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The P2X7 receptor (P2X7R) belongs to the P2X family of ATP-gated
cation channels. P2X7Rs are expressed in epithelial cells, leukocytes,
and microglia, and they play important roles in immunological and
inflammatory processes. P2X7Rs are obligate homotrimers, with each
subunit having two transmembrane helices, TM1 and TM2. Structural
and functional data regarding the P2X2 and P2X4 receptors indicate
that the central trihelical TM2 bundle forms the intrinsic trans-
membrane channel of P2X receptors. Here, we studied the accessi-
bility of single cysteines substituted along the pre-TM2 and TM2 helix
(residues 327-357) of the P2X7R using as readouts (/) the covalent
maleimide fluorescence accessibility of the surface-bound P2X7R and
(i) covalent modulation of macroscopic and single-channel currents
using extracellularly and intracellularly applied methanethiosulfonate
(MTS) reagents. We found that the channel opening extends from the
pre-TM2 region through the outer half of the trihelical TM2 channel.
Covalently adducted MTS ethylammonium* (MTSEA™*) strongly in-
creased the probability that the channel was open by delaying chan-
nel closing of seven of eight responsive human P2X7R (hP2X7R)
mutants. Structural modeling, as supported by experimental probing,
suggested that resulting intraluminal hydrogen bonding interactions
stabilize the open-channel state. The additional decrease in single-
channel conductance by MTSEA™ in five of seven positions identified
Y336, $339, L341C, Y343, and G345 as the narrowest part of the
channel lumen. The gate and ion-selectivity filter of the P2X7R could
be colocalized at and around residue $S342. None of our results pro-
vided any evidence for dilation of the hP2X7R channel on sustained
stimulation with ATP*~.
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ytolytic pore formation by extracellular adenosine tri-

phosphate (ATP) was first described in mast cells and was
outright suggested to involve the activation and subsequent pore
dilatation of a hypothetical ATP receptor channel (1). A similar
ATP-triggered pore-forming activity was subsequently found in
many immune and inflammatory cells and certain transformed
cell lines. The distinctive feature that is unique to this tentatively
termed P2Z receptor (2) is that brief application of ATP (in its
tetraanionic form, ATP*") evokes depolarizing cation fluxes,
whereas prolonged application of ATP*~ causes formation of
cytolytic pores with a molecular cutoff of ~900 Da (for review,
see ref. 3). The cytolytic activity was eventually assigned to the
P2X7 receptor (P2X7R), the seventh and final member of the
P2X receptor family. In HEK293 cells, the recombinant P2X7R
conferred the same responses that were attributed previously to
the P2Z receptor, including the dual-mode operation as a cation
channel and a cytolytic pore (4, 5). Today, it is widely believed
that P2X7R can mediate apoptotic or necrotic cell death under
pathophysiological conditions (4-6).

The cytolytic activity of human P2X7R (hP2X7R) has been
attributed to a time-dependent dilation of the integral ion
channel based on macroscopic current recordings of various cell
types (7-11). Particularly revealing was the observation that
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substituting T348 and D352 with basic residues in the channel-
lining second transmembrane domain (TM2) of the rat P2X7R
(rP2X7R) simultaneously increased the permeability of the
normally cationic channel for CI” and an acidic fluorescent dye
with an effective diameter of >10 A (12). A “channel-to-pore”
dilatation that changed the permeation characteristic from small
inorganic cations (e.g., Na*, K*, and Ca®") to large organic
cations [e.g., N-methyl-D-glucamine (NMDG™)] has also been
found for P2X2, P2X2/X3, and P2X4 receptors (13, 14) and
certain transient receptor potential (TRP) channels (15, 16). In
contrast, in extended single-channel recordings, we were unable
to detect a single-channel correlate of pore dilation (17, 18). An
unexpected explanation for the discrepancy between macro-
scopic and microscopic currents came from the seminal dem-
onstration that V., shifts may reflect not pore dilatation but
rather profound changes in the concentration of intracellular
ions associated with prolonged P2XR activation (19). This
study raises fundamental doubts about the existence of pore
dilatation as a general property of P2XRs (20) and the related
ion channels.

In this study, using substituted cysteine accessibility mutagen-
esis (SCAM) (21), we assessed whether peculiar conformational
changes accompany ATP*"-gated opening of the transmembrane
permeation pathway in hP2X7R. The transmembrane domain of
all P2X subunits consists of two helices, TM1 and TM2, which are
connected by a large extracellular loop comprising the sequence
elements that shape the intersubunit binding pockets for the
natural ligand ATP. The N and C termini are intracellularly lo-
cated. The apo-closed and ATP-liganded open X-ray structures
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of a truncated zebrafish P2X4 receptor (AzfP2X4R) (22, 23)
combined with a homology structure-based interpretation of the
functional data have verified that the ionic permeation pathway is
defined by TM2 residues (12, 24-27). Three circularly assembled
TM2 helices, each of which is donated by one of the three
protomers of the trimeric P2X receptors, enclose the centrally
located ion channel pore along the threefold symmetry axis
(23). The TM1 helices are located peripherally to the TM2 ion
channel pore. Accordingly, we confined our SCAM analysis to
the TM2 helix and flanking sequences of the full-length hP2X7R
subunit. We combined membrane current recordings in the
whole-cell mode and in various excised patch clamp configura-
tions by probing with various cysteine-reactive methanethio-
sulfonate (MTS) reagents to assess the accessibility of cysteine

