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Abstract

The bile acid-sensitive ion channel (BASIC) is a member of the ENaC/degenerin family of ion channels. It is activated
by bile acids and inhibited by extracellular Ca**. The aim of this study was to explore the molecular mechanisms
mediating these effects. The modulation of BASIC function by extracellular Ca®* and tauro-deoxycholic acid (t-DCA)
was studied in Xenopus laevis oocytes heterologously expressing human BASIC using the two-electrode voltage-clamp
and outside-out patch-clamp techniques. Substitution of aspartate D444 to alanine or cysteine in the degenerin region of
BASIC, a region known to be critically involved in channel gating, resulted in a substantial reduction of BASIC Ca**
sensitivity. Moreover, mutating D444 or the neighboring alanine (A443) to cysteine significantly reduced the t-DCA-
mediated BASIC stimulation. A combined molecular docking/simulation approach demonstrated that t-DCA may tem-
porarily form hydrogen bonds with several amino acid residues including D444 in the outer vestibule of the BASIC pore
or in the inter-subunit space. By these interactions, t-DCA may stabilize the open state of the channel. Indeed, single-
channel recordings provided evidence that t-DCA activates BASIC by stabilizing the open state of the channel, whereas
extracellular Ca®* inhibits BASIC by stabilizing its closed state. In conclusion, our results highlight the potential role of
the degenerin region as a critical regulatory site involved in the functional interaction of Ca®* and t-DCA with BASIC.
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Introduction

The bile acid-sensitive ion channel (BASIC) belongs to the ep-
ithelial sodium channel (ENaC)/degenerin family of non-
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(https://doi.org/10.1007/s00424-018-2142-7) contains supplementary voltage gated ion channels [26] and was previously known as
material, which is available to authorized users. intestine Na* channel (INaC) in human [40] and brain-liver-
intestine Na* channel (BLINaC) in mouse and rat [38].
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BASIC is closely related to the subfamily of acid-sensing ion
channels (ASICs) [38, 40] but is not activated by protons. The
recently published crystal structures of chicken ASICI [2, 3, 10,
16, 24] suggest that also BASIC forms homotrimeric channels
in the plasma membrane. An individual BASIC subunit consists
of short N and C termini, a large extracellular domain, and two
helical transmembrane domains (TMD1, TMD?2). Each subunit
participates in forming the channel pore with its TMD2, which
contains the degenerin site known to be critical for channel
gating of ENaC/degenerin ion channels [26].

The molecular mechanism of BASIC activation by bile
acids is not yet fully understood. It has been reported that bile
acids may affect BASIC function indirectly via an alteration of
its membrane lipid environment [41]. However, no specific
channel domains sensitive to these alterations were identified,
and it was suggested that the entire structure of the channel
was crucial for this sensitivity. Recently, we demonstrated that
the degenerin region plays a critical role in mediating effects
of bile acids on human ENaC and ASICla function [21, 22].
Therefore, we hypothesized that BASIC activation by bile
acids may involve the degenerin site as well.

Both, BASIC and ASICla are inhibited by micromolar
concentrations of extracellular Ca>* [29, 35]. For rat ASIC1,
it has been reported that the negatively charged aspartate (Asp
432) adjacent to the degenerin site (Gly 431) is crucial for
Ca®*-mediated channel inhibition [35]. In contrast, in
BASIC, the site responsible for Ca**-mediated inhibition re-
mains to be identified. Since the TMD2 of BASIC and ASICs
share a high degree of homology, the degenerin region may
also be involved in BASIC inhibition by Ca®*. Collectively,
these findings suggest that bile acids and Ca®* may share a
common binding site in the degenerin region of BASIC.

The aim of this study was to investigate whether the
degenerin region is involved in BASIC inhibition by Ca**
and activation by bile acids and how interaction of Ca>* and
bile acids with the same region may lead to opposite effects on
BASIC activity.

Materials and methods

Materials

Diminazene aceturate (Dimi) and sodium tauro-deoxycholate
(t-DCA) were purchased from Sigma-Aldrich (Taufkirchen,
Germany).

cDNA clones

The cDNA for human BASIC was cloned into pRSSP vector
as described previously [49]. Linearized plasmids were used

as templates for cRNA synthesis using SP6 RNA polymerases
(mMessage mMachine, Ambion, Austin, TX, USA). Mutants
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in which critical residues in the degenerin region of human
BASIC were individually replaced by cysteine, alanine, or
serine were generated by site-directed mutagenesis
(QuikChange II site-directed mutagenesis kit; Stratagene, La
Jolla, CA). Sequences were confirmed by sequence analysis
(GATC Biotech, Konstanz, Germany).

Isolation of oocytes and two-electrode voltage-clamp
experiments

Isolation of Xenopus laevis oocytes and two-electrode volt-
age-clamp experiments were essentially performed as de-
scribed previously [13, 18, 19, 21, 37]. Defolliculated stage
V-VI oocytes were obtained from ovarian lobes of adult fe-
male Xenopus laevis in accordance with the principles of
German legislation, with approval by the animal welfare offi-
cer for the University of Erlangen-Niimberg, and under the
governance of the state veterinary health inspectorate.
Animals were anesthetized in 0.2% MS222 (Sigma,
Taufkirchen, Germany), and ovarian lobes were obtained by
a small abdominal incision. Oocytes were injected with 4 to
8 ng of wild-type (WT) or mutant BASIC cRNA. 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. Oocytes were studied 48 h
after cRNA injection. Modified ND96 solution was used as
standard bath solution (in mM: 96 NaCl, 4 KCl, 1 CaCl,, 1
MgCl,, 10 HEPES, pH 7.4 adjusted with Tris). To obtain a
low Ca®* bath solution, 1| mM EGTA was added instead of
1 mM CaCl, (in mM: 96 NaCl, 4 KCI, 1 EGTA, 1 MgCl,, 10
HEPES, pH 7.4 adjusted with Tris). NaCl (95 mM) was re-
placed by NMDG-CI to obtain a low sodium NMDG-CI bath
solution (in mM: 95 NMDG-CI, 1 NaCl, 4 KCl, 1 CaCl,, 1
MgCl,, 10 HEPES, 7.4 pH adjusted with Tris).

