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The P2X; receptor (P2X;R) is an ATP-gated, cation-selective channel permeable to Na™, K™ and Ca™. This
channel has also been associated with the opening of a non-selective pore that allows the flow of large organ-
ic ions. However, the biophysical properties of the P2X7R have yet to be characterized unequivocally. We in-
vestigated a region named ADSEG, which is conserved among all subtypes of P2X receptors (P2XRs). It is
located in the M2 domain of hP2X;R, which aligns with the H5 signature sequence of potassium channels.
We investigated the channel forming ability of ADSEG in artificial planar lipid bilayers and in biological mem-
branes using the cell-attached patch-clamp techniques. ADSEG forms channels, which exhibit a preference
for cations. They are voltage independent and show long-term stability in planar lipid bilayers as well as
under patch-clamping conditions. The open probability of the ADSEG was similar to that of native P2X;R.
The conserved part of the M2 domain of P2X;R forms ionic channels in planar lipid bilayers and in biological
membranes. Its electrophysiological characteristics are similar to those of the whole receptor. Conserved and
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hydrophobic part of the M2 domain forms ion channels.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nucleotides and nucleosides, such as ATP and adenosine, respec-
tively, provide a wide variety of biological functions, including serv-
ing as energy carriers, forming the backbone of nucleic acids and
acting as substrates for different enzymes. Moreover, they behave as
extracellular messengers with important biological functions through
the recognition by cellular membrane receptors, designated P1 and
P2 receptors [1-3]. The P1 receptors have adenosine as their major li-
gand and are associated with adenylate cyclase activity. The P2Rs
have ATP, UTP, ADP and UDP as their principal physiological ligands
and are subdivided into the classes P2X receptors (ligand-gated ion
channels) and P2Y receptors (G protein-coupled receptors) [4]. The
cloning of cDNAs that encode P2R has demonstrated that there are
seven P2X subtypes, denoted P2X;_7 [5].

P2X,R differ in many respects from the other subtypes of the P2X
family [6]. The main distinguishing pharmacological properties of this re-
ceptor are (i) a low-agonist potency of ATP (considerably smaller than
that of its structural analog dibenzoyl-ATP (BzATP)), (ii) inhibition by
various divalent cations including Ca>* and Mg?™, and (iii) blockade of
the ATP effect by a range of selective antagonists, such as pyridoxal-
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phosphate-6-azopheryl-2’,4’-disulfonic acid (PPADS) and Brilliant Blue
G (BBG) [7,8]. BBG is the prototypic antagonist, which blocks P2X;R at
a10-100-times higher potency than any other receptor of the P2X family
[9]. This receptor has been found in all cells of the immune system stud-
ied so far, and its prolonged activation results in extensive membrane
blebbing over timescales ranging from seconds to minutes [1] and, even-
tually, in cell death [1,2]. The potent cytotoxicity that accompanies sus-
tained stimulation of P2X;R can be in part related to the ability of this
receptor to drive the release of large amounts of IL-183, and other inflam-
matory cytokines from immune and inflammatory cells [10].

Upon transient stimulation, P2X,R behaves like many other chan-
nels selective for mono- and divalent cations. However, the channel
becomes nonselective upon sustained stimulation and begins to
admit molecules with molecular weights up to 900 Da [5,11-14]. Vir-
ginio et al. [6] have suggested that the increase in permeability indi-
cates that the permeation path undergoes a progressive dilation
rather than a single-step transition from a small size to a large size.
The long C-terminal domain is related to the dilation of this nonselec-
tive pore [3]. Pore dilatation was also observed in P2X;R and in P2X4R.
However, in these channels, dilatation was reversible and it was not
accompanied by a cytosolic effect. The opening velocity of these
pores was estimated to be 1 As~ ! [6].

