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The epithelial sodium channel (ENaC) is a member of the
ENaC/degenerin ion channel family, which also includes the
bile acid-sensitive ion channel (BASIC). So far little is known
about the effects of bile acids on ENaC function. ENaC is prob-
ably a heterotrimer consisting of three well characterized sub-
units (aB7y). In humans, but not in mice and rats, an additional
o-subunit exists. The aim of this study was to investigate the
effects of chenodeoxycholic, cholic, and deoxycholic acid in
unconjugated (CDCA, CA, and DCA) and tauro-conjugated
(t-CDCA, t-CA, t-DCA) form on human ENaC in its af7y- and
0fy-configuration. We demonstrated that tauro-conjugated
bile acids significantly stimulate ENaC in the afy- and in the
0y-configuration. In contrast, non-conjugated bile acids have
a robust stimulatory effect only on 63 yENaC. Bile acids stimu-
late ENaC-mediated currents by increasing the open probability
of active channels without recruiting additional near-silent
channels known to be activated by proteases. Stimulation of
ENaC activity by bile acids is accompanied by a significant
reduction of the single-channel current amplitude, indicating
an interaction of bile acids with a region close to the channel
pore. Analysis of the known ASIC1 (acid-sensing ion channel)
crystal structure suggested that bile acids may bind to the pore
region at the degenerin site of ENaC. Substitution of a single
amino acid residue within the degenerin region of BENaC
(N521C or N521A) significantly reduced the stimulatory effect
of bile acids on ENaC, suggesting that this site is critical for the
functional interaction of bile acids with the channel.

The epithelial sodium channel (ENaC)® belongs to the
ENaC/degenerin superfamily of non-voltage-gated ion chan-
nels (1). The recently published crystal structure of chicken
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acid-sensing ion channel 1 (ASIC1) belonging to the same
channel family suggests that ENaC is a heterotrimer composed
of three homologous subunits: «, B, and 7y (2—4). Atomic force
microscopy data also support the assumption that ENaC is a
heterotrimeric channel (5). Each subunit of ENaC consists of
short intracellular N and C termini, a large extracellular
domain, and two transmembrane domains (TM1 and TM2). All
subunits are thought to contribute to the channel pore with
their TM2 domains (1). The initial part of the TM2 domain is
highly conserved among the ENaC/degenerin ion channel
superfamily and contains the sites critically important for chan-
nel function including the selectivity filter (6 -10), the binding
site of the channel blocker amiloride (11), and the degenerin
site (12—15). The degenerin site is a hallmark of channels of the
ENaC/degenerin superfamily and is important for channel
gating.

The well characterized afyENaC plays a pivotal role in
sodium transport across the apical plasma membrane in the
aldosterone-sensitive distal nephron, respiratory epithelia, dis-
tal colon, and sweat and salivary ducts (16 —19). In humans, an
additional 6-subunit exists that can functionally replace the
a-subunit in heterologous expression systems (20 —24). 3SENaC
has been found in various epithelial and non-epithelial tissues
(20, 25). In particular, SENaC mRNA is highly expressed in the
brain (20, 26, 27). However, the functional role of the §-subunit
remains unclear.

The regulation of ENaC is highly complex and involves sev-
eral hormones, signaling pathways, and local mediators (28 —
30). In particular, local factors affecting ENaC function are
likely to be important for tissue-specific ENaC regulation.
Moreover, important species differences appear to exist in
ENaC regulation and need to be considered when studying the
underlying regulatory mechanisms (31-33). Interestingly, rat
afyENaC has recently been reported to be activated by bile
acids (34). Bile acids have previously been shown to activate
another member of the ENaC/degenerin ion channel family,
the bile acid-sensitive ion channel (BASIC) (35, 36), previously
named intestine Na™ channel (INaC) in humans (37), and brain
liver intestine Na™* channel (BLINaC) in mouse and rat (38).

The physiological role and mechanism of ENaC activation by
bile acids remain to be elucidated. In particular, it has not yet
been shown whether bile acids also affect the function of
human ENaC, which can occur in at least two configurations
(aBy or 6Bvy) in different tissues. Therefore, the aim of this
study was to investigate whether major human bile acids (che-
nodeoxycholic, cholic, and deoxycholic acid) modulate human
ENaC in its af3y- and 8f3y-configuration. We demonstrate that
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bile acids can activate human ENaC, probably by specifically
interacting with the degenerin region.

Results

Bile Acids Are More Potent Activators of ENaC in the 6By-
than the afy-Configuration—To test the effect of bile acids on
ENaC function, human af7y- or 88yENaC was heterologously
expressed in Xenopus laevis oocytes. Amiloride-sensitive
whole-cell currents (I,,,,;) were measured using the two-elec-
trode voltage clamp technique. Representative current traces
for afy- or 53 yENaC-expressing oocytes are shown in Fig. 1, A
and C and Fig. 1, B and D, respectively. Whole-cell current
recordings were started in the presence of amiloride in a con-
centration of 2 or 100 um to inhibit «ByENaC or 6B8yENaC,
respectively (22). Wash-out of amiloride revealed an ENaC-
mediated sodium inward current. Interestingly, the current
response to superfusion with chenodeoxycholic acid (CDCA)
was different in 3 yENaC-expressing oocytes when compared
with that in SByENaC-expressing oocytes. CDCA reduced
aByENaC currents by about 10% but resulted in 2.7-fold
increase of 68yENaC currents (Fig. 1, A and B). In contrast,
tauro-deoxycholic acid (t-DCA) stimulated ENaC in both sub-
unit configurations (Fig. 1, C, D, and E). The effects of bile acids
were reversible within about 2 min after wash-out. Re-addition
of amiloride returned the whole-cell current toward the initial
baseline level. The rapid onset and reversibility of the bile acid
effect suggest that it is not caused by a permanent chemical
modification of the channel or by a gradual accumulation of bile
acids in the lipid bilayer of the plasma membrane. Control
experiments demonstrated that bile acids had no effect on
whole-cell currents in non-injected oocytes and that in ENaC-
expressing oocytes the current stimulated by t-DCA was fully
blocked by amiloride (data not shown). These control experi-
ments confirm that the observed current responses are medi-
ated by the effects of bile acids on ENaC activity. In addition to
CDCA and t-DCA, we also tested the effect of cholic (CA),
tauro-cholic (t-CA), deoxycholic (DCA), and tauro-chenode-
oxycholic (t-CDCA) acid in similar experiments. Normalized
data from these experiments are summarized in Fig. 1E. Inter-
estingly, 68yENaC currents were stimulated more than 2-fold
by non-conjugated as well as tauro-conjugated bile acids. In
contrast, only the tauro-conjugated forms of bile acids (t-CA,
t-DCA, and t-CDCA) markedly stimulated a8 yENaC currents
with t-DCA producing the largest effect (about 2-fold). The
non-conjugated bile acids CA and DCA had a stimulatory effect
of about 20% on afyENaC currents, whereas CDCA even
inhibited aByENaC currents on average by more than 20%.
Thus, a robust stimulatory effect on afyENaC was only
observed with tauro-conjugated bile acids (Fig. 1E).

