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Abstract

The human P2X7 receptor (hP2X7R) is a homotrimeric cell surface receptor gated by extracellular ATP*~ with two transmembrane helices
per subunit, TM1 and TM2. A ring of three S342 residues, one from each pore-forming TM?2 helix, located halfway across the membrane
bilayer, functions to close and open the gate in the apo and ATP*~-bound open states, respectively. The hP2X7R is selective for small
inorganic cations, but can also conduct larger organic cations such as Tris*. Here, we show by voltage-clamp electrophysiology in
Xenopus laevis oocytes that mutation of S342 residues to positively charged lysines decreases the selectivity for Na* over Tris*, but
maintains cation selectivity. Deep in the membrane, laterally below the S342 ring are nine acidic residues arranged as an isosceles
triangle consisting of residues E14, D352, and D356 on each side, which do not move significantly during gating. When the E14K
mutation is combined with lysine substitutions of D352 and/or D356, cation selectivity is lost and permeation of the small anion Cl~ is
allowed. Lysine substitutions of 5342 together with D352 or E14 plus D356 in the acidic triangle convert the hP2X7R mutant to a fully
Cl™-selective ATP*"-gated receptor. We conclude that the ion selectivity of wild-type hP2X7R is determined by two sequential filters in
one single pathway: (i) a primary size filter, S342, in the membrane center and (ii) three cation filters lateral to the channel axis, one
per subunit interface, consisting of a total of nine acidic residues at the cytoplasmic interface.

Significance Statement

Pore size and electrostatic interactions are key to the permeation selectivity of ion channels. Previous cysteine scanning mutagenesis iden-
tified a tri-serine-342 ring located halfway across the membrane as the gate and selectivity filter of the P2X7 receptor (P2X7R) channel,
accessible from the inside to cationic but not anionic reagents. Consistent with a downstream cation filter, we could now switch P2X7R
from cation to anion selectivity by lysine substitution of acidic residues at the cytoplasmic interface. Our data show that two sequential
selectivity filters control the cation selectivity of the P2X7R channel, a dynamic tri-serine-342 size filter and three conformationally static
cation filters of three acidic residues each. We propose that the ion selectivity of P2X receptors involves the mechanism described here.

Introduction

The P2X7 receptor (P2X7R) is an ATP*-gated cation-selective
channel that is of great interest as a drug target (1) because of
its widespread expression in virtually all immune cells, including
microglia (2) and also tumor cells (3), its role in inflammation, and

For many years, the permeation of large cations was attributed
to a second conducting state in which the P2X7R channel pore grad-
ually increases upon continued stimulation with ATP (5), eventually
leading to membrane blebbing and cytolysis (6, 7). In contrast to
whole-cell recordings, single-channel recordings of ATP* -induced

also because of its enigmatic ability to generate large cytotoxic
pores (4). Extracellular binding of the ligand ATP*~ opens the
channel pore within milliseconds to small cations such as Na™,
K*, and Ca**, but also allows permeation of larger organic cations,
including Tris* (121 Da), N-methyl-p-glucamine® (NMDG", 195 Da)
and cationic DNA-binding dyes such as ethidium® (314 Da) and
Yo-Pro-1%* (376 Da).

currents in human P2X7R (hP2X7R)-expressing human B lympho-
cytes (8) and Xenopus laevis oocytes provided no evidence for a time-
dependent increase in pore diameter (9). Instead, single-channel
recordings showed a low instantaneous permeability to Tris* (mean
diameter 5.8 A, for ionic diameter references, see Table 1), NMDG*
(mean diameter 7.3 A), and other large cations, which remained
constant until ATP*~ was washed out (10). This view is supported
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Table 1. Compilation of ion diameter (in A).

Anorganic® Dehydrated Ref. Hydrated Ref. Hydration number Ref.
vicl- 3.62% (11) 6.64 (12) ~6 (13)
VIK* “Pauling” 2.66 (14)

Vig* 2,74 (11) 6.62 (12) ~6 (15)
Na* “Pauling” 1.90 (14)

VNa* 2.00"%, 2.04 (11, 16) 7.16 (12) ~5 (13, 15)
Organic Dimensions Mean diameter® Ref.

Glu~ 5.5%6.5 (17)

MTSES™ 5.8%5.8x10 (18)

MTSEA* 4.6x4.6%x10 (18)

MTSET* 5.8%5.8x10 (18)

NMDG* 50%x6.4%x12.0 7.3 (19)

NMDG* 6.5%8.7x10.8 8.4 (20)

Tris* 6.0%6.9%7.7 6.8 (21)

Tris* 5.5%5.6x6.4 5.8 (19)

Tris* 6.4%6.5%7.5 6.8 (20)

Yo-Pro-12* 8.2x12.8x16.8 12.0 (20)

Zwitterion

HEPES ~10 (22)

#Roman superscripts V and VI denote the oxidation states; superscript IR denotes effective radius as stated in the respective references.
PMean diameter was calculated as the geometric mean of the dimensions of a box containing the ion, as previously proposed (19).

and extended by data showing instantaneous robust NMDG" cur-
rents in HEK293 cells with the P2X2 receptor (23) and all homotri-
meric P2X receptors except P2X1 (24). Also, the purified liposomal
reconstituted panda P2X7R (pdP2X7R), which shares 85% sequence
identity with hP2X7R, has been shown to be intrinsically permeable
to the cationic dye YO-PRO-1 (376 Da, mean diameter 12 A) (25).

Plotting the single-channel conductance against the apparent
molecular diameter of the permeating organic cations yielded an
ATP* -opened effective pore diameter of ~8.5A of the hP2X7R,
which was stable over time (10). Considering the different measure-
ment methods [single-channel recordings versus cryo-electron mi-
croscopy (cryo-EM)] and species (human versus rat), the open pore
diameter of ~8.5 A in X. laevis oocytes is in reasonable agreement
with the structural diameter of 5.0 A at $342 of rP2X7R reconstituted
in detergent micelles (26). The apo-closed cryo-EM structure of
rP2X7R shows that the pore is completely collapsed between resi-
dues 5339 and S342, which define the extracellular and intracellular
boundaries of the TM2 gate, respectively (26). This is consistent with
cysteine scanning accessibility mutagenesis, which showed that the
closed channelis accessible from the outside up to residue S339, but
not up to S342 (27).