Experimental studies suggested one trimeric arrangement for this
receptor which can be arranged as homo or heterooligomers [15-20].
Recent X-ray crystallographic studies of P2X4R indicated trimeric
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functional organization [21]. When expressed heterologously, most P2X
receptors (P2XR) isoforms form channels with distinct pharmacological
and kinetic properties [15,22,23]. Their primary sequences contain be-
tween 379 (P2X;R) and 595 (P2X;R) amino acids, and a sequence align-
ment of the first 400 residues reveals more than 30% homology [9].

Topology prediction and hydrophobicity profiles indicate that
each subunit of those receptors (P2X) comprises two transmembrane
segments, TM1 and TM2, arranged such that the intracellular domain
is formed by the amino and carboxy termini. The termini are separat-
ed by a large extracellular region containing 10 positionally con-
served cysteine residues and a variable number of consensus sites
for N-linked glycosylation [24,25]. Although the transmembrane to-
pologies of P2XRs are similar to acid-sensing ion channels (ASICs,
also known as ACCNs), epithelial sodium channels (ENaCs) and
degenerin channels (DEGs) [21], inward-rectifier K* channels (Kir)
[26], and mechanosensitive channels with large conductance (MscL)
[27-29], there is little to no relationship between the primary
amino acid sequences of P2XRs and these other channels. This topol-
ogy is thus novel for ligand-gated channels [30]. Teixeira et al. dem-
onstrated the possibility of a novel motif for the M2 domain of
P2X-R called ADSEG. This peptide segment is a consensus segment lo-
cated in the M2 domain that characterizes this motif [31].

Despite all of the findings described above, how the “large pore”
forms is still unknown. We thus decided to perform an electrophysi-
ological characterization of the consensus peptide (ADSEG) to shed
light on the large pore formation mechanism of P2X;R.

2. Materials and methods
2.1. Materials

2.1.1. Planar lipid membranes

E. coli polar lipid extract was purchased from Avanti Polar Lipids
(Alabaster, AL, USA), and a 1.5% hexadecane-hexane mixture was
obtained from Fluka (Berlin, Germany). The ADSEG sequence (FGIRF-
DILVFGTGGKFDIIQLVVY; amino acids 313-336) was synthesized by
the Wittmann Institute of Technology and Analysis of Biomolecules
(Berlin, Germany) at 95% purity, and the sequence was confirmed
using a MALDI mass spectrum. Stock solutions of ADSEG peptide
(4 png/mL) were prepared using 2,2,2-trifluoroethanol (TFE) from
Fluka (Berlin, Germany).The solutions contained (in mM) 2.5, 5, 10,
20, 80, 150 and 300 KCl, 2.5, 5, 10, 20, 80, 150 and 300 NaCl, 150
MgCl,, 150 CaCl, from MERCK (Berlin, Germany). In some experiments
300 mM N-methyl-p-glucamine (NMDG, Fluka, Berlin, Germany) were
used. All solutions were buffered with 10 mM HEPES, pH 7.4 (Fluka,
Berlin, Germany).

2.1.2. Patch-clamp

Electrolyte solutions comprised of 150 mM KCl, 5 mM NaCl, 1 mM
MgCl,, 1 mM CaCl,, 10 mM HEPES and 0.1 mM ethylene glycol tetra-
acetic acid (EGTA) (pH 7.4, 295 mOsm) were used in both pipette and
bath. All chemicals were from Sigma (USA). In some experiments, the
osmolarity of the solution was checked using a Welscor Model 5500
vapor pressure osmometer. RPMI 1640 medium was obtained from
Sigma (USA) (pH 7.4) and 10% fetal calf serum from LGC (Brazil)
and penicillin (100 U/mL) and streptomycin (100 pg/mL) from
Sigma (USA) were added to the medium for cells grown.

2.2. Methods

2.2.1. Bioinformatics analyses

Sequence alignment analysis was performed using ClustalX
(http://bips.u-strasbg.fr/fr/Documentation/ClustalX/) [32]. 3D image
was generated by VMD 1.83 (Visual Molecular Dynamic) available
from http://ks.uiuc.edu/Reaserch/vmd/ [33].

