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Bile acids inhibit human purinergic receptor P2X4 in
a heterologous expression system

Alexandr V. llyaskin, Florian Sure®, Viatcheslav Nesterov, Silke Haerteis@®, and Christoph Korbmacher®

We recently demonstrated that bile acids, especially tauro-deoxycholic acid (t-DCA), modify the function of the acid-sensing
ion channel ASICla and other members of the epithelial sodium channel (ENaC)/degenerin (DEG) ion channel family.
Surprisingly, ASIC1 shares a high degree of structural similarity with the purinergic receptor P2X4, a nonselective cation
channel transiently activated by ATP. P2X4 is abundantly expressed in the apical membrane of bile duct epithelial cells and is
therefore exposed to bile acids under physiological conditions. Here, we hypothesize that P2X4 may also be modulated by bile
acids and investigate whether t-DCA and other common bile acids affect human P2X4 heterologously expressed in Xenopus
laevis oocytes. We find that application of either t-DCA or unconjugated deoxycholic acid (DCA; 250 pM) causes a strong
reduction (~70%) of ATP-activated P2X4-mediated whole-cell currents. The inhibitory effect of 250 uM tauro-
chenodeoxycholic acid is less pronounced (~30%), and 250 pM chenodeoxycholic acid, cholic acid, or tauro-cholic acid did not
significantly alter P2X4-mediated currents. t-DCA inhibits P2X4 in a concentration-dependent manner by reducing the
efficacy of ATP without significantly changing its affinity. Single-channel patch-clamp recordings provide evidence that t-DCA
inhibits P2X4 by stabilizing the channel’s closed state. Using site-directed mutagenesis, we identifiy several amino acid
residues within the transmembrane domains of P2X4 that are critically involved in mediating the inhibitory effect of t-DCA on
P2X4. Importantly, a W46A mutation converts the inhibitory effect of t-DCA into a stimulatory effect. We conclude that t-DCA

directly interacts with P2X4 and decreases ATP-activated P2X4 currents by stabilizing the closed conformation of the

channel.

Introduction

The human P2X receptor family of ATP-gated nonselective
cation channels consists of seven members (P2X1-7; North,
2002). P2X receptors are critically involved in ATP-mediated
purinergic auto-/paracrine cell signaling and play an impor-
tant role in various physiological processes, including renal
autoregulation, intestinal neurotransmission, and the regulation
of vascular tone (Corriden and Insel, 2010; Kaczmarek-Hajek
et al., 2012). Upon ATP binding, P2X channels undergo a con-
formational change, resulting in the opening of an ion perme-
ation pathway (Khakh and North, 2006). This leads to Na* and,
most importantly, Ca?* influx, which results in a wide range of
cellular responses.

Recent evidence suggests that P2X-mediated purinergic sig-
naling contributes to liver and biliary homeostasis (Fausther
et al,, 2012). Among the members of the P2X family, the P2X4
receptor has the most prominent expression in liver and bile
ducts (Doctor et al., 2005; Fausther et al., 2012; Tabibian et al.,
2013). Moreover, the P2X4 receptor was found to be abundantly

expressed in the apical membrane of intrahepatic bile duct ep-
ithelial cells, the cholangiocytes (Doctor et al., 2005). Thus, bile
acids may directly interact with P2X4 in bile ducts under
physiological conditions.

Several allosteric modulators of P2X4 have been identified,
i.e., protons, zinc ions, ethanol, neurosteroids, and the antipar-
asitic drug ivermectin (IVM; Coddou et al., 2011a,b; Habermacher
et al.,, 2016). For the lipophilic compound IVM, a putative
binding site has been described within the transmembrane do-
mains of P2X4 at the intersubunit protein-membrane inter-
face (Silberberg et al., 2007; Popova et al., 2013; Latapiat et al.,
2017). The amphiphilic bile acids are also membrane active
substances, which may incorporate into the membrane and
interact with the transmembrane domain of P2X4. Recently,
we have demonstrated that bile acids can modify the function
of the acid-sensing ion channel (ASIC) la (ASICla) and other
members of the epithelial sodium channel (ENaC)/degenerin
(DEG) ion channel family (Ilyaskin et al., 2016, 2017, 2018).
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Moreover, we described a putative bile acid binding region at
the intersubunit interface within the transmembrane domain
of ENaC/DEG channels (so-called degenerin region). Thus, the
proposed bile acid binding site of ENaC/DEG channels and the
putative IVM binding site of P2X4 are both thought to involve
transmembrane domains between adjacent channel subunits.

ASICs and P2X receptors have no significant amino acid se-
quence homology. However, a comparison of the Danio rerio
P2X4.1 crystal structure (67% sequence similarity with human
P2X4) with that of ASICI revealed a high degree of similarity in
topology and architecture of the two channels (Gonzales et al.,
2009; Kawate et al., 2009; Hattori and Gouaux, 2012). Similar to
ASIC1, P2X4 forms homotrimeric channels and the structure of
individual P2X4 subunits is characterized by a large extracel-
lular domain, short intracellular N- and C-termini, and two
transmembrane helices (TM1 and TM2).

We hypothesized that due to their structural similarities
ASIC1 and P2X4 may share some common mechanisms of
channel regulation and channel gating. The aim of the present
study was to investigate whether bile acids affect ATP-activated
P2X4-mediated currents.

Materials and methods

Chemicals

Sodium salt of cholic (CA) and tauro-cholic acid (t-CA), deoxy-
cholic (DCA) and tauro-deoxycholic acid (t-DCA), chenodeoxy-
cholic (CDCA) and tauro-chenodeoxycholic acid (t-CDCA), as
well as ATP dipotassium salt were purchased from Sigma-
Aldrich.

Plasmids

Genomic product (full-length cDNA encoding human P2X4;
1.M.A.G.E.Clone ID 5216449; Lennon et al., 1996) was provided by
Source BioScience UK Limited. It was subcloned into the pTLN
vector (Lorenz et al., 1996). Linearized plasmids were used as
templates for complementary RNA (cRNA) synthesis using T7
RNA polymerases (mMessage mMachine; Ambion). Single-point
mutations (Y42A, W46A, W50A, W51A, D331A, M336A) were
introduced in P2X4 using the QuikChange II site-directed mu-
tagenesis kit (Stratagene). Sequences were confirmed by
sequence analysis (LGC Genomics). An antisense phosphothioat-
oligoDNA against Xenopus Cx38 was synthesized by biomers.
net GmbH.