The marked difference between the effects of DCA and
t-DCA on a3 yENaC may result from a lower binding affinity of
DCA to the channel or from DCA binding without major effect
on channel function. To address this question, we performed
experiments in which we first applied DCA and subsequently
applied t-DCA in the presence of DCA (Fig. 2A) or first applied
t-DCA and subsequently applied DCA in the presence of
t-DCA (Fig. 2C). As summarized in Fig. 2B, DCA stimulated
ENaC-mediated currents by about 30%, whereas subsequent
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FIGURE 1. Bile acids are more potent activators of ENaC in the 63y- than
the apy-configuration. A-D, representative whole-cell current traces
recorded in a3 yENaC- (A and C) or 63 yENaC- (B and D) expressing oocytes at
a holding potential of —60 mV. Amiloride (Ami, 2 um in A and C, 100 um in B
and D), CDCA (250 uMm), and t-DCA (250 um) were present in the bath solution
as indicated by the bars. E, normalized amiloride-sensitive current values
(Lamibite aciay lamiGnitiany) O0tained from similar experiments as shown in repre-
sentative traces A-D using the indicated bile acids (CA, t-CA, DCA, t-DCA,
CDCA, or t-CDCA) at a concentration of 250 uM. /ity Was determined by
subtracting the current value in the presence of amiloride from that reached
after wash-out of amiloride. To determine I, ,;pite acia) the current value mea-
sured in the presence of amiloride was subtracted from that reached after
application of a bile acid in the absence of amiloride (mean = S.E. values and
individual data points for each experiments are shown; N = 4; 25 < n < 49).
The groups compared with two-way ANOVA are indicated by horizontal
brackets (***, p < 0.001, n.s., not significant). Values above or below the
dashed line correspond to ENaC stimulation or inhibition, respectively.

application of t-DCA in the presence of DCA resulted in a stim-
ulation of ENaC activity by more than 2-fold. In contrast, when
ENaC was first activated by t-DCA, subsequent DCA applica-
tion did not further activate the channel (Fig. 2D). Importantly,
the combined stimulatory effects of DCA and t-DCA on
afyENaC were similar in both cases (DCA followed by t-DCA:
2.18 = 0.08-fold, » = 20, N = 2; t-DCA followed by DCA:
2.15 = 0.09-fold, » = 20, N = 2) and were not significantly
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FIGURE 2. Stimulatory effects of non-conjugated DCA and tauro-conju-
gated DCA are not additive. A and C, representative whole-cell current
traces of oocytes expressing wild-type a3 yENaC. Amiloride (Ami, 2 um), DCA
(250 um), and t-DCA (250 um) were present in the bath solution as indicated
by the bars. B and D, normalized amiloride-sensitive current values
(lamibite acidy laminitiary) OPtained from similar experiments as shownin Aand C
(individual data points belonging to the same experiment are connected with
solid lines; N = 2; n = 20; ***, p < 0.001, n.s., not significant, paired ratio t test).

different from that of t-DCA applied alone (2.11 * 0.08-fold,
n = 20, N = 2; Fig. 2, B and D). Thus, the effects of DCA and
t-DCA were not additive. These data suggest that DCA and
t-DCA modify channel activity by the same mechanism. The
finding that an initial application of DCA does not reduce the
stimulatory effect of t-DCA applied in the presence of DCA
suggests that DCA does not prevent t-DCA binding to the
channel. Thus, t-DCA is likely to have a higher binding affinity
to the channel than DCA and binding of DCA may have a
smaller stimulatory effect on a3yENaC than binding of t-DCA.

Taken together, these findings demonstrate that tauro-con-
jugated bile acids stimulate ENaC in the 68y- and in the af3y-
configuration, whereas non-conjugated bile acids have a robust
stimulatory effect only on §3yENaC.

Tauro-deoxycholic Acid Activates Human of3'yENaC by
Increasing Open Probability (P,) of Active Channels but Not by
Recruiting Additional Near-silent Channels—Our whole-cell
current measurements demonstrated that the effects of bile
acids on human ENaC in both afy-subunit and 837y-subunit
configurations were rapid and reversible. This makes it unlikely
that insertion of new channels in the plasma membrane con-
tributes to the stimulatory effect of bile acids on ENaC. Instead,
bile acids probably stimulate ENaC by increasing the P, of
channels that are already present in the plasma membrane.
Two functionally distinct ENaC populations are thought to be
present in the plasma membrane: active channels with an aver-
age P, of about 0.5 and so-called near-silent channels with an
extremely low P_ (31, 39-41). Thus, bile acids may further
increase the P of the active channel population or may recruit
additional near-silent channels by converting them into active
channels. To investigate the biophysical mechanisms of ENaC
activation by bile acids, we performed single-channel record-
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ings in outside-out patches of ENaC-expressing oocytes and
tested the effect of bile acids on ENaC. Fig. 34 shows a repre-
sentative recording from an outside-out patch excised from an
oocyte expressing a3yENaC. The initial wash-out of amiloride
revealed single-channel activity with up to three apparent
channel levels (Fig. 34). After t-DCA application, the same
number of active channels in the patch was observed. However,
NP_was moderately increased from 1.04 to 1.64 (where N is the
number of channels and P, is single-channel open probability),
and the single-channel current amplitude (i) was reduced from
0.39 to 0.37 pA (Fig. 34, insets I and 2). The observed increase
in NP, is consistent with the stimulatory effect of t-DCA on
ENaC whole-cell currents in oocytes expressing a3 yENaC (Fig.
1E). Upon wash-out of t-DCA, NP, and i returned approxi-
mately to their initial values (0.88 and 0.39 pA, respectively; Fig.
3A, inset 3). It is well established that proteolytic activation of
ENaCis associated with the recruitment of near-silent channels
(31, 39, 41, 42). Indeed, subsequent application of the serine
protease chymotrypsin led to the recruitment of additional
channel levels and a strong increase of NP, from 0.88 to 5.28
(Fig. 34, inset 4). The single-channel amplitude remained
unchanged at 0.39 pA. On average, t-DCA reduced the single-
channel current amplitude from 0.380 = 0.003 to 0.35 * 0.01
pA (p < 0.001; N = 4; n = 7), increased NP_ by about 1.6-fold
from 0.82 = 0.17 to 1.36 = 0.25 (p < 0.05; N = 4; n = 7), and did
not significantly change the number of apparent channel levels
2.4 *= 0.5 versus 2.7 £ 0.6 (n.s; N = 4; n = 7) (Fig. 3B). In
contrast, chymotrypsin did not significantly change the single-
channel current amplitude and increased both NP, (by about
4-fold from 0.86 £ 0.18 t0 3.72 £ 0.87 (p < 0.0, N=4;n = 7))
and the number of apparent channel levels from 2.1 = 0.5 to
54*12(p<00L;,N=4n=7).