2.2.2. Bilayer preparation and activity measurements

Monolayers from 1.5% E. coli polar lipid extract solution in hex-
ane were spread on top of two aqueous solutions (1.5 mL) separat-
ed by a Teflon diaphragm. After evaporation of hexane planar
bilayers were formed by raising the water levels above the aperture
(60 to 80 um in diameter) in the diaphragm [34]. The diaphragm
was pretreated with a solution consisting of 1% hexadecane dis-
solved in hexane. After membrane formation, the peptide was
added from a TFE stock solution to one or both sides of the mem-
brane to final concentrations of 1.4, 2.7 or 4.1 ng/mL. The buffer so-
lutions were agitated by magnetic stirring bars. The final
concentration of TFE did not exceed 0.5%, and control experiments
with TFE showed that this solvent did not alter membrane conduc-
tance. Bilayer formation and thinning were monitored by capaci-
tance measurements and optical observation. Electrical
measurements were conducted under voltage clamp conditions
using Ag/AgCl electrodes and agar salt bridges (500 mM KCl)
which were immersed in the buffer solutions on both sides of the
membrane. The measurements were performed using a current am-
plifier (model VA-10, NPI, Tamm, Germany) connected to an ana-
log-digital interface from National Instruments. Using WinEDR
(Strathclyde Electrophysiology Software) we recorded the current
in intervals of 320s and filtered them at 13.00 Hz. The raw data
were analyzed using ORIGIN 7.0 and/or Sigma Plot (Microcal Soft-
ware). We applied voltages of —30 mV, 30 mV, —60 mV, 60 mV,
—90 mV and 90 mV to the trans side of the membrane.

2.2.3. Cell preparations and patch-clamp recordings

Human embryonic kidney (HEK 293) cells were kindly provided
by the cell bank of the Clementino Fraga University Hospital (Rio de
Janeiro, Brazil). These cells were cultured in RPMI 1640 medium con-
taining fetal calf serum (10%), penicillin (100 u/mL) and streptomycin
(100 pg/mL) and then plated onto 35 mm Petri dishes for 2-5 days
before use.

To monitor the single channel ADSEG current, the gigaOhm seal
patch-clamp technique was applied in cell-attached configuration.
Patch clamping was performed at 37 °C using an Axopatch-1D amplifi-
er (Axon Instruments, San Mateo, USA). HEK 293 cells were transferred
to a chamber mounted on a microscope stage. A high-resistance seal
(1-10 GQ) was established by gentle suction, the cell membrane be-
neath the tip of the electrode was disrupted by additional suction.
The recordings were accepted if the current and membrane conduc-
tance returned to within 1-5% of the control values after agonist appli-
cation, which indicates that the large increase in conductance was not
due to cell lysis with loss of the seal. The series resistance ranged from
6 to 10 MQ in all experiments, and no compensation was applied to
currents <400 pA. Currents above this level were compensated by
85%. Experiments in which the series resistance increased substantially
during the measurement were discarded. The cell capacitance was
measured by applying a 20 mV hyperpolarizing pulse from a holding
potential of —60 mV, and the capacitive transient was integrated and
divided by the amplitude of the voltage step (20 mV). The measured
currents were filtered with a corner frequency of 5 kHz (8-pole Bessel
filter), digitized at 20-50 kHz using a Digidata 1320 interface (Axon In-
struments, Palo Alto, CA, USA) and acquired on a personal computer
using the pClamp 9.0 software.

The pipette was filled with the solution as previously described.
The pipette was then inserted over a period of 10 s into an Eppendorf
tube containing the peptide, which was diluted (100 ng) to allow it to
enter the pipette by capillary action.