A tri-serine ring with a pore diameter of 5.0 A and larger, which
might allow even fully hydrated Na* or K* with diameters of ~5
(28) or ~6 A (18) to pass, is difficult to reconcile with the selective
discrimination of small cations. We therefore asked here whether
the hP2X7R possesses acidic residues that discriminate between
anions and cations by repulsion and attraction. An exception to
the strict cation permeability of other members of the P2XR family
is the P2X5R, which exhibits significant anion permeability in add-
ition to cation permeability (29, 30). Recently, a basic residue in
P2X5 receptors that replaces glutamate in the cytoplasmic lateral
fenestrations of purely cation-selective P2XRs was shown to be re-
sponsible for anion permeability (31). To investigate which resi-
dues in the transmembrane pathway of hP2X7R control the size
and charge of permeant cations, we electrophysiologically char-
acterized lysine mutants of S342 and downstream acidic residues
at the plasma membrane-cytoplasmic interface and used hom-
ology models based on the apo-closed and open cryo-EM structure
of rP2X7R (26) for interpretation. We found that cationic

selectivity is determined by two serial filters in a single pathway,
a primary size-screening filter midway in the membrane formed
by a ring of three S342 residues, one per subunit, and a primary
electrostatic filter further downstream and lateral to 5342 formed
by a total of 9 acidic residues, 3 per subunit, located in the
membrane-cytoplasmic interface.

Materials and methods

Reagents

Unless otherwise stated, standard chemicals were purchased
from Merck/Sigma Aldrich (Darmstadt, Germany). Na,ATP was
purchased from Roche (Mannheim, Germany). Molecular biology
reagents were purchased from New England Biolabs
(Schwalbach, Germany) with the exception of the antireverse
cap analog m7,3-OGpppG (product NU-855), which was pur-
chased from Jena Bioscience, Germany.

Homology modeling of the hP2X7 homotrimer and
point mutants in the apo-closed and open states

According to a ClustalW alignment (32), the primary sequence
identity between hP2X7 (Q99572) and rP2X7 (Q64663) is 80.3%.
Using Swiss-Modeler (https:/swissmodel.expasy.org) and the
cryo-EM structures of rat P2X7R (rP2X7R) in the apo-closed state
(PDB 6U9V) and in the ATP-bound open state (PDB 6U9W) as tem-
plates (26), we generated homology models of hP2X7R™" and mu-
tants and visualized them using PyMOL (Schrddinger LLC. The
PyMOL molecular graphics system, version 1.3r1. Portland. 2010
Oregon: Schrodinger, LLC.). To calculate pores and tunnels in
the homology-modeled hP2X7R structures, we used MOLEonline
(33) and visualized them using the built-in LiteMole viewer or after
downloading the results in PyMOL format using PyMOL software.

Generation of hP2X7R mutants

The plasmid encoding the wt hP2X7R subunit (P2RX7_HUMAN,
UniProtKB Q99572) in our oocyte expression vector pNKS2 (34)
was the same as in our previous studies (9, 10, 27, 35). Point mu-
tants were designed using Vector NTI software (InforMax v. 4.0)
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and generated using the QuickChange method for site-directed
mutagenesis (36). The primers used are listed in SI Appendix,
Table S2. Mutants were screened by restriction pattern analysis
and verified by commercial DNA sequencing (MWG, Ebersberg,
Germany) and sequence alignment. Capped and polyadenylated
cRNAs were synthesized from Xhol-linearized DNA templates as
described previously (37).

Expression of hP2X7R%" and its mutants in
X. laevis oocytes

The maintenance of the frogs and the surgical removal of parts of
their ovaries were approved by the local animal care committee
(ref no. 42502-2-1493 MLU) according to the EC Directive 86/609/
EEC for animal experiments. After defolliculation with collage-
nase NB 4G (Nordmark Pharma GmbH, Uetersen, Germany),
Dumont stage V and VI oocytes were injected with 46 nl of cRNA
containing 1ng or 50 ng of wt or mutant hP2X7R, respectively.
Injected oocytes were maintained at 19°C in oocyte Ringer’s solu-
tion [ORi: 100 mM NaCl, 1mM KCIl, 1 mM MgCl,, 1mM CacCl,,
10 mM N-[2-hydroxyethyl|piperazine-N'-[2-ethanesulfonic acid]
(HEPES)-NaOH, pH 7.4] supplemented with penicillin (100 U/ml)
and streptomycin (100 pg/ml) until used 1-3 days later.

Quantification of cell surface expression of
hP2X7R constructs in X. laevis oocytes

hP2X7 proteins were labeled with IR800 NHS ester (Li-COR) on the
surface of intact oocytes, extracted with digitonin, purified
through their C-terminal double-strepll tag using Strep-Tactin
Sepharose (IBA Lifesciences), resolved by SDS-PAGE, and detected
as IR800 fluorescence on the wet PAGE gel using a LI-COR Odyssey
scanner (27, 38, 39). hP2X7R IR800 fluorescence was quantified us-
ing Image Lab software (Bio-Rad).

Two-electrode voltage-clamp recordings from
X. laevis oocytes

Currents were recorded at room temperature (~22°C) using an
OC-725C oocyte clamp amplifier (Warner Instruments, Hamden,
USA), filtered at 100 Hz, and sampled at 500 Hz as previously de-
scribed (30, 37, 40). The reference electrodes were connected to
the bath via 3 M KCl agar bridges. The remaining diffusion poten-
tials were measured according to a previously published method
(41). In the Tris*-Glu™-based extracellular solution, this potential
was —8 mV and was corrected accordingly. The diffusion potential
for Cl™-based bath solutions was negligibly small (<0.5 mV).

