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Activation of ionotropic P2X receptors increases free intra-
cellular Ca2� ([Ca2�]i) by initiating a transmembrane cation
flux. We studied the “a” and “k” splice variants of the rat puri-
nergic P2X7 receptor (rP2X7aR and rP2X7kR) to exhibit a sig-
nificant difference in Ca2� flux through this channel. This dif-
ference is surprising because the variants share absolute
sequence identity in the area of the pore that defines ionic selec-
tivity. Here, we used patch-clamp fluorometry and chimeric
receptors to show that the fraction of the total current carried
by Ca2� is a function of the primary sequence of the cytoplas-
mic N terminus. Using scanning mutagenesis, we identified
five sites within the N terminus that respond to mutagenesis
with a decrease in fractional calcium current and an increase in
permeability to the polyatomic cation, N-methyl-D-glucamine
(NMDG�), relative to Na� (PNMDG/PNa). We tested the hypoth-
esis that these sites line the permeation pathway by measuring
the ability of thiol-reactive MTSET� to alter the current of cys-
teine-substituted variants, but we detected no effect. Finally, we
studied the homologous sites of the rat P2X2 receptor (rP2X2R)
and observed that substitutions at Glu17 significantly reduced
the fractional calcium current. Taken together, our results sug-
gest that a change in the structure of the N terminus alters the
ability of an intra-pore Ca2� selectivity filter to discriminate
among permeating cations. These results are noteworthy for
two reasons: they identify a previously unknown outcome of
mutagenesis of the N-terminal domain, and they suggest cau-
tion when assigning structure to function for truncated P2X
receptors that lack a part of the N terminus.

P2X receptors (P2XRs)2 are ligand-gated ion channels acti-
vated by extracellular ATP (1, 2). Although each of the seven

family members (P2X1R–P2X7R) is worthy of study, the
P2X7R draws the most attention because of its essential roles in
inflammation, immunity, and neuropathic pain (3–7). P2X7Rs
are expressed by a host of central and peripheral immune cells,
including monocytes, macrophages, lymphocytes, neutrophils,
dendritic cells, astrocytes, and microglia (8). In macrophages
and microglia, stimulation of P2X7R channels by the high con-
centrations of extracellular ATP that accompany tissue damage
promotes inflammasome-mediated caspase-1 activation and
the subsequent release of proinflammatory cytokines (9 –11).
In lymphocytes, P2X7Rs are involved in autocrine regulation of
T-cell activation (12) and promote changes in lymphocyte cell
volume and translocation of phosphatidylserine, two events
that precede lysis (13).

Several splice variants of mammalian P2X7Rs are currently
identified (14, 15). Of these, only two, P2X7aR and P2X7kR,
show significant functional activation as defined by ATP-stim-
ulated generation of membrane current (16, 17). The P2X7aR is
the predominate variant, being widely expressed across cell
types, including macrophages and microglia. They are low-
affinity purinergic receptors that require millimolar concentra-
tions of ATP to fully activate (18). In contrast, P2X7kRs are
found in lymphocytes and are fully activated by micromo-
lar concentrations of ATP. Interestingly, P2X7aRs but not
P2X7kRs transduce a significant transmembrane Ca2� flux
capable of triggering downstream signaling cascades (19). This
last detail is particularly noteworthy because the two splice
variants share absolute sequence identity in the domains
thought to be responsible for ion selection within the channel
pore.

In this paper, we use a combination of molecular biology
and patch-clamp fluorimetry to identify N-terminal residues
responsible for the higher fractional Ca2� current of the rat
P2X7aR (rPX7aR) by comparison to the rat P2X7kR (rP2X7kR).
We suggest that the composition and geometry of the cytoplas-
mic N terminus influences the dimensions of the channel in a
manner that determines the ease with which Ca2� moves
through the pore. These data define a previously unknown
function of the N terminus and suggest caution when interpret-
ing structural information from crystals of truncated P2X7Rs.
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Results

Compared with rP2X7aRs, rP2X7kRs are more sensitive to
BzATP and ADP-ribosylation, show a slower rate of deactiva-
tion, and display intrinsically elevated permeabilities to large
organic cations (20, 21). We recently reported that rP2X7kRs
also transduce significantly less Ca2� as a fraction of total cur-
rent than their rP2X7aR partners (19). To set the foundation for
this report and to introduce the fractional calcium current
method, we reproduced this finding in a new set of experi-
ments. rP2X7aR and rP2X7kR were transiently expressed in
HEK293T cells and studied using an intracellular (pipette) solu-
tion containing 2 mM K5-fura-2. Fig. 1, A–D, shows represen-
tative traces and plots of membrane current and fura-2 fluores-
cence evoked by applying 100 �M BzATP to cells expressing one
of the two splice variants. In both cases, BzATP triggered
inward membrane current and a decrease in �F380, as expected
for activation of an ion channel permeable to Ca2�. HEK293T
cells express metabotropic P2Y receptors capable of mobilizing
Ca2� from internal stores in response to ATP (22). However,
as reported previously (19, 23), we found that untransfected
cells failed to display ligand-gated currents and fluorescence
changes in response to the application of BzATP or ATP, sug-
gesting that the dialysis of the cell that occurs during whole-cell
recording disrupts the signaling pathway responsible for the
metabotropic response. From results obtained over several
years, we found that the fractional calcium current of the
rP2X7kR (2.8 � 0.3%, n � 34) was significantly smaller (p �
0.0001) than the fractional calcium current of the rP2X7aR
(7.2 � 0.2%, n � 134). This difference is puzzling in light of past
work on rat P2X2 and P2X4 receptors that point to the lateral
portals and pore-lining second-transmembrane domain (TM2)
as the primary determinates of Ca2� permeability (24), areas in
which the two rP2X7R splice variants share absolute sequence
identity (Fig. S1).