Isolation of oocytes and two-electrode

voltage-clamp experiments

Isolation of oocytes and two-electrode voltage-clamp experi-
ments were performed essentially as described previously
(Diakov and Korbmacher, 2004; Haerteis et al., 2009; Diakov
et al., 2010; Ilyaskin et al., 2016, 2017, 2018). Defolliculated
stage V-VI oocytes were collected from ovarian lobes of female
ZXenopus laevis with approval of the animal welfare officer of the
University of Erlangen-Niirnberg, in accordance with the prin-
ciples of German legislation and under state veterinary health
inspectorate governance. Animals were anesthetized in
0.2% ethyl 3-aminobenzoate methanesulfonate (MS-222;
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Sigma-Aldrich), and ovarian lobes were obtained by a small
abdominal incision. Oocytes were injected with 2-5 ng cRNA for
WT or mutant human P2X4. To suppress the expression and
possible interference of endogenous connexin 38 (Cx38) hemi-
channels, an established approach (Ebihara, 1996; Bahima et al.,
2006) was used. 3 ng of the antisense phosphothioat-oligoDNA
corresponding to nucleotides -5 to +25 of the coding region of
Cx38 (5'-GCTTTAGTAATTCCCATCCTGCCATGTTTC-3') was
routinely co-injected into the oocytes together with P2X4 cRNA.
Oocytes injected only with antisense DNA against Cx38 were
used as control oocytes. To minimize P2X4-mediated Na* influx,
injected oocytes were kept in a low-sodium solution (ND9; in
mM: 9 NaCl, 2 KCl, 87 N-methyl-D-glutamine-Cl, 1.8 CaCl,,
1 MgSO,, and 5 HEPES, pH 7.4 adjusted with Tris) supplemented
with 100 units/ml sodium penicillin and 100 pg/ml streptomycin
sulfate to inhibit bacterial growth. Oocytes were studied 48 h
after cRNA injection. To prevent an activation of endogenous
calcium-activated chloride channels by P2X4-mediated calcium
influx, Ca?*-free ND96 solution was routinely used as bath so-
lution (in mM: 96 NaCl, 4 KCl, 1 EGTA, 1 MgCl,, and 10 HEPES,
pH 7.4 adjusted with Tris). Bath solution exchanges with a
gravity-fed system were controlled by a magnetic valve system
(ALA BPS-8) in combination with a TIB14 interface (HEKA). An
individual oocyte was placed in an experimental chamber with a
narrow flow channel (length: 45 mm; height: 3 mm; width: 3
mm) with a U-shaped cross-section of ~8 mm?. The oocyte was
positioned in the experimental chamber close to the site of so-
lution inflow and was held in place by the impaling micro-
electrodes. To achieve rapid and reproducible solution exchanges
at the oocyte, the perfusion rate was carefully adjusted for each
experimental solution to ~10 ml/min, resulting in a flow velocity
of ~20 mm/s. The flow channel drained into a reservoir (2 cm x
1 cm) from which the solution was continuously removed via a
suction tube. The suction tube was adjusted to maintain the fluid
level in the flow channel at ~2 mm. Whole-cell current record-
ings started typically within 10 s after impalement of an oocyte
with microelectrodes. Oocytes were clamped at a holding po-
tential of -60 mV using an OC-725C amplifier (Warner Instru-
ments) connected by a LIH-1600 (HEKA) to a personal computer.
Pulse 8.78 software (HEKA) was used for data acquisition.

Single-channel recordings in outside-out patches

Single-channel recordings in outside-out membrane patches
of P2X4-expressing oocytes were performed 48 h after in-
jection of 2 or 5 ng WT P2X4 cRNA using a conventional
patch-clamp technique essentially as described previously
(Diakov and Korbmacher, 2004; Lefévre et al., 2014; Ilyaskin
et al., 2016, 2017, 2018). Patch pipettes were pulled from
borosilicate glass capillaries and had a tip diameter of
~1-1.5 um after fire polishing. Pipettes were filled with
K-gluconate pipette solution (in mM: 90 K-gluconate, 5 NaCl,
2 EGTA, and 10 HEPES, pH 7.2 adjusted with Tris). The pi-
pette solution contained no ATP to avoid a possible exposure
of P2X4 to ATP during seal formation. Ca2*-containing ND96
solution was used as bath solution (in mM: 96 NaCl, 4 KCl,
1 CaCl,, 1 MgCl,, and 10 HEPES, pH 7.4 adjusted with Tris). In
this bath solution, the pipette resistance averaged ~7-9 MQ.
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The holding potential was set to -70 mV. Using a 3-M KCI
flowing boundary electrode, the liquid junction potential oc-
curring at the pipette/ND96 bath junction was measured to be
12 mV (bath positive; Lefévre et al., 2014). Thus, at a holding
potential of -70 mV, the effective trans-patch potential was
-82 mV. This value is close to the calculated equilibrium po-
tential of Cl~ (E¢;” = -77.4 mV) and K* (Ex* = -79.4 mV) under
our experimental conditions. Experiments were performed at
room temperature using an elongated flow chamber contin-
uously perfused with bath solution. To change from one bath
solution to another a conventional gravity-fed system con-
trolled by a magnetic valve system (ALA BPS-8) was used in
combination with a TIB14 interface (HEKA). The manifold
receiving the different experimental bath solutions and the
small-diameter tube (internal tube diameter: 1 mm) con-
necting the manifold to the experimental chamber had a dead
volume of ~50 pl. At a flow rate of ~1 ml/min, the estimated
exchange time of the dead volume was ~3 s. Thus, when
switching from one solution to another solution, the fluid
exchange at the patch occurred with a delay of ~3 s. Indeed,
this estimated delay time is consistent with previously pub-
lished data obtained with the same experimental system
(Ilyaskin et al., 2017). Re-analysis of the data from this latter
study revealed a rather constant delay time of 2.8 + 0.3 s (n =
12) between switching the magnetic valve to a low-pH solu-
tion and the onset of proton-activated ASICl-mediated cur-
rents. The excised patch at the tip of the pipette was
positioned in the chamber in close proximity to the opening of
the inflow tube in the center of the fluid flow, which had a
velocity of ~20 mm/s, ensuring a reasonably rapid solution
exchange at the patch after the delay caused by the dead
volume. Single-channel current data were initially filtered at
2 kHz and sampled at 6 kHz. The current traces were digitally
refiltered at 400 Hz using Gaussian filtering to resolve single-
channel events. Filtering at a higher frequency was not used
to avoid detection of false-positive events. The apparent
number of active channels in a patch was determined by vi-
sual inspection of the current traces. Single-channel data were
analyzed using the program “Nest-o-Patch” written by Dr. V.
Nesterov. Binned amplitude histograms were generated to
determine channel closed and open levels and to estimate the
single-channel current amplitude (i). In patches with only one
active channel, open probability (P,) was estimated from the
time integral of current exceeding the channel closed level
divided by the product of i and total duration of the analyzed
portion of the current trace. Alternatively, dwell-time data
generated for the analysis of single-channel kinetics were
used to estimate P, according to the following equation:
Py = topen/ (topen + tdose), where topen is the sum of the durations
of all channel openings and t,,,, is the sum of the durations of
all channel closures. Dwell times were determined by de-
tecting individual channel opening and closing events using a
half-amplitude threshold crossing algorithm. With Gaussian
filtering at 400-Hz cutoff frequency the minimal duration of a
detectable event was ~0.45 ms. Durations of channel open and
closed times from similar recordings were summarized in a
joint events table. The latter was used to calculate mean
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channel open and closed times and to generate dwell-time
histograms as described by Sigworth and Sine (1987) for the
analysis of open-time and closed-time constants. Dwell-time
histograms were fitted with exponential functions using R
environment for statistical computing version 3.5.2 (R Foun-
dation for Statistical Computing; www.R-project.org).