While superfused with ORi, individual oocytes were impaled with
3 M KCl-filled glass microelectrodes with resistances of 1.2-1.4 MQ.
hP2X7R-dependent currents were measured in nominally Ca®'-
and Mg>*-free bath solutions consisting of either 100 mM NaCl,
100 mM TrisCl, or 100 mM Tris-glutamate supplemented with
0.1mM flufenamic acid, 1 mM ethylene glycol tetraacetic acid
(EGTA), and 5 mM HEPES-NaOH, pH 7.4. Flufenamic acid was used
toblock the conductance caused by removal of external divalent cat-
ions (42-44). The hP2X7R-mediated inward currents were elicited by
switching for 5 s to the same bath solution containing an additional
0.1 mM free ATP (ATP*"). The interval between ATP applications was
2 min. Each of the three different bath solutions was applied once to
the same oocyte in random order. Switching between the different
bath solutions was accomplished within <1 s by a set of computer-
controlled solenoid valves combined with a modified U-tube
technique (8).

Ramp currents were measured during 500-ms-long voltage
ramps applied every 1s between —80 and +40 mV. The holding

potential was maintained at -40mV between ramps.
ATP-induced ramp currents were calculated as the difference be-
tween the ramp currents before and during ATP application.

Data analysis and presentation
Data were stored and analyzed on a personal computer using soft-
ware developed in our department (Superpatch 2000, SP-Analyzer
by T. Bohm, Julius-Bernstein-Institute of Physiology, Halle,
Germany). SigmaPlot (SYSTAT software) was used for fitting, stat-
istical analysis, and data presentation. Statistical data are ex-
pressed as mean+SEM and analyzed by one-way ANOVA.
Bonferroni's t-test for multiple comparisons was used to test the
statistical significance of differences between means. Statistical
significance was set at a P-value of <0.05.

The permeability ratios (P./Py) were calculated from the
changes in reversal potential by the Goldman equation (45)

AVrey
RT
F

Py

Py~ ¢

1)
where x and y are cations (Na* or Tris*) or anions (Cl~ or Glu”), re-
spectively, and AV, is the reversal potential difference measured
in extracellular Na*Cl versus Tris*Cl™ or Tris*Cl™ versus
Tris*-Glu™-based solutions.

The degree of rectification of the [-V curves, also known as the
rectification index, was calculated as the ratio of the outward to
inward conductances, Goutward/Ginward, @S described previously
(46). The Goutwara and Ginwara values were determined from the
slopes of the [-V curves in the voltage ranges from —75 to —40
and from +20 to +40mV (SI Appendix, Fig. S6). Voltages >
+40 mV were not applied because of their damaging effect on oo-
cytes. When V., was >+40 mV, it was estimated by extrapolation
based on measurements <+40 mV.

Results

In silico identification of candidate hP2X7R
residues involved in cation selectivity

Like other functional P2XR isoforms (47, 48), the hP2X7R"" assem-
bles as a homotrimer in X. laevis oocytes (49). Figure 1A shows a
lateral view of a SWISS homology model of the apo-closed homo-
trimeric hP2X7R""based on the apo rP2X7R cryo-EM structure (26)
with a large extracellular ectodomain containing intersubunit
ATP*~-binding sites, a membrane-spanning domain consisting
of two transmembrane a-helices per monomer, TM1 and TM2,
and a large intracellular domain termed the cytoplasmic ballast
(26). The TM1 helices (light gray) face outward. The three central
TM2 helices (yellow) form a trihelical bundle that lines the trans-
membrane pore.

In the “pore” and “membrane ON” modes, where the position of
the lipid bilayer is included in the calculation according to the ori-
entations of proteins in membranes (OPM) database (50), the
channel prediction tool MOLEonline (33) identifies only a short
continuous intramembrane channel pore along the central axis
of P2X7R"" in both the apo-closed and ATP-bound open states
(Fig. 1B and C), i.e. without any significant access from the outside
or exit to the cytoplasm (for calculations with and without mem-
brane constraint, see SI Appendix, Fig. S1). Enlarged views of the
TM domains show that residues S339 and S342 (aquamarine and
cyan spheres), one per TM2 helix, move laterally to effectively
close (Fig. 1B and D) or open (Fig. 1C and E) the channel. The extra-
cellular accessibility of 1331 (yellow-orange), V335 (pale yellow),
and S339, but not S342, of the closed hP2X7R (Fig. 1B), as shown
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Fig. 1. Visualization of candidate residues involved in controlling the cation selectivity of the hP2X7R. A) Overall structure of the hP2X7R"* homotrimer
homology-modeled based on the cryo-EM structure of the apo-closed conformation of the rP2X7R (26), viewed perpendicular to the membrane normal.
The hP2X7R" extends over ~71 (N302® to D329%) and ~50 A (D356® to $584%) in the extracellular and intracellular directions, with a maximum width of
~71 A (G418® to $290%). Each of the three identical subunits (ABC) is shown in a different color (A) pale green, B) pale cyan, C) light pink), except for TM1
and TM2, which are shown in white and yellow, respectively, for easier identification. The three TM2 domains line the channel pore. Several residues are
highlighted as spheres: C4 and C5, the first residues solved in the apo and open rP2X7R cryo-EM structures, respectively, and the last residue Y595
(corresponding to the C-terminal end) in their chain colors; S339 and S342 around the gate in aquamarine and cyan, respectively; in the ectodomain, the
acidic residues in red and the residues that coordinate the ectodomain ATP*~ binding by ionic interactions (K64, K66, R294, K311) and hydrogen bonding
(T189,N292) in blue and marine, respectively. B), C) Enlarged lateral views of the transmembrane region of the closed and open states of hP2X7R"", including
the channel pore as predicted by MOLEonline (33). Channels are shown in duplicate, with surrounding protein (purple) and, for a free view of the channel
shape, in white, with only the selected residues (one or two per triplet) accessible to cysteine-reactive reagents from the extracellular space: 1331 (yellow—
orange), V335 (pale yellow), 5339 (aquamarine), and S342 (cyan). The dashed red lines indicate the outer and cytoplasmic boundaries of the membrane as
predicted by the OPM database (50). The open-channel model (C) lacks a sufficiently wide opening to the cytoplasm for ions to exit, as does the closed channel
model (B). D), E) Cytoplasmic views on the channel pore and surrounding acidic residues (E14 in orange, D352 in red, D356 in firebrick) at the level of the
membrane-cytoplasmic interface after masking of the cytoplasmic structure. Obviously, residues S339 and S342 move laterally to open the pore (compare D

to E). In contrast, the acidic residues arranged in an isosceles triangle (yellow) do not move significantly during channel opening (compare D to E).

by cysteine scanning in single-channel and fluorescent dye-
binding measurements (27), is consistent with the homology mod-
el derived from the cryo-EM structures of rP2X7R (26).