rP2X7aR and rP2X7kR display intrinsic differences in
PNMDG/PNa unrelated to accumulation and depletion of
intracellular ions

rP2X7aR and rP2X7kR also show dissimilar abilities to per-
meate large polyatomic cations, measured as differences in
PNMDG/PNa values derived from reversal potential (Erev) mea-
surements of agonist-gated currents (20). As a prelude to exper-
iments on chimeric proteins (see below), we determined the
Erev values of the ATP-gated currents of the WT splice variants
by applying voltage ramps at 0.5 s after the start of applications
of ATP to HEK293T cells transfected with genes encoding
either the rP2X7aR or rP2X7kR (Fig. 1, E–H). We obtained a
range of current amplitudes either by picking cells based on the
level of fluorescence emitted by the co-transfected reporter
protein, eGFP, or using a range of ATP concentrations (0.01–
1.0mM ATP). Intheseexperiments,uncompensatedseries resis-
tance equaled 4.1 � 0.2 M� (range � 2.1–5.2, n � 23), and
slope conductances ranged from �0.5 to 180 nS. In keeping
with published reports (20), we found that the PNMDG/PNa of
the rP2X7aR was 0.06 � 0.00 (Erev � 	70.2 � 1.4; n � 14), and
the PNMDG/PNa of the rP2X7kR was 0.30 � 0.03 (Erev �
	32.1 � 3.0; n � 10), suggesting that the rP2X7kR splice dis-

plays a higher intrinsic permeability to NMDG� than the
rP2X7aR.

The difference in PNMDG/PNa of the two splice variants might
reflect unintended changes in concentrations of intracellular
ions, as reported recently for rP2X2Rs (25). To explore the pos-
sibility that intracellular NMDG� accumulation and Na�

depletion underlie the striking differences in intrinsic PNMDG/
PNa of the rP2X7aR and rP2X7kR, we used the Reservoir Model
and the protocol of Li et al. (25) to estimate changes in the
intracellular concentration of ions and the Erev values of the two
splice variants. We used realistic values of access resistance (5
M�), channel density (100 nS), and our measured values of
PNMDG/PNa to estimate the expected Erev values. The in silico
protocol is shown in Fig. 2A for rP2X7aR and in Fig. 2D for
rP2X7kR. In each simulation, a control I/V curve (50 ms, raw
voltage and current data shown as red lines) was obtained from
a model cell held at 	90 mV and exposed to ATP (leftmost
horizontal cyan bar in each panel of Fig. 2D). The ATP was
removed; the membrane potential was jumped to 	60 mV, and
ATP was reapplied for a length of time (0.5 s, middle cyan bar of
Fig. 2D) equal to the time at which we applied voltage ramps in
our empirical measurements. Then, the membrane potential
was returned to 	90 mV, and a second I/V curve (raw voltage
and current data shown as blue lines in Fig. 2D) was obtained in
the presence of ATP to determine the effect of changes in intra-
cellular ion concentrations on the Erev of the ATP-gated cur-
rent. For the rP2X7aR, the model predicted an outward ago-
nist-gated current (Fig. 2A), a modest change in [Na�]i and
[NMDG�]i (Fig. 2B), and a small shift in the Erev (�4 mV) (Fig.
2C). The Erev measured after the 0.5-s application of ATP was
	67 mV, which was close to our empirical measurement of
	70 mV obtained at the same time point. In the case of the
rP2X7kR, ATP caused an inward current (Fig. 2D) and a larger
change in [Na�]i and [NMDG�]i (Fig. 2E). However, like the
P2X7aR, the shift in Erev was modest (�5 mV) with a final value
of 	24 mV (Fig. 2F) which, again, was a reasonable match to our
empirical measurement of 	32 mV. The disparate starting
points and modest shifts in the Erev values of rP2X7aR and
rP2X7kR (see Fig. 2, C and F) do not support the hypothesis that
changes in intracellular ion concentrations underlie the large
differences in empirically measured Erev values of the two splice
variants measured at the start of an application of ATP. There-
fore, we conclude that disruption of ion gradients is not respon-
sible for the stark differences in the intrinsic PNMDG/PNa values
of rP2X7aRs and rP2X7kRs.