residues that were substituted in the TM2-lined channel from
both sides of the membrane. We determined the single-channel
properties of the MTS-responsive mutants to clarify the mo-
lecular mechanisms underlying the macroscopic channel mo-
difications (17). In addition, we biochemically assessed the
accessibility of substituted cysteine residues to a bulky cysteine-
reactive fluorescent maleimide dye to identify cysteine residues
that are accessible but not functionally responsive to MTS
reagents. Our combined data define the ion channel pore and
gating region of P2X7R and reveal ATP*~ triggered distinct
widening of the pre-TM2 region and the trihelical TM2 chan-
nel that was completely stable over time. Partial results of this
work were presented in a poster at the 58th Annual Meeting of
the Biophysical Society in San Francisco (28).
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Fig. 1. Biochemical and TEVC screening for the accessibility of single-cysteine substitutions in the TM2 of the closed and ATP*~-opened hP2X7R. (A, Left) Bars
show the normalized means of the Cy5~ fluorescence bound via maleimide chemistry to extracellularly accessible cysteine residues in the absence and
presence of 1 mM ATP*", respectively, as normalized to the surface expression of the respective hP2X7R mutant (as assessed by lysine-bound Alexa Fluor 488
fluorescence). The specifically bound fluorescence levels were quantified through in-gel fluorescence scanning of the immunoprecipitated and SDS/PAGE-
resolved mutants. (Right) State-dependent effect of MTSEA* (0.5 mM) on the 1 mM ATP* -elicited TEVC currents of the indicated SCAM mutant. Open and
solid bars represent the means (n = 6-13 oocytes) of Iyrsea closed @aNd ImTsea,opens respectively, normalized to the /o of the corresponding hP2X7R construct.
Means significantly different from 1 are marked by an asterisk. (8) The original hP2X7R"33' current traces illustrate the principle of the recordings: (a) re-
sponse I to ATP*~ without any MTSEA™; (b), response of the closed hP2X7R to MTSEA™; (c) response Iyrsea, ciosed to ATP*~ following MTSEA™ preincubation;
and (d) response /yrsea,open to coapplied ATP*~ and MTSEA*. (C-E) The TM2 helix of the hP2X7R (presented as extending from 1330 to 1351, filled yellow
circles) and the red-framed flanking residues were individually mutated to cysteine. Residues of the apo-closed hP2X7R (C) and the ATP* -activated open
hP2X7R (D and E) are colored according to their accessibility (in the cysteine-substituted form) to Cy5~ maleimide in the biochemical experiments (green) or
functional modulation by MTSEA* in electrophysiological experiments (blue and red, indicating current inhibition and stimulation, respectively). The ATP*-triggered
accessibility of single cysteines engineered in pre-TM2 positions (**’K, 328F, and 32°D) could be identified only biochemically. The TM2 segments were drawn
using Protter at wlab.ethz.ch/protter/# (46).
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Results

ATP*~ Increases Access to Cysteines That Were Engineered in Pre-TM2
and TM2 to Cy5~ Maleimide. The X-ray structure of zfP2X4R in-
dicates that the TM2 helix of the zfP2X4 subunit extends from
residues I1e335 to Cys356 (23), corresponding to I1e330 to Ile351
of the hP2X7R subunit (23). A location shifted by only a few
residues of the TM2 helix of the hP2X7R, V334-L354, is pre-
dicted by the topology algorithms included in the TOPCONS
server (29). By including the flanking pre-TM2 and post-TM2
residues, we substituted a single cysteine at every residue from
K327 to T357 of hP2X7R (see the hP2X7 topology cartoon, Fig.
1C). All 31 cysteine substitution mutants were incorporated into
the plasma membrane (SI Appendix, Fig. S1, Left), and all but
one, hP2X7RE338C, responded to ATP* with an inward current
at the standard holding potential of —40 mV (ST Appendix, F%g
S1, Right). Because of its defective state, the hP2X7RE338C
mutant was not included in further analyses.

Next, we biochemically tested whether the single introduced
cysteine residue in any of the hP2X7R TM2 mutants was acces-
sible from the extracellular surface of intact Xenopus laevis oocytes
by labeling with the bulky, thiol-reactive fluorescent dye sulfo-
cyanine 5 (Cy5™) maleimide (803 Da). Cy5™ is anionic in nature
overall (with two SO;~ groups versus one quaternary N*), and
thus it is membrane impermeant. Because of the significant Cy5™
maleimide labeling of the hP2X7R™, we normalized the co-
valently bound Cy5~ fluorescence to the plasma membrane ex-
pression of each mutant, which we assessed by quantifying the
covalent binding of the primary amino group-reactive compound
Alexa Fluor 488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester,
S-isomer (Alexa Fluor 488 TFP). Alexa Fluor 488 is also anionic in
nature due to its two SOz~ groups and one COO™ group. When

the channel was closed by the absence of ATP*, only one mutant,
hP2X7R™'€ incorporated significantly more expression-normal-
ized Cy5~ fluorescence than the hP2X7R™ (Fig. 14, Left, open
bar). However, when Cy5™ maleimide labeling was performed in
the presence of 1 mM ATP*~ for 30 min, a significantly increased
level of bound Cy5~ was observed for a total of nine hP2X7R TM2
mutants (Fig. 14, Left, gray filled bars). In the rectangular and
helical wheel projections, these extracellularly Cy5~ maleimide-
accessible residues extended through more than half of the TM2
(Fig. 1 C and D), and they all clustered on one face of the helix (S
Appendix, Fig. S2). Access to cysteine residues as deep as Y343C
in the TM2 channel can be explained by the long and flexible
aliphatic spacer arm of 10 or more methylene groups, by which the
maleimide group is linked to the Cy5~ fluorophore. This config-
uration allows the maleimide group to snorkel deep into the
narrow channel to react with accessible cysteine residues, whereas
the bulky, negatively charged Cy5~ fluorophore is accommodated
by the wider channel entrance. Notably, no cysteine that was in-
troduced intracellularly to Y343C was significantly accessible for
covalent labeling by Cy5™ maleimide despite 30 min of costimulation
with 1 mM ATP*~, We infer from this observation that the selectivity
filter is stable over time, indicating that marked dilatation of the
channel’s pore does not occur despite sustained stimulation with
the high concentration of 1 mM ATP*".