Homology models of human P2X4 and molecular

docking approach

The homology models of human P2X4 were built using the
MODELLER 9.12 package (Sali and Blundell, 1993; Webb and Sali,
2014) and the crystal structure of D. rerio P2X4.1 in its closed state
(PDB accession no. 4DWO) or open state (PDB accession no. 4DW1)
as a template (Hattori and Gouaux, 2012). Putative t-DCA binding
site in the transmembrane domains of human P2X4 in the channel
closed state was predicted using the molecular docking software
AutoDock Vina (Trott and Olson, 2010). The structure of t-DCA was
extracted from ZINC version 12 database (ZINC ID: ZINC04282168;
Irwin and Shoichet, 2005). The t-DCA structure was prepared for
docking by defining the rotatable bonds using AutoDockTools 1.5.6
(Sanner, 1999; Morris et al, 2009). The grid box defining the
docking boundaries was assigned using AutoDockTools 1.5.6. Ten
runs of the program were performed with 10 binding modes gen-
erated per run, giving a total number of 100 docked t-DCA modes.

Statistical methods

Data are presented as means + SEMs and individual data points.
Statistical significance was assessed by unpaired Student’s t test
or the one-way ANOVA with Bonferroni post hoc test. N in-
dicates the number of different batches of oocytes and n the
number of individual oocytes studied. Data of concentration-
dependent P2X4 inhibition by t-DCA and ATP-dependent
stimulation of P2X4 were normalized as indicated in the corre-
sponding figures and were fitted using the following equation:

Quorm = Quormnin * (Quommax = Quommin) / [1+ (Cs0/0)™ |, (1

where Quorm s the actual normalized current integral, Qnorm,min
is the minimal normalized current integral, Qnormmax iS the
maximal normalized current integral, C is the concentration of
t-DCA or ATP, Cso is the t-DCA or ATP concentration at which
the half-maximal response occurs, and Hill is the Hill coefficient.

The initial linear phase of an individual ATP-activated P2X4-
mediated ensemble current response was fitted with a linear
function:

Ipoxa = Saat, (2)

where Ipyx, is the ATP-activated P2X4-mediated ensemble cur-
rent, s,z is the slope of the linearly increasing current, and t
is time.

The spontaneous decrease in the P2X4-mediated ensemble
current was fitted with an exponential decay function:

Ipaxa = Ipoxamax€ ﬁ: (3)
where Ipyx, is the ATP-activated P2X4-mediated ensemble cur-
rent, Ipsxa max is the maximal ATP-activated P2X4-mediated en-
semble current, Tin: is the characteristic time constant of
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spontaneous current inactivation, and t is time. Statistical
analysis was performed using GraphPad Prism 5.04.

Results
Modulation of human P2X4 by bile acids
We have previously shown that t-DCA has a strong stimulatory
effect on human ENaC in its apy and 8By subunit configuration,
on human bile acid-sensitive ion channel (BASIC) and on human
ASICla (Ilyaskin et al., 2016, 2017, 2018). Therefore, we inves-
tigated the effect of t-DCA on human P2X4 heterologously ex-
pressed in X. laevis oocytes. P2X4-mediated whole-cell currents
were measured using the two-electrode voltage-clamp tech-
nique. As shown in the representative current trace in Fig. 1 A,
repeated applications of ATP (10 uM for 10 s with 2-min inter-
vals) elicited the expected P2X4-mediated inward current re-
sponses in oocytes expressing P2X4. A Ca%*-free bath solution
was used to prevent P2X4-mediated calcium entry and activa-
tion of endogenous calcium-activated chloride channels. Thus,
under these experimental conditions we can assume that the
inward currents observed upon ATP application at a holding
potential of -60 mV result from Na* influx through activated
P2X4 channels. In control oocytes, application of 100 uM ATP
had no appreciable effect on whole-cell currents (Fig.1D; n = 25,
N = 2). Repeated ATP applications resulted in a progressive de-
cline of the P2X4 current response due to the known phenom-
enon of irreversible channel desensitization (Fountain and
North, 2006). On average, the current responses to the second
and third ATP application were reduced by 19 + 2% and 39 + 2%,
respectively, compared with the current response elicited by the
initial ATP application in the same recording (n = 14, N = 1; Fig. 1
A). Importantly, when t-DCA (250 uM) was present in the bath
solution during the second ATP application (Fig. 1 B), the re-
duction in the second ATP response compared with the initial
response was much more pronounced (82 * 1%) than under
control conditions in the absence of t-DCA. After t-DCA washout,
the third ATP response recovered and was only 40 + 2% smaller
than the initial response. This reduction was similar to that of
the third ATP response in the absence of t-DCA and can be at-
tributed to irreversible channel desensitization (n = 20, N = 2;
Fig. 1 B). Thus, these experiments demonstrate that t-DCA
strongly and reversibly inhibits ATP-activated P2X4-mediated
currents. Moreover, t-DCA does not seem to have any impact
on the rate of P2X4 desensitization caused by repeated ATP
applications. We also tested whether t-DCA applied alone for a
prolonged period of time (60 s) affects P2X4 currents. As dem-
onstrated in a representative recording in Fig. 1 C, t-DCA did not
elicit any P2X4 currents, whereas subsequent application of ATP
elicited a typical P2X4 current response. In summary, our re-
sults demonstrate that t-DCA has no effect on P2X4 per se but
significantly inhibits ATP-activated P2X4-mediated currents.
Next we tested whether other common human bile acids—
DCA, CA, CDCA, or the corresponding tauro-conjugated forms
(t-CA, t-CDCA) —have similar effects on P2X4 currents as t-DCA.
As discussed above, repeated ATP applications cause irreversible
channel desensitization, which complicates the quantification of
bile acid-mediated effects on the current response to ATP.
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Figure 1. Inhibition of ATP-activated P2X4-mediated currents by t-DCA.
(A and B) Left panels: Representative whole-cell current traces recorded in
human P2X4-expressing oocytes. ATP (10 uM) and t-DCA (250 puM) were
present in the bath solution as indicated by open and filled bars, respectively.
Zero current level is indicated by a dotted horizontal line. Right panels:
Summary of results from similar experiments as shown in the left panels (A:
n=14,N =1;B:n =20, N = 2). Lines connect data points obtained in the same
experiment. To quantify current responses, the integral of the inward current
elicited by ATP application below the baseline was determined for each re-
sponse. The current integral values of the second and third ATP-activated
responses were normalized to the current integral of the first response in
each individual recording (normalized current integral). ***, Second nor-
malized responses in A and B are significantly different (P < 0.001). n.s., not
significant. Third normalized responses in A and B are not significantly dif-
ferent; Student’s ratio t test. (C) Representative whole-cell current trace
recorded in a human P2X4-expressing oocyte. ATP (10 pM) and t-DCA
(250 uM) were present in the bath solution as indicated by open and filled
bars, respectively. Zero current level is indicated by a dotted horizontal line
(n = 25, N = 2). (D) Representative whole-cell current trace recorded in a
control oocyte. ATP (100 uM) was present in the bath solution as indicated by
open bar. Zero current level is indicated by a dotted horizontal line (n = 25,
N =2).