In some experiments with very low initial a3 yENaC activity,
the difference in the effects of t-DCA and chymotrypsin was
particularly impressive (Fig. 3C). In this experiment, only a few,
extremely brief single-channel openings were observed prior to
the application of t-DCA (NP, < 0.01), which indicates that in
this outside-out patch, only near-silent channels with a very low
P are present. Interestingly, application of t-DCA had no sig-
nificant effect on channel activity in this patch, which suggests
that near-silent channels are not markedly affected by t-DCA.
In contrast, application of chymotrypsin resulted in the
expected conversion of near-silent channels into active chan-
nels as evidenced by the appearance of up to four channel levels
with long channel openings (NP, = 2.52). In summary, our
single-channel data indicate that t-DCA stimulates a3 yENaC
activity by increasing the P, of active channels without recruit-
ing additional near-silent channels, which distinguishes the
effect of t-DCA from that of channel-activating proteases.
Moreover, the small but significant reduction of single-channel
current amplitude in the presence of t-DCA indicates a possible
interaction of bile acids with a region close to the channel pore.

Chenodeoxycholic Acid Reduces the Single-channel Current
Amplitude of §3yENaC—In outside-out patches from oocytes
expressing 63 yENaC, we confirmed our previously reported
finding that for unknown reasons 6 3yENaC shows a high basal
P, close to 1 (Fig. 4, A and B) (22). Indeed, in outside-out
patches, the channel resides almost all the time in its open state
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FIGURE 3. Tauro-deoxycholic acid activates human a8 yENaC by increasing open probability (P,) of active channels but not by recruiting additional
near-silent channels. A, representative single-channel current recording obtained at a holding potential of —70 mV from an outside-out patch of an
aByENaC-expressing oocyte. Amiloride (Ami, 2 um), t-DCA (250 um), and chymotrypsin (Chym, 2 ug X ml~") were present in the bath solution as indicated by
the bars. The current level at which all channels are closed (C) was determined in the presence of amiloride. The different channel open levels are indicated by
horizontal lines. The insets (1, 2, 3, and 4) show the indicated segments of the continuous current trace on an expanded time scale. Binned current amplitude
histograms are shown on the right side of the insets and were obtained from the corresponding parts of the trace to calculate NP, values and single-channel
current amplitude (/). The dotted lines in the insets indicate the channel open levels. The apparent number of active channels (apparent N) was determined by
visual inspection of the traces. B, summary of data from similar experiments as shown in A (N = 4;n = 7). *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., not
significant; repeated measures one-way ANOVA with Bonferroni post hoc test. C, representative single-channel current recording without detectable single-
channel activity before application of chymotrypsin obtained using the same experimental protocol as shown in A.

with only brief closing events (Fig. 4, inset 1 demonstrating part
of the trace on an expanded time scale). Under these conditions,
it is not surprising that application of CDCA had no additional
stimulatory effect on P, despite the large stimulatory effect of
CDCA observed on ENaC whole-cell currents (Fig. 1B). How-
ever, the single-channel current amplitude of 88yENaC was
slightly reduced from 0.95 to 0.84 pA (Fig. 44, inset 2). The
single-channel current amplitude of 83yENaC returned to its
initial value upon wash-out of CDCA (Fig. 44, inset 3). In out-
side-out patches, chymotrypsin also had no detectable effect on
P, and single-channel current amplitude of §3yENaC (Fig. 44,
inset 4), which is consistent with our previously reported data
(22). Importantly, the small but significant and reversible
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reduction of the single-channel current amplitude of 88 yENaC
by CDCA (Fig. 4C) suggests that CDCA interacts with
SByENaC in a similar way as t-DCA interacts with a8 yENaC
(Fig. 3B). This further supports the hypothesis that bile acids
interact with a region in ENaC close to the channel pore.
Analysis of the Crystal Structure of the Transmembrane
Domains of ASICI Suggests a Putative Binding Site for Bile Acids
in the Degenerin Region of ENaC—To identify a putative bile
acid binding site, we analyzed the crystal structure of ASIC1
transmembrane domains. Analysis revealed the presence of
hydrophobic crevices in the membrane-spanning region of the
channel occupied by three maltose groups of the detergent
n-dodecyl-B-p-maltoside used for channel isolation from the
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FIGURE 4. Chenodeoxycholic acid does not stimulate hyperactive 58 yENaC in outside-out patches but reduces single-channel current amplitude. A,
representative single-channel current recording obtained at a holding potential of —70 mV from an outside-out patch with only one active 68 yENaC channel.
Amiloride (Ami, 10 um), CDCA (250 pm) and chymotrypsin (Chym, 2 ug X ml~") were present in the bath solution as indicated by the bars. The current level at
which the channel is closed (C) was determined in the presence of amiloride. The open and closed channel levels are indicated by horizontal lines. The insets (1,
2,3,and 4) show the indicated segments of the continuous current trace on an expanded time scale. Asterisks indicate single-channel events shown on the right
side of the corresponding inset with higher time resolution. Binned current amplitude histograms (not shown) were obtained from the current traces depicted
in the insets and were used to calculate NP, and single-channel current amplitude (/). With only one active channel in the patch, the NP, value corresponds to
P,.The dotted lines in the insets indicate the closed and open channel levels. B, summary of P, values from similar experiments as shown inA with only one active
channel in the patch (N = 6; n = 6). n.s., not significant, paired t test. C, summary of j values from similar experiments as shown in A but including experiments
with more than one channel in the patch (N = 7; n = 7). ***, p < 0.001, n.s., not significant, repeated measures one-way ANOVA with Bonferroni post hoc test.