Single-channel recordings in outside-out patches

Single-channel recordings in outside-out membrane patches
of BASIC expressing oocytes were performed 48 h after
cRNA injection essentially as described previously [11, 12,
21, 29] using conventional patch-clamp technique. Patch pi-
pettes were pulled from borosilicate glass capillaries and had a
tip diameter of about 1-1.5 wm after fire polishing. Pipettes
were filled with K-gluconate pipette solution (in mM: 90 K-
gluconate, 5 NaCl, 2 Mg-ATP, 2 EGTA, and 10 HEPES, pH
7.2 with Tris). Seals were routinely formed in low sodium
NMDG-CI bath solution. In this bath solution, the pipette
resistance averaged about 7 Mf). 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 recordings, the holding potential was
set to — 70 mV. Using a 3 M KCl flowing boundary electrode,
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the liquid junction (LJ) potential occurring at the pipette/NaCl
bath junction was measured to be 12 mV (bath positive) [29].
Thus, at a holding potential of —70 mV, the effective
transpatch potential was —82 mV. This value is close to the
calculated equilibrium potential of CI' (E¢i-=—77.4 mV)
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 2 kHz and
sampled at 6 kHz. The current traces were re-filtered at 400 Hz
to resolve the single-channel current amplitude (i) and to as-
sess channel activity. The latter was derived from binned am-
plitude histograms as the product NPo, where N is the number
of channels and Po is open probability [11, 12, 28, 29]. The
apparent number of active channels (apparent N) in a patch
was determined by visual inspection of current traces. The
current level at which all channels are closed was determined
in the presence of 10 uM diminazene. Single-channel data
were analyzed using the program ‘“Nest-o-Patch” (http://
sourceforge.net/projects/nestopatch) written by Dr. V.
Nesterov (Institut fiir Zelluldre und Molekulare Physiologie,
Friedrich-Alexander-Universitdt Erlangen-Niirnberg,
Erlangen, Germany).

Homology model of BASIC

No high-resolution structure of human BASIC (hBASIC) has
been reported so far. Therefore, homology models of human
BASIC were built on the basis of the related acid-sensing ion
channel (ASIC1) crystallized in its open state (PDB #4NTW
[3]) and desensitized state (PDB #4NYK [16]) using SWISS-
MODEL [1, 5, 17, 27]. The corresponding sequence for hu-
man BASIC was obtained from the protein database of the
National Center for Biotechnology (NCBI) under the acces-
sion number QINY37. Only the transmembrane helical do-
mains near the channel pore (residues 63-92 and 434-466)
were used in all conducted simulations. The sequence similar-
ity for the TMD amounts to 72%.

Molecular docking approach

The homology model of human BASIC TMD was refined by
including the polar hydrogen atoms. The grid box defining the
docking boundaries was assigned using AutoDockTools 1.5.6
[32, 39]. The structure of t-DCA was extracted from ZINC
version 12 database (ZINC ID ZINC04282168; [23]). The t-
DCA structure was prepared for docking by defining the ro-
tatable bonds using AutoDockTools 1.5.6. Putative t-DCA
binding sites in the transmembrane region of BASIC were
predicted using the molecular docking software AutoDock
Vina, which uses a knowledge-based empirically weighted
scoring function and a global optimization algorithm [45].
Five runs of the program were performed with 20 binding
modes generated per run, giving a total number of 100 docked

t-DCA modes. Docking results were visually inspected using
AutoDockTools. An overlay of the generated modes revealed
six prominent clusters of similar modes (see Online Resource
1, Fig. S1). One representative docking model was selected
from each cluster (see Online Resource 1, Fig. S2) for further
analysis using molecular dynamics (MD) simulations.

Molecular dynamics simulations

The spontaneous binding of dissolved bile acids to hBASIC-
TMD embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer was investigated in three
independent atomistic MD simulations (200 ns each). Further,
the stability of six different pre-docked t-DCA-TMD hBASIC
configurations was addressed in three 200-ns simulations with
differing starting conditions each (in total 18 simulations).
Replica simulations of the various studied systems differed
in the attributed initial velocities of the atoms.

System preparation

The TMD of the model hBASIC was embedded into a POPC
bilayer by first converting the atomistic protein model into the
(polarizable) MARTINI [52] coarse-grained (CQG) representa-
tion using martinize [25], followed by addition of POPC mol-
ecules, solvent, and counterions with the aid of the membrane
builder insane [47]. Subsequently, the system was energy
minimized and simulated for 40 ns with position restraints
on the protein to allow for a relaxation of the lipid environ-
ment. The final coarse-grained structure was then converted
back to atomistic representation using backward [46].
Afterwards, the backmapped atomistic protein was replaced
by the hBASIC homology model in order to avoid any bias in
the protein structure that may have arisen during the conver-
sion. The system was energy minimized (steepest descent al-
gorithm, 10,000 steps) with frozen protein backbone posi-
tions, further simulated for 100 ps in the NVT ensemble and
5 ns in the NpT ensemble with position restraints on the pro-
tein backbone. Simulations were carried out using a combina-
tion of Amber14SB [7] and Lipid14 [14] force fields. The
Lipid14 force field for lipids was recently shown to combine
avery good description of the structure and dynamics of phos-
pholipid membranes with a high computational efficiency
[36]. Unless otherwise mentioned, the simulation parameters
were chosen equivalent to those used in the production simu-
lations (see below). To summarize, the reference atomistic
starting systems consisted of the TMD homology model of
BASIC embedded in a POPC membrane (155/160 lipids in
the upper/lower layer), counterions, and approximately
22,000 water molecules. To the best of our knowledge, no
Amberl4 parameters exist for t-DCA. For this reason, we
parameterized t-DCA using the parameter set for cholesterol
in Lipid14 [14, 31] as a basis [8, 43]. Missing parameters were
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obtained from a previous study [8] and via torsion scans of
two shortened molecules (see Online Resource 1 for details).

For the study of spontaneous binding of dissolved bile
acids to the TMD of BASIC, eight bile acids were placed into
the solvent at a distance of approx. 2 nm to the membrane of
the reference system described above. This system was simu-
lated for 1 ns with position restraints on the protein and the
bile acids to allow for an equilibration of the surrounding
water molecules.

The number of lipid molecules in protein docked t-DCA
systems was equivalent to the reference starting structure;
however, one lipid was removed in the upper layer of docking
model 3 (see Online Resource 1) due to steric overlaps with t-
DCA. Each protein docked t-DCA system was energy mini-
mized using the steepest descent algorithm (2000 steps) and
simulated for 2 ns using position restraints on protein back-
bone atoms and t-DCA heavy atoms.