We also considered the possibility that the difference in Erev
values of the rP2X7aR and rP2X7kR reflected an experimental
error that occurs when large access resistances cause significant
voltage drops across the tips of the recording electrode. To
determine whether access resistance impacted our measure-
ments of Erev, we plotted slope conductance against the mea-
sured Erev values of our empirical measurements. The Erev val-
ues of currents through rP2X7aR and rP2X7kR were close to
values predicted by the Reservoir Model (dotted lines of Fig. 2G)
when slope conductances were �100 nS. In the case of the
rP2X7kR, slope conductances of 
100 nS resulted in Erev values
that were more negative than their predicted value while
remaining significantly more positive that the predicted Erev of
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the rP2X7aR. Because we saw no clear effect of conductance on
the Erev of either splice variant when slope conductance was
�100 nS, we conclude that the empirical differences we mea-
sured in PNMDG/PNa were not explained by an error in voltage-
clamp recording.

Role of the N terminus in determining Ca2� flux through
P2X7Rs

Next, we sought to determine whether the unique domains
encoded by exon 1 (i.e. the N terminus and part of TM1; Fig. 3A)
were responsible for the divergent fractional calcium currents
and PNMDG/PNa values of the rP2X7aR and rP2X7kR. To iden-
tify the responsible domain(s), we made chimeric proteins that
contained parts of both the rP2X7aR and rP2X7kR (Fig. 3B).
Specifically, we constructed two chimeras by replacing specific
domains of rP2X7aR with their rP2X7kR counterparts. The
first, called N-term(k), contains the N terminus of the rP2X7kR,
and the second, called TM1(k), contains the TM1 of rP2X7kR.
Accurate construction of each chimera was verified by
sequencing, and then the constructs were transfected into
HEK293T cells to measure fractional calcium current and
PNMDG/PNa. Again, to minimize effects of changes in intracel-
lular ion concentrations, we measured Erev values 0.5 s after the
start of applications of ATP. In physiological Na� solutions,
both chimeras responded to ATP with inward currents that
displayed unique phenotypes. We noticed that the rates of
deactivation of membrane current following washout of BzATP
fell between the faster rP2X7aR and the slower rP2X7kR, with
the N-term(k) chimera deactivating faster than the TM1(k) chi-
mera (Fig. 3C). We did not quantify this difference because
deactivation was variable and a study of gating kinetics was not
the focus of this work. The more important outcome was a
difference in ionic selectivity. We found that the N-term(k)
chimera closely resembled the WT rP2X7kR in having a small
fractional calcium current (4.0 � 0.4%, n � 15) (Fig. 3D) and a
high intrinsic PNMDG/PNa (0.22 � 0.01, n � 8) (Fig. 3E). In
contrast, the PNMDG/PNa (0.05 � 0.00, n � 9) and fractional
calcium current (8.8 � 0.5, n � 6) of the TM1(k) chimera were
not statistically significantly different (p � 0.01) from those of
the WT rP2X7aR. We draw three conclusions from these
experiments. First, in keeping with past results on P2X2Rs (26),
our data suggest that TM1 plays little or no role in regulating
Ca2� flux through rP2X7Rs. Second, the data point to the N
terminus as the primary determinate of the difference in ionic
selectivity of the chimeras. If so, then the N terminus most likely
underlies the difference in selectivity of the WT rP2X7R splice
variants, too. Third, we found a strong negative correlation
between fractional calcium current and PNMDG/PNa, suggesting
that a wider pore produces a smaller fractional calcium current.

To further probe the role of the N terminus in setting frac-
tional calcium current, we performed scanning mutagenesis of
the rP2X7aR to identify individual site(s) that might in some
way regulate Ca2� flux through the pore. We generated 23
N-terminal mutant receptors, each with a single altered amino
acid. In most cases, we substituted alanine for charged or polar
amino acids to reduce polarity and/or charge. In cases where
the existing residue was already neutral, we substituted the
basic amino acid, arginine, to increase charge. Nineteen of the
23 mutant receptors responded to applications of 100 �M

BzATP with large inward currents. Of these, most showed frac-
tional calcium currents that were not significantly different from
that of the WT rP2X7aR (Fig. 4A). The exceptions were Glu14 and
Thr15. When replaced by alanine, these two mutants (E14A and
T15A) showed fractional calcium currents that were significantly
smaller (3.7 � 0.7%, n � 10; and 4.06 � 0.4%, n � 20, respectively)
than the WT rP2X7aR (WT). Further increasing hydrophobicity
by addition of tryptophan at position 15 (T15W) caused an even
greater decrease in fractional calcium current to 1.1 � 0.7% (n � 5;
Fig. 4B). Thus, the T15W mutation shows that a single mutation in
the N terminus of the rP2X7aR is sufficient to render the channel
unfavorable for passage of Ca2�.