Bounded at the top by S342 in both the closed and open states,
thereis a voluminous cavity in the second half of the membrane, fol-
lowed further downstream by an extension into the cytoplasm
formed by a ring of three centrally located basic K17 residues that is
far too narrow to allow cations to exit into the cytoplasm (Fig. 1B
and C, see also SI Appendix, Fig. S2). However, lateral to K17 are
nine acidic residues, three per subunit (E14 and D352/D356 each
from neighboring subunits), arranged in an isosceles triangle parallel
to the membrane to form a massive negative charge cluster that could
represent cation selectivity filters (Fig. 1D and E; see also SI Appendix,
Fig. S2). Upon ATP*~binding, the channel opens wide due to the lateral
movement of S339 and S342, and the voluminous cavity further di-
lates somewhat, while the lateral nine acidic residues do not move
significantly (compare Fig. 1B, D and C, E; SI Appendix, Fig. S2).

Like hP2X7R™", the gate mutant hP2X7R%3*% s
cation-selective

The principle of our ion selectivity measurements is shown in
Fig. 2. I-V curves were generated during ATP-induced receptor

activation in superfusion solutions containing Na*Cl™ (Fig. 2A-C),
Tris*Cl™ (Fig. 2D-F), or Tris*Glu~ (Fig. 2G-I) as major ions. The
intersection of the [-V curve with the zero current x-axis yields
the reversal potential Vy.,, which is the potential at which the
net current through the open channel is zero. Replacing Na* (ionic
diameter 1.9-2.1 A) with the three times larger organic cation
Tris* (diameter ~6.4 A) drastically shifted V,, to the left from
-6.8 (Fig. 2A) to =53.9mV (Fig. 2D) in hP2X7R""-expressing oo-
cytes. This indicates that most of the currentin Fig. 2A was carried
by the small cation Na* and that hP2X7R"" has a much lower per-
meability for the larger cation Tris*. The calculated Tris*/Na* per-
meability ratio Prys/Pna according to Hille (45) (see Eq. 1) of 0.16 is
in good agreement with our previous estimates from single-
channel recordings of 0.10 and 0.075 for native hP2X7R in human
B lymphocytes (8) and recombinant hP2X7R in X. laevis oocytes
(10), respectively.

Additional substitution of extracellular CI~ (ionic diameter 3.6 A)
by the almost 2-fold larger organic anion Glu~ (dimensions 5.5 x
6.5 A) to test for anion selectivity induced only a slight shift of Ve,
to more negative potentials from -53.9 mV in Tris*Cl™ (Fig. 2D) to
-60.4 mV in Tris*Glu~ (Fig. 2G; not significant, for statistics, see
Fig. 3). For an anion-permeable ion channel, one would have
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Fig. 2. Ramp currents mediated by hP2X7R™" and mutants expressed in X. laevis oocytes. The ATP-induced ramp currents shown were calculated as the
difference between the ramp currents before and during 0.1 mM ATP~* application. Only the ramp currents in the voltage range of -70 to +40 mV are
shown because capacitive currents are generated by voltage jumps from holding potentials of -40 to -80 mV. The name of the hP2X7R construct expressed
is shown at the top of each of the three rows of panels, and the only salt (except ~5 mM HEPES, diameter ~10 A) of the extracellular solution is shown at
the left margin. The bold curved lines show the measured currents; the thin dashed straight lines show the linear fit of the current-voltage relationship
near the reversal potential. From this approximation, the V., values (shown in each of the figures here and in Fig. 3) and the conductance (slope of the
lines whose statistics are shown as Gat vrev in Fig. 3) were calculated. I) Vye, was determined by extrapolation (see Materials and methods). The in-panel
numbering (A-H) is used to uniquely identify each panel in the results text description.

expected an opposite shift to more positive reversal potentials (see
Fig. 2F and I). The current result is consistent with previous findings
that native and recombinant hP2X7R™" is Cl™-impermeable in
physiological media (8, 40).

To determine the possible role of the 5342 gate (27) in the Na*
versus Cl~ selectivity of hP2X7R, we performed the above protocol
on the serine-to-lysine-substituted mutant hP2X7R53*?X The V .,
shift of hP2X7R534?K in Na*Cl~ versus Tris*Cl~ was only -18 mV
(compare Fig. 2B and E), much smaller than the -48 mV shift ob-
served for hP2X7R™" (compare Fig. 2A and D). The mean calculated
permeability ratio Prye/Pna 0f 0.52 instead of 0.15 for the wild type
(wt) (SI Appendix, Table S1) indicates a reduced but still present
preference for Na* over the bulky Tris* cation, if the nonhydrated
diameter is considered. This could mean that hP2X7R%**?% con-
ducts Na* worse or Tris* better than hP2X7R™" or both, with the
degree of hydration relative to the pore size being a possible rea-
son as suggested by a similar observation with the nicotinic
acetylcholine receptor (51). The fully hydrated Na* cation has a
diameter similar to that of Tris* itself (7.2 versus 5.8-6.8 A, see
Table 1). Why the S342K mutation results in a higher Tris*-to-Na*

permeability ratio, apparently by decreasing Na® permeation
more than Tris* permeation, is unclear. Specific binding of perme-
ating ions may play a role, presumably because the wt S342 side
chains are configured to interact more favorably with permeating
hydrated Na* ions than with Tris*. Alternatively, the reduced
pore size due to the S342K mutation may cause Tris* to act as a
“permeant-blocking ion” (19), with Tris* tightly binding in the
pore and sterically hindering Na* permeation, directly explaining
the altered permeability ratio.