Simulation conditions

MD simulations were conducted in GROMACS 5.0.x [34]
using the Amber 14SB force field [7] in conjunction with
Lipid14 [14] with similar simulation conditions as de-
scribed previously [36]. In short, the temperature was kept
constant at 310 K with a time constant of 0.5 ps and the v-
rescale temperature coupling scheme [6]. Further, a semi-
isotropic pressure of 1 bar was maintained with the
Berendsen barostat [4] using a time constant of 1 ps.
Long-range electrostatic interactions were calculated using
particle-mesh Ewald summation [9] with a real-space cutoff
of 1.0 nm; van der Waals interactions were treated with a
Verlet cutoff scheme [33] with ryqy = 1.0 nm. The integra-
tion time step was chosen to 2 fs, and the solvent was de-
scribed with the TIP3P [44] water model. Simulations of
dissolved t-DCA molecules were conducted with condi-
tions described above in conjunction with the ILDN refine-
ment [30]. Simulations with dissolved bile acids (one sys-
tem) and docked BASIC/t-DCA complexes (six systems)
were repeated three times, summing up to in total 21 simu-
lations (200 ns each).

Analysis

The stability of docked complexes was estimated by analyzing
the root mean square deviation (rmsd) of t-DCA to its starting
configuration, after fitting the system to the BASIC TMD (see
Online Resource 1). Separate minimal distances were calcu-
lated between side chains A443 and D444 of human BASIC
and the hydroxyl groups of t-DCA. The first 30 ns of the
docking simulations were excluded from analysis for equili-
bration purposes.
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Statistical analysis

Data are presented as mean = SEM. Statistical 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 analysis
was performed using Graph Pad Prism 5.04.

Electronic supplementary material

The Electronic Supplementary Material (Online Resource 1)
contains information about the parameterization procedure of
t-DCA required for the MD simulations and detailed informa-
tion about docking simulations that were not described in the
main text.

Results

Identification of amino acid residues critical
for Ca?*-mediated inhibition of human BASIC

Protein sequence alignment of the initial part of the second
TMD (TMD?2) of rat ASIC1 and human BASIC demonstrated
a high degree of homology between these two regions (Fig. 1,
61% identity). Functional studies on rat ASIC1 have shown
that two negatively charged amino acid residues (Glu 425 and
Asp 432) at the beginning of TMD?2 (separated by two loops
of the o-helix) are involved in channel inhibition by Ca®*
[35]. In particular, Asp 432, which belongs to the degenerin
region, is thought to be critical for ASIC1 inhibition by Ca**
because its substitution by cysteine or alanine reduced the
inhibitory effect of Ca®* by ~90% [35]. The homologous
region of BASIC also contains two negatively charged resi-
dues (Glu 440, Asp 444). Asp 444 belongs to the degenerin
region and is conserved in ASICI and BASIC. Unlike in
ASIC1, where the two negatively charged residues are sepa-
rated by two x-helical loops (i.e., six amino acid residues), the
residue Glu 440 in BASIC is separated from Asp 444 by only
one o-helical loop (i.e., three amino acid residues).
Nevertheless, the functional role of Glu 440 in BASIC may
be similar to that of Glu 425 in ASIC1. We hypothesized that
Asp 444 and possibly also Glu 440 are functionally relevant
Ca2+—binding sites in human BASIC. To test this, we substitut-
ed these negatively charged residues by non-charged alanines
(D444 A; E440A/D444A) and investigated the effect of extra-
cellular Ca®* removal on these mutant channels.

In Xenopus laevis oocytes expressing WT BASIC,
washout of 100 uM diminazene, a known inhibitor of
BASIC [48], revealed the expected BASIC-mediated in-
ward current component (Alp;,;) (Fig. 2a). Subsequent
Ca** removal from the bath solution caused a reversible
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Fig. 1 Putative Ca®*-binding site in human BASIC. Sequence alignment
of rat ASIC1 (r.ASIC) and human BASIC (h.BASIC) corresponding to
the first part of the second transmembrane domain (TMD?2). Negatively
charged amino acid residues forming putative Ca>*-binding sites are
indicated in bold. The amino acid residues belonging to the degenerin
region are indicated by arrows

~2.5-fold increase of the BASIC-mediated inward current
consistent with the concept that the channel is partially
inhibited by extracellular Ca?*. Re-application of
diminazene returned the stimulated inward current to the
initial baseline level. Overall, these findings are consistent
with previously reported data regarding the functional
properties of BASIC expressed in the oocyte expression
system [29, 50]. Importantly, substitution of the negative-
ly charged aspartate residue 444 by a non-charged alanine
(D444A) substantially reduced the Ca’" sensitivity of
BASIC (Fig. 2b). Indeed, Ca** removal only had a minor
stimulatory effect on the D444A mutant channel not ex-
ceeding ~40%. The double-mutant channel E440A/
D444A essentially behaved like the channel carrying the
single D444A mutation (Fig. 2c). Thus, unlike the D444
residue, the E440 residue does not seem to play a major
role for the Ca®* sensitivity of the channel, but a minor
contribution cannot be ruled out. Taken together, these
findings suggest that the residue D444 is involved in
Ca™ inhibition of BASIC.

Interestingly, baseline currents in the presence of
diminazene were significantly higher in oocytes expressing
the D444A (—0.18 £0.02 uA, n =42, p <0.001) (Fig. 2b) or
the E440A/D444A mutant channel (—0.20+0.01 pA, n=
51, p<0.001) (Fig. 2c) compared to those in oocytes ex-
pressing WT BASIC (= 0.09+£0.01 pA, n=40) (Fig. 2a).
These findings suggest that the D444 A mutation alters the
sensitivity of the channel to diminazene. To investigate this
further, we used a different experimental protocol with a
bath solution in which Na* was replaced by the impermeant
cation NMDG to fully block BASIC-mediated Na* currents
(Fig. 3a, b). Switching from an NMDG bath solution to a
Na™ containing bath solution revealed BASIC-mediated
Na* inward currents (Alympg) that were inhibited by
diminazene in a concentration-dependent manner. Due to
limited solubility of diminazine in concentrations higher
than 100 uM, an ICs of diminazene-mediated BASIC in-
hibition could not be estimated reliably. Nevertheless, the
summary data shown in Fig. 3b clearly demonstrate that the
D444 A mutation shifted the diminazene concentration-
response curve to the right indicating that the mutation sig-
nificantly reduced the sensitivity of BASIC to diminazene.
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Fig. 2 Aspartate D444 in the degenerin region plays a crucial role in
BASIC inhibition by Ca>*. a—c Left panels: Representative whole-cell
current traces recorded in oocytes expressing WT, D444A, or E440A/
D444A mutant BASIC. Application of diminazene (100 uM) and remov-
al of Ca** ions from the bath solution (Ca**-free, | mM EGTA) are
indicated by corresponding bars. Zero current level is indicated by a
dotted horizontal line. Right panels: Averaged normalized current values
(Al/Alp;y;) obtained from similar experiments as shown in left panels.
(WT: n=32, N=4; D444A: n=36, N=4; E440A/D444A: n=32, N=
4). The baseline current in the presence of diminazene was subtracted
from the plateau current values reached after washout of diminazene
(Alpimy) or after Ca** removal (AJ). Mean + SEM. *##%Sionificantly
different, p < 0.001; Student’s ¢ test