Therefore, we modified the experimental protocol for all sub-
sequent experiments and applied ATP (10 uM) only once on each
individual P2X4-expressing oocyte. In matched oocytes from the
same batch ATP was applied in an alternating manner either in
the presence or in the absence of bile acid (Fig. 2). ATP was
typically applied ~10 s after the beginning of the whole-cell
current recording. As shown in Fig. 2 A, t-DCA (250 pM) sig-
nificantly reduced the ATP-activated P2X4-mediated current
response compared with that of control oocytes, on average by
68 + 3% (P < 0.001, n = 20, N = 2). This finding further confirms
the inhibitory effect of t-DCA on P2X4 observed using the ex-
perimental protocol with repeated ATP applications (Fig. 1 B).
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Co-application of ATP with unconjugated DCA (250 uM) had a
similar 73 + 2% inhibitory effect on P2X4 (P < 0.001, n = 20, N =
2; Fig. 2 B). This indicates that the taurine moiety of t-DCA does
not play an important role in mediating the inhibitory effect of
t-DCA on P2X4. The inhibitory effect of 250 pM t-CDCA was
only 25 + 9% (P < 0.05, n = 21, N = 2; Fig. 2 C). In the same
concentration, CDCA (Fig. 2 D), t-CA (Fig. 2 E), or CA (Fig. 2 F)
had no significant effect on P2X4-mediated currents. In addi-
tional experiments (n = 20, N = 2), we increased the concen-
tration of CDCA, t-CA, and CA up to 500 pM. However, even in
this high concentration, these bile acids did not significantly
alter P2X4-mediated currents. In conclusion, among the bile
acids tested, DCA and t-DCA had the most potent inhibitory ef-
fect on P2X4.

To estimate the apparent affinity of P2X4 to t-DCA, we tested
the inhibitory effect of t-DCA using six different concentrations:
10 pM, 31 pM, 63 pM, 125 pM, 250 pM, and 500 pM. A t-DCA
concentration higher than 500 pM was not used, because it may
compromise the integrity of the plasma membrane of the oo-
cytes. To avoid the channel rundown, we used matched oocytes
from the same batch and applied ATP (10 M) only once on each

Ilyaskin et al.
Inhibition of human P2X4 by bile acids

JGP

Figure 2. DCA in tauro-conjugated or unconjugated form
has the strongest inhibitory effect on P2X4 among the bile
acids tested. (A-F) Left panels: Representative whole-cell
current traces recorded in human P2X4 expressing oocytes.
ATP (10 pM) and bile acids (A: t-DCA; B: DCA; C: t-CDCA; D:
CDCA; E: t-CA; F: CA; all in a concentration of 250 uM) were
present in the bath solution as indicated by open and filled bars,
respectively. Zero current level is indicated by a dotted hori-
zontal line. Right panels: Summary of results from similar ex-
periments as shown in the corresponding left panels. The ATP-
activated current integral was calculated in each recording as
described in Fig. 1 and normalized to the mean current integral
determined in matched control oocytes (i.e., in the absence of
bile acids) from the corresponding batch of oocytes (normalized
current integral). Mean + SEM values and individual data points
are shown (20 < n < 21; N = 2); *** *, Significantly different, P <
0.001 and P < 0.05, respectively; n.s., not significant; Student’s
ratio t test.

individual P2X4-expressing oocyte either in the absence or
presence of different t-DCA concentrations. As evident from
representative current traces shown in Fig. 3 A, P2X4-mediated
currents were inhibited by t-DCA in a concentration-dependent
manner. The summary of the data demonstrated that a satu-
rating concentration of t-DCA was not reached (Fig. 3 B). With
this limitation, we estimated a half maximal inhibitory con-
centration (ICso) of ~160 M.

Overall, our results demonstrate that DCA in unconjugated
and tauro-conjugated form significantly reduces P2X4-mediated
currents activated by ATP.

P2X4 affinity to ATP is not significantly changed in the
presence of t-DCA

In further experiments, we characterized the inhibitory effect
of t-DCA on P2X4 in more detail. To examine whether t-DCA
affects the affinity of P2X4 to ATP, we investigated the
concentration dependence of P2X4 activation by ATP under
control conditions and in the presence of t-DCA (Fig. 4).
To avoid channel rundown, we used matched oocytes from
the same batch and applied ATP only once on each individual

Journal of General Physiology
https://doi.org/10.1085/jgp.201812291

€202 1890300 0 uo Jesn Bingsuabay Aq ypd- 16221810z dbl/zzz081/028/9/151/4pd-8jone/dbl/Bio sseidnyy/:diy wouy papeojumoq

824


https://doi.org/10.1085/jgp.201812291

A

[t-DCA]: 10 uM

ATP —
[=] =]

1.29

104

0.8

31 uM

—
[m=]

63 uM 125 uM 250 uM 500 uM

I
[==]

|

| L]
[==] [==]

S o
w".:
>

oy,

0.6

0.4 IC;,~ 160 yM

0.2

0.0+— t T T T T 1
[t-DCA] 55 -50 -45 -40 -35 -3.0

@  Normalized current integral

o

Figure 3. Concentration-dependent inhibition of ATP-activated P2X4
currents by t-DCA. (A) Representative P2X4-mediated whole-cell current
traces recorded in individual matched oocytes from the same batch of oo-
cytes in the absence of t-DCA or in the presence of t-DCA in the indicated
concentrations. ATP (10 pM) and t-DCA were present in the bath solution as
indicated by open and filled bars, respectively. Zero current level is indicated
by a dotted horizontal line. (B) Concentration-response relationship of the
inhibitory effect of t-DCA on ATP-activated P2X4 currents. Summary of
normalized ATP-activated P2X4 current responses from similar experiments
as shown in A. The current integral of each recording was normalized to the
mean current integral obtained under control conditions (i.e., in the absence
of t-DCA) for the corresponding batch of oocytes. Data are means + SEM (25
< n < 26; N = 3) and were fitted to Eq. 1. ICso, half maximal inhibitory
concentration.

P2X4-expressing oocyte either in the absence or presence of
t-DCA (250 uM) using different ATP concentrations. Increasing
the concentration of ATP from 0.5 to 500 uM resulted in the
expected progressive increase in the mean magnitude of P2X4-
mediated currents (Fig. 4, A and B). The estimated apparent
affinity of ATP to P2X4 (half maximal effective concentration
[ECso] = 4.8 + 1.2 pM; n = 12, N = 2; Fig. 4 C) was close to that
observed in previous studies (Garcia-Guzman et al., 1997; Priel
and Silberberg, 2004; Samways et al., 2011). Importantly, in the
presence of t-DCA, the apparent affinity of ATP to P2X4 (ECs =
2.4 + 1.3 pM; n = 12, N = 2; Fig. 4 C) was similar to that under
control conditions, whereas the efficacy of ATP to activate P2X4
currents was dramatically reduced. Thus, t-DCA-mediated in-
hibition of P2X4 is due to reduced efficacy but not affinity
of ATP.