After additional substitution of C1~ by Glu™ in the Tris*-based
extracellular solution, V,e, remained virtually unchanged from
—-21.0 (Fig. 2B) to —21.6 mV (Fig. 2C), indicating that the reduced
Na" versus Tris"* preference was not associated with a significant
Cl~ permeability of hP2X7RS342K,

The hP2X7RF4K%:5342K,D352K triple mutant is an
ATP* -gated anion channel

As suggested from the cryo-EM structure, cations that have
passed through the tri-S342 ring exit the central channel through
cytoplasmic fenestrations (26). The MOLEonline program also
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Fig. 3. Permeation characteristics of hP2X7R constructs expressed in X. laevis oocytes. The bars represent the reversal potential (A) and the corresponding
slope conductance at V., (B) of the indicated hP2X7R constructs during application of 0.1 mM ATP~* in one of three extracellular solutions based on
Na*Cl™ (open columns), Tris*Cl™ (red columns), and Tris*Glu~ (purple columns). Data are mean + SEM of 6-7 oocytes. A) The constructs are arranged in
four correspondingly numbered groups that differ significantly in their reversal potential in Tris*Cl™. Group 1: hP2X7R™". Group 2: Substitution of single or
multiple acidic residues by alanine or lysine as indicated; note that the V.., shift due to substitution of Na* by Tris* (i.e. the difference between the white
and red columns) of all mutants in this group is significantly smaller than that of hP2X7R™", indicating that they all have reduced selectivity for small
cations. Group 3: Note that the $**?K mutation further reduces the V,e, shift in Tris*Cl~ versus NaCl compared to the mutants in group 2, indicating a
further reduced selectivity for the small cation Na™; the additional mutation of E14 or D356 to lysine additionally produces a significant Ve, shift in
Tris*Glu™ versus Tris*Cl~, most likely reflecting an occurring anion permeability with reduced permeability to Glu~ compared to Cl™. Group 4: Na*
substitution by Tris* has no effect on Ve, indicating a loss of cation permeability. The Ve, shift in Tris*Glu~ versus Tris*Cl~ was further strongly
increased when the $**?K mutation was combined either with D*?K alone or with E**K and D**°K together, an effect that could not be surpassed by

mutating all three acidic residues to lysines or by additionally incorporating the S**A mutation.

predicts, with variable frequency and also depending on the hom-
ology mutant analyzed (almost 100% for hP2X7RF*¥) lateral
pathways from the large cavity below S342 lined by acidic residues
such as E14 and D352 at the intracellular membrane interface of
hP2X7R™" (SI Appendix, Fig. S3). To determine the role of these
conserved lateral acidic residues on ion selectivity, we mutated
E14 and D352 to lysine together with the tri-S342 gate, yielding
hP2x7REI4KS342KD352K Replacing Na* with Tris* caused a statistic-
ally insignificant shift of Ve, of hP2X7RF#K:5342K.352K tqyward posi-
tive values (compare Fig. 2C and F; for statistical analysis, see
Fig. 3). This suggests that the E*K, $**?K, D*?K mutation either
eliminated the inherent cation selectivity of hP2X7R™!, or at least
its preference for the small cation Na* over the larger Tris*.
Consistent with a complete loss of cation permeability, the add-
itional substitution of extracellular ClI~ by the twice as large
Glu~ was accompanied by a large positive Ve, shift of +39.9 mV
(Fig. 21), indicating a 4.8-fold greater Cl~ than Glu™ permeability
(Pcru/Pc10f0.21, mean 0.22 +0.05, see SI Appendix, Table S1). It fol-
lows that lysine substitution of E14 and D352 (in addition to S342)
in hp2xX7REMKS342K.352K regylts in selectivity for the small anion
Cl7, in contrast to hP2X7R™! and hP2X7R%**?X which are equally
impermeable to Cl™ and Glu™. Both together, the insignificant
Vyev shift due to Na* by Tris* substitution and the strong positive

shift due to Cl~ by Glu™ substitution, are typical features of anion-
selective ion channels such as the volume-regulated anion chan-
nel (52). We conclude that the hP2X7REMK:S342KD352K mytant be-
haves like an ATP*"-gated anion channel.

Acidic residues at the cytoplasmic exit of the TM2
channel control cation selectivity

To elucidate the individual contribution of the lysine substitu-
tions of residues E14, S342, and D352 to the altered charge select-
ivity, we substituted each of these residues individually and in
various combinations with lysines, including the nonconserved
residue D356 and also S339, one helical turn above the gating resi-
due S342 (see Fig. 1). Since S339K mutants were generally not
functional (see also SI Appendix, Fig. S4), we had to make do
with alanine mutants at this position. The reversal potentials
were determined using the protocol described in Fig. 2. The data
are summarized in Fig. 3A, sorted into four groups with compara-
tive statistical analysis.

Group 1 shows the mean Ve, values of hP2X7R"" in Na*Cl~
(white bar), Tris*Cl™ (red bar), and Tris*Glu™ (purple bar). Group
2 shows the Vy., values of hP2X7R mutants with single, double,
and triple lysine substitutions of E14, D352, or D356. Each single
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lysine substitution as well as the single S339A and S342A muta-
tions within this group consistently resulted in a less negative
Vyey In Tris*Cl™ (red bars) compared to hP2X7R™". This indicates
that each of the five mutations reduced the preference for Na*
relative to Tris*, but Na* was always preferred to Tris* according
to the still negative V.., shift induced by the substitution of Na*
by Tris*.

Replacing Tris*Cl™ with Tris*Glu~ did not significantly reduce
the Ve, of the single mutants, indicating that the anion exclusion
typical of hP2X7"" is maintained (compare red and purple bars).
However, when the E*K mutation was combined with D3*>?K or/
and D**°K mutations, V.., shifted statistically significantly to the
positive in Tris*Glu~, i.e. when Cl~ was replaced by the organic
anion Glu~ (compare height of purple versus red bars in Fig. 3A).
This indicates that replacement of two or three acidic residues
at the membrane-cytoplasmic interface of each subunit with ly-
sines renders hP2X7R anion permeable.