plasma membrane before crystallization (Protein Data Bank
(PDB) ID 2QTS (3)) (Fig. 5A4). Two of the putative detergent
binding sites are located on the outer side of the transmem-
brane domains and are probably occupied by membrane lipids.
Interestingly, the third site is located within the pore region
formed by the second transmembrane domains (TM2) of all
three subunits and is accessible from the extracellular solution.
Bile acids are amphiphilic substances and can behave as deter-
gents (43). Therefore, we hypothesized that maltoside deter-
gent may mimic the effect of bile acids on ENaC function.
Indeed, similar to CDCA, application of maltoside in a non-
solubilizing concentration (10 um) significantly stimulated
8ByENaC by about 1.5-fold and inhibited a8yENaC by about
10% (Fig. 5, C-E). Thus, it is tempting to speculate that bile
acids may bind to ENaC at sites corresponding to those identi-
fied for maltoside detergent co-crystallized with ASICI.
Among the three putative binding sites, the site located within
the pore region appeared to be the most likely candidate for bile
acid binding, because of the rapid onset and reversibility of the
bile acid effect on P, and single-channel current amplitude.
Estimating the energy of interaction (MolDock score (44) using
Molegro Molecular Viewer 2.5.0 from CLC bio) between the
maltose group and the channel reveals that the aspartate resi-
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due in position 433 (Asp®**) makes the highest contribution to

binding at this site. Using protein sequence alignment, we iden-
tified residues homologous to ASIC1 Asp®*® in all four human
ENaC subunits (Fig. 5B). The homologous residues are Asn>*°,
Ala®%, Asn®*', and Asn®*° in a-, §-, -, and y-ENaC, respec-
tively (Fig. 5B). Interestingly, these residues belong to the
degenerin region known to play an important role in ENaC
gating (1, 8, 10, 13). Thus, we hypothesized that the amino acid
residues in ENaC subunits homologous to ASIC1 Asp*** may
be functionally important sites for the interaction between bile
acids and ENaC.

Mutating the Asparagine Residue BAsn " to Cysteine or Ala-
nine Reduces the Stimulatory Effect of Bile Acids on 63 yENaC—
As shown above, bile acids activate §3yENaC more potently
than aByENaC. Therefore, we initially focused on ENaC in its
8By-configuration to investigate whether the amino acid resi-
dues homologous to Asp**® in ASIC1 are involved in bile acid-
mediated activation of ENaC. The homologous amino acid res-
idues 8Ala®*”, BAsn®*', and yAsn®>° were mutated to cysteines.
The substitution of these residues by cysteine was chosen,
because cysteine does not change substantially the size and
charge of the amino acid side chain. Moreover, the cysteine
residue can be covalently modified by the sulfhydryl reagent

521
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FIGURE 5. Analysis of the crystal structure of the transmembrane domains of ASIC1 suggests a putative binding site for bile acids in the degenerin
region of ENaC. A, ribbon diagram of the transmembrane domains of chicken ASIC1 (g.ASICT) with three maltose groups of the co-crystallized detergent
maltoside. The arrow points to the aspartate residue (Asp**3), the amino acid residue with the highest contribution to the total energy of interaction between
ASIC1 and the detergent in the degenerin region. B, sequence alignment of chicken ASIC1, DEG-1 from C. elegans (c.DEG-1), and human ENaC subunits
(h.aENaC, h.8ENaC, h.BENaC, and h.yENaC) corresponding to the first part of the second transmembrane domains (TM2). Amino acid residues homologous to
Asp**?in chicken ASIC1 are indicated by bold characters in red. C and D, maltoside detergent reversibly inhibits «8yENaC (C) and reversibly activates 88yENaC
(D). Representative whole-cell current traces of oocytes expressing wild-type aByENaC (C) or 68yENaC (D) are shown. Amiloride (Ami, 2 um (C) or 100 um (D))
and n-dodecyl-B-p-maltoside (MALT, 10 um) were present in the bath solution as indicated by corresponding bars. E, normalized amiloride-sensitive current

values (I, mimacn/lamignitian)0btained from similar experiments as shown in Cand D (mean * S.E. and individual data points; N = 2; 14 = n = 20; ***, p < 0.001;
unpaired ratio t test).

(2-(trimethylammonium)ethyl) methanethiosulfonate bro- A
mide (MTSET). Thus, treatment with MTSET can be used as a
tool to alter the function of mutant channels by chemical mod-

oy B OBysz1cY

ification of the introduced cysteine residue (1, 8, 10, 13, 22, 41, A21 ! '\@ - ALn ! .@. -
45). Each mutant subunit was co-expressed in oocytes with _%_/_’_f

two complementary wild-type ENaC subunits (8,5,,cB7-

8BrsaicY- and 8Bvass0cENaC). For unknown reasons, no IO,5 pA 10_5 nA

channel function was observed in experiments with mutant l6_0| s

subunits 6A527C or yN530C (data not shown). In contrast,

co-expression of BN521C with wild-type 8- and y-subunits C D

(6Bns21cYENaC) resulted in measurable ENaC currents. More- kil

over, in oocytes expressing 6Bys.;cYENaC, application of SB S52OCY g 4 kil

MTSET acutely and irreversibly increased ENaC currents (Fig. . < 3 ,' e
6, B and D). This stimulatory effect of MTSET was similar to Ar-'n : @, - = 2 . .
that observed with the BS520C mutation (Fig. 6, C and D), & el )
which is consistent with previous studies (22). This indicates % L

that both BAsn®*! and BSer®2° are accessible to MTSET when I A =0 = Y X
mutated to cysteine and form part of the degenerin region in R {0,1;\0 Y
the 8By-configuration of ENaC. K& c&%%