2.3. Determination of single channel open probability
Although recordings containing only a single opening channel

are ideal for performing a kinetic analysis, many recordings con-
tain multiple opening channels and must be analyzed using a
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Fig. 1. Analyses of ADSEG primary sequence. (A) Hydrophobicity graph of the M2 domain of hP2X;R. Hydrophobicity values were calculated according to the Kyte and Doolittle
scale and are plotted against the amino acid sequence (window 21). The red box represents the ADSEG (313-336 residues) in M2 domain. (B) ClustalX Multiple alignments
among all M2 sequences of P2XR subtypes and H5 signature segment of K* channel; blue residues indicate highly conserved M2 residues. The red box shows the residues that
compose the ADSEG sequence and the blue box shows the residues that pair with the H5 signature segment. (C) 3D image of the ADSEG segment putative location in the P2X4R
represented as blue residues by VMD program.

previously reported method [35]. The activity of a single-channel where N is the total number of functional channels, determined by
is given by: observing the number of peaks detected in all-points amplitude
histograms, T is the total recording time, N, is the apparent num-
) ber of channels in the recordings, determined from the highest ob-
SA it d level, i is th ber of h Is and ¢; is tt
NPy =3 served current level, i is the number of open channels and ¢; is the
T time during which the i channels are open.
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Fig. 2. Currents of ADSEG in planar lipid bilayer. (A) Current x voltage relation of ADSEG added only in one side (M) and in both sides (®); increasing range of voltage was applied
(from —90 mV to +90 mV; voltage step of 30 mV). (B) Records of single channels of 1.4 ng/mL ADSEG at 2.5 mM KCl and 10 mM HEPES (pH 7.4) added in trans side and (C) in both
side at holding potential of +60 mV. Lines are the best-fit linear least squares regression line through the data points. Representative results from at least three experiments are

shown.

If the single-channel recordings contain no overlapping opening
events, then tp can be determined unambiguously, and the open
probability Py of a single-channel can be calculated from:

t,
P, 0

B tO + tclosed

>

Current (pA)

-90-60-30 0 30 60 90
Voltage (mV)

Current (pA)

o N O BAOO

6
4
2
0

where Py is the probability that the channel is open, t; is the average
amount of time that the channel is open and tgoseq is the average
amount of time that the channel is closed [35]. WINEDR 3.0.6
(Strathclyde Electrophysiology Software) was used to analyze the
data, obtain the parameters required to calculate the open probabil-
ity from the data measured in the lipid bilayer and patch-clamp

experiments.
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Fig. 3. Single channel activity dependent of ADSEG concentration. (A) Current-voltage relation of ADSEG. For recordings conditions bath contained 150 mM KCI and 10 mM HEPES
(pH 7.4) in both sides and an increasing range of voltage was applied (from —90 mV to +90 mV; voltage step of 30 mV); different concentrations of ADSEG were added in both
sides: (W) 1.4, (A) 2.7 and (V) 4.1 ng/mL. (B) Graphics and the respective histograms (C) of the current records for the different ADSEG concentrations at holding potential at

460 mV. Lines are the best-fit linear least squares regression line through the data points. Representative results from at least three experiments are shown.
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Fig. 4. Single channel conductances of different monovalent ions. The conductances of K* and Na™ were measured by adding 1.4 ng/mL ADSEG and increasing concentrations of K™
or Na* to both compartments. (A) Conductances were plotted against the increasing (@) KCl and (M) NaCl concentrations (2.5, 10, 80, 150 and 300 mM). (B) Current-voltage
relation at (@) 150 mM KCl and (M) 150 mM NaCl increasing range of voltage was applied (from —90 mV to 4+ 90 mV; voltage step of 30 mV). (C) Representative single channel
recordings of 150 mM K™ and 150 mM Na™ respectively at holding potential of + 60 mV. Lines are the best-fit linear least squares regression line through the data points. Representative

results from at least three experiments are shown.