t-DCA stabilizes the closed state of P2X4

To investigate how t-DCA affects P2X4 channel function, we
used the outside-out configuration of the patch-clamp tech-
nique. For better patch stability these recordings were per-
formed in Ca?*-containing ND96 solution. A possible activation
of endogenous calcium-activated chloride channels by P2X4-
mediated Ca?* influx was prevented by the presence of EGTA
in the pipette solution. In outside-out patches from control
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Figure 4. Concentration-dependent stimulation of P2X4 by ATP under
control conditions and in the presence of t-DCA in the bath solution. (A
and B) Representative P2X4-mediated whole-cell current traces recorded in
matched oocytes from the same batch stimulated by ATP applied in the in-
dicated concentrations in the absence (A) or presence (B) of t-DCA (250 pM)
in the bath solution. ATP and t-DCA were present in the bath solution as
indicated by open and filled bars, respectively. Zero current level is indicated
by a dotted horizontal line. (C) Summary of results from similar experiments
as shown in A and B and concentration-response curves of ATP-dependent
stimulation of P2X4 currents recorded under control conditions (control,
black symbols) or in the presence of t-DCA (t-DCA, red symbols). The current
integral of each recording was normalized to the mean current integral ob-
tained with 500 uM ATP applied under control conditions (i.e., in the absence
of t-DCA) for the corresponding batch of oocytes (normalized current inte-
gral). Data are means + SEM (n = 12, N = 2) and were fitted to Eq. 1.

oocytes, application of ATP (100 uM) did not activate any en-
dogenous currents (Fig. 5 A; n = 16, N = 2), consistent with our
whole-cell current recordings from control oocytes (see Fig. 1D).
Fig. 5 B shows a representative recording from an outside-out
patch excised from an oocyte expressing P2X4. In the absence of
ATP no channel activity was detected. In contrast, exposure of
the patch to ATP (100 uM) elicited a transient inward current
response caused by the simultaneous activation of many P2X4
channels present in the patch. In ensemble current recordings
like this, individual single-channel current events could not be
resolved due to a high density of P2X4 channels present in the
plasma membrane. In the continuous presence of ATP the peak
response was followed by a spontaneous decline of channel ac-
tivity due to the known phenomenon of channel inactivation
(Coddou et al., 2011b). After ATP washout, a small residual
channel activity persisted. Compared with the rapid onset of the
ATP-induced current response in whole-cell recordings, the
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Figure 5. t-DCA slows down the ATP-mediated activation of ensemble P2X4 currents and facilitates the spontaneous inactivation of the channel.
(A) Representative continuous current trace recorded at a holding potential of ~70 mV from an outside-out patch obtained from a control oocyte. Application
of ATP (100 uM) is indicated by an open bar. (B and C) Representative continuous current traces recorded at a holding potential of ~70 mV from outside-out
patches obtained from an oocyte expressing P2X4. Application of ATP (100 uM) and t-DCA (250 uM) is indicated by open and filled bars, respectively. Linear fit
of initial phase of ATP-activated currents and exponential decay fit of the subsequent spontaneous current decrease were calculated as described in Materials
and methods and delineated in red. To quantify the responses, the current integral (Q, pC), the slope of the initial P2X4-mediated ensemble inward current
increase (s, PA/s), and the time constant of the spontaneous P2X4 ensemble current inactivation (Tin.c, S) were determined for each recording.
(D-F) Summary of results from similar experiments as shown in B and C. Data are means + SEM and individual data points (n = 9, N = 5). *** *, Significantly

different, P < 0.001 and P < 0.05, respectively (Student’s t test).

peak response to ATP was somewhat delayed in outside-out
patches. The delay time from switching to ATP containing
bath solution to the onset of the peak response was, on average,
~14 s, ranging 4-22 s. It is unlikely that this long and variable
delay of the ATP response was caused by solution exchange
artifacts, because the experimental setup ensured a reasonably
rapid solution exchange at the patch after a constant delay time
of ~3 s due to the dead volume of the fluid exchange system (see
Materials and methods). However, we have to consider the
possibility that in excised patches the accessibility of ATP to
P2X4 may be restricted or that patch excision alters the activa-
tion kinetics of P2X4 by unknown mechanisms. Interestingly, a
second application of ATP to an outside-out patch usually re-
sulted in the activation of only very few channels, even when the
first ATP application elicited a sizable ensemble current re-
sponse. Thus, irreversible channel desensitization after ATP
exposure appeared to be more pronounced in outside-out
patches than in whole-cell recordings. At present, we cannot
provide an explanation for these differences, but our ob-
servations are consistent with the previously reported finding

Ilyaskin et al.
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that P2X4 function is slightly altered and less stable in excised
patches compared with intact cells (Priel and Silberberg, 2004).
Nevertheless, the ATP-activated P2X4-mediated ensemble cur-
rent response in outside-out patches was overall similar to that
observed in whole-cell current recordings (see Fig. 2 A).

To validate our finding from whole-cell recordings, we tested
whether t-DCA also inhibits P2X4-mediated ensemble currents
in outside-out patches. To avoid the problem of irreversible
P2X4 inactivation after ATP exposure, individual patches were
exposed only once to ATP either in the presence or absence of
t-DCA (250 uM). As shown in the representative current trace in
Fig. 5 C, t-DCA significantly reduced the ATP-activated P2X4-
mediated current response (29.4 pC) compared with the control
response (76.8 pC) in the absence of t-DCA (Fig. 5 B). On average,
t-DCA caused a significant 76 + 3% reduction in the ATP-induced
P2X4-mediated inward current response (P < 0.001,n=9,N=5;
Fig. 5 D), which is in good agreement with the degree of inhi-
bition observed in the whole-cell current recordings. The initial
linear phase of the peak response elicited by ATP was fitted with
a linear function (Eq. 2; see Materials and methods) to estimate
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ATP

the slope of the initial P2X4-mediated inward current increase
(Sact» PA/s). The subsequent current decline was fitted with an
exponential decay function (Eq. 3; see Materials and methods) to
estimate the time constant of P2X4 current inactivation (Tipact S)-
As illustrated by the representative traces in Fig. 5, B and C, the
slope of the ATP-activated current increase was considerably
reduced in the presence of t-DCA (0.59 pA/s) compared with
control conditions (5.6 pA/s). Moreover, the spontaneous cur-
rent inactivation was faster in the presence of t-DCA than in its
absence, with time constants of 6.2 s and 10.8 s, respectively
(Fig. 5, B and C). Summarizing results from similar experiments
confirmed that the slope of the initial P2X4-mediated inward
current increase (Fig. 5 E) and the time constant of the subse-
quent current decline (Fig. 5 F) were significantly decreased in
the presence of t-DCA compared with control. These results in-
dicate that t-DCA slows down ATP-induced P2X4 channel acti-
vation and facilitates subsequent channel inactivation.

The altered kinetics of the ensemble current response to ATP
in the presence of t-DCA suggest that t-DCA stabilizes the closed
state of P2X4. To confirm this, we studied P2X4 single-channel
activity in outside-out patches. To increase the likelihood of
resolving single-channel events, we reduced the expression level
of P2X4 by reducing the amount of cRNA injected per oocyte
from 5 to 2 ng. This reduced channel density at the plasma
membrane and hence the number of active channels per patch.
Fig. 6 shows a recording from an outside-out patch with a cur-
rent response to ATP during which single-channel events could
be resolved as illustrated in the insets. In the initial phase of the
response, up to seven apparent channel levels were detected
(left inset of Fig. 6). After ATP washout at the end of the re-
cording, only one channel remained active in the patch with
occasional bursts of channel openings (right inset of Fig. 6). The
amplitude histogram revealed a single-channel current ampli-
tude of ~0.35 pA. At a trans-patch potential of -82 mV this
corresponds to a single-channel conductance of ~4.3 pS. This is
lower than the conductance of ~9 pS reported for human P2X4
in Mg?*-free bath solution containing 140-150 mM Na* (Evans,
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Figure 6. ATP-activated P2X4-mediated current re-
sponse with single-channel events recorded from an
outside-out patch. Representative continuous current
trace recorded at a holding potential of =70 mV from an
outside-out patch of a P2X4-expressing oocyte. Appli-
cation of ATP (100 pM) is indicated by an open bar. The
insets show the indicated fragments of the 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 single-channel current amplitude (i). The
current level at which all channels are closed (C) was
determined at the beginning of the trace before ATP
application. Dotted lines in the insets indicate channel
open levels (1-7).