MTS Ethylammonium™ Delineates Similar ATP*~-Dependent Cysteine
Accessibility as Does Cy5~ Maleimide. For a systematic screening of
all of the mutants for their functional modification by the small
positively charged MTS reagent, MTS ethylammonium™ (MTSEA™),
we applied the two-electrode voltage-clamp (TEVC) method.
MTSEA™" covalently attaches an aminoethanesulfide moiety
(-S-CH,-CH,-NH;*, 77 Da) to the cysteine sulfhydryl, thereby
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Fig. 2. Single-channel analysis of MTSEA™ modifications in hP2X7R SCAM mutants. (A and B) Representative single-channel recordings (Left) and corre-
sponding amplitude histograms (Right) from outside-out patches excised from an oocyte expressing hP2X7R533%¢, Single-channel currents were recorded
following activation by 0.1 mM ATP*" alone (A) or by coapplication of 0.1 mM ATP*~ and 0.025 mM MTSEA™ (B). The indicated single-channel current
amplitudes and the mean open probabilities were determined by fitting two Gaussian distributions to the data. (Right) Statistical comparisons of single-
channel amplitudes (C) and open probabilities (D) determined during application of ATP*~ alone (red bars) or during coapplication of ATP*~ and MTSEA™
(green bars). Each bar represents the means of 6-30 patches. The hashes indicate significant differences from hP2X7R"", resulting from the indicated cysteine
substitution. The observed P, changes may reflect small structural changes resulting from the cysteine substitutions and are not due to a decreased ECs, for
ATP*", which was significantly diminished compared with the WT for only one mutant, hP2X7RY?3¢¢ (concentration-response curves in S/ Appendix, Fig. S8).
Asterisks indicate significant differences between the means with and without MTS.
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Fig. 3. Time course of MTSEA™ modification for various hP2X7R SCAM
mutants. Shown are representative TEVC current traces that were recorded
from oocytes expressing the indicated hP2X7R mutant before, during, and
after exposure to ATP*~ and MTSEA*, as indicated. The specific mutants
were selected to exemplify distinct current modifications by MTSEA™ in the
ATP*~-induced open state as follows: (A) no current modification, (B) fast
stimulation, (C) slow stimulation, and (D) inhibition. The time courses of the
indicated current components /Iatp and lyrsea Were fitted by the sum of an
exponentially saturating increase and a linear component (33), as indicated
by the overlaid lines. In A-C, the current component /tp Was extrapolated to
the end of the MTSEA™ application. The R in B and C represents the rate
constant of the MTSEA™ effect; s in C denotes the slope of the MTSEA*-induced
current. We attribute the current deflections at the start and the end of the
MTSEA* application in C to unspecific blocking and unblocking, respectively, of
the hP2X7"33¢“mediated current by MTSEA*.

producing a lysine-like side chain that is positively charged at physio-
logical pH values (21). With a minimum diameter of 4.6 A, MTSEA*
should be sufficiently small to permeate through the ATP4_-°0pened
hP2X7R channel, which has a mean diameter of ~8.5 A at its
narrowest point (18). Hence, in principle, MTSEA* may be ca-
pable of reacting with all of the channel-lining substituted cysteine
residues throughout the entire hP2X7R channel.

The sequential current responses to ATP*~ and MTSEA*, each
of which was followed by a 3-min washout period, are shown in
Fig. 1B for the mutant hP2X7R™3!C, First, ATP*~ was applied to
elicit the control current response I, (Fig. 1B, trace a); second,
MTSEA™* was applied alone to the closed-state hP2X7R (trace b);
third, ATP*~ was applied to test whether the prior MTSEA™ ex-
posure modified the closed-state hP2X7R in a manner that no-
ticeably affected the ATP4’-gated current Iyrsgasclosed (trace c);
and fourth, ATP*~ and MTSEA™ were coapplied to determine the
Ivitseasopen, indicating whether MTSEA™" directly modified the
current in the ATP*~ bound open state (trace d).

The overall data from the functional screening are summarized
as open and filled bars, reflecting the modifying effect of MTSEA™
at the closed and open channels, respectively (Fig. 14, Right).
Singly applied MTSEA™ induced a significant current (>5 nA) in
only one mutant, hP2X7R5%C, This effect fully disappeared fol-
lowing washout, indicating that this MTSEA™ stimulation was
noncovalent in nature (SI Appendix, Fig. S3). The three mutants

Pippel et al.

1331, V335C, and S339C were covalently modified by MTSEA™ in
the closed state, as indicated by the increased current response to
the ATP*~ test pulse. In the ATP*-opened state, a total of seven
hP2X7R mutants were modified by MTSEA™ (Fig. 14, Right,
filled bars; see also Fig. 1E); five mutants (I331C, V335C, S339C,
Y343C, and Y336C), exhibited a strongly and two mutants (L341C
and G345C) a weakly enhanced current, and one mutant exhibited
a significantly reduced current (S342C).

A small reduction in the ATP*"-induced currents was ob-
served in both the absence and presence of MTSEA™ with eight
additional hP2X7R mutants (K327C, D329C, 1330C, L333C,
L346C, F353C, D356C, and T357C) when repeatedly activated
with ATP*". These small current reductions resulted from a
MTSEA*-independent current rundown intrinsic to these mu-
tants following repeated exposure to ATP*~ (SI Appendix, Fig.
S4). To exclude that the current rundown may have masked
MTSEA™" stimulation, we rescreened these mutants that were
rated MTSEA™ nonresponsive in our initial screening (Fig. 14)
by a time-resolved protocol (for details, see Fig. 3) (SI Appendix,
Fig. S5).

Macroscopic Current Potentiation by MTSEA* Mirrors Increased
Open-Channel Probability. The MTSEA* modifications of the
ATP* -gated macroscopic currents in the cysteine hP2X7R
mutants (Fig. 14, Right) might reflect changes in the channel
conductance, the open-channel probability, or both. To clarify
this issue, we recorded single-channel events in outside-out
patches that allow for the fast application and removal of ATP*~.