Four of the 23 mutant receptors (Ile21, Ser23, Val24, and
Asn25) showed no response to either 300 �M BzATP or 5 mM

ATP. We previously found that we could recover activity from
a mutated P2X2R by attaching YFP to its C terminus (26).
Although we do not understand why this works, we used the
same strategy in an attempt to recover function from the
four silent rP2X7aR mutants described here. We tagged
the WT rP2X7aR with YFP to give a rP2X7aR-YFP chimera,
and then we used this construct as a template for mutagenesis to
yield rP2X7aR-YFP-I21R, rP2X7aR-YFP-S23A, rP2X7aR-YFP-
V24A, and rP2X7aR-YFP-N25A. Three of these (I21R*, S23A*,
and N25A*) showed robust BzATP-gated currents that superfi-
cially resembled the rP2X7aR-YFP. However, all three mutants
displayed fractional calcium currents that were significantly
smaller (Fig. 4A). The reductions in fractional calcium current
were not caused by the addition of the YFP tag because we mea-
sured no significant difference in the fractional calcium current of
the template rP2X7aR-YFP (wt* of Fig. 4A) by comparison with the
WT rP2X7aR (wt of Fig. 4A). Addition of YFP did not rescue the
V24A mutant, and this mutant was not considered further.

Taken together, we used mutant receptors to identify two
stretches of the N terminus that influence the ion selectivity of the
pore. The first is made of the adjoining amino acids, Glu14 and
Thr15, that sit in or near a consensus site for PKC phosphorylation
(27). The second consists of juxtamembrane amino acids previ-
ously proposed to regulate P2X7R receptor gating (28).

Figure 1. Fractional calcium current and PNMDG/PNa of two rP2X7R splice variants. A and C show raw and integrated data collected from voltage-clamped
HEK293T cells transiently expressing either rP2X7aRs (A) or rP2X7kRs (C). Holding voltage � 	60 mV. Membrane currents (nA) are shown as black traces,
integrated currents (nC) as red traces, and fura-2 fluorescence (BU; 380-nm excitation and 510-nm emission) as gray traces. Applications of 100 �M BzATP (cyan
bars) generated inward membrane current and decreases in fura-2 fluorescence. These data were used to plot integrated currents (QT) versus calibrated
fluorescent signals (QCa) in B and D. The fractional calcium currents (Pf%) were calculated from the slopes of the linear fits to the plotted data. The fractional
calcium current of the rP2X7kR is smaller than that of the rP2X7aR despite the fact that the two splice variants share sequence identity in the pore-forming
domains. E and G show raw data of Erev measurements from the two WT splice variants bathed in the extracellular NMDG� solution. Holding voltage � 	40 mV,
and voltage ramps ranged from 	80 to 60 mV. ATP (500 �M) evoked outward current through the rP2X7aR (E), and inward current through the rP2X7kR (G).
Ramp1 was used to measure leak current, and Ramp2 was used to measure total current in the presence of ATP. F and H, plot ATP-gated current, equal to
Ramp2 	 Ramp1, versus ramp voltage. PNMDG/PNa values were calculated from the values of the X-intercept (i.e. Erev) as described under “Experimental
procedures.”
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Mimicking phosphorylation of the consensus N-terminal PKC
site does not alter Ca2� flux

Thr15 is conserved throughout the P2X receptor family and is
thought to form a consensus TX(K/R) site for protein kinase C
phosphorylation (16). To determine whether the different frac-
tional calcium currents of the rP2X7aR, rP2X7kR, and the
rP2X7aR-T15A/T15W mutants could be explained by a change
in the phosphorylation state of the receptor, we performed
additional rounds of mutagenesis on Thr15 (Fig. 4B). First, we

swapped the threonine for serine to give a mutant T15S-
rP2X7aR that contained the native amino acid of the rP2X7kR.
This mutation tended to increase fractional calcium current to
9.7 � 0.3% (n � 20), although the difference was not significant.
The fact that this mutation did not decrease fractional calcium
current demonstrates that the identity of the amino acid occu-
pying this site does not by itself explain the lower fractional
calcium current measured from the rP2X7kR splice variant.
Next, we replaced Thr15 with glutamate to mimic the addition

ATP
mV

sec

A

B

3 nA

sec

ATPD

E

3nA

FC

mM

mV

mV

mM

mV

sec

sec

sec

sec

[Na+]i

[NMDG+]i

[Na+]i

[NMDG+]i

G

slope conductance (nS)

Erev

G

slope conductance (nS)

Erev

ATP
mV

sec

3 nA

sec

ATPD

E

3nA

F

mM

mV

mV

mM

mV

sec

sec

sec

sec

[Na+]i

[NMDG+]i

[Na+]i

[NMDG+]i

shift shift

Figure 2. In silico modeling of ATP-gated responses. A and D show the voltage protocols (top traces) and resulting currents (bottom traces) for rP2X7aRs or
rP2X7kRs, respectively. ATP causes an immediate inward current through the rP2X7aR (A) and an immediate outward current through the rP2X7kR (D) at a
holding voltage of 	60 mV. B and E show the expected changes in intracellular concentrations of ions, and C and F show the expected shift in Erev caused by
the ionic changes. The shifts are modest for both splice variants. G plots the results of empirical measurements of the slope conductances of the ATP-gated
currents obtained near the Erev of the rP2X7aR (“A”) and rP2X7kR (“K”) for cells bathed in the NMDG� bath solution.