Because of the relatively strong effect of the S**’A and S**?A
mutations on ion selectivity (group 2), we tested the introduction
of a positive charge at position S339 or 5342 by mutating serine to
lysine. The $**°K single mutant was nonfunctional, although an
EM™K, $**°K double mutant was weakly expressed in the plasma
membrane (see SI Appendix, Fig. S5A). In contrast, the S**?K single
mutation was functional and resulted in a less negative Ve, shift
than any of the E*K, D**?K, or D**°K single mutations in group 2
when Na* was replaced by Tris* (heights of red versus white
bars). This suggests that S342 contributes significantly more to
the small cation Na* versus Tris* selectivity of hP2X7R than either
E™ D*°2, or D**° alone. This is best explained by S342 acting pri-
marily as a size-selective filter, reducing the permeation of larger
cations such as Tris*. The combination of the $**?’K mutation with
either the EMK or D**°K mutation resulted in anion permeability,
as evidenced by the statistically significant positive shift of Ve,
upon Cl™ to Glu~ substitution. Mutants with these properties
were assigned to the new group 3.

Since hP2X7R%*3% was not functional as an ATP*~-gated chan-
nel, we also examined the alanine mutant hP2X7R%**°# in the con-
text of EYK, D3°°K. hP2X7REI4KS339AD356 a5 functional but had
no further effect on V,e, when combined with E**K and $3*°K
(Fig. 3A). This suggests a negligible contribution of the hydroxyl
side chain of S339 to the ion selectivity of hP2X7R.

The combination of the $**?K and D**°K mutations in
hP2x75342K.D352K regylted in an even further shift to more positive
Viey values in Tris*Cl™ so that they were no longer different from
the values in Na*Cl™ and were therefore assigned to group 4
(Fig. 3A). Furthermore, a particularly strong shift of Ve, to high
positive voltages occurred here when Cl~ was replaced by Glu~™
(compare the height of the purple bars between groups 3 and 4).
The positive Ve, shift was further increased by including the
E™K mutation in the triple mutant hp2x 784K S342K.D352K  grhereas
the triple mutant hp2x7E14K.S342K.D356K w95 approximately equiva-
lent to the double mutant hp2X75342KP352K ‘Taken together, this
suggests that D352 is more important for ion selectivity than
E14 or D356, both of which had to be simultaneously mutated to
lysines to have the same effect as D**’K when combined with
$3%?K. The lack of effect of the Na* to Tris* substitution on Ve,
combined with the simultaneous strong shift of V.., to positive po-
tentials in Tris*Glu~ indicates that all group 4 hP2X7R mutants are
purely selective for the small Cl™ anion.

A complete shift from cation to anion permeability was also in-
duced by mutation of D352 or/and D356 in the E**K, $**?K back-
ground. Again, the additional alanine mutation of S339, which is
one helical turn upstream of S342 and, like S342, is located in

the narrowest region of the closed trihelical TM2 channel
(Fig. 1), had no additional effect on the positive Ve, shift induced
by the Cl™ to Glu™ substitution (Fig. 3). This supports our previous
single-channel data that S339 does not act as a selectivity filter
(27), and is also consistent with the cryo-EM structure and our de-
rived homology models showing that the open pore diameter is
significantly larger above and below the triple S342 ring, except
for the constriction at K17, which can be ruled out as an exit site
(see SI Appendix, Fig. S2). Unfortunately, the nonfunctional state
of hP2X7R%**%% did not allow a more comprehensive analysis. The
alanine and lysine mutants of Y343, next to $S342 in the ion chan-
nel, were also not functionally expressed, although at least
hP2X7REMKY343K was expressed at the plasma membrane (SI
Appendix, Fig. S5C). The permeability ratios reflecting the Ve,
shifts of all hP2X7R mutants examined are summarized with stat-
istical analysis in SI Appendix, Table S1.

The ATP*"-induced conductances (Gt vrey) Of all hP2X7R con-
structs are shown in Fig. 3B. The ATP* -induced conductances dif-
fered greatly between the different hP2X7R mutants. The use of
conductance has the advantage of being independent of membrane
potential. In addition, according to the Goldman equation, the rever-
sal potential across a homogeneous population of ion channelsisin-
dependent of the expression level. Overall, the presence of the S342K
or/and D352 mutation strongly reduced the conductance of the re-
spective construct, which in the case of the S342K mutation can
be well correlated with the strong reduction of the narrowest part
of the wt pore from 6.0 to 3.3 and 3.0 A for the mutants S342K and
E14K, S342K, D352K, and D356K, respectively (SI Appendix, Fig. 54).

Virtually all hP2X7R mutants examined (with the exception of
two nonfunctional mutants) were consistently well expressed at
plasma membrane in the three biochemical experiments shown
(SI Appendix, Fig. SSA-C). The maximum plasma membrane vari-
ation by a factor of 2 is much too small to be considered a major
cause of the conductance variations. Therefore, the most likely
explanation for the functional differences is that the open prob-
abilities and/or single-channel conductances of the different mu-
tants are significantly different.

Mutation of acidic residues to lysine at the
cytoplasmic interface causes strong inward
rectification

The [-V curves in Fig. 2A, D, and G show a nearly linear current-
voltage relationship for ATP* -induced currents mediated by
hP2X7R"™!, indicating little or no rectification. This is consistent
with previous measurements in both whole-cell mode (5, 8) and
single-channel mode (10, 40, 53). In contrast, the -V curves for
hP2X7R5**?¥ (Fig. 2H) show strong outward rectification, which
was reversed to inward rectification by additional lysine substitu-
tions of E14 and D352 in the triple mutant hp2X7REM4K5342K.D352K
(Fig. 21). To systematically examine the correlation, we quantified
the rectification index for hP2X7R"* and all its mutants as the ratio
of the slope conductance at negative and positive potentials in all
three extracellular solutions (see Materials and methods), as
shown as examples for hP2X7R534?K and hpox7RE1#KS342K.D352K
(SI Appendix, Fig. S6A and B, respectively). Statistics are presented
as bar graphs (SI Appendix, Fig. S6C). In almost all constructs sum-
marized as group 2 in Fig. 3A, outward rectification increased sig-
nificantly when Na* was replaced by Tris*. This can be explained
by a decrease in the inward current, which is now carried by the
larger, less permeable Tris* ion instead of Na*, providing addition-
al evidence for small cation selectivity. The strong inward rectifi-
cation of the hP2xX7REMKS342KD352K mytant in Tris*Glu™ (reflected
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by the absence of outward current at positive potentials up to
+40 mV) can be explained by the absence of available charge car-
riers: endogenous intracellular ClI~™ can move out at negative po-
tentials, but Glu™ cannot enter because of its larger size.