B MTSEA *
s~ M VTSET
[ MTSES
B MTS-Y

lwrs/late

1331C V335C Y336C S339C L341C S342C Y343C G345C

Fig.4. Normalized effects of chemically diverse MTS reagents on ATP*~-induced
currents of hP2X7R SCAM mutants. The TEVC current components /arp and
Iuts were determined as illustrated in Fig. 3 B-D. Bars represent the means
from 6 to 12 oocytes. A relative effect size of 1 (horizontal line) indicates
that the current was not influenced by the MTS reagent. Asterisks indicate
significant difference from 1. Because most of the MTS-modified cysteines
are situated within the electrical field of the membrane (S/ Appendix, Fig.
S10), the cationic MTSEA* and MTSET* and the anionic MTSES™ were applied
at holding potentials of —40 mV and +20 mV, respectively, to provide an
inwardly directed electrochemical driving force for all three charged re-
agents. The uncharged MTS-Y was applied at a holding potential of —40 mV.
The concentrations of ATP*~ and MTS reagents used here are included in S/
Appendix, Table S1.

PNAS | Published online February 24, 2017 | E2159

%)
=2
=
a
w
<
=
[

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610414114/-/DCSupplemental/pnas.1610414114.sapp.pdf

L T

/

D\

25 25
A & B~ |==== MTSEAopen
vy
£ 3min 5 3min 20 == MTSEA,closed L 20
Ll mmmm VTSET,open
Fs washout 65  washout F‘ 15 | L 15
<
5 10 i L 10
4 4
®
S 34
b 6 6
_©
21 R =0.078 e
4 =
+0.01 )
1 1d 0.019s §5 5
— E 2
= <
0 5 10 15 20 25 = £
cumulative time ] 4g
MTSEA exposure (s) o
(2]
C 3 La*
1.4 4
3
o124 -
o
1.0 4 T 21 M2
~ 084 |||
3
20.6 -
3 1 tA
3041
— 02
* * % *
O‘ngooooooocg? 0- -0
NSRS A0S SIS SR SR, S SR
LR K LA SR
MR Petry TEE SIS

Fig. 5. MTS modification rates of hP2X7R SCAM mutants from the extra-
cellular side. (A) The dependence of the ATP*~-induced TEVC current on the
cumulative time of exposure of the closed-state hP2X7R™3'¢ to MTSEA™.
(Top) Schematic illustratration of one cycle of exposures for an hP2X7R331<.
expressing oocyte to a 6-s lasting test pulse of 0.1 mM ATP*, followed by ATP*~
washout, a 6-s exposure to 0.25 mM MTSEA", and finally washout of the
MTSEA* before the next test pulse of ATP*" is applied. The time interval
between the ATP*~ or MTSEA* applications was 3 min. The ATP* -elicited
current amplitudes following each exposure to MTSEA™ in the closed state
(ImTseA,closed) Were normalized to the current amplitude induced by the first
test pulse of ATP*~ (at t = 0's, i.e., before MTSEA™ application, /atp,0) to yield
lactrel = ImTsea.closed/Iatp,0- The constant for the modification rate R of the
closed channel by MTSEA* was obtained by fitting an exponentially satu-
rating function (represented by the solid line) to the data. Data points are
the means + SEM of 8 oocytes from two different batches. (B) Statistical
comparison of the modification rate constants for the indicated hP2X7R
channel state by MTSEA* and MTSET™. The rate constants R (Left ordinate) in
the open and closed states were determined as illustrated in Fig. 3 B or D and
in A, respectively. The modification rate at Y336C is represented by the slope
s (*, Right ordinate), which was determined as shown in Fig. 3C. Bars rep-
resent the means + SEM of 6-12 oocytes. (C) State dependence of MTSEA™
modification. To assess the extent of the MTSEA™ modification on the closed
channel, the current amplitude induced by the fourth ATP*~ test pulse (i.e.,
following an 18-s cumulative MTSEA* exposure) was normalized to the ampli-
tude of the first ATP* test pulse, as shown in A, to yield hrelclosed =
Lactrel(18 SVlactret(0 S) — 1. lrel.ciosed Was then normalized to the relative effect of
MTSEA* on the current amplitude of the corresponding open state, /rel,open:
which is equal to liyrsea/late — 1 (taken from Fig. 4, green bars), i.e., lrel,ciosed!
Irel,open = (/act,rel(18 S)/Iact,rel(o 5) - 1)/(IMTSEA”ATP - 1)- The values for the
mutants Y336C, 5342C, and Y343C were set to 0 because the ATP*~-induced
currents decreased slightly with repeated ATP*~ applications. This decrease was
not significantly influenced by the continued presence of MTSEA* between the
ATP*" applications, thus indicating no effect of MTSEA* in the closed-channel
configuration. Means are shown of 6-14 oocytes. Asterisks denote means sig-
nificantly different from 1.

The hP2X7R-mediated single-channel currents in the outside-
out patch can be identified by their fast and reproducible ATP*~-
dependent activation and deactivation (17, 18). Typical current
traces are shown for the mutant hP2X7R5**“ (Fig. 2 4 and B).
MTSEA™" exerted two significant effects according to the histo-
gram plots as follows: MTSEA" reduced the single-channel
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current amplitude and dramatically increased the open-channel
probability simultaneously (Fig. 2 4 and B). The increase in the
open-channel probability apparently dominates over the decrease in
the single-channel current amplitude and thus explains the net
MTSEA*-induced increase in the macroscopic ATP* -dependent
current of hP2X7R**C. At the mutant hP2X7RY**“, MTSEA*
significantly increased the open-channel probability of hP2X7R V33>
without significantly changing the single-channel current amplitude
(SI Appendix, Fig. S6).

The bar graphs in Fig. 2 C and D summarize the average
single-channel amplitudes (Fig. 2C) and open probabilities (Fig.
2D) of all of the mutants that responded to MTSEA* with a
macroscopic gain of function. None of the single cysteine sub-
stitutions significantly affected the single-channel conductance
(Fig. 2C). However, five of the seven substitutions, 1331C,
V335C, Y336C, L341C, and Y343C, led to a significantly higher
open probability than hP2X7R™" (Fig. 2D). Following MTSEA™*
exposure, the single-channel current amplitude was unaffected
when the substituted cysteine residues were located toward the
extracellular entrance of the channel. However, starting with
mutant hP2X7RY**%C, MTSEA* caused a greater diminution of
the single-channel amplitude (to less than 40% at G345C) when
the substituted cysteine residues were located deeper in the
channel toward its intracellular exit (Fig. 2C). This finding sug-
gests a greater narrowing of the ion channel pore. The increase
in the open probability was particularly pronounced for
hP2X7R%*C and hP2X7RY***“, which achieved a P, value close
to 1 when exposed in the open state to MTSEA™. Of note, the
gating mechanism remained intact, as judged by the complete
channel closure that occurred upon ATP"™ washout. The in-
crease of the open probability is at least in part due to stabili-
zation of the channel open state as inferred from the delayed
deactivation time course (SI Appendix, SI Results and Fig. S7).