2.4. Statistical analysis

Data are expressed as mean values of at least three independent
experiments +SE (standard error). Linear regression and Pearson
correlation coefficient were determinate by the correlation function
CORREL in Microsoft Exel program.
3. Results

3.1. Channel formation in artificial planar lipid bilayers

ADSEG is formed by a large portion of the consensus sequence of
the hydrophobic M2 domain (Fig. 1A) and includes some of the
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Fig. 5. Conductance of single ADSEG channels for each cation tested. Different mono
and divalent ions (in 150 mM K*, Na*, Ca?*, Mg?* and 300 mM NMDG ") were ap-
plied to the planar lipid bilayer in both sides of the chamber in the presence of
1.4 ng/mL ADSEG. Conductance profile was evaluated by the effective diameter of
each cation in A. Representative results from at least three experiments are shown.

residues that align with the H5 signature segment (Fig. 1B).The pep-
tide was selected based on ClustalX multiple sequence alignments
(Fig. 1B) which revealed residues with 100% identity among all P2X;
subtypes (red dashed line). To illustrate the putative ADSEG location,
its residues are highlighted in blue in the P2X4R 3D image (Fig. 1C).

We first addressed the question whether the ADSEG peptide in-
serts into artificial lipid membranes and forms channels. Therefore,
we added ADSEG to both sides (cis and trans) or to only one side
(trans) of the membrane (final concentration 1.4 ng/mL) from an
ethanolic stock solution. ADSEG insertion resulted in channel activity,
which was similar to unilateral (Fig. 2B) or bilateral (Fig. 2C) addi-
tions. Single channel conductance did not depend on voltage
(Figs. 2A, 3A). The total membrane current increased with increasing
dose (Fig. 3). ADSEG activity did not change in an interval of 2 h indi-
cating that ADSEG is stable in solution.

To investigate a possible relationship between the open probability
of the channels and the concentration of ADSEG, we plotted the channel
open probabilities in lipid bilayers and biological membranes against
different peptide concentrations (Fig. S1A, B). Both graphs show that
the Pearson correlation index between the probability of open channels
and the peptide concentration is very small, taking the values 0.35
and —0.50 for planar lipid bilayers (Fig. S1A) and membrane patches
(Fig. S1B), respectively. Therefore, we consider the channel open proba-
bilities (0.22 for planar lipid bilayers and 0.24 for biological membranes)
to be independent of peptide concentration. It is also interesting that
channels formed at much lower ADSEG concentrations in planar lipid
bilayers, suggesting that the crowded environment of biological mem-
branes somehow decreases reconstitution efficiency.

3.2. Salt concentration dependence

We evaluated the dependence of ADSEG single channel conduc-
tance on salt concentration by adding 1.4 ng peptide/mL to both
sides of the chamber and by varying the KCI and NaCl concentrations
between 2.5 and 300 mM (Fig. 4A). The K* conductance exceeds the
Na* conductance (Fig. 4B inset). Saturation occurred for both KCl and
Nacl at a concentration of 80 mM (Fig. 4A). Fig. 4C displays represen-
tative single channel recordings of 150 mM K™ and 150 mM Na™ re-
spectively at holding potential of +60 mM.
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Fig. 6. Single channel conductance in patch-clamp. (A) ATP-gated currents after 250 ng/mL ADSEG addition in 150 mM KCl, pH 7.4 from HEK 293 cells at increasing range of voltage
(from —100 mV to 100 mV). Holding potential of —40 mV. (B) Mean current-voltage relation of the ADSEG for the cell-attached recording. Representative results from at least

three experiments performed on different days.

3.3. Determination of the effective channel diameter of the ADSEG channel

The unitary conductance of ion channels generally depends on
crystal radius or hydration radius of the ions (effective radius). In

the absence of interacting residues in the channel, which may act as
a surrogate for the water of hydration, channel selectivity is expected
to mirror the differences in mobility of the hydrated ions. The selec-
tivity of ADSEG channels is in line with these considerations as
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revealed by the plot of channel conductance against the effective di-
ameter of K™, Na*, Mg?*, Ca®>* [36] and NMDG [37] (4.64 A, 5.52 A,
8.6 A, 8.2 A and 7.2 A respectively) (Fig. 5). The channels are imper-
meable to divalent and monovalent cations with an effective diame-
ter equal or greater than 7.2 A.