1996; Negulyaev and Markwardt, 2000). This latter Na* con-
centration is ~50% higher than the Na* concentration of 96 mM
used in the present study. Moreover, our bath solution con-
tained 1 mM Mg?*, which significantly reduces the conductance
of P2X4 (Negulyaev and Markwardt, 2000). These experimental
differences may well explain the lower single-channel conduc-
tance in our recordings. Taken together, our findings support
the conclusion that the current response elicited by ATP is due to
the activation of P2X4 channels.

The reduced P2X4 expression level allowed us to obtain
several recordings with only one apparent active single channel
in the patch (Fig. 7). These patches were used to analyze the
effects of t-DCA on single-channel properties of P2X4 including
single-channel kinetics. To activate P2X4, ATP was applied for
60 s in the absence (Fig. 7 A) or presence (Fig. 7 B) of t-DCA. As
mentioned above, the onset and duration of the ATP response
varied from patch to patch. Therefore, we focused our analysis
on the middle portion (~20 s) of the current traces recorded
during a 60-s exposure to ATP. In this middle portion, single-
channel activity was observed in all patches analyzed. The es-
timated single-channel current amplitude of channels in
patches with only one apparent active channel was similar to
that observed in patches with several active P2X4 channels,
which confirms the molecular identity of these channels.
Single-channel current amplitude was not significantly af-
fected by t-DCA (Fig. 7 C). In contrast, P, was significantly
decreased by t-DCA (Fig. 7 D). To reveal an effect of t-DCA on
single-channel kinetics, dwell times were analyzed using a
half-amplitude threshold crossing algorithm to detect individ-
ual channel closing and opening events (see Materials and
methods). For each group of patches (i.e., patches with or
without t-DCA application), dwell-time data from individual
patches (n = 7/group; N = 5) were combined and subsequently
analyzed together. These combined dwell-time data confirmed
that P, was about threefold higher under control conditions
(~0.28) than in the presence of t-DCA (~0.09). This is consis-
tent with the P, data shown in Fig. 7 D, which were estimated
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Figure 7. t-DCA stabilizes the closed state of P2X4. (A and B) Examples of continuous current traces recorded at a holding potential of =70 mV from
outside-out patches in which ATP activated only one P2X4 channel. Application of ATP (100 uM) and t-DCA (250 pM) is indicated by open and filled bars,
respectively. The insets show the middle portions (~20 s) of the current traces during ATP exposure on an expanded time scale as indicated. Binned current
amplitude histograms obtained from these portions are shown on the right side of the corresponding insets. They were used to determine the closed level of
the channel (C) and the channel open level (1) indicated by the dotted lines and to calculate single-channel current amplitude (i). Channel open probability (P,)
was estimated from the time integral of inward current exceeding the channel closed level divided by the product of i and total duration of the analyzed
portion. (C and D) Summary of results from similar experiments as shown in A and B. Data are means + SEM and individual data points (n = 7/group, N = 5). **,
Significantly different, P < 0.01; n.s., not significant; Student’s t test. (E and F) Dwell-time histograms generated from combined dwell-time data obtained from
current portions as marked in (A) and (B) using all experiments summarized in (C) and (D).

from individual patches using an alternative approach (see closed time was about threefold higher in the presence of t-DCA
Materials and methods). Importantly, the dwell-time data re- (35 ms) than in its absence (9.4 ms). This indicates that t-DCA
vealed that the mean open time of the channel was not affected ~ decreases channel P, mainly by increasing the closed time of
by t-DCA (3.6 ms under both conditions), whereas the mean the channel.
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Figure 8. Homology model of the transmembrane domains of human P2X4. A homology model of human P2X4 was generated based on the crystal
structure of D. rerio P2X4.1 in the closed state. A molecular surface representation of human P2X4 (side view) is shown in the left panel. To visualize the
individual subunits of the P2X4 homotrimer, they are colored in red, green, and blue. The putative location of the plasma lipid bilayer (outer and inner leaflet) is
schematically depicted with DPPC molecules in sticks representation. The inset shows the channel transmembrane domains on an expanded scale in cartoon
representation using the same color code for the individual subunits. Amino acid residues that were substituted by alanine and tested experimentally are
indicated with arrows and shown in stick representation with carbons in green, sulfur in yellow, nitrogens in blue, and oxygens in red. DPPC,

dipalmitoylphosphatidylcholine.

To investigate this further, dwell-time histograms were
generated from recordings in the absence (Fig. 7 E) and presence
(Fig. 7 F) of t-DCA using a logarithmic time axis and a square-
root scaling for the number of events on the ordinate as de-
scribed by Sigworth and Sine (1987). Two open-time constants
and three closed-time constants were estimated from these
histograms. The estimated open-time constants and their per-
centage contributions were 1.7 ms (76%) and 5.6 ms (24%) in the
absence of t-DCA and 1.7 ms (87%) and 9.2 ms (13%) in the
presence of t-DCA. Thus, t-DCA had little effect on open-time
constants and their relative distribution. In contrast, t-DCA
markedly altered the closed-time histogram. The estimated
closed-time constants and their percentage contributions were
1.9 ms (71%), 10.4 ms (25%), and 70.7 ms (4%) in the absence of
t-DCA and 2.0 ms (44%), 32.5 ms (43%), and 125.3 ms (13%) in the
presence of t-DCA. Thus, t-DCA did not result in the appearance
of an additional closed-time constant but extended the two
longer closed-time constants by a factor of about two to three.
Importantly, t-DCA decreased the percentage contribution of the
short closed-time constant and substantially increased the per-
centage contributions of the two longer closed-time constants.
Taken together, these findings indicate that t-DCA inhibits P2X4
by favoring the closed state of the channel.