The sole mutant that responded to MTSEA™ with a loss of
function was hP2X7R%**2¢, which could unfortunately not be
subjected to histogram analysis because the ATP4‘-dependent
single-channel events vanished within a few milliseconds fol-
lowing MTSEA™ application (SI Appendix, Fig. S9). Therefore, it
remains unknown whether the inhibiting effect of MTSEA* on
hP2X7RS**2€ is due to a reduction in the single-channel current
amplitude or a closing gating transition.

Open-State MTS Reactivity Locates the hP2X7R Selectivity Filter at or
Just Internal to $342. To get detailed information about the ki-
netics of the MTSEA™" effects, we determined the time course of
the modification of the MTSEA*-responsive mutants in the
ATP*" open state. We identified three distinct current modifi-
cations: (i) an increase to a higher current plateau (Fig. 3B),
(ii) an acceleration of the linearly increasing current component
(Fig. 3C), and (iii) a decline to a lower current plateau (Fig. 3D).
The modifications persisted following MTSEA* washout, thus indi-
cating their covalent nature. Notably, the channels’ gates remained
functional, as evidenced by the current decline upon ATP*~ washout
(Fig. 3 B and D). The MTSEA*-nonresponsive mutant hP2X7R"™*C
is shown as a negative control for comparison (Fig. 34). To quantify
the MTSEA™" effect, we normalized the current amplitude Iyyrsga at
the end of the MTSEA™ exposure to the current amplitude Iorp
recorded in the absence of MTSEA™ and extrapolated to the same
time point, at which Iyyrsea Was measured (Fig. 3 A-D).

To localize the selectivity filter and the gate of the hP2X7R, we
applied the same kinetic protocol for determining the modification
of the eight MTSEA*-responsive hP2X7R mutants by three addi-
tional MTS reagents: MTSET", MTSES™, and MTS-Y (4-hydrox-
ybenzyl-MTS) (21). MTSET* and MTSES™, which covalently add
an ethyl-trimethylammonium group (-S-CH,-CH,-N(CH3)5*, 119 Da)
or an ethyl-sulfonate group (-S-CH,-CH,-SO;~, 140 Da) to
cysteine sulfhydryls, have opposite charges, but they have iden-
tical space-filling diameters of 5.8 A, i.e., larger than the 4.6 A of
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Fig. 6. hP2X7R%3%°C single-channel modifications by MTS reagents bath applied to the intracellular side of inside-out patches. (A-C) The representative

current trace in B was recorded from an inside-out patch excised with a patch pipette containing 0.1 mM ATP*~ to open the expressed hP2X7

R%335C channel.

The onset and duration of the bath application of MTSET™ to the intracellular site of the inside-out patch is indicated by the horizontal bar. The single-channel
current amplitudes and open probabilities were extracted from the amplitude histograms of the ATP*"-induced single-channel events recorded before ex-
posure to MTSET* (A) and during and after exposure to MTSET™ (C). (D-G) The same experiments as indicated in A-C were also conducted with MTSET™ for
the hP2X7R%3*>¢ mutant and MTSEA* for the hP2X7R":. Following MTSEA* or MTSET* exposure in the hP2X7R%34°¢ mutant, the derived single-channel
amplitudes and the open-channel probabilities were significantly different from the nonexposed controls (D and E). In contrast, MTSEA*~ exposure did not

modify hP2X7R"™" (F and G). Bars represent the means of 6-26 oocyte patches.

MTSEA™ (30). Compared with MTSEA*, MTSET* caused
qualitatively similar but quantitatively smaller effects on six of
the eight mutants (I331C, V335C, Y336C, S339C, L341C, and
S342C) (Fig. 4 and Fig. 5B). At residues Y343C and G345C,
which are positioned deeper in the channel with respect to the
cell surface (Fig. 1), MTSET™" (in contrast to MTSEA™) pro-
duced no significant effect (Fig. 4 and Fig. 5B).

The anionic MTSES™ functionally modified the two mutants
S339C and S342C, which were stimulated and inhibited, re-
spectively, i.e., in qualitatively the same manner as they were by
the positively charged MTS reagents (Fig. 4). The uncharged but
also bulky MTS-Y adds an ethyl-tyrosine group (S-CH,-CH,-
C¢H4-OH, 153 kDa), which converts a cysteine into a tyrosine-
like residue. MTS-Y functionally affected only hP2X7R53*2C,
which was blocked (Fig. 4).

The combined data indicate that the small MTSEA™ reagent
can penetrate up to one helical turn deeper into the channel to
access Y343C and G345C than the bulkier reagents. MTSET™,
MTSES™, and MTS-Y reach S342C, but no cysteine that was
introduced at a deeper position in the channel. That all three
charged MTS reagents and the uncharged MTS reagent me-
diated an inhibition at S342C suggests that the steric hindrance
is sufficient to block the channel at S342C. The finding that
both oppositely charged MTS reagents can reach S342C charge
independently indicates that the external border of the charge
selectivity filter must be located at or just internally to Ser342.
For a gain of function, the coupling of a charged moiety was
crucial. Whereas a positive charge was stimulatory at the five
gain-of-function positions 1331C, V335C, Y336C, S339C, and
L341C, the negative charge provided by MTSES™ was stimu-
latory only at S339C.

Pippel et al.