Identification of amino acid residues critical for bile
acid-mediated activation of human BASIC

We have previously shown that the degenerin region is criti-
cally involved in the activation of human ENaC and ASICla
by bile acids [21, 22]. Therefore, we tested whether the
D444A mutation alters the stimulatory effect of the prototyp-
ical bile acid t-DCA on BASIC. Taking into consideration the
different sensitivity of WT and mutant BASICs to diminazene

@ Springer
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Fig. 3 D444A substitution significantly reduces BASIC affinity to
diminazene. a Representative whole-cell current traces recorded in oo-
cytes expressing WT or D444A mutant BASIC. Low Na* bath solution
(NMDG) and successively increasing concentrations of diminazene (0.1,
1, 10, 100 uM) were applied as indicated by the corresponding bars. Zero
current level is indicated by a dotted horizontal line. b Concentration-
response curves of diminazene-dependent inhibition of BASIC currents

and extracellular Ca®*, NMDG-containing solution was used
instead of diminazene to block BASIC-mediated Na* inward
currents. Moreover, t-DCA-mediated channel stimulation was
investigated under Ca”>*-free conditions (Fig. 4). Consistent
with the results shown in Fig. 2b, the D444 A mutant channel
was significantly less sensitive to Ca** than the WT channel
(Fig. 4a, b). In contrast, in the absence of Ca**, the sensitivity
of the D444A mutant channel to t-DCA was similar to that of
the WT channel (Fig. 4a, c). Recently, we have shown that the
asparagine to cysteine substitution (N521C) in human
BENaC, i.e., in the position homologous to D444 in BASIC,
significantly reduced the stimulatory effect of bile acids on
ENaC [21]. Therefore, we tested whether the cysteine substi-
tution (D444C) in BASIC would reduce the t-DCA-mediated
channel activation. Indeed, t-DCA sensitivity of the D444C
mutant was significantly reduced compared to WT BASIC
(Fig. 4a, ¢). The D444C mutant channel was also significantly
less sensitive to Ca>* than the WT channel (Fig. 4b). Together
with D444, the alanine residue in position 443 belongs to the
degenerin region of BASIC (Fig. 1). We also investigated the
effect of substituting this residue by cysteine (A443C). We
have previously shown that an analogous mutation in human
ASICla (G433C) fully abolished the stimulatory effect of t-
DCA on proton-activated ASICla currents [22]. Indeed, the
A443C mutation decreased the stimulatory effect of t-DCA by
about 75% (Fig. 4c). This indicates that the A443C mutation
significantly reduced the bile acid sensitivity of BASIC. In
contrast, the stimulatory effect of Ca’* removal on the
A443C mutant channel (average 1.7-fold) was only slightly
reduced compared to WT BASIC (Fig. 4b). The substitution
of the amino acid residue in the analogous position in human
ASICla to serine significantly reduced the stimulatory effect
of t-DCA on proton-activated ASICla currents [22].
Therefore, we tested whether the substitution of A443 to ser-
ine (A443S) would also reduce the t-DCA effect on BASIC

@ Springer

obtained from similar recordings as shows in a. WT BASIC (filled cir-
cles); D444A mutant BASIC (open circles). The baseline current in the
presence of NMDG was subtracted from the plateau current values
reached after replacing NMDG by Na* in the bath solution (Alyvpc)
or after application of different concentrations of diminazene (Al) (5<
n<17; N=3). Mean + SEM; ***Significantly different, p <0.001; n.s.
not significant; one-way ANOVA with Bonferroni post hoc test

(Fig. 4a). Interestingly, in contrast to the A443C mutation,
A443S did not reduce the t-DCA-mediated activation (Fig. 4c)
and had a relatively small effect on the Ca®* sensitivity of
BASIC (Fig. 4b).

Collectively, these findings highlight the critical role of
D444 in Ca** inhibition and the functional importance of both
A443 and D444 in bile acid-mediated stimulation of BASIC.

Extracellular Ca>* has a negligible effect on t-DCA
affinity to BASIC

Our finding that the neighboring amino acid residues (A443
and D444) are critically involved in t-DCA-mediated activa-
tion and Ca”*-mediated inhibition of BASIC may indicate that
t-DCA and Ca®* compete at a common binding site in the
channel pore. To explore this possibility, we investigated
whether Ca®* in the extracellular solution influences the con-
centration dependence of the stimulatory effect of t-DCA on
BASIC. As shown in Fig. 5, we estimated the apparent affinity
of BASIC to t-DCA in the presence and absence of Ca** in the
bath solution. t-DCA was applied in different concentrations
in Ca®*-free or in control solution containing 1 mM Ca”*. The
highest t-DCA concentration applied was 500 uM as
prolonged exposure of oocytes to t-DCA in a concentration
higher than 500 uM is likely to compromise the integrity of
their plasma membrane. Due to this limitation, it was not
feasible to determine the ECsy of the t-DCA-mediated
BASIC stimulation. Nevertheless, the experiments indicate
that the relative stimulatory effect of t-DCA was similar in
the presence or absence of Ca”* in the bath solution (Fig. 5a,
b). The subtle difference at 500 uM t-DCA cannot be taken as
evidence that Ca®* affects the affinity of t-DCA to BASIC.
This finding demonstrates that both maneuvers, t-DCA and
Ca** removal, stimulate BASIC by independent molecular
mechanisms. Next, we attempted to elucidate these
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Fig.4 Comparison of the stimulatory effects of Ca?*-removal and t-DCA
application in WT, D444 A, D444C, A443C or A443S mutant BASIC. a
Representative whole-cell current traces recorded in oocytes expressing
WT, D444A, D444C, A443C, or A443S mutant BASIC. Low Na* solu-
tion (NMDG), tauro-deoxycholic acid (--DCA, 500 M), and Ca**-free
solution (Ca**-free, | mM EGTA) are indicated by corresponding bars.
Zero current level is indicated by a dotted horizontal line. b Averaged
normalized current values upon Ca** removal (Ale,>* e/ Alxving) from
similar experiments as shown in a. The baseline current in the presence of
NMDG was subtracted from the plateau current values reached after

mechanisms using computer simulations and single-channel
recordings.