Regulated Ca2� current of P2X7 receptors

J. Biol. Chem. (2019) 294(33) 12521–12533 12525



         Exon 1>        
rP2X7(a) MPACCSWNDVFQYETNKVTRIQSVNYGTIK
mP2X7(a) MPACCSWNDVFQYETNKVTRIQSTNYGTVK
rP2X7(k) M---LPVRHLCSYNSAKVLHIHSTRLGALK
mP2X7(k) M---LPVSHLCSHKSGKVLEIHSIWIGTLK
         

rP2X7(a) WILHMTVFSYVSFALMSDKLYQRKEPLISS
mP2X7(a) WVLHMIVFSYISFALVSDKLYQRKEPVISS
rP2X7(k) NFFLLAICIYICFALMSDKLYQRKEPLISS
mP2X7(k) NTFLGAICVYICFALMSDKLYQRKEPLISS
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Figure 3. Chimeric receptors. A, exon 1 of rat and mouse P2X7aRs and P2X7kRs shows differences in primary sequence. All other parts are identical (see
also Fig. S1). B, cartoon representations of the different chimeric rP2X7Rs. Domains contributed by rP2X7aRs are shown in black. Domains contributed
by rP2X7kRs are shown in red. The shaded boxes are common to both splice variants. C, raw data traces of representative currents through WT and
chimeric rP2X7Rs recorded at a holding voltage of 	60 mV and normalized to their peak currents. D, box-and-whisker plots of fractional calcium currents
of the two splice variants. The thick solid black lines demarcate median values; boxes are interquartile ranges, and whiskers are equal to standard
deviations. Constructs that are significantly different from the WT rP2X7aR are denoted by red lettering in the x axis label. E, box-and-whisker plots of
intrinsic PNMDG/PNa of the WT and chimeric receptors. Note that lower fractional calcium current (D) correlates with higher intrinsic PNMDG/PNa (E).
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Figure 4. Fractional calcium current of N-terminal P2X7aR mutants. A, amino acid sequence of the N terminus of the rP2X7aR was changed one residue at
a time to yield 23 mutants. Nineteen of these gave measurable currents in response to 100 �M BzATP. Only E14A and T15A had fractional calcium currents that
were significantly different (marked with red lettering the x axis label) from the WT rP2X7aR (wt). The four unresponsive mutants were regenerated in a
rP2X7aR-YFP background (I21R*, S23A*, V24R*, and N25A*); of these, only V24A* failed to respond to BzATP. The fractional calcium currents (Pf%) of the other
three were significantly smaller than the WT rP2X7aR-YFP (wt*). B, fractional calcium current was measured from a range of rP2X7aR mutants involving Thr15.
Again, results significantly different from the WT rP2X7aR are denoted with red lettering.
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of a fixed negative charge that results from phosphorylation.
The resulting T15E mutant was essentially impermeable to
Ca2� (fractional calcium current � 0.6 � 0.1, n � 11), which
leaves open the possibility that phosphorylation might indeed
decrease fractional calcium current. However, this is unlikely to
be true because swapping Thr15 with positively charged lysine
(T15K) also decreased fractional calcium current (Fig. 4B).
Thus, these data do not support the hypothesis that the nega-
tive charge resulting from phosphorylation of Thr15 regulates
Ca2� flux through rP2X7Rs.

Attempts to chemically modify cysteine-substituted
N-terminal mutants fail to alter ATP-gated currents

How does the N terminus regulate Ca2� through the chan-
nel? It could directly interact with permeating ions if it lined the
pore. In fact, the N and C termini of some P2XRs assemble into
a transient “cytoplasmic cap” that forms fenestrations for ion
egress into the cytoplasm (29, 30). We sought to test the
hypothesis that the five relevant N-terminal amino acids
(orange residues of Fig. S1) line the innermost aspect of the
rP2X7aR permeation pathway where they influence Ca2� flux
through direct electrostatic interactions. Thus, we constructed
cysteine-substituted P2X7aR mutants and measured the effect
of applying sulfhydryl-reactive MTSET� on the ATP-gated
current.

Four of the mutants (T15C, I21C, S23C, and N25C) re-
sponded to 2 mM ATP with significant inward current that
superficially resembled the WT receptor in rates of activa-
tion and deactivation. The fifth mutant, rP2X7aR-E14C,
showed a biphasic current with a rapidly desensitizing initial
phase followed by a small plateau phase (upper middle panel
of Fig. 5).

Next, we looked to see whether modification of the cysteinyl
side chains altered current flow through the channel. Previous
work demonstrated accessibility of cysteine-substituted pore-
lining residues of the rP2X7aR pore to water-soluble cysteinyl-
reactive compounds (31). Therefore, as proof of concept, we
measured the effect of 1 mM MTSET� on one of these pore-
lining mutants (rP2X7aR-342C). As reported previously (31),
modification of rP2X7aR-342C significantly decreased ATP-
gated current (upper left panel of Fig. 5). In stark contrast, co-
application of MTSET� had no effect on the magnitude of the
ATP-gated responses of the four mutant rP2X7aRs (T15C,
I21C, S23C, and N25C) with current properties that resembled
the WT receptor (Fig. 5). Cd2� (40 �M), another cysteine-reac-
tive probe (32), similarly failed to alter current through these
four mutant receptors. We also co-applied MTSET� during the
small plateau phase of the current through the rP2X7aR-E14A
mutant and failed to see an effect. Although we are tempted to
conclude that E14A does not line the pore, the drastically
altered phenotype of the current response made firm conclu-
sions impossible to draw. Nevertheless, the simplest hypothesis
that explains the lack of effect of MTSET� on E14A and the
other four functional mutants is that these residues are either
inaccessible to hydrophilic modifiers or do not block current
when modified. In either case, our results argue against an
impactful interaction of the residues and permeating Ca2� in
the channel pore. Instead, we favor the hypothesis that the

mutations cause an indirect change in the structure of the pore
that negatively influences rP2X7aR’s preference for Ca2�, per-
haps by disrupting an intrapore Ca2�-binding site.