Accessibility of External MTS Locates the External Border of the Gate
C Terminus at L341C. To localize the gate region of hP2X7R, we
assessed the modification rate of extracellularly applied MTSEA*
at the closed hP2X7R mutants, as shown for hP2X7R™*'€ (Fig.
54). MTSEA™ covalently modified 1331C, V335C, S339C, and
L341C in the closed and open states at similar rates (Fig. 5B) and
to similar extents (Fig. 5C) following a cumulative 18-s application
of MTSEA*. This state-independent accessibility of MTSEA* to
L341C but no deeper cysteine (Fig. 5B) locates the gate region C
terminal to L341C. The inaccessibility of Y336C in the closed but
not in the open state may be attributed to the iris-like gating motion
of TM1 and TM2 (22), directing the sulthydryl group of Y336C in
an MTS-accessible position only in the open-channel state.
Compared with the state-independent accessibility of S339C
for MTSEA®, the bulkier MTSET* modified the closed
hP2X7R53*C channel at a rate of only 0.036 + 0.019 mM 157,
which is ~30 times slower than it is at the open channel. This
finding indicates that the gating-dependent constriction of the
ion pathway starts at S339C and is fully developed at S342C.

Internal MTS Locates the Internal Borders of the Gate and Selectivity
Filters at $342-G345. Next, we assessed the extension of the filter
and gate region toward the intracellular exit of the TM2 channel.
To this end, we applied MTSET* or MTSES™ via the patch pi-
pette to the intracellular side of the channel in multichannel
outside-out patches and then triggered the channel opening with
extracellular ATP*~ (cartoon at the Top of SI Appendix, Fig.
S11). From the multichannel recordings detailed in SI Appendix,
SI Results and Fig. S11, we infer that both the intracellular
border of the gate region and the selectivity filter are located C
terminally to S342 and that the size selectivity filter is formed
by S342.
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Appendix, SI Materials and Methods.

Additionally, we tested the location of the internal borders of
the gate and selectivity filter by making single-channel record-
ings. At hP2X7RE*C extracellular MTSEA™ increased the ATP*~-
dependent currents only in the open state and only to a small
extent (Figs. 4 and 5 B and C). Extracellular MTSET* modified
neither the closed nor open channels at G345C (Figs. 4 and 5B),
supposedly because of the poor permeation of MTSET™ across the
selectivity filter located N terminally from the G345 of the channel.
To test whether MTS reagents can access G345C from the in-
tracellular side, we activated hP2X7R%*€ currents in inside-out
patches by including 0.1 mM ATP*~ in the recording patch pipette
(schematic drawing in the Center of Fig. 6B). With application of
MTSET" or MTSEA" to the bath and thus to the intracellular
channel exit, the single-channel amplitude decreased and the open
probability increased (Fig. 6 A-E). The modifying effect of
0.25 mM MTSET" developed within = 4.5 + 1.1 s (n = 9 patches),
corresponding to an approximate MTSET" rate constant of R ~ 1/
£0.25 mM = 0.89 mM~".s™!. This result indicates that MTSET*
modifies G345C from the intracellular side ~16-fold faster than the
smaller MTSEA™ from the extracellular side, where an effect rate
constant of 0.055 mM™"-s~! was measured (Fig. 5B). A qualitatively
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similar effect was observed with intracellular MTSEA™ (Fig. 6 D
and E). These data support the view that the internal border of the
selectivity filter is located N terminally to G345. At hP2X7R™,
intracellular MTSEA™ had no effect on the single-channel current
amplitude or on the open probability (Fig. 6 F and G).

To define the channel gate toward the intracellular exit of the
channel, we tested whether intracellular MTSET™ (applied via the
recording patch pipette) can modify G345C in the closed-state
channel using outside-out patches. In the absence of intracellular
MTSET", single-channel currents with the known mean current
amplitude of the nonmodified hP2X7R“** were recorded (Fig.
7A). Approximately 2 min after the outside-out configuration was
established with 0.025 mM MTSET" in the recording pipette, the
very first ATP*~ application activated single-channel currents with
a strongly reduced amplitude (Fig. 7 B vs. A). To quantify this
effect, the ATP* -induced current noise was measured and found
to be instantaneously lower when the pipette solution contained
MTSET" (Fig. 7D) or was MTSET " -free (Fig. 7C).

The mean relative noise during the first 500 ms of ATP*"
application, Gz/Imean’SOO, is a measure of the mean single-channel
current amplitude (31, 32). A comparison indicates that the
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Fig. 8. Homology models of the pore-forming trihelical TM2 bundle of the
hP2X7R. The ribbon diagrams were generated using PyMOL 1.3 (www.
pymol.org). All of the residues that were functionally modified by MTSEA*
when mutated to cysteine are colored with the same individual color. (A and
B) Ribbon diagrams of the open and closed states of the hP2X7R channel
(side views, extracellular side at top), derived from our hP2X7R homology
models based on the apo and ATP*~-bound X-ray structures of the AzfP2X4-C
(22). (C) Schematic indications of the localizations of the functionally mod-
ified residues of the hP2X7R channel along one TM2 helix (from residue 1331
to 1351), as determined by SCAM analyses. The kink in the middle of the helix
is oriented toward the viewer and therefore not visible.

noise-derived mean single-channel current amplitude was sig-
nificantly smaller when MTSET" was present in the pipette so-
lution (Fig. 7D, Lower) than in its absence (Fig. 7C, Lower). The
mean patch current just as the smoothed noise displayed a
monoexponentially rising time course with time constants of ~40 ms.
Once the plateau was attained, the current and noise stayed
constant for 1 s (Fig. 7 C and D) and longer (up to at least 5 s, ST
Appendix, Fig. S12). Based on the approximate modification rate
constant for intracellular MTSET" of 0.89 mM™'s™' (see
above), 0.025 mM MTSET™" can be calculated to react with
G345C with a time constant of ~45 s. This relatively slow re-
action rate contrasts with the reduced current and noise that is
evident from the very beginning of the ATP*~ test pulse. The
only plausible explanation for this discrepancy is that MTSET™*
already has access to G345C when the channel is still closed after
establishing the outside-out configuration and before the first
ATP*™ application. These data place the internal border of the
channel gate to a position that is N-terminal to G345, similar to
the border of the selectivity filter.