Computer simulations suggest that t-DCA may
interact with the degenerin region in the open state
of BASIC

The experimental data suggest that D444 is critically involved
in BASIC inhibition by Ca®*, whereas both D444 and A443
are involved in t-DCA-mediated channel stimulation. The
BASIC homology models in closed and open states show a
huge difference in the opening of the outer vestibule of the
channel: In the closed state, the D444 residues are found at a
distance of 5.3 A, while the channel entrance is widened to
approximately 13 A in the open state (Fig. 6). These findings
suggest that Ca®* may bind to two or three aspartic acids
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replacing NMDG by Na* in the bath solution (Alyypg) or after Ca>*
removal (Alcy™ free)- € Averaged normalized current values upon t-DCA
application under Ca®*-free conditions (AZ, pca (C32+,fmc)/ Al free) Ob-
tained from similar experiments as shown in a. The baseline current in the
presence of NMDG was subtracted from the plateau current values
reached after Ca®* removal (Alc,>" fee) or after Ca®* removal in the
presence of t-DCA (Al pca (Caz*,fmc)). WT: n=18, N=3; D444A: n=
17, N=3; D444C: n=32, N=2; A443C: n=21, N=3; A443S: n=22,
N=2. Mean + SEM. ***Significantly different, p <0.001; n.s. not sig-
nificant; one-way ANOVA with Bonferroni post hoc test

(D444) of the degenerin region simultaneously, thereby
inhibiting BASIC opening by stabilizing the closed state of
the channel. In turn, A443 is inaccessible to t-DCA in the
closed state. Accordingly, we used the open channel confor-
mation for t-DCA docking and MD simulations.

To explore whether t-DCA can directly bind to the
degenerin region, we investigated the spontaneous interaction
of dissolved t-DCA molecules with the lipid bilayer and the
TMDs of BASIC using atomistic MD simulations. To this
end, we generated a homology model of the human BASIC
TMD based on the crystal structure of chicken ASICI in open
conformation (PDB #4NTW [3]). The TMD were embedded
into a POPC bilayer, and three 200-ns-long simulations were
performed. t-DCA molecules were initially placed into the
solvent at a distance of approximately 2 nm to the membrane.
In all simulations, t-DCA molecules formed clusters of up to

@ Springer
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Fig. 5 Concentration-dependent stimulation of WT BASIC by t-DCA in
the presence and absence of Ca”* in the bath solution. a Representative
whole-cell current traces recorded in oocytes expressing WT BASIC.
Low Na* solution (NMDG), tauro-deoxycholic acid (tDCA, 500 puM),
and Ca**-free solution (Ca®*-free, | mM EGTA) are indicated by corre-
sponding bars. Zero current level is indicated by a dotted horizontal line.
b Concentration-response curve of t-DCA-dependent stimulation of
BASIC currents recorded in the presence of Ca®* in the bath solution

four molecules or remained in the monomeric state, and at-
tached transiently and recurrently to BASIC while interacting
predominately with lysines at position 434 located at the ex-
tracellular site of the TMD2 helices (Fig. 7a, b). This position

Fig. 6 Overlay of the open and closed states of the BASIC TMD. The
homology model of the open state is shown in cyan; the closed state is
represented in yellow. As a reference for the outer vestibule size, the D444
residues of all subunits are shown as sticks and connected with dashed
lines. The distances between D444 are ~5.3 A in the closed state and ~
13 A in the open state
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may, however, not be accessible within the full untruncated
channel. Individual t-DCA molecules also absorbed to the
membrane-water interface region by establishing hydrogen
bonds to headgroups of membrane lipids. Absorbed t-DCA
molecules were also observed to diffuse towards BASIC and
interact with its TMD (Fig. 7a, b). Importantly, we observed
the spontaneous translocation of a t-DCA molecule from the
water phase to the outer vestibule of the channel pore where it
formed a hydrogen bond with D444 (Fig. 7c¢).

These data suggest that t-DCA may interact spontaneously
with the TMD of BASIC. To explore this further, a molecular
docking approach was used [45] in combination with atomis-
tic MD simulations. From molecular docking simulations, we
selected six representative docking models of t-DCA bound to
the pore region of BASIC (see Online Resource 1, Fig. S1,
S2). These docked complexes were investigated in lipid envi-
ronment using three 200-ns-long atomistic MD simulations
for each docking model (i.e., 18 simulations in total). The
relative root mean square deviation (rmsd) of bound t-DCA
from its initial docked configuration was calculated to esti-
mate the stability of t-DCA binding (see Online Resource 1,
Fig. S3). Three of the studied models showed moderate posi-
tional changes of t-DCA in the range of approximately 0.5—
1 nm. Temporary unbinding was observed in only 2 of the 18
simulations. However, a single stable binding configuration of
t-DCA could not be identified. Examples of typical metastable
binding configurations are shown in Fig. 8. In its initial con-
figuration (see Online Resource 1, Fig. S2, model 6), t-DCA
points with its sulfur group towards the extracellular side and
faces BASIC with its two hydroxyl groups. During the
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a

Fig. 7 Spontaneous binding of t-DCA to the lipid bilayer and transmem-
brane domains of BASIC. Side view (a) and top view (b) of a spontane-
ous binding simulation (sim. 3, #=200 ns) showing two individual mem-
brane bound bile acids that approached the protein and a cluster of four t-
DCA molecules interacting with the TMD of BASIC from the solvent.
The latter binding mode (shaded in gray) is likely enabled due to the
absence of the large extracellular domain in the simulations. ¢ A t-DCA
molecule spontaneously inserted into the inter-subunit space of BASIC to
form a hydrogen bond with D444 via its hydroxyl group (sim. 2, 1=
130 ns). The protein is shown in green cartoon representation, and
A443/D444 of each subunit are shown in yellow sticks. t-DCA molecules
are colored in orange with sulfur in green, oxygen in red, and hydrogens
in white. The membrane is colored in blue tones. For clarity, the mem-
brane and hydrogen atoms of t-DCA are hidden in ¢

performed simulations, t-DCA reorients in order to lie almost
horizontally abreast of the outer vestibule of the channel and
even temporarily occludes the channel pore (Fig. 8a, b). In
these configurations, t-DCA forms h-bonds between its hy-
droxyl group and D444 (or E440, not shown in Fig. 8a, b) and
between the sulfur group and glutamines at positions 79 and
448 in the outer vestibule of the channel pore. Interestingly,
the same binding mode was observed in two independent
simulations of model 4 after reorientation of the t-DCA mol-
ecule (data not shown). In a different configuration (docking
pose 3, Fig. 8c), t-DCA bound between two BASIC subunits,
acting thereby as an inter-subunit spacer that prevents channel
closure (compare Fig. 6). Interestingly, such an inter-subunit
spacer developed also within a different simulation (starting
from docking pose 1, data not shown) and was reminiscent of
the binding mode observed in simulations of spontaneous t-
DCA binding to BASIC (Fig. 7¢). Importantly, the formation
of the complexes between t-DCA and BASIC shown in Fig. 8
would sterically be hindered for the closed channel state.
Thus, they suggest a possible mechanism that may contribute
to a t-DCA-induced stabilization of the open state of the
channel.