Where is the intra-pore Ca2� selectivity filter?

Mutating one of three amino acids (Thr336, Thr339, and
Ser340; red residues of Fig. S1) in the TM2 of the rP2X2R signif-
icantly decreases Ca2� permeability (33) and flux (23). Recent
work suggests that the equivalent sites in the hP2X7aR (Ser339,
Ser342, and Tyr343) line the channel pore and help define the
monovalent cation selectivity filter (31). To determine whether
these sites influence Ca2� flux, we measured the fractional cal-
cium current after site-directed mutagenesis of the TM2 of the
rP2X7aR. First, we substituted glutamate with the belief that
addition of fixed negative charge would increase Ca2� flux, as
expected from published results on rP2X2R (23). We measured
a significant increase in fractional calcium current for two of
the three mutants (S339E and Y343E; Fig. 6). The third mutant,
S342E, failed to respond to BzATP (100 �M). Second, we
mutated Ser339 and Ser342 to tyrosine, which conserves polarity
but increases bulk. We found no effect of the S339Y mutation
on fractional calcium current. In contrast, we measured a sig-
nificant decrease in the S342Y mutant (Fig. 6), which supports
the hypothesis that this residue sits at the narrowest part of the
pore (33). Third, we mutated Tyr343 to phenylalanine to remove
the hydroxyl group but conserve size and saw a large reduction
in fractional calcium current (Y343F, Fig. 6). Taken together,
our data support the hypothesis that the selectivity filter of the
rP2X7aR sits in a narrow part of the transmembrane domain

X7aR-I21C

X7aR-S342C

X7aR-N25CX7aR-S23C

MTSET
X7aR-E14C X7aR-T15C

ATP MTSET ATP ATP MTSET

ATP MTSET ATP MTSET ATP MTSET

1.5 nA
5 sec

40 pA
5 sec

300 pA
5 sec

250 pA
5 sec

500 pA
5 sec

300 pA
5 sec

Figure 5. Cysteine-scanning mutagenesis. HEK293T cells expressing
cysteine-substituted mutant rP2X7aRs were voltage-clamped at a holding
potential of 	60 mV. ATP (2 mM) was applied at times indicated by the
horizontal cyan bars, and MTSET (1 mM) was co-applied at times indicated
by the vertical orange bars. Co-application of MTSET caused a significant
and irreversible inhibition of rP2X7aR-S342C mutant receptors but had no
effect on any of the other five cysteine-substituted rP2X7aRs. Note that
the rP2X7aR-E14C differed from the WT rP2X7aR and the other mutant
receptors in showing a biphasic current. Although MTSET had no effect on
the plateau phase of the rP2X7aR-E14C, the altered phenotype of the
ATP-gated current suggests that caution be used in drawing firm conclu-
sions from this mutant receptor.
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close to Ser342 (31) and suggest that homologous sites regulate
the Ca2� current across the P2XR family.

Small fractional calcium currents are a common feature of
wide P2XRs

As mentioned previously, rP2X7kRs have a high intrinsic
permeability to NMDG� (20) and show little preference for
Ca2� (19). The unusually high intrinsic PNMDG/PNa suggests a
wide pore. Does the wider pore explain the lower fractional
calcium current of the rP2X7kR? It could if expanding the nar-
row region around Ser342 reduces the ability to manage Ca2�.
To determine whether small fractional calcium current shows a
positive correlation with high intrinsic NMDG� permeability,
we measured and compared the fractional calcium currents and
PNMDG/PNa values of a collection of P2X7Rs. We included three
constructs with fractional calcium currents that resembled the
rP2X7aR (rP2X7aR-R20A of Fig. 4, TM1(k) of Fig. 3, and mouse
P2X7aR (19)) and eight constructs that resembled the rP2X7kR
(rP2X7aR-E14A of Fig. 4A, rP2X7aR-T15A,W,E,K of Fig. 4B,
mouse P2X7kR (19), two C-terminal truncated rP2X2Rs (“�18”
and “trunc”) (34, 35)), and N-term(k) of Fig. 3). Our results are
plotted in Fig. 7. We found a negative correlation between frac-
tional calcium current and PNMDG/PNa (Pearson’s r � 	0.836)
with lower fractional calcium currents accompanying higher
PNMDG/PNa values. These data support the hypothesis that the
lower fractional calcium current of the WT rP2X7kR results
from a wide pore and a disrupted Ca2� selectivity filter and
suggest that the open pore conformations of rP2X7aR and
rP2X7kR, formed from identical TM2s, are somewhat different
in geometry.