Discussion

The Enigmatic Pore Dilation Has No Correlate at the Single-Channel
Level. SCAM analyses of the TM2 helix have been successfully
combined with homology modeling to probe the pore structure
of P2X2R and P2X4R using MTS reagents as well as Ag* and
Cd?* for cysteine modification (for review, see refs. 24, 27). Our
study applies the SCAM approach to probe the trihelical TM2
channel of P2X7R for shared similarities and potential differ-
ences with other P2XR family members. Its truly non-
desensitizing behavior (17, 33, 34) makes hP2X7R ideally suited
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for combining SCAM with long-term recordings of single- and
multichannel events in excised patches. In comparison, the par-
adigmatic P2X2R, though nondesensitizing in the whole-cell
mode, inactivates rapidly in the excised patch mode apparently
because of a diffusional loss of a cofactor (34, 35).

The favorable single-channel characteristics of the hP2X7R
allowed us to place experimental focus on so-called progressive
pore dilatation as an extraordinary feature of hP2X7R. This pore
dilatation is generally deduced from a characteristic shift in the
reversal potential V., of macroscopic currents that is virtually
always observed when P2X7R-expressing cells are persistently
activated in solutions containing large organic cations, such as
N-methyl-D-glucamine (NMDG", diameter ~9 A) (11). In contrast,
in extended single-channel recordings (up to 30 min), we noticed
an entirely inconspicuous stable selectivity of hP2X7R™ for
various ions, including the large cation tetramethylammonium
(17, 18). In addition, none of our extensive SCAM experiments
provided any hint that the intrinsic TM2 channel of the hP2X7R
cysteine mutants progressively dilates over time in response to
ATP* activation. The single-channel conductance remained
absolutely constant during sustained ATP*~ activation even with
the hP2X7%%*°C mutant, which exhibited a very high open
probability of >0.9 in the MTSEA*-modified form. One might
argue that single-channel currents do not directly reflect the
channel diameter. However, pore dilation without an associated
change in the single-channel conductance appears rather un-
likely, and, if it occurs, it is without functional significance. Our
data demonstrate an entirely stable selectivity filter over time,
thereby reinforcing our previous conclusion that the apparent
pore dilatation is an epiphenomenon of whole-cell recordings
(17). This view is now strongly substantiated by theoretical and
experimental evidence indicating that the V., shifts in macro-
scopic recordings may reflect not pore dilatation but rather pro-
found changes in the concentration of intracellular ions associated
with prolonged P2XR activation. Regarding the P2X7R, there is
firm evidence from our previous single-channel recordings that
hP2X7R™ exhibits this critical feature when opened by ATP*~ to
instantaneously exhibit significant permeability to large organic
cations, including Tris* (17) and NMDG™ (18).

The Pre-TM2 Region Is Gated by ATP*~ to Open a Wide Entrance to the
Narrow TM2 Channel. Cysteines that were introduced into the pre-
TM2 region K327-F328-D329 (K332-F333-N334 in zfP2X4R)
were accessible for labeling with Cy5~ maleimide in the ATP*~-
open state, but not in the apo-closed state. None of these three
Cy5™ maleimide-accessible residues was functionally modified by
MTSEA®. However, at 1331C, which is located one helical turn
deeper in the channel, MTSEA™ was capable of modifying ATP*~-
induced single-channel currents. We infer from these data that the
ATP*"-gated opening transitions involve the pre-TM2 region,
which seems to expand by exposing K327-F328-D329 to the ex-
tracellular environment. This view is supported by comparing the
closed- and open-state models of hP2X7R, which reveals that the
K327-D329 sequence moves from a maleimide-inaccessible posi-
tion into a more maleimide-accessible position that allows for
covalent binding of Cy5~ fluorescent dye. This finding was best
observed for residue D329 (SI Appendix, Fig. S13). It is plausible
that MTSEA™ also becomes covalently bound to residues K327C-
F328C-D329C but that the channel entrance is too wide to allow
bound MTSEA™ to impede ion flow sterically or to influence
gating. A wide channel entrance that is further expanded in the
ATP" -bound open state can be observed in the X-ray structures
of the AzfP2X4R-C (22) and is also evident in our hP2X7R ho-
mology models (SI Appendix, Fig. S14).

Gate and Selectivity Filters Are Primarily Determined by $342. The

residues addressed in this section are displayed in the context
of the X-ray structure-based homology model of the hP2X7R
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Fig. 9. Predicted hydrogen-bond interactions of cysteine-adducted MTSEA™
with gating residue $342. (A) Ribbon diagram of the ATP*~ open state of the
TM2 channel (side view, extracellular at Top) of our hP2X7R homology
model, with each TM2 helix in a distinct color for easier identification. Stick
representations (carbon in gray, amide and MTSEA™ nitrogens in blue, car-
bonyl oxygens in red, sulfurs in yellow) of (i) the S342 of each helix and (ii)
$339C and G345C with cysteine-adducted MTSEA* (of one helix only for
clarity). The hydrogen atoms of the amino head group from MTSEA* form
hydrogen bonds to side-chain hydroxyl oxygens and backbone carbonyl
oxygens of $342. These MTSEA™-mediated hydrogen bonds stabilize the
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channel for easier orientation (Fig. 8). The wide entrance ap-
pears to funnel into a narrower channel around I331C, which is
the outermost cysteine residue that was functionally modified by
MTSEA™ in both the closed and open channels. At 1331, the
channel must be rather wide (SI Appendix, Fig. S154) because
the reaction of MTSEA™ with I331C was noticeable only from
the increase in the open-channel probability without indication
of a steric inhibition of the cation flow. The closed channel is
accessible from the extracellular side to MTSEA™ and MTSET*
as far down as L341C, but closed-state S339C reacts much slower
with MTSET" than MTSEAY; closed-state S342C is inaccessible to
MTSEA™. The functional data are fully consistent with the ho-
mology structure, indicating that (i) the closed channel narrows
like a funnel from residue 1331 via V335 to S339 (SI Appendix,
Fig. S15 A-C) and (i) the external boundary of the hP2X7R gate
(the site where channel closing blocks ion flow) is located in-
tracellularly to L341C. From the intracellular side of the closed
channel, MTSET" accessed G345C, but not S342C. Accordingly,
from both sides of the membrane, residue S342 is crucial in
blocking permeation through the closed channel. A border of the
gate, located two helical turns more extracellular, has been iden-
tified from the apo-closed AzfP2X4-B2 structure (23), with the
gate region extending from L340 to A347 (V335 and S342 in
hP2X7R, respectively) and A344 (S339 in hP2X7R), defining the
constriction point of the channel. The constricted shape of this
channel region with the location of the gate in the middle of the
membrane fits well with our functional data. However, the ready
accessibilities of V335C, S339C, and L341C to MTSEA™ in the
closed state locate the hP2X7R gate more toward the end of this
region, at S342 (A347 in zfP2X4). For rP2X2R, virtually the same
gate position at T336, T339, and S340 (S339, S342, and F343 in
hP2X7R, respectively) has been proposed, according to the Ca**
permeability (Pc,/Pcs) (36) and the access of thiol reagents,
including Cd** (25, 26, 37).