Effect of lysine mutations on pore diameter and
shape by homology modeling and structural
visualization

A compilation of SWISS homology-modeled pore sections shows
that the isosceles triangular arrangement of residues is preserved
in all 17 electrophysiologically characterized hP2X7R mutants,
even with multiple lysine substitutions. The open states of wt
and five of these mutants are exemplarily shown in SI Appendix,
Fig. S4,in top (A-F) and bottom views (G-L) together with the mod-
eled pores (M-R). The S342K mutation (SI Appendix, Fig. S4, com-
pare A-C with D and E), but not the nonfunctional S339K
mutation (SI Appendix, Fig. S4, compare A with F), reduced the vis-
ible pore diameter at the level of residue 342 by about half (from
6.0 A t0 3.0-3.3 A). In contrast, pore diameter at residue 342 was
unaffected by multiple acid-to-lysine mutations in the acidic tri-
angle (SI Appendix, Fig. 54, compare A-C).

Discussion

Based on the structure of the truncated homotrimeric zebrafish
P2X4R (54, 55), the narrowest part of the ATP-gated ion-conducting
pathway is formed by the trihelical TM2 bundle, as confirmed by
functional experiments (56) and also by the cryo-EM structure of
rP2X7R (26). In hP2X7R, we found the tri-5342 ring in TM2 to be in-
volved in gating and permeation, acting as a size-selective filter
(27). In addition, we show in this work that the S342K mutation
only affects the relative selectivity for Na* versus Tris*, which
have effective diameters of 1.9 versus 6.5 A, respectively, but
does not itself induce anion permeability. This is in contrast to
the reported importance of the equivalent residue Thr339 in rat
P2X2R, which when mutated to lysine changed permeation from
10-fold cation selective to anion preferential (57).

Acidic isosceles triangle: a large-diameter,
high-field electrostatic cation selectivity filter for
small inorganic and small organic cations

In our previous SCAM experiments (27), we observed that the
membrane-impermeant anionic cysteine-reactive 5.8 A reagent
MTSES™ reacted with S342C when applied externally, but not
when applied to the cytosolic side. In contrast, the cationic 5.8 A
reagent MTSET" reacted with S342C from both sides of the mem-
brane. Alogical explanation for this difference is the presence of a
true cation-selective filter downstream of S342 that is impene-
trable to the MTSES™ anion from the cytosolic side. Based on the
recognition of the closely spaced acidic residues E14, D352, and
D356 deep in the membrane at the cytoplasmic interface, we
were able to gradually shift the permeation properties of
hP2X7R from cation to anion selectivity by stepwise mutation of
the acidic residues to lysines. The importance of basic residues
as anion selectivity filters is well known for instance for
TMEM16A Ca**-activated Cl~ channels (58).

Considering the ability of the 5.8-A-diameter MTSET" to react
“backwards” with S**°C when applied cytosolically (27), we can
retrospectively conclude that the acidic cation selectivity filter
at the channel exit must also have a diameter of at least 5.8 A.
Calculation of the mean distances by PyMOL between the carb-
oxyl groups of E14 and D352 and E14 and D356 of the homology-

modeled hP2X7R mutants gave 9.6 + 1.5 and 5.4 + 0.5 A (+SD), re-
spectively, and 7.4 + 2.5 A (+SD) overall, which is in the range con-
sistent with anterograde Tris® and retrograde MTSET*
permeation. We propose that the high density of three negative
charges per lateral pore at the interface of two subunits is neces-
sary to generate an electrostatic field strong enough to force se-
lectivity even for solvated cations. In other words, the high
charge density serves to compensate for the large pore radius.
This view is supported by our observation that all three acidic res-
idues (together with the size filter at $342) are necessary for pure
cation selectivity and that this selectivity gradually disappears
with each acidic residue mutated to a lysine.

The Tri-S342 ring in the center of the membrane is
primarily a size filter for cations

The S342K mutation reduced the modeled pore size to 3.3 A (SI
Appendix, Fig. S4), which is close to the 3.6 A ionic diameter of de-
hydrated Cl". Therefore, we expected that the combination of a
pore size close to Cl~ combined with the introduced positive
charge alone would convert the hP2X7R from Na* to CI~ perme-
ability. However, no detectable anion permeability was seen
with the S342K mutation alone. How the S342K mutation, to-
gether with the lysine substitutions in the acidic triangle, contrib-
utes to Cl™ selectivity remains unclear at this time. One
speculative possibility is that any C1~ that winds through the nar-
row pore of the ***?hP2X7R single mutant cannot pass further be-
causeits passageis electrostatically blocked by the acidic residues
E14/D352/D356, i.e. selectivity filter 2. Only the lysine mutation of
both selectivity filters allows the unhindered flow of C1™. This view
is supported by the observation that the opposite is also true: the
charge reversal mutations in the acidic triangle alone result in a
certain Cl~ permeability, as can be seen from group 2 in Fig. 2.
This suggests that Cl~ could in principle even pass through
hP27R"" $342 selectivity filter, but again its passage is electrostati-
cally blocked by the acidic selectivity filter 2. Therefore, a primary
size filter with a possible effect on the hydration of the permeating
ions seems to be the most likely role for S342 at this time.