- 521
Next, we tested whether the substitution of BAsn”" by FiGURE 6. MTSET activates mutant channels with cysteine residues in
cysteine modulates the stimulatory effect of bile acids on the degenerin region but not wild-type 53 vENaC. A-C, representative

s ot whole-cell current traces of oocytes expressing wild-type (6B3vy) or a
03 yENaC. As sl}own in Fig. 74, e}ppllcatlon of(;DCA to conFrol mUtant ENaC (3Byssrey OF 8Bosseey). D, normalized amiloride-sensitive
oocytes expressing 63 yENaC without a mutation resultedina  current values (L migvrseny/ lamicinitia) Obtained from similar experiments as

more than 2-fold increase of ENaC-mediated currents consis- shown in A-C(mean * S.E. and individual data points; N = 2; n = 12; **%,

. .. . . . . p < 0.001; one-way ANOVA with Bonferroni post hoc test). Amiloride (Ami,
tent with the fmdmgs shown in Flg. L Subsequent apphcatlon 100 um) and MTSET (1 mm) were present in the bath solution as indicated

of chymotrypsin (2 ug/ml) in the presence of CDCA did not by corresponding bars.
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FIGURE 7. Mutating the asparagine residue BAsn®2" to cysteine or alanine reduces the stimulatory effect of CDCA on 53 yENaC. A-H, representative
whole-cell current traces of oocytes expressing wild-type (637y) or mutant ENaC (8Bysy1cY: 53N521A7: Bns215Yr OBNs210Yr OBssaocYs Oasa7nBY, and 8BYnszon)-
Amiloride (Ami, 100 um), CDCA (250 um), and chymotrypsin (Chym, 2 ug X ml~ ) were presentin bath solution as indicated by corresponding bars. /, normalized
amiloride-sensitive current values (/i coca or coca+chym)/lamignitia)) OPtained from similar experiments as shown in A-H (individual data points belonging to
the same experiment are connected with solid lines; N = 3; 10 =< n < 38; %, p < 0.05, ***, p < 0.001, n.s., not significant; repeated measures two-way ANOVA with

Bonferroni post hoc test).

cause a further current increase. We have previously shown
that chymotrypsin in this concentration maximally activates
OB yENaC by proteolytic cleavage, increasing channel P, from
about 0.5 to almost 1 consistent with a 2-fold increase of ENaC-
mediated whole-cell currents (22). We confirmed in the present
study that chymotrypsin alone caused an ~2-fold increase of
ENaC-mediated whole-cell currents (data not shown) similar
to the effect observed with CDCA alone or with CDCA in com-
bination with chymotrypsin. Thus, our findings suggest that
both chymotrypsin and CDCA can increase the P, of wild-type
SByENaC from ~0.5 to almost 1. Importantly, substitution of
BAsn>?! by cysteine (88ys,;YENaC) reduced the stimulatory
effect of CDCA by about 50%. Subsequent application of chy-
motrypsin to 88y, YENaC resulted in an additional stimula-
tory effect (Fig. 7, B and I). These findings indicate that the
BN521C mutation partially prevents the stimulatory interac-
tion of CDCA with the channel, whereas proteolytic channel
activation is preserved.

The significant inhibitory effect of the BN521C mutation on
ENaC stimulation by CDCA was confirmed by regression anal-
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ysis of normalized current data (Fig. 84) taken from similar
experiments as shown in Fig. 7, A and B. This analysis demon-
strates that ENaC currents measured in the presence of CDCA
are proportional to those measured in the presence of both
CDCA and chymotrypsin. Importantly, the proportionality
coefficient was close to 1 for the wild-type channel (0.94 * 0.01;
N = 3; n = 38), confirming that chymotrypsin has no additional
stimulatory effect on 88yENaC after channel activation by
CDCA. In contrast, the proportionality coefficient for
OBns21cYENaC was significantly smaller (0.48 * 0.01; p <
0.001; N = 3; n = 29). This supports the conclusion that the
BN521C mutation reduces the stimulatory effect of CDCA by
more than 50%. In additional experiments, we tested the effect
of five other bile acids on 6By;5,,YENaC. Using similar regres-
sion analysis as illustrated in Fig. 84 (data not shown), we dem-
onstrated that the BN521C mutation significantly reduced the
stimulatory effects of all bile acids tested (Fig. 8B).

Next, we tested whether substitution of BAsn®*' by other
amino acids also affected the stimulatory effects of bile acids.
Substituting BAsn®>' by alanine appeared to decrease basal P,
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FIGURE 8. Effect of bile acid alone versus combined effect of chymotryp-
sin and bile acid on wild-type or mutant 63 yENaC. A, linear regression
analysis of the relative stimulatory effects of CDCA versus chymotrypsin in the
presence of CDCA in §B7y- (O) and 8Bys,;cYENaC- () expressing oocytes.
Each point represents a single measurement (relative increase of /,,,,; by chy-
motrypsin + CDCA versus relative increase of I,,; by CDCA) from similar
experiments as shownin 7, Aand B. @, = mean values with S.E. for 8yand
8Bns21cYENaC, respectively. Calculated linear regressions with proportional-
ity coefficients (k) are depicted by dashed lines. B, linear regression coeffi-
cients (k) calculated similarly as in A for experiments using the indicated bile
acids (CA, t-CA, DCA, t-DCA, CDCA, or t-CDCA) in oocytes expressing wild-type

(3B) or different §ByENaC mutants: 8Bysz1c Y, OBns21aYs OBns21sYs OpssaocVs
Spaso7nBY, and 8BYnsson (k £ S.E; N =2-3;10 = n = 38; ***, p < 0.001 when

compared with wild-type 8ByENaC (8By), n.s., not significantly different
when compared with wild-type 88yENaC (387); one-way ANOVA with Bon-
ferroni post hoc test).