To summarize, our docking/molecular dynamics simula-
tions suggest that t-DCA might stabilize the open state of
BASIC by binding to the outer vestibule of the channel pore
or by occupying the inter-subunit space.

Single-channel analysis suggests that Ca®* and t-DCA
stabilize the closed and open state of BASIC,
respectively

To investigate the mechanisms of BASIC activation by Ca”*
removal and t-DCA application at the single-channel level,
outside-out patch-clamp recordings were performed. The rep-
resentative continuous current trace shown in Fig. 9a was
recorded from an outside-out membrane patch excised from
an oocyte expressing WT BASIC. It demonstrates changes in
channel activity upon diminazene washout, Ca>* removal, ap-
plication of t-DCA, and Ca** removal in the presence of t-
DCA. In the presence of diminazene, no single-channel events
could be resolved (inset 1). Washout of diminazene revealed
typical basal BASIC activity characterized by rare channel
openings with a current amplitude of 0.95 pA (inset 2).
Removal of Ca** from the bath solution caused an abrupt shift
in the baseline current level, which probably reflects a change
in seal resistance and cannot be attributed to an effect on
BASIC activity, because it was also observed in non-injected
control oocytes [29]. Importantly, Ca®* removal increased the
frequency of channel openings and the single-channel current
amplitude to 1.25 pA (inset 3). The effect of Ca>* removal was
reversible as application of the Ca®*-containing solution
returned BASIC activity to its basal level (inset 4). Similar
to Ca** removal, application of t-DCA (500 pM) stimulated
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Fig. 8 t-DCA preferentially binds to the outer vestibule of the channel
pore or occupies the inter-subunit space in the open state of BASIC. a
Snapshot at =60 ns of docking model 6 simulation (sim. 1). t-DCA is
stabilized by hydrogen bonds between the hydroxyl group of t-DCA and
aspartate D444 in the outer vestibule of the channel. b Snapshot at 7 =
200 ns of the docking model 6 simulation (sim. 1). t-DCA is stabilized by

BASIC activity and increased single-channel current ampli-
tude to 1.11 pA (inset 5). Importantly, subsequent Ca** re-
moval in the presence of t-DCA further increased channel
activity as well as the single-channel current amplitude to
1.29 pA (inset 6). The calculated changes of channel activity
(NPy) and single-channel current amplitude (i) upon Ca®*
removal and t-DCA application are summarized in Fig. 9b,
c. On average, Ca>* removal or t-DCA application in Ca’*-
containing solution increased NPy by about 3-fold, whereas
Ca®* removal in t-DCA-containing solution resulted in a more
than 8-fold increase of BASIC activity in outside-out patches
(Fig. 9b). These NP, changes are in good agreement with the
corresponding current changes observed in whole-cell current
experiments (see Fig. 2a). A minor part of the stimulatory
effect of Ca®* removal or t-DCA application can be attributed
to a slight but significant increase of the single-channel current
amplitude from 0.95+0.05 pA (n=7; N=4) under control
conditions to 1.22 +0.02 pA (n = 7; N=4) upon Ca** removal
or 1.11£0.01 pA (n=7; N=4) in the presence of t-DCA. The
highest single-channel current amplitude was observed upon
Ca®* removal in t-DCA-containing solution (1.28 £0.03 pA;
n="7; N=4;Fig. 9c). Importantly, the increase of the apparent
single-channel current amplitude by both Ca®* removal and t-
DCA application suggests that Ca®* and t-DCA interact with
the pore region of BASIC. For the analysis of single-channel
kinetics upon Ca®* removal and t-DCA application, only
patches with a single apparent channel open level were used.
This does not rule out the presence of more than one channel
in the selected patches. Therefore, the values reported were
termed apparent mean open and apparent mean closed time
(Fig. 9d, e). With Ca** removal, there was a non-significant
trend for a modest increase of the apparent mean open time. A
substantial and significant increase of the apparent mean open
time was observed upon t-DCA application in the presence

@ Springer

hydrogen bonds between hydroxyl groups of t-DCA and aspartic acid
D444. ¢ Snapshot at =200 ns of docking model 3 simulation (sim. 3).
t-DCA is stabilized in the inter-subunit space by a hydrogen bond be-
tween the hydroxyl group of t-DCA and D444. In a—¢, A443 and D444 of
each subunit are shown as yellow sticks and the membrane is hidden for
clarity

and absence of extracellular Ca?* (Fig. 9d). In contrast, the
apparent mean closed time appeared to be reduced more
prominently by Ca”* removal than by application of t-DCA
in the presence of Ca*t (Fig. 9¢). However, in both cases, this
trend was non-significant due to the considerable variability of
this parameter and to the low number of recordings amenable
to analysis, i.e., with only one apparent channel in the patch.

Single-channel recordings performed from outside-out
patches with the double-mutant channel (E440A/D444A)
demonstrated that the mutations significantly reduced the bas-
al single-channel current amplitude (0.18 £0.01 pA; n=7,
N=5;vs. 0.95+£0.05 pA in WT; n=7; N=4; p<0.001;
Fig. 10a, ¢). Ca** removal did not significantly increase NP,
of the E440A/D444A mutant channel and did not affect its
single-channel current amplitude (Fig. 10b, c). Thus, these
experiments confirmed that the E440A/D444A mutations
substantially reduced the Ca®* sensitivity of BASIC. In con-
trast, application of t-DCA resulted in a strong increase of
NP, by about 2.5-fold and produced a substantial increase
of the single-channel current amplitude to 0.24 +0.02 pA
(n=7; N=5). These findings suggest that t-DCA but not
Ca”* interact with the channel pore of the E440A/D444A
mutant channel. Analysis of single-channel kinetics demon-
strated that only t-DCA application, but not Ca**-removal,
significantly increased the apparent mean open time of the
E440A/D444A mutant channel (Fig. 10d). Under control con-
ditions, the basal apparent mean closed time of the mutant
channel (Fig. 10e) appeared to be slightly reduced compared
to WT BASIC and was not affected by Ca** removal or t-
DCA application (Fig. 10e).