Tryptophan (W46), aspartate (D331), and methionine (M336)
located in the transmembrane domains are critically involved
in t-DCA-mediated inhibition of P2X4

In an attempt to identify amino acid residues that are func-
tionally relevant for the t-DCA effect on P2X4 we used a site-
directed mutagenesis approach and replaced several candidate
residues in the two transmembrane domains (TM1 and TM2) of

Ilyaskin et al.
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the channel by alanine. The individually mutated residues are
indicated in the homology model of human P2X4 (Fig. 8), which
we generated based on the crystal structure of D. rerio P2X4 in its
closed state (Hattori and Gouaux, 2012). The residues E51 in TM1
and D331 in TM2 were selected because they are located in a
region of P2X4 that resembles a region of ENaC/DEG channels
that we previously identified as a potential bile acid interaction
site (Ilyaskin et al., 2016, 2017, 2018). In addition, we mutated
several residues that have been reported to be functionally im-
portant for P2X4 modulation by IVM and are located in TM1
(Y42, W46, W50) or TM2 (D331, M336) of P2X4 (Asatryan et al.,
2010; Popova et al., 2013). With the exception of the Y42A mu-
tant, which for unknown reasons could not be functionally
expressed, we detected typical ATP-induced P2X4 current re-
sponses in all other mutant channels. The current responses of
the mutant channels to ATP were qualitatively similar to the
response observed in WT P2X4 (Fig. 9, A-F). As summarized in
Fig. 9 G, the size of the ATP-induced P2X4 current response was
reduced by all tested mutations except for D331A. This may have
various reasons, e.g., reduced expression, impaired trafficking,
or decreased ATP affinity of the mutant channels, but was not
further investigated. The relative inhibitory effect of t-DCA on
the ATP-induced P2X4 current response was fully preserved in
the E51A (Fig. 9 B) and W50A (Fig. 9 D) mutant channels and
averaged 74% and 63%, respectively (Fig. 9 H), which was similar
to the 70% inhibition observed in matched control experiments
with WT P2X4 (Fig. 9 A). In contrast, the relative inhibitory
effect was significantly reduced by the D331A (Fig. 9 C) and the
M336A (Fig. 9 E) mutations, averaging only 38% and 22%, re-
spectively (Fig. 9 H). Importantly, the W46A mutation not only
abolished the inhibitory effect of t-DCA on the ATP-induced
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P2X4 current response but converted it to a stimulatory effect
(Fig. 9 F). Indeed, in experiments with the W46A mutant
channel, the ATP-induced P2X4 current response was, on av-
erage, 41% higher in the presence of t-DCA than in its absence
(Fig. 9 H). Overall, these data suggest that t-DCA functionally
interacts with several amino acid residues within the trans-
membrane domains of P2X4, thereby stabilizing the closed
conformation of the channel.

Docking simulations suggest that binding of t-DCA to the
transmembrane domains of P2X4 involves the residues W46,
D331, and M336

Our mutagenesis experiments demonstrated that the residues
W46, D331, and M336 contribute to mediating the inhibitory
effect of t-DCA on P2X4 currents. To obtain a molecular model
for a possible interaction of t-DCA with the transmembrane re-
gion of the channel in which these residues are localized, we
used a molecular docking approach. The homology model of
human P2X4 in the closed state predicts that these residues form
a cleft between adjacent subunits with W46 positioned in TM1 of
one subunit and D331 and M336 in TM2 of the other subunit
(Fig. 10 A). Molecular-docking simulations were performed and
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Figure 9. D331, M336, and W46 are critically in-
volved in t-DCA-mediated inhibition of P2X4.
(A-F) Left panels: Representative whole-cell current traces
recorded in oocytes expressing human WT (A) or mutant
(B: E51A; C: D331A; D: W50A; E: M336A; F: W46A) P2X4.
ATP (10 uM) and t-DCA (250 uM) were present in the
bath solution as indicated by open and filled bars, re-
spectively. Zero current level is indicated by a dotted
horizontal line. Right panels: Summary of results from
similar experiments as shown in the corresponding left
panels. Current integrals were normalized as described
in Fig. 2. Values are means + SEM and individual data
points are shown (A:n=65N=7;B:n=28N=3;Cn=
25;N=3;D:n=21;N=2;E:n=20;N=2,'F:n=21;N=2);
*x6 x5 %, Significantly different, P < 0.001, P < 0.01,
and P < 0.05, respectively; n.s., not significant; Student’s
ratio t test. (G) Basal ATP-activated currents of mutant
P2X4 channels compared with WT P2X4 from the same
experiments as shown in A-F. The ATP-activated cur-
rent integral was calculated in each recording and was
normalized to the mean current integral determined in
matched control oocytes (i.e., expressing WT P2X4) from
the corresponding batch of oocytes (normalized to WT).
Data are means + SEM. *** ** Significantly different
compared with WT, P < 0.001 and P < 0.01, respectively;
n.s., not significant; one-way ANOVA with Bonferroni
post hoc test. (H) Relative effects of t-DCA on ATP-
activated P2X4 currents (negative values indicate inhi-
bition; positive values indicate stimulation) in oocytes
expressing WT P2X4 or different P2X4 mutant channels.
The current integral calculated in each recording was
normalized as described in Fig. 2. Data are means + SEM
of the normalized current integrals in the presence of
t-DCA from the same experiments as shown in A-F. ***
Significantly different compared with WT, P < 0.001;
n.s., not significant; one-way ANOVA with Bonferroni
post hoc test.

predicted that t-DCA molecules may occupy this cleft (Fig. 10 B).
An overlay of the generated docking modes revealed a prominent
cluster of t-DCA molecules bound to residues W46, D331, and
M336. This is consistent with the hypothesis that t-DCA may
directly interact with this channel region. Structural information
suggests that, in its open conformation, the transmembrane
domains of P2X4 are moved further apart (Hattori and Gouaux,
2012). This probably results in the elimination of the putative
bile aci d binding site as suggested by the model shown in Fig. 10
C. This model predicts that the binding of t-DCA to the putative
bile acid binding site within the channel transmembrane do-
mains is only feasible in the closed state of the channel.

Discussion

In this study, we demonstrated that unconjugated DCA and its
tauro-conjugated form (t-DCA) strongly inhibit ATP-activated
P2X4-mediated currents in X. laevis oocytes. Thus, DCA/t-DCA
are potent negative modulators of P2X4 function. Moreover,
using outside-out patch-clamp measurements and site-directed
mutagenesis, we revealed a possible molecular mechanism of
t-DCA-mediated inhibition of P2X4 activity.
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C

open state

D331
M336

W46

10 A

Figure 10. Docking simulation predicts a putative t-DCA binding site in the intersubunit interface of P2X4 transmembrane domains in the closed
state of the channel. (A and B) For docking simulations, the same homology model of human P2X4 in the closed state was used as shown in Fig. 8. Amino acid
residues forming the putative bile acid binding site are shown in molecular surface representation without (A) and with (B) docked t-DCA molecules. An overlay
of 30 out of 100 similar t-DCA docked modes is depicted in yellow stick representation. Our functional studies suggested that the amino acid residues indicated
with arrows are involved in mediating the inhibitory effect of t-DCA on P2X4. (C) Homology model of human P2X4 in the open state showing the same channel

region as in A and B.

We have previously investigated the effects of bile acids on
several ion channels belonging to the ENaC/DEG ion channel
family (Ilyaskin et al., 2016, 2017, 2018). Notably, t-DCA strongly
stimulated the activity of human ENaC in the afy and 8By
subunit configuration (Ilyaskin et al., 2016) and of human BASIC
(Ilyaskin et al., 2018). Moreover, t-DCA potentiated proton-
activated ASICla currents (Ilyaskin et al., 2017). In view of the
structural similarity between P2X4 and ASIC1 (Gonzales et al.,
2009), we hypothesized that t-DCA may also affect ATP-
activated P2X4 currents. Interestingly, and in contrast to its
stimulatory effect on currents mediated by members of the
ENaC/DEG family of ion channels, t-DCA strongly inhibited
P2X4 currents. This indicates that t-DCA can also modulate the
function of P2X4 but with an inhibitory rather than stimulatory
effect.