because the maximal current reached in the presence of CDCA
and chymotrypsin was almost 6-fold larger than the baseline
current (Fig. 7C). Under the assumption that the mutant chan-
nel reaches a P, of almost 1 in the presence of CDCA and chy-
motrypsin, it can be concluded that the baseline P_ of the chan-
nel containing the BN521A mutation is considerably lower
than that of wild-type 68yENaC. This conclusion is consistent
with the finding that basal I, in oocytes expressing
OBns1aYENaC was significantly lower than in matched
oocytes expressing wild-type 8ByENaC (0.28 = 0.03 puA,
n = 33 versus 0.84 = 0.08 nA, n = 20, N = 2; p < 0.01). The
lower initial P, of 655, » YENaC could explain why the relative
stimulatory effect of CDCA on the mutant channel was larger
than that on the wild-type channel (Fig. 7I). Importantly, the
stimulation achieved by CDCA did not reach the level obtained
by subsequent exposure to chymotrypsin. Thus, similar to the
BN521C mutation, the BN521A mutation also resulted in a
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reduced stimulatory effect of CDCA on ENaC in the 6py-
configuration (Fig. 8B). In contrast, the mutant channel
0Bns215YENaC behaved like the wild-type channel (Figs. 7, D
and 7, and 8B), and basal I,,,; of 6By5,,5YENaC was similar to
that of 68yENaC in matched oocytes (0.81 * 0.10 uA, n = 24
versus 0.84 * 0.08 nA, n = 20, N = 2; n.s.), arguing against a
nonspecific effect of mutating BAsn®?'. Furthermore, substitu-
tion of BAsn®*' by aspartate (BN521D) resulted in a large
reduction of the stimulatory effect of both CDCA and chymo-
trypsin (Fig. 7, E and I). The decreased responsiveness of this
mutant channel to two different stimuli suggests that introduc-
ing a negative charge at this site increased baseline P, close to 1.
This conclusion is consistent with the finding that basal I, ; in
oocytes expressing 8Bys.1»YENaC was significantly larger than
in matched oocytes expressing wild-type §3yENaC (2.04 =
0.20 nA, n = 23 versus 0.84 = 0.08 uA, n = 20, N = 2; p <
0.001). In addition, we introduced a cysteine residue in
the neighboring position (6Bgs5,0cYENaC). The mutant
0Bs520c YENaC behaved like the wild-type channel in response
to CDCA (Figs. 7, F and I, and 8B), supporting the specific
functional importance of the position BAsn®*! for the interac-
tion of bile acids with the channel in the 8B7y-configuration.
This interaction may be only partially prevented by mutating
BAsn>?! to cysteine or alanine, which may explain the incom-
plete inhibition of the CDCA effect by these mutations. Alter-
natively, the incomplete inhibition may be due to an interaction
of CDCA with additional sites. Candidate sites in the 6- and
v-subunits are Ala®>%” and yAsn>3°, respectively, which corre-
spond to BAsn®>! in the B-subunit. As stated above, no channel
function was observed when 8Ala®?” or yAsn®3° were mutated
to cysteine. In contrast, functional channel expression was
preserved when mutating 8Ala®*” and yAsn®*° to asparagine
and alanine, respectively. However, in oocytes expressing
S a507nBY- Or 8BYns304aENAC, the stimulatory effect of CDCA
was similar to that observed in oocytes expressing wild-type
dByENaC, and an additional stimulation by chymotrypsin was
also absent (Figs. 7, G-I, and 8B). These findings do not support
the hypothesis that §Ala®” or yAsn®*° contribute to the func-
tional interaction of bile acids with the channel. However, this
possibility and the existence of additional interaction sites can-
not be ruled out.

Substitution of Asparagine Residue BAsn®*' by Alanine
Decreases the Relative Stimulatory Effect of t-DCA on
aByENaC—We wondered whether BAsn®?! also plays a role in
bile acid-mediated activation of aByENaC. Co-expression of
the BN521A and BN521S with wild-type a- and <y-subunits
resulted in measurable ENaC currents, whereas in this con-
figuration, no functional channels were detected with the
BN521C subunit. At first inspection, the stimulatory effect of
t-DCA on afys»;4YENaC appeared to be similar to that on
wild-type a3 yENaC (Fig. 9). However, subsequent application
of chymotrypsin in the presence of t-DCA revealed a larger
additional increase of afys5,;aYENaC currents when com-
pared with that of wild-type a8 yENaC currents (Fig. 9, B and
C). Thus, the increased stimulatory effect of chymotrypsin on
aBys.14YENaC after pre-stimulation with t-DCA may be inter-
preted as a reduced relative stimulatory effect of t-DCA on the
mutant channel when compared with its effect on the wild-type
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FIGURE 9. Substitution of asparagine residue BAsn®2' by alanine
decreases the relative stimulatory effect of t-DCA on a3yENaC. A and B,
representative whole-cell current traces of oocytes expressing wild-type
(aBy) or mutant ENaC (aBysaq47Y)- Amiloride (Ami, 2 um), t-DCA (250 um), and
chymotrypsin (Chym, 2 ug X ml~ ') were present in bath solution as indicated
by corresponding bars. Dashed lines distinguish the stimulatory effect of
t-DCA from that of chymotrypsin. C, normalized amiloride-sensitive current
values (Imi -bca or t-DcA -+ chym)/ famidinitian) Obtained from similar experiments
asshownin Aand B (individual data points belonging to the same experiment
are connected with solid lines, N = 3; 18 = n = 20; ***, p < 0.001; unpaired
ratio t test). D, linear regression coefficients (k) were calculated in the same
way as illustrated in Fig. 8A in oocytes expressing wild-type afyENaC (aBvy)
or different aByENaC mutants: BN52TA (aBysz1aY), BN521S (Bysaisy)s
aN550A (anssoafy), and YN530A (aBynsson) ENaC (k £ S.E;N=2-3;18=n=
20; ***, p < 0.001, *, p < 0.05 when compared with wild-type a3 yENaC (aBy),
n.s., not significantly different when compared with wild-type aByENaC
(aBy); one-way ANOVA with Bonferroni post hoc test).

channel (Fig. 9D). This interpretation is consistent with a func-
tional role of the BAsn®*! residue in mediating the stimulatory
effect of bile acids on ENaC in the afy-configuration of the
channel. In contrast to the BN521A mutation, the BN521S
mutation did not reduce the relative stimulatory effect of
t-DCA on ENaC in the afy-configuration (Fig. 9D), which is
consistent with the finding that this mutation also failed to
reduce the stimulatory effect of CDCA on 8B8yENaC currents
(Figs. 7, D and I, and 8B). To investigate whether yAsn>*°,
which corresponds to BAsn®*', may be involved in mediating
the stimulatory effect of t-DCA on ENaC in the a3y-configu-
ration, we mutated this residue to an alanine (yN530A). In
oocytes expressing afynss;oaENaC, the relative stimulatory
effect of t-DCA when compared with that of chymotrypsin was
not reduced but was minimally increased as indicated by a
slightly larger proportionality coefficient (Fig. 9D). However,
this subtle effect cannot be taken as evidence for a role of
vAsn®?° in the interaction of bile acids with «3yENaC. Finally,
we also had no indication that the aN550A mutation altered
the effect of t-DCA on ENaC in the af3y-configuration (Fig.
9D).
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In summary, these findings support the concept that the
BAsn®*! residue in the degenerin region is involved in mediat-
ing the stimulatory effect of bile acids on a3yENaC as well as on
o0ByENaC.