An N-terminal mutant of rP2X2R also shows a reduced
fractional calcium current

Finally, we wondered whether our observations on rP2X7R
represent a general trend across the receptor family. To gain
insight, we mutated the five equivalent sites of the rP2X2R
(Glu17, Thr18, Val24, Gln26, and Arg28; see green residues of Fig.
S1) and measured fractional calcium current. As reported pre-
viously (27), we found that mutating Thr18 greatly accelerated
desensitization, which made measurements of fractional cal-
cium current impossible; after many unsuccessful attempts, we
abandoned the study of this site. We substituted alanine or
glutamine at the four other sites to reduce polarity; these muta-
tions decreased the fractional calcium current of Glu17 mutants
but had no effect at the other three sites (Fig. 8). Thus, although
mutations in the N terminus of the rP2X2R are capable of
reducing the Ca2� flux, they are less effective than those placed
in rP2X7R.

Discussion

The cytoplasmic N and C termini of all P2XRs are subject
to the effects of post-translational modification, protein–
protein interactions, and/or single-nucleotide polymorphisms
on channel expression, trafficking, and gating. These outcomes
are particularly well-documented for the C terminus of the
P2X7R for which a wealth of data exist (14). Less is known about
the shorter N terminus (36). In P2X1 receptors, the N terminus
mediates partial agonist efficacy (37), desensitization (38), and
the sensitivity of gating to cholesterol (39, 40) and phorbol ester
(41). The N terminus regulates membrane targeting of the
P2X6 receptor (42) and alters P2X7aR channel gating in a man-
ner that prevents the facilitation of the membrane current seen
with repeated or prolonged applications of ATP (28, 34). Facil-
itation is a hallmark property that sets P2X7aRs apart from

Figure 6. Pore-lining residues form the intra-pore Ca2�-binding site.
Fractional calcium current (Pf%) was measured from HEK293T cells express-
ing rP2X7Rs with single mutations at sites in TM2 that are thought to line the
pore (31). Mutants with fractional calcium currents that significantly differ
from the WT P2X7aR (wt) are labeled with red lettering on the x axis. Only the
S342E mutant (blue lettering) failed to respond to BzATP with measurable
inward current. Other mutants (S339E, S342Y, Y343F, and Y343E) showed
changes in fractional calcium current that suggest their involvement with
permeating Ca2� in the pore of the channel.

r = -0.836

Figure 7. Fractional calcium current negatively correlates with PNMDG/
PNa. The graph shows data obtained from rat, mouse, and human P2X7Rs.
Fractional calcium current (Pf%) is plotted against PNMDG/PNa. The red line is
the best linear fit to the data using the resident curve fitting algorithm of Igor
Pro.
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other family members (43). Interestingly, replacing the N ter-
minus of the human P2X2R with the cognate region of the
human P2X7R does not impart facilitation to the chimera sug-
gesting that the gating effect involves an interaction of the N
terminus with another receptor domain (28). N-terminal
mutagenesis of rP2X7aR also dramatically alters the permeabil-
ity of the channel to large polyatomic cations (28, 34, 44), a
result we use here to help explain the novel effect of mutagen-
esis on Ca2� flux through the channel. Importantly, the Erev of
the rP2X7kR did not result from a gradual change in the con-
centration of intracellular ions as demonstrated for rP2X2Rs,
but rather reflects an intrinsic property of the pore. We draw
this conclusion from an in silico reservoir model of whole-cell
patch clamp that accurately predicts the time course and mag-
nitude of the shift in Erev of ATP-gated current of rP2X2R mea-
sured under bi-ionic NMDG�

out/Na�
in conditions (25). The

model predicts, and experimental studies confirm, that ATP
gates an immediate outward current under bi-ionic condi-
tions that resolves to an inward current over the course of a few
seconds (25). The shift in the direction of the current results
from a change in Erev that reflects a gradual increase in
[NMDG�]i and a decrease in [Na�]i. In our empirical studies of
rP2X7Rs, we sought to measure the intrinsic permeability of the
receptors to NMDG� before significant ion accumulation/de-
pletion occurs by applying voltage ramps within the first second
of ATP application. Under these conditions, ATP gates an out-
ward current through the rP2X7aR with a PNMDG/PNa of 0.06.
In contrast, current through the rP2X7kR was immediately
inward with a PNMDG/PNa of 0.3. The polarity of the currents
and the dissimilar PNMDG/PNa values support the hypothesis
that the two WT splice variants express genuine differences
in intrinsic permeability to polyatomic cations at the start of

application of ligand. To further test this supposition, we
used the reservoir model and the intrinsic PNMDG/PNa values
obtained from our empirical measurements to predict the phe-
notypes of rP2X7aR and rP2X7kR currents during the first sec-
ond of drug application. We found that the model accurately
reproduced the empirical data. Current through the rP2X7aR
remained outward throughout the 0.5-s application of ATP. In
contrast, ATP immediately gated an inward current through
rP2X7kR. These results strongly suggest that the rP2X7kR pore
is constitutively dilated by comparison with the rP2X7aR. Thus,
we conclude that the dissimilarity in PNMDG/PNa measured
from rP2X7aR and P2X7kR primarily results from significant
differences in intrinsic NMDG� permeabilities of the two splice
variants, most likely the result of distinct pore diameters.