Role of acidic residues in the TM2 of P2XRs in
relation of literature

The basic data of this work are graphically summarized in Fig. 4.
Based on the insight that the arrangement of acid residues in the
cytoplasmic interface may serve as a selectivity filter, we were
able to gradually change the permeation characteristics from se-
lectivity for small cations (hP2X7R™") to selectivity for small anions
(e.g. hP2X7RE14KS342KD352K) "The virtual impermeability to anions
provides additional support for the view that the proposed dilation
of the P2X7R ion channel pore, reportedly associated with the ion
channel becoming nonselective also for large organic cations (5,
60) and anions (61), is an artifact. Our new data re-emphasize the
view that the hP2X7R maintains a stable conductance for cations
with a minimum cross-sectional diameter <8.5 A (10, 27), but is
per se impermeable to anions (8) (40).

Here, we show that in addition to S342 of TM2, ions are selected
by acidic amino acid residues (E14, D352 and D356) along the lat-
eral pores of the cytoplasmic part of the hP2X7R protein. Lysine
mutations at S342 and at the critical lateral pore residues pro-
duced ion channels with currents independent of extracellular
cations, indicating a loss of cation permeability. Instead, currents
using the “new” selectivity filters at K342 and K352 (or additionally
at K14 and K356) are dependent on the size of the extracellular
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Fig. 4. Cation selectivity filter at the cytoplasmic interface of hP2X7R™". Lateral (A) and bottom (B) views of the open hP2X7R" with labeled residues lining
the open pore or located more peripherally (F350, 1351, colored gray). The pore was modeled using MOLEonline. From the frequent detection of single
lateral pores in the open hP2X7R channel by the MOLEonline software (see SI Appendix, Fig. S3) and consistent with the data shown here, we conclude
that the fluid in the cavity below the tri-S342 ring (sky blue) and the lateral pores is continuum, with access controlled by the gate at S342 (selectivity filter
1). C) Location of filters 1 and 2 relative to phospholipid head groups. Our electrophysiological data indicate that cations exit through three exits (indicated
by blue arrows), one between each subunit interface and each flanked by E14 of one subunit and D352/D356 of the adjacent subunit (size-selective filter
2). The membrane boundaries of the SWISS homology-modeled open hP2X7R"™" were determined using the “OPM” server (https:/opm.phar.umich.edu/)
with the conditions “Mammalian plasma membrane,” “Allow curvature yes,” “Topology N-term in” (50, 59). The red and blue pseudo-atoms were
automatically added by the OPM server to mark the hydrophobic boundaries of the lipid bilayer. The downloaded PDF file was visualized with PyMOL.
Note the proximity of the cation selectivity filter to the phospholipid headgroups and the apparent lack of coverage of the transmembrane channel by the
main and side chains of flanking amino acid residues, both of which may be related to the effect of lipids on ion permeation (25) (channel portion in A)

"o«

uncovered by amino acid main and side chains).

anion, i.e. the filters allow C1~ (effective diameter 3.6 A) to perme-
ate more easily than the bulkier Glu~ (effective diameter 5.5 A).

The lateral pores are part of the cytoplasmic cap (26) and allow
ions to exit the large cavity below S342 in the cytoplasmic half of
the membrane through the size-selective filter into the cytoplasm.
However, a complete reversal of charge selectivity from cationic
to anionic required mutations of $342 and at least D352 to lysine,
suggesting that the cation selectivity of hP2X7R is a product of the
combination of the two filters.

Our results indicate that D352 of P2X7R or equivalent positions of
other P2XRs are critical for P2XR ion permeation. It has been sug-
gested previously that ion flow through P2Xs into the cytoplasm
does not occur along the central axis of the cytoplasmic domain,
but through lateral fenestrations (26, 62), but which amino acid resi-
dues line these pores remained unresolved. Several previous reports
support our view of the important role of D352 in the P2X7R ion per-
meation pathway. Single-channel currents of rat P2X2R were abol-
ished when residue D349, corresponding to D352 in hP2X7R (and
D361 in the 12 N-terminal residues longer hP2X2R, SI Appendix,
Fig. S7), was replaced by neutral or positively charged residues (63).
rP2X2RP***¢ mediated only small currents after activation by ATP
(64) and was blocked by MTSEA" (65) or Cd** (66). These results indi-
cated early on that this position is critical for ion permeation.
Furthermore, hP2X7RP**? mediated only 10% of the hP2X7R™* con-
ductance (27). Substitution of T348 and D352 with basic residues in
the channel-lining TM2 domain of the rP2X7R simultaneously in-
creased the permeability of the normally cationic channel for Cl™
and an acidic fluorescent dye with an effective diameter of >10 A (61).

Residues equivalent to E14 of hP2X7R were previously identi-
fied as critical for the cation selectivity of rat P2X2 (E17) and the
additional anion permeability of mouse P2X5 (K17), as well as
for the access to the transmembrane pore through lateral fenes-
trations (31). The importance of E14 for the Ca** permeability of
rP2X7R has already been shown (67). In an alternatively spliced

version of P2X7 (P2X7k (68)), the acidic E14 is replaced by the neu-
tral asparagine residue. This leads to a shift of the reversal poten-
tial to more positive potentials in NMDG" containing extracellular
solution. The fractional P2X7k-mediated Ca?* current is reduced
compared to hP2X7%" (67). These results previously suggested
that the N-terminal E14 residue is important for the permeation
properties of hP2X7R.

The involvement of lateral fenestrations in the extracellular
domain in the ion selection process has been proposed for the
P2X4R (69-71). Although ions may use a similar pathway in
P2X7R-mediated currents, the extracellular pores appear to be ir-
relevant for the cation selectivity of P2X7R, since the combined
mutation at the two filter sites, S342 and acidic triangle, is suffi-
cient to completely alter the charge selectivity of hP2X7R ions.

All these previous findings, together with our results shown
here, support our view that ion selection of P2X7Rs occurs in a
two-step fashion, with (i) a size-selective filter located in the mid-
dle of the TM2 domain and (ii) acidic residues lining lateral fenes-
trations controlling cation flow from the bulky cavity in the
cytoplasmic half of the membrane into the cytoplasm (see graph-
ical summary in Fig. 4). The conservation of D352 across the P2XR
family (SI Appendix, Fig. S7; see also a comprehensive interspecies
P2X sequence alignment in (54)) suggests that the cation selectiv-
ity of P2XR generally involves the mechanism described here.
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