Discussion

In this study, we demonstrated that physiologically relevant
bile acids activate human ENaC in the af3y- and 68y-configu-
ration. Moreover, we found that substitution of a single amino
acid residue within the degenerin region of BENaC (Asn>*')
significantly reduced this stimulatory effect. This indicates that
the degenerin region is critical for the functional interaction of
bile acids with ENaC.

To study the mechanism by which bile acids stimulate
human ENaC activity, we used outside-out patch clamp record-
ings. We could demonstrate that t-DCA stimulated human
afByENaC by increasing single-channel P_ without recruiting
additional near-silent channels in the patch. Our findings con-
firm recent results reported for rat 3 yENaC (34). In outside-
out patches, baseline P, of 68 yENaC was close to 1 and there-
fore could not be further stimulated by CDCA. The reason for
this high baseline P, of 8 yENaC in our patch clamp recordings
is presently unknown but is in good agreement with previous
findings (22). Importantly, our whole-cell recordings demon-
strated that 63 yENaC was activated by bile acids to a similar
extent as by chymotrypsin, which is known to increase P_ of
SByENaC to about 1 (22). Thus, our findings suggest that the
stimulatory effect of bile acids on ENaC in the §3+y-configura-
tion is also mediated by an increase in single-channel P.

The increase of ENaC P, may be caused by direct interaction
of bile acids with a specific binding site of the channel or by
changing the plasma membrane properties, thereby modifying
the interaction of the channel protein with membrane lipids.
Changes in physical properties of the plasma membrane, such
as plasma membrane thickness, intrinsic monolayer curvature,
or elastic properties of the lipid bilayer, are known to regulate
various membrane proteins including ion channels (46).
Indeed, it has been proposed that activation of rat bile acid-
sensitive ion channel by bile acids is likely to be caused by an
alteration of the membrane environment (47). Interestingly, a
significant portion of ENaC has been reported to be associated
with lipid rafts, which are thought to be important for channel
function and regulation (48 —51). In model lipid systems such as
liposomes (68) or giant plasma membrane vesicles (52), bile
acids bind more efficiently to non-raft (lipid-disordered) than
to raft (ordered) membrane fractions. Thus, the ability of bile
acids to modify the lipid environment of ENaC localized in lipid
rafts may be limited. However, at present, the possibility that
bile acids modulate ENaC activity indirectly by modifying the
properties of the plasma membrane in the vicinity of the chan-
nel cannot be ruled out.

Alternatively, bile acids may interact directly with the chan-
nel protein through specific binding sites. Modification of pro-
tein function by bile acid binding to specific sites is a known
phenomenon. The list of examples includes the specific nuclear
receptor farnesoid X receptor (FXR), G protein-coupled recep-
tor TGR5, bile salt export pump (BSEP), and Na " /taurocholate
co-transporting polypeptide (NTCP) (53). We demonstrated
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that ENaC in the af3y-configuration is activated by tauro-con-
jugated bile acids, whereas application of non-conjugated CA
and DCA only moderately stimulated a3 yENaC and CDCA
even had an inhibitory effect. Thus, slight differences in the
chemical structure of bile acids are sufficient to modulate the
effect of bile acids on a3 yENaC. This favors the interpretation
that bile acids interact with specific binding sites of the channel
protein, which may have a preference for certain types of bile
acids. Based on the reported co-crystallization of the detergent
maltoside within the degenerin region of ASIC1 (3), we hypoth-
esized that bile acids may interact with the degenerin region of
ENaC. Our findings, that maltoside mimicked the effect of bile
acids on ENaC and that mutations in the degenerin region
(BN521C and BN521A) significantly reduced the stimulatory
effect of bile acids on ENaC, strongly support this hypothesis.

The discovery of the functional importance of the degenerin
site for channel gating was initially made in the context of iden-
tifying MEC-4 and DEG-1 mutations, which cause neurode-
generation in Caenorhabditis elegans (12, 14, 15). The intro-
duction of bulky amino acid residues to homologous sites in
other ENaC/degenerin channels mimics the gain-of-function
effect of naturally occurring mutations and results in hyperac-
tivity of the mutant channels (13, 37, 38, 54, 55). The gain-of-
function effect of degenerin mutations on ENaC can be repro-
duced by introducing a cysteine residue at the degenerin site of
the B-subunit. Subsequent covalent modification of this cys-
teine residue by sulthydryl reagents, e.g. MTSET, activates the
mutant channel and has been used as a tool to experimentally
increase ENaC P_ close to 1 (1, 10, 13, 41). Under these condi-
tions, MTSET increases P, of active a3yENaC without recruit-
ing additional near-silent channels (41). Moreover, the stimu-
latory effect of MTSET on P, is accompanied by a small
reduction in the single-channel current amplitude (1, 10, 13).
Interestingly, these effects of MTSET are similar to the bile acid
effects on ENaC observed in the present study. In the light of
these findings, it is tempting to speculate that MTSET and bile
acids share a similar mechanism of action. Thus, binding of bile
acids to the degenerin site may stabilize the open state of the
channel by inducing a conformational change in the outer ves-
tibule of ENaC, mimicking the effect of covalent modification
of the degenerin site by MTSET. The concomitant small reduc-
tion of the single-channel current amplitude is consistent with
the interpretation that bile acids bind to a region in close prox-
imity to the channel pore. As discussed above, we observed
some differential effects of bile acids on ENaC function in the
aBy- versus the §B7y-configuration of the channel. These find-
ings may be explained by subtle structural differences in the
degenerin regions of a7y versus 68 yENaC. However, at present
this remains a speculation, because a crystal structure of ENaC
would be needed to analyze this further.