Next, we studied the effects of Ca®* removal and t-DCA
application on the A443C mutant BASIC at the single-
channel level (Fig. 11a). Our data demonstrate that the
A443C mutation did not affect the basal single-channel
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Fig. 9 Ca’ removal as well as t-DCA application increases the activity
of WT BASIC in single-channel recordings. a Representative continuous
single-channel current recording in an outside-out patch of a WT BASIC
expressing oocyte obtained at a holding potential of — 70 mV. Application
of diminazene (10 uM), tauro-deoxycholic acid (t-DCA, 500 uM), and
removal of Ca®* ions from the bath solution (Ca2+—free, 1 mM EGTA) are
indicated by corresponding bars. The insets (1-6) show the indicated
fragments of the current trace on an extended timescale. The current level
at which all channels are closed (C) was determined in the presence of
diminazene. The channel open level is indicated by (1). Single-channel
binned current amplitude histograms were obtained by analyzing a 60-s
portion of the current trace for each experimental condition (control,
Ca’*-free, Ca®* reapplication, t-DCA, t-DCA/Ca**-free) and were used
to calculate NP, values and single-channel current amplitude (i). b
Average NPo data from similar experiments as shown in a. In each ex-
periment, NP, values after diminazene washout (control), Ca®* removal
(Ca®*-free), Ca** reapplication (control), t-DCA application in the pres-
ence of Ca®* (t-DCA), or t-DCA application in the absence of Ca* (t-

current amplitude (0.93 £0.03 pA, n=9, N=4 in A443C vs.
0.95+0.05 pA, n=7; N=4 in WT; n.s.). Importantly, t-DCA
application neither significantly increased NP, nor single-
channel current amplitude (Fig. 11b, c) indicating that the
A443C mutation prevented the interaction of t-DCA with the
channel pore. Analysis of single-channel kinetics further sup-
ported this conclusion, as the effect of t-DCA on the apparent
mean open time was blunted compared to WT and E440A/
D444A mutant BASIC (Fig. 11d). In contrast, Ca?* removal
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DCA/Ca®**-free) were normalized to the mean NP, obtained after
diminazene washout and Ca>* reapplication (NP controly) in the same
experiment. ¢ Averaged single-channel current amplitude values (i) from
similar experiments as shown in a after diminazene washout (control),
Ca®* removal (Ca**-free), Ca®* reapplication (control), t-DCA applica-
tion in the presence of Ca** (t-DCA), or t-DCA application in the absence
of Ca?* (t-DCA/Ca’*-free) (mean + SEM; n=7; N=4; **%,
*Significantly different, p <0.001, p <0.05, respectively; n.s. not signif-
icant; one-way repeated measures ANOVA with Bonferroni post hoc
test). d, e Averaged apparent mean open (d) and closed (e) time of the
channel after diminazene washout (control), Ca®* removal (Ca**-free),
Ca®* reapplication (control), t-DCA application in the presence of Ca**
(t-DCA), or application of t-DCA in the absence of Ca** (t--DCA/Ca*-
free) obtained from recordings with only one open channel level in the
patch. Mean + SEM; n =4; N = 3. **Significantly different, p <0.01; n.s.
not significant; one-way repeated measures ANOVA with Bonferroni post
hoc test

significantly increased both NP, and the single-channel cur-
rent amplitude and showed a non-significant trend to reduce
the apparent mean closed time. These findings indicate that
the Ca”* sensitivity of the A443C mutant channel remained
largely unchanged.

Collectively, our single-channel recordings suggest that Ca**-
mediated BASIC inhibition can be attributed mainly to stabili-
zation of the closed state of the channel. In contrast, t-DCA
activates BASIC by stabilizing the open state of the channel.
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Fig. 10 Ca’* removal did not
significantly increase the activity
of E440A/D444 A mutant BASIC
in single-channel recordings. a

E440A/D444A

Representative continuous single-
channel current recording in an
outside-out patch of an E440A/
D444A mutant BASIC express-
ing oocyte recorded and analyzed
essentially as described in Fig. 9a.
b, ¢ Summary of data from similar
experiments as shown in a (mean
+SEM; n=7;, N=5; ***,
*Significantly different,
p<0.001, p<0.05, respectively;
n.s. not significant; one-way re-
peated measures ANOVA with
Bonferroni post hoc test). d, e
Analysis of single-channel kinet-
ics from recordings with only one
open channel level in the patch
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Discussion

In this study, we demonstrated the functional importance of
the degenerin region in mediating the inhibition of BASIC by
Ca* and its activation by t-DCA. Moreover, the combination
of single-channel patch-clamp measurements with MD simu-
lations revealed possible molecular mechanisms for Ca**-me-
diated BASIC inhibition and t-DCA-mediated stimulation of
BASIC activity.

Possible mechanism for Ca%*-mediated BASIC
inhibition

The functional importance of the degenerin region in Ca*-
mediated BASIC inhibition is supported by the observation
that both D444 A and D444C mutations significantly reduced
the stimulatory effect of Ca** removal on BASIC. The signif-
icant reduction of the single-channel current amplitude in the
presence of Ca** observed in patch-clamp recordings of WT
BASIC further supports the hypothesis that Ca®* interacts
with the pore region of the channel. Importantly, the single-
channel current amplitude in rat ASIC1 was also reduced by
extracellular Ca**, and the homologous aspartate 432 played a

@ Springer

critical role in Ca* sensitivity of ASIC1 [35]. Recently, it has
been shown that removal of negative charge at the homolo-
gous position (D556) disrupts Ca’* sensitivity of
FMRFamide-gated Na* channel (FaNaC), another member
of ENaC/degenerin family of ion channels [15]. The conclu-
sion that Ca®* binding stabilizes the closed state of the channel
is supported by the observation that in patch-clamp record-
ings, Ca** removal was associated with a reversible decrease
of the mean closed time of WT BASIC. Moreover, for the
E440A/D444A mutant with reduced Ca>* sensitivity, the bas-
al mean closed time in the presence of Ca®* was reduced
compared to WT BASIC and was not changed upon Ca”*
removal or reapplication. The comparison of the BASIC
models in open and closed state further supports the conclu-
sion that Ca** binding to D444 may stabilize the closed state
of the channel. In the closed state of BASIC, three negatively
charged D444 residues are close enough to each other (~
5.3 A) to allow an interaction with Ca** which may prevent
the opening of the channel. In contrast, in the open state, the
outer vestibule of the channel widens and the distance be-
tween D444 residues increases up to ~ 13 A. Consequently,
the coordination of Ca>* by D444 residues is prevented.
Moreover, analysis of the chicken ASICI crystal structure in
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Fig. 11 Application of t-DCA did
not significantly increase the ac-
tivity of A443C mutant BASIC in