3.4. Channel activity in mammalian cell membranes

We performed patch-clamp experiments in the cell-attached con-
figuration using HEK 293 cells. Fig. 6A displays representative record-
ings of ADSEG channels at different holding potentials. Fig. 6B
illustrates the single channel current-voltage relationship of channels
formed after peptide reconstitution. A linear regression analysis
yielded a slope (conductance) of 8.08 4-0.08 pS when 150 mM KCl
was present in the pipette. In the absence of ADSEG, neither pore for-
mation nor low-amplitude channel conductance was observed (data
not shown).

4. Discussion

We have studied the functionality of the ADSEG consensus pep-
tide from the TM2 segment of P2X receptors [31]. This segment is
thought to be involved in the formation of a cation-selective pore
and in the formation of a non-selective pore associated with P2XR.
Using artificial bilayers and biological membranes, we demonstrated
channel activity. Its characteristics are similar to those of the full-
length channel: K* conductance is equal to 8.08+0.08 pS under
patch-clamp conditions and to 8.0+ 0.3 pS for P2X;R [38]. The open
probabilities (K*) of the channels are equal to 0.22 and 0.24 in lipid
bilayers and in membrane patches, which is comparable to the full-
length P2X7R (0.26) [1].

The conductances of channels in lipid bilayers depend on the ef-
fective diameter of the conducted cations. ADSEG conductivity for
K* was larger than that for Na™. This result is in contrast to the pat-
tern found for P2X5R [37]. The conductance for Na™ is higher than
that for K™, differing of the expected to aqueous solution where the
hydration radius and the conductance are inversely proportional, in-
dicating the presence of a selectivity filter in this receptor [39].
ADSEG also failed to conduct cations with an effective diameter great-
er than 7.2 A. This size limit is in agreement with the value of 8 A
found by Virginio et al. [6] for the nondilated pore of rat P2X;R
expressed in HEK 293 cells.

Several properties of ion channels have been analyzed in artificial
lipid bilayers. In most studies, the distinctions between cations and
anions are well-preserved in bilayer systems when using synthetic
peptides that have sequences equal to the transmembrane segments
putatively responsible for pore formation [13,40,41]. Synthetic pep-
tides corresponding to the M2 segment of glycine receptors and to
the M2 and M6 segments of the cystic fibrosis chloride channel
formed anionic channels [40,42], while the synthetic peptide from
the M2 nicotinic cholinergic receptor formed a cationic channel. In
this study, the cationic nature of P2X;R was preserved as expected
in the segment participating in channel formation. The consensus
segment has a net negative charge that is likely due to two aspartate
residues in the sequence that are balanced by only one positive
charge.

It should be emphasized that the activation of the P2X;R gives rise
to a low-conductance channel (<15pS) and an associated pore
(>300 pS) that allows the passage of dyes with molecular weight of
at least 1 kDa. Thus, it is important to point out that our data do not
reveal any high-conductance channel compatible with the model of
a pore associated with P2X,R, which reinforces the idea that other
proteins associated with P2X;R form the pore that is permeable to
dyes larger than 1 kDa. One can argue that a small peptide would
not form a pore consistent with conductance levels beyond 300 pS.
However, studies have shown that peptides with 10 and 24 residues,

respectively, can form high-conductance channels [43,44] e.g. by
spontaneous oligomerization and self-assembly into larger structures.
It is well possible that ADSEG channel activity generally requires olig-
omerization. However, our experiments did not allow testing that
possibility. We have also tested the entire sequence of recombinant
P2X; protein in our system (data not shown) but did not observe
any channel formation. We cannot explain this at present, although
it is known that some integral proteins do not reconstitute in artificial
bilayers [45].

For the first time, we have demonstrated that a conserved and hy-
drophobic part of the M2 segment can form ion channels in lipid bila-
yers. They have properties similar to those of the full P2X; channel.
Further efforts are required to clarify which residues participate to
the pore opening and how dilatation of the pore non-selective occurs.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamem.2011.09.010.
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