inhibition
in mutants containing �E234C alone or in combination with an
additional mutation
IMTSET/I was the ratio of the amiloride-sensitive current following 1 mM MTSET
treatment for 2 min and the current before the treatment. Iss/Ipeak1 and Iss/Ipeak2
were obtained prior to and afterMTSET treatment in the same oocyte, respectively.
Values are mean � S.E.

Channel Oocytes Iss/Ipeak1 IMTSET/I Iss/Ipeak2

���E234C 5 0.40 � 0.01 3.43 � 0.07 0.72 � 0.01
���E234C-H239R 4 0.89 � 0.01a 1.32 � 0.02a 0.93 � 0.00a
���E234C/R143A-

�144–186
5 0.98 � 0.02a 1.23 � 0.01a 0.96 � 0.01a

��S518K�E234C 5 0.96 � 0.01a 1.19 � 0.03a 0.96 � 0.01a
a p � 0.01 versus ���E234C.
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substitutions affected Na� self-inhibition (Fig. 5C). These
results suggest that the face of the helix with residues that have
a functional role inNa� self-inhibition interactwith other com-
ponents of the channel complex, shielding these residues from
the solvent.We also identified a secondhelix (�Glu250–�Ala259,
Fig. 5D), based on the accessibility of Cys mutants to MTSET.
This distal helix did not appear to have a role in conferring
changes in Po in response to external Na�, as Cys mutants in
this distal helix did not affect the Na� self-inhibition response.
Sequence alignments and previous publications (3, 29, 36)

suggest that a subdomain corresponding to the finger in the
cASIC1 structure contains both previously identified protease
cleavage sites and the region scanned in this study. The finger
domain in the cASIC1 structure is formed by three helices, �1
(11 residues), �2 (10 residues), and �3 (15 residues with a dis-
ruption in the helix), together with connecting loops. Due to
low homology at the finger region between cASIC1 and
�mENaC (11% identity and 34% similarity) and the presence of
88 extra residues in �mENaC compared with cASIC1 (152 ver-
sus 64 residues between �1 and �3), it is difficult to build a
homologymodel for �mENaCusing the cASIC1 structure. Fur-
thermore, it is not clear whether our proposed helices corre-
spond to helices in the finger domain of the cASIC1 structure.
We identified previously a 43-residue inhibitory tract within

the finger domain of the� subunit that is released by proteolytic
processing by furin and prostasin (22, 29). At present, it is
unclear whether there are direct interactions between this
inhibitory tract and the 22-residue tract we have identified. The
loss of Na� self-inhibition when the 43-residue inhibitory tract
is deleted (Fig. 7C) or with mutations of key residues within the
22-residue tract (Figs. 1–3 and 5) suggest that these regions
might interact. Based on observations that mutations in the
finger and thumb domains affect Na� self-inhibition (5–7, 11,
14), we suggest that the regulation of channel gating by external
Na� involves transitions in both the finger and thumb domains
that are eventually transmitted to the gate of the channel.

�Glu234 does not appear to be critical for the Na� self-inhi-
bition response, given the observed moderate increase in the
speed and magnitude of the current decay with four distinct
substitutions (Cys, Gln, Lys, or Arg). In contrast, modification
of �E234C byMTSET led to a dramatic increase in current that
was largely attributable to suppression of Na� self-inhibition
(Figs. 4, 6, and 7). Negatively charged MTSES, which is similar
in size to MTSET, was able to modify the �E234C mutant (i.e.
block the effect of MTSET) but did not activate the channel
(Fig. 6). The different effects of �Glu234 substitutions by posi-
tively charged Lys and Arg versusMTSETmodification suggest
that size of the side chain at this position, in addition to charge,
influences Na� self-inhibition. The MTSET-modified side
chain of Cys (173 Å3) is considerably larger than that of Lys (97
Å3) or Arg (115 Å3) (37).

In summary, we observed that Cys substitutions at multiple
sites within the vicinity of the �His239 dramatically suppressed
the Na� self-inhibition response. These residues are clustered
within a stretch of 22 residues from Phe225 to Gln246. Within
this 22-residue tract is a putative � helix (residues �Ala231–
Ile243). We propose that this 22-residue tract functions as an
extracellular allosteric regulatory subdomain to specifically

modulate Na� self-inhibition. Whether this subdomain con-
tributes to a Na� binding pocket or participates in conforma-
tional changes that relay the local effect of Na� binding to the
channel gate remains to be determined.

Acknowledgment—We thank Ted Schroeder for generating three
His239 mutations.
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