A443C

single-channel recordings. a

Representative continuous single-
channel current recording in an
outside-out patch of an A443C
mutant BASIC expressing oocyte
recorded and analyzed essentially
as described in Fig. 9a. b, ¢
Summary of data from similar
experiments as shown in a (mean
+SEM; n=9; N=4,
*#%Significantly different,
p<0.001; n.s. not significant;

one-way repeated measures

ANOVA with Bonferroni post hoc
test). d, e Analysis of single-
channel kinetics from recordings
with only one open channel level
in the patch (mean + SEM; n=4;
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the desensitized state suggests that monovalent or divalent
(Ca™ or Mg™*) cations may be bound to aspartates 433, the
residues homologous to D444 in human BASIC [16]. Thus,
BASIC and ASIC1 exhibit similarities in the mechanism of
Ca**-mediated channel inhibition.

To conclude, Ca** may inhibit BASIC by interacting with
negatively charged aspartates D444 in the outer vestibule of
the channel pore, thereby stabilizing the closed state of the
channel.

Possible mechanism for t-DCA-mediated BASIC
activation

Our findings suggest that t-DCA stimulates BASIC and stabi-
lizes the channel open state, probably by interacting with
D444 and/or A443, i.e., residues forming the degenerin region
of the channel.

The functional importance of the degenerin region in t-
DCA-mediated BASIC activation is supported by the obser-
vation that D444C and A443C mutations significantly re-
duced the stimulatory effect of t-DCA application on
BASIC. The degenerin site is critically involved in channel
gating of ENaC/DEG channels. The introduction of bulky side
chains to degenerin sites in these channels results in

hyperactivity of the mutant channels [26]. In particular, muta-
tion of the degenerin position in BASIC to a bulky amino acid
leads to the formation of hyperactive channels [38]. Bile acids
are naturally occurring ligands that may interact with the
degenerin region of BASIC and increase its activity mimick-
ing the effect of bulky mutations. This finding is in a good
agreement with our previous observations that the degenerin
region plays a critical role in the activation of human ENaC
and ASICla by bile acids [21, 22]. The hypothesis that t-DCA
may interact with the channel pore was further supported by
our observation that application of t-DCA significantly in-
creases the single-channel current amplitude in patch-clamp
recordings. Interestingly, in human ENaC and ASICla, the
stimulation of channel activity by bile acids was associated
with a decrease of the single-channel current amplitude [21,
22]. The precise mechanism of bile acid effects on the single-
channel current amplitude as well as the reason for the differ-
ences between the different ENaC/DEG channels remains to
be elucidated.

The conclusion that t-DCA stabilizes the open state of the
channel is supported by the fact that in patch-clamp record-
ings, application of t-DCA increased the mean open time of
the channel. The hypothesis that t-DCA interacts with the
degenerin region of BASIC only in the open state of the
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channel is in good agreement with our previous observations
that “near-silent” ENaC channels (channels that reside in
closed state almost all the time) are insensitive to t-DCA
[21] and that t-DCA potentiated ASIC1a only when the chan-
nel was opened by protons [22].

Our computer simulations suggest two most likely additive
mechanisms that may result in a t-DCA-mediated stabilization
of BASIC in its open state. First, bile acids may stabilize the
open conformation due to steric reasons. Binding of t-DCA to
the outer vestibule of the channel pore allows t-DCA to form
hydrogen bonds with several amino acid residues including
the aspartic acids in position 444 of the degenerin region via
its hydroxyl or SO5 groups. Despite the fact that t-DCA may
also (temporarily) occlude the channel pore, t-DCA binds to
BASIC only weakly, which allows for an easy reorientation of
t-DCA and does not prevent the passage of Na* ions through
the channel. Alternatively, t-DCA may occupy the inter-
subunit space of BASIC where it interacts with different res-
idues including D444. This configuration permits improved
channel access for cation passage since t-DCA is not occlud-
ing the pore. t-DCA was stabilized in the inter-subunit space
not only by its interaction with BASIC but also by interactions
with the membrane. Importantly, the binding of t-DCA neither
to the channel outer vestibule nor to the inter-subunit space
would be feasible in the closed state. Interestingly, no global t-
DCA binding site could be identified using the combined
docking/simulation approach. Rather, t-DCA binds flexibly
to BASIC by temporarily forming hydrogen bonds with sev-
eral amino acid residues of the channel. This may explain why
neither D444C nor A443C fully abolished the effect of t-DCA
on BASIC. Our computer simulations demonstrated a prefer-
ence of t-DCA for D444 over A443. Thus, the decreased
sensitivity of A443C mutant to t-DCA may be explained not
only by the disturbed interaction of t-DCA with the amino acid
residue at the position 443 but also by the slight conforma-
tional change of the outer vestibule of BASIC introduced by
the cysteine mutation, which prevents the bile acid interaction
with the inter-subunit space and/or outer vestibule of BASIC.

Second, being surface-active substances, bile acids may
modulate the membrane environment of BASIC. In our sim-
ulations of spontaneous interaction of dissolved t-DCA with
the lipid bilayer and TMDs of BASIC, t-DCA molecules were
observed to bind to the membrane interface. Membrane-
embedded t-DCA molecules likely induce membrane stress
resulting in a positive spontaneous membrane curvature,
which in turn may be sensed by BASIC. Indeed, Schmidt
et al. recently demonstrated that surface-active molecules oth-
er than bile acids activate rat and mouse BASIC [41]. This
supports the hypothesis that bile acids may activate BASIC
also via alteration of its membrane lipid environment. The
notion that BASIC function may be affected by membrane
properties was further supported by the identification of the
membrane-interacting amphiphilic «-helical structure within

@ Springer

the N-terminal domain of BASIC [42]. However, the trunca-
tion of this domain did not prevent but even increased the
stimulatory effect of bile acids on BASIC indicating that this
domain is not responsible for BASIC bile-acid sensitivity.
Thus, the degenerin region is the only bile acid sensing site
identified so far. To summarize, we cannot exclude the possi-
bility that a modulation of membrane characteristics may con-
tribute to the t-DCA-mediated stimulation. However, this pos-
sibility does not argue against a functional importance of the
degenerin region in mediating a t-DCA effect on BASIC.

In conclusion, our results highlight the potential role of the
degenerin region as a regulatory site involved in the functional
interaction of Ca** and t-DCA with human BASIC.
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