The strong decrease in the single-channel current amplitude
following MTSEA* modification of S339C, 1341, Y343C, and
G345C defines the region between S339 and G345, even in the
ATP*~ open state, as a very narrow part of the channel. The open
channel is reactive toward extracellular MTSEA™ up to G345C,
but toward bulkier MTS reagents only up to S342C. The access of
extracellular and intracellular MTSET" to S342C and G345C,
respectively, combined with the inaccessibility of extracellular
MTSET" to Y343C and G345C assigns the selectivity filter of the
open channel to S342 that when removed by mutation to cysteine,
allowed MTSET™ to access S342C. Accordingly, one single resi-
due, S342, plays a crucial role as a gate and selectivity filter. A
colocalization of the gate and selectivity filters was first deduced
from Pc,/Pcs measurements at the rP2X2R (36) and later con-
firmed by other approaches (for references, see ref. 38). In par-
ticular, substitution of T339 in rP2X2R (S342 in hP2X7R) with a
lysine converted the strong cation selectivity of the rP2X2 to weak
anion selectivity; this finding suggests that the electrostatic envi-
ronment around T339 is critical for the charge selectivity ions.

An overlay of the TM2 region of our hP2X7R homology model
and the structure of the panda P2X7R (39) revealed only relatively
small differences of the closed-state structures. In both structures,
the ring formed by the three S342 residues represents the nar-
rowest constriction of the closed channel (SI Appendix, Fig. S16).
This similarity provides direct evidence that the zZfP2X4R structure

open state of the hP2X7R channels, thus explaining the experimentally ob-
served higher open-channel probability and the resulting potentiation of
macroscopic currents. (B and C) Representative TEVC current traces. MTSEA™
stimulated the linearly increasing current component of the ATP*"-activated
hP2X7R%34°C mutant (B). Elimination of the hydroxyl group at $342, as re-
alized in the hP2X7R3342AG345C double mutant, reversed the MTSEA* effect
from stimulation to inhibition (C).
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is a reliable template for homology modeling of the hP2X7R
channel and strengthens the validity of our conclusions.

The hP2X7R Channel Responds With Increases in Open Probability
Rather Than Pore Dilatation. A surprising result of our work is
that charged MTS reagents adducted to a cysteine residue that
was introduced into the extracellular half of the TM2 channel can
strongly increase the open probability. At all MTSEA™-responsive
mutants except S342C, the macroscopic current was potentiated
relative to the control. Even at narrower parts of the channel
(between S339C and G345C), the increase in the open probability
overcompensated for the steric obstruction of the cation flow, thus
explaining the observed macroscopic current increase.

A structure-based analysis of MTSEA™ adducted to S339C or
G345C revealed that the hydrogen atoms of the amino group of
MTSEA" are in the sterically most favorable positions for hy-
drogen bonding interactions with both the hydroxyl group oxygen
and the carbonyl oxygens of S342 (Fig. 94). From this structural
insight, we deduced that these hydrogen bonding interactions
may be involved in locking the hP2X7R channel in an open
configuration, as experimentally evidenced by the delayed clo-
sure of the MTSEA*-adducted hP2X7R following ATP*
washout (SI Appendix, Fig. ST7). We could substantiate this pre-
diction by demonstrating that the elimination of the hydroxyl
group of $342 in the double mutant hP2X7R33**4-G345C reversed
the MTSEA™ effect from strong stimulation to strong inhibition
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(Fig. 9 B and C). Of note, MTSEA™ reduced the macroscopic
current of hP2X7R3342A4-G343C (34 + 59) and the single-channel
current amplitude of hP2X7R**¢ (36 + 5%, Fig. 2C), re-
spectively, to virtually the same (not significantly different) ex-
tents. This finding suggests that the interaction of the adducted
MTSEA* with S342 fully accounts for the increase in the proba-
bility of channel opening. We have previously observed a similar
strong increase in the open probability of the hP2X7R in response
to slowly permeating cations such as Tris™ and NMDG™, but it is
unclear whether the mechanism is related. Taken together, these
data indicate that hP2X7R exhibits surprising susceptibility to
responding kinetically to slowly or nonpermeating intraluminal
cations, but it lacks pore-dilating properties.

Materials and Methods

SI Appendix, SI Materials and Methods provides the reagents (40-42) and the
methods, including the oocyte preparation (33); labeling and immunopre-
cipitation of hP2X7R (41, 43, 44); recordings of macroscopic and single-
channel currents by TEVC (33) and patch clamping, respectively (17); patch
noise analysis (31, 32); and homology-modeling (45) based on the two crystal
structures of the AzfP2X4-C in the apo (closed) state [Protein Data Bank
(PDB): 4DWO] (22) and the ATP-bound (open) state (PDB: 4DW1) (22).
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