Outside-out patch-clamp recordings revealed the effects of
t-DCA on P2X4 function at the single-channel level. We dem-
onstrated that in the presence of t-DCA, P2X4 single-channel
activity (i.e., its open probability, P,) was significantly reduced
compared with control conditions. Theoretically, the decreased
P, of P2X4 by t-DCA may be explained by a decreased duration of
channel openings (destabilization of the channel open state)
and/or an increased channel dwelling time in the closed state
(stabilization of the channel closed state). Analysis of single-
channel kinetics using dwell-time histograms demonstrated
that t-DCA has little effect on the open-time constants and their
relative distribution. In contrast, t-DCA had a marked effect on
the closed-time histogram and, in particular, increased the
percentage contributions of the longer closed-time constants.
Therefore, we conclude that t-DCA stabilizes the closed state of
P2X4. In contrast, we have shown that t-DCA stabilizes the open
state of BASIC, which explains the observed stimulatory effect of
t-DCA on BASIC (Ilyaskin et al., 2018). In addition, t-DCA sig-
nificantly changed the single-channel current amplitude of
ENaC/DEG ion channels, indicating that t-DCA may interact
with a region close to the channel pore (Ilyaskin et al., 2016,

Ilyaskin et al.
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2017, 2018). In concordance with this hypothesis, we demon-
strated that the substitution of a single amino acid residue
within the second transmembrane domain of the ENaC/DEG ion
channels (in the so-called degenerin region) significantly re-
duced the stimulatory effect of t-DCA (Ilyaskin et al., 2016, 2017,
2018). In the present study, t-DCA did not significantly change
the single-channel current amplitude of P2X4, which suggests
that t-DCA does not affect the ion permeation pathway through
the channel. Moreover, the results of site-directed mutagenesis
indicate that t-DCA may bind to P2X4 at a protein-membrane
interface of the channel’s transmembrane domains rather than
in the direct vicinity of the channel pore. Importantly, we
demonstrated that the amino acid residues W46, D331, and M336
are critically involved in mediating the functional effect of
t-DCA on P2X4. These residues are localized in TMI1 and TM2,
respectively, and are positioned at the level of the outer leaflet of
the plasma membrane. Our docking simulations support the
concept that these three residues contribute to a putative bile
acid binding site localized in the transmembrane domains of
P2X4. As discussed by Hattori and Gouaux (2012), the closed
conformation of P2X4 is stabilized by several interactions be-
tween TM2 helices that include contacts between 1340, 1346,
and A347. These residues are localized in close proximity to the
putative bile acid binding site identified in the present study. It
is tempting to speculate that binding of t-DCA to this binding site
may strengthen the interaction of adjacent subunits, thereby
further stabilizing the channel’s closed state.

Bile acids are membrane-active substances (Helenius and
Simons, 1975) and therefore their incorporation into the plas-
ma membrane may potentially influence P2X4 function by
modulating the physical properties of the membrane. Recently,
it has been reported that another purinergic receptor rP2X2 can
be modulated by diverse amphiphilic substances (Schmidt et al.,
2018). The authors proposed that the observed effects were
mainly due to membrane alterations in the presence of tested
surface-active substances. However, a clear correlation between
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the amphiphilic substance-mediated changes in membrane
properties and alterations of P2X2 function was not observed
(Schmidt et al., 2018). Thus, the observed effects may also be
caused by specific interactions of membrane-active substances
with the channel. To summarize, we cannot exclude the possi-
bility that t-DCA inhibits P2X4 at least in part indirectly via a
modulation of membrane characteristics. However, our site-
directed mutagenesis experiments support the conclusion that
the inhibitory effect of t-DCA involves a direct interaction
with P2X4.

Interestingly, the putative t-DCA binding site in P2X4 is lo-
calized in the same channel region as the proposed interaction
site for the positive P2X4 modulator IVM, a macrocyclic lactone
(Habermacher et al., 2016). The mechanism of P2X4 potentiation
by IVM is highly complex and not yet fully understood. Using
site-directed mutagenesis, >20 amino acid residues (including
Y42, W46, W50, E51, D331, and M336 tested in the current study)
within the transmembrane domains of P2X4 have been shown to
be involved in IVM sensitivity (Silberberg et al., 2007; Jelinkova
et al., 2008; Asatryan et al., 2010; Samways et al., 2012; Popova
et al., 2013). Computer molecular dynamics simulations pre-
dicted a direct binding of IVM at the intersubunit interface be-
tween Y42, W46, and W50 in TM1 and M336 in TM2 in the open
state of P2X4 (Popova et al., 2013). Moreover, it has been ex-
perimentally confirmed that IVM stabilizes the open state of
P2X4 (Priel and Silberberg, 2004). Our results suggest that W50
and E51 are not involved in t-DCA sensitivity of P2X4. This in-
dicates that the IVM and t-DCA binding sites in P2X4 may par-
tially overlap but are not identical. Taken together, these
findings suggest that t-DCA interacts with D331, W46, and M336
in the closed state of P2X4, whereas IVM binds to the same
amino acid residues but in the open state of the channel. In-
terestingly, the substitution of W46 by a nonaromatic amino
acid like alanine switched the potentiating effect of IVM to in-
hibition (Popova et al., 2013). In the present study, we observed
the opposite phenomenon: the W46A mutation converted the
inhibitory effect of t-DCA on ATP-activated P2X4 currents into a
stimulatory effect. Computer simulations of rP2X4 predicted
-1 interactions between the aromatic rings of W46, Y42, and
W50 (Popova et al., 2013). Thus, the disruption of these stack
interactions by W46A substitution may disturb IVM-mediated
potentiation as well as t-DCA-mediated inhibition of P2X4.
However, at present, this remains a speculation. A structure of
P2X4 co-crystallized with IVM and t-DCA may help to elucidate
this further.

P2X4 is abundantly expressed in hepatocytes and chol-
angiocytes where its physiological role and regulation remain
to be determined (Doctor et al., 2005; Besnard et al., 2016). In
view of our findings, it is conceivable that in the liver and in
bile ducts bile acids may play a role as local modulators of P2X4
function. Moreover, our findings indicate that the same chan-
nel region is involved in mediating the stimulatory effect of
IVM and the inhibitory effect of t-DCA/DCA. Therefore, it is
tempting to speculate that this channel region contains over-
lapping regulatory sites that may mediate P2X4 stimulation or
inhibition depending on the molecular structure of the inter-
acting substance. It will be a challenge of future research to
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identify naturally occurring amphiphilic/lipophilic substances
or novel pharmacological compounds that can modify P2X4
function by interacting with this channel region. Such sub-
stances may act as physiologically relevant or therapeutically
useful local P2X4 modulators, possibly in a tissue-specific
manner.

In conclusion, our results demonstrate that t-DCA strongly
inhibits P2X4 currents by stabilizing the closed state of the
channel. This effect involves an interaction of the bile acid with
a critical channel region in the intersubunit protein-membrane
interface. The potential (patho-)physiological role of this novel
mechanism of P2X4 regulation remains to be elucidated.
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