It has been proposed that bile acids may play a role in ENaC
regulation under physiological and pathophysiological condi-
tions. For example, aByENaC is expressed in human and
mouse cholangiocytes (56), indicating that bile acids may be
physiologically relevant modulators of ENaC function in bile
ducts. Moreover, 8ENaC is expressed abundantly in different
brain regions (26, 27, 57), and CDCA may also be accumulated
or locally produced in the brain (58). Thus, it is conceivable that
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CDCA can affect 63yENaC in the brain. Our finding that bile
acids and the detergent maltoside have similar effects on ENaC
raises the possibility that other endogenous amphiphilic sub-
stances may modulate ENaC activity in a similar way. Such
endogenous substances, capable of binding to the degenerin
region of the channel, may act as local modulators of ENaC
function in a tissue-specific manner, but they remain to be
identified. In conclusion, our results highlight the potential role
of the degenerin region as a regulatory site involved in the func-
tional interaction of bile acids and possibly other naturally
occurring amphiphilic substances with ENaC.

Experimental Procedures

Materials—The sulthydryl reagent MTSET was obtained
from Biotium (Hayward, CA). Amiloride hydrochloride,
sodium chenodeoxycholate and tauro-chenodeoxycholate,
sodium deoxycholate and tauro-deoxycholate, sodium tauro-
cholate and tauro-cholate, and a-chymotrypsin type II from
bovine pancreas were purchased from Sigma-Aldrich
(Taufkirchen, Germany). n-Dodecyl-B-p-maltoside was ob-
tained from Thermo Fisher.

Plasmids—Full-length cDNAs for human «a-, 8-, and yENaC
and for the short isoform of 6ENaC were kindly provided by H.
Cuppens (Leuven, Belgium) and by R. Waldmann (Valbonne,
France), respectively. They were subcloned into the pTLN vec-
tor (59). Linearized plasmids were used as templates for
cRNA synthesis using T7 RNA polymerases (nMESSAGE
mMACHINE, Ambion, Austin, TX). Mutants in which critical
residues in the degenerin region of a-, 8-, y-, and 6ENaC were
individually replaced by cysteine, alanine, serine, aspartate, or
asparagine were generated by site-directed mutagenesis
(QuikChange II site-directed mutagenesis kit (Stratagene, La
Jolla, CA)). Sequences were confirmed by sequence analysis
(LGC Genomics, Berlin, Germany).

Isolation of Oocytes and Two-electrode Voltage Clamp
Experiments—Defolliculated stage V-VI oocytes were obtained
from ovarian lobes of adult female X. laevis in accordance with
the principles of German legislation, with approval by the ani-
mal welfare officer for the University of Erlangen-Nirnberg,
and under the governance of the state veterinary health inspec-
torate. Animals were anesthetized in 0.2% ethyl 3-aminobenzo-
ate methanesulfonate (MS-222) (Sigma), and ovarian lobes
were obtained by a small abdominal incision. Isolation of
oocytes and two-electrode voltage clamp experiments were
performed essentially as described previously (22, 45, 60— 63).
Oocytes were injected with cRNA using the same amount of
cRNA per ENaC subunit per oocyte in the range of 0.1 to 5 ng.
Injected oocytes were incubated in ND96 solution (in mm: 96
NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, 5 HEPES, pH 7.4, with Tris)
supplemented with 100 units/ml sodium penicillin and 100
pg/ml streptomycin sulfate. Unless stated otherwise, oocytes
were studied 48 h after cRNA injection. I, ; were determined
by subtracting the current values recorded in the presence of
amiloride (2 and 100 uMm for a3 yENaC- and 63 yENaC-express-
ing oocytes, respectively) from those recorded in the absence of
amiloride.

Single-channel Recordings in Outside-out Patches—Oocytes
injected with a8 yENaC or 8ByENaC cRNA were stored in
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ND96 solution. Single-channel recordings in outside-out mem-
brane patches of ENaC-expressing oocytes were performed
48 h after cRNA injection essentially as described previously
(35, 41, 45) using conventional patch clamp technique. Patch
pipettes were pulled from borosilicate glass capillaries and had
a tip diameter of about 1-1.5 wm after fire polishing. Pipettes
were filled with potassium gluconate pipette solution (in mm:
90 potassium gluconate, 5 NaCl, 2 Mg-ATP, 2 EGTA, and 10
HEPES, pH 7.2, with Tris). Seals were routinely formed in a low
sodium NMDG-Cl bath solution (in mm: 95 NMDG-CI, 1 NaCl,
4 KCl, 1 MgCl,, 1 CaCl,, 10 HEPES, 7.4 pH, with Tris). In this
bath solution, the pipette resistance averaged about 7 megao-
hms. After seal formation, the NMDG-CI solution was
switched to a NaCl bath solution in which NMDG-CI (95 mm)
was replaced by NaCl (95 mm). For continuous current record-
ings, the holding potential was set to =70 mV. Using a 3 M KCl
flowing boundary electrode, the liquid junction potential
occurring at the pipette/NaCl bath junction was measured to be
12 mV (bath-positive) (35). Thus, at a holding potential of —70
mV, the effective trans-patch potential was —82 mV. This value
is close to the calculated equilibrium potential of C1I™ (E., =
—77.4mV) and K* (Ex = —79.4 mV) under our experimental
conditions. Experiments were performed at room temperature
(~23 °C). Single-channel current data were initially filtered at
1.25 kHz and sampled at 5 kHz. The current traces were re-
filtered at 250 Hz to resolve the single-channel current
amplitude (i) and channel activity. The latter was derived
from binned amplitude histograms as the product NP, (35,
41, 45, 64). The current level at which all channels are closed
was determined in the presence of 2 um amiloride for
afyENaC and of 10 um amiloride for §3yENaC. The appar-
ent number of active channels (apparent N) in a patch was
determined by visual inspection of the current traces. Single-
channel data were analyzed using the program Nest-o-Patch
written by Dr. V. Nesterov (Institut fiir Zelluldire und
Molekulare Physiologie, Friedrich-Alexander-Universitat
Erlangen-Niirnberg, Erlangen, Germany).

Statistical Methods—Data are presented as mean * S.E,,
individual data points, and bar diagrams as appropriate. Sta-
tistical significance was assessed by the appropriate version
of ANOVA (with Bonferroni post hoc test) or Student’s ¢
test. N indicates the number of different batches of oocytes,
and # indicates the number of individual oocytes studied.
Statistical and regression analysis was performed using
GraphPad Prism 5.04.
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