We found the difference in the size of the fractional calcium
current of the two functional splice variants of the rP2X7Rs
could be explained by the amino acid composition of their N
termini, a situation similar to that reported for ASIC1 channels
(45). Furthermore, we find that the difference cannot be traced
to a single amino acid. We do not know how the disparate
amino acids influence function, although we hypothesize they
act to change the structure of the pore; definitive evidence from
full-length crystal structures of both splice variants is necessary
to confirm this hypothesis. However, we posit that the higher
intrinsic NMDG� permeability of the P2X7kR splice variant
reflects a wider pore by comparison with the weakly-permeable
P2X7aR, an assumption that is supported by the negative cor-
relation of PNMDG/PNa and fractional calcium current (see Fig.
6). The fact that Ca2� flux through the P2X7aR (�7%) exceeds
the magnitude expected from the molar ratios of extracellular
concentrations of Na� and Ca2� (�4 –5%, depending on
whether or not ionic activities are considered) suggests that a
selectivity filter within the permeation pathway shows a slight
preference for Ca2� at the expense of Na�, as suggested previ-
ously for rP2X2Rs (28). If so, then the wider pore of the
rP2X7kR may place the residues responsible for selection far-
ther apart and reduce their ability to coordinate Ca2�.

Does the fact that rP2X7kR has a smaller fractional calcium
current than rP2X7aR mean that it transduces less Ca2�? Sur-
prisingly, the answer may be no. Although the rP2X7kR has a
smaller fractional calcium current because of its wider pore and
weaker Ca2� selectivity, it also has a slower deactivation time
course. It is possible then that the small but sustained trickle of
Ca2� across the membrane through rP2X7kR may equal or
exceed the bigger but shorter burst of Ca2� flux through
rP2X7aR in its ability to increase [Ca2�]i. Furthermore, the
millimolar concentrations of ATP needed to activate the
rP2X7aR could significantly chelate free Ca2� near the extra-
cellular opening of the channel and thus negatively impact the
size of the Ca2� current (19). In contrast, the much lower con-
centrations of ATP required to fully activate rP2X7kRs would
have a negligible impact. We suggest that the lower fractional
calcium current of the rP2X7kR evolved as a safety valve to
prevent Ca2� overload during the slow deactivation of inward
current that follows even a short application of ATP (20) and
thus prevents the deleterious effects of a large increase in
[Ca2�]i on cell viability.

rP2X2R

Figure 8. Fractional calcium current of N-terminal rP2X2R mutants. Frac-
tional calcium current (Pf%) was measured from WT (wt) and N-terminal
mutant rP2X2Rs as described under “Experimental procedures.” Although
T18A (labeled with blue lettering on the x axis) showed an ATP-gated current,
it desensitized too quickly to give a measurable change in the fractional cal-
cium current. Mutants with fractional calcium currents that were significantly
different from the WT rP2X2R are labeled with red lettering.
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In summary, we describe a novel effect of the N terminus on
regulation of Ca2� flux through rP2X7Rs. Our data suggest that
the structure of the N terminus plays a role in determining the
diameter of the channel. We suggest that the width of the open
pore at its narrowest dimension determines the strength of the
electrostatic interaction of key residues of the ion selectivity
filter with the permeating ions. Thus, the fractional calcium
current of the rP2X7kR is smaller than that of the rP2X7aR
because its wider pore weakens coordination of Ca2�. The fact
that the structure of the N terminus within close proximity to
TM1 can influence a key property of the distant selectivity filter
of the pore-forming TM2 should be kept in mind when inter-
preting the crystal structures of P2XRs. Finally, our work leaves
open the possibility that the N terminus could be a locus for real
time regulation of P2X7R selectivity and flux by as yet unde-
fined accessory proteins.

Experimental procedures

Construction of mutant and chimeric receptors

We constructed two chimeras, N-term(k) and TM1(k), using
the PCR overlap technique (46). To construct N-term(k), we
replaced the first 28 N-terminal amino acids of the rP2X7aR
with the first 25 N-terminal amino acids of the rP2X7kR, yield-
ing a chimera that resembled P2X7aR in all but the N-terminal
tail. To construct TM1(k), we replaced the first 25 N-terminal
amino acids of the rP2X7kR with the first 28 N-terminal amino
acids of the rat rP2X7aR, effectively giving a chimeric protein in
which the first transmembrane domain (TM1) of the rP2X7kR
(amino acids 25–57) replaced the equivalent TM1 amino acids
(amino acids 28 – 60) of rP2X7aR. Therefore, because both
splice variants contain a common sequence upstream of TM1,
TM1(k) resembles rP2X7aR in all but the TM1. Both constructs
were verified by DNA sequencing (Retrogen, Inc., San Diego).

Point mutations were engineered using the QuikChange
Lightening II Site-directed mutagenesis kit (Stratagene, La
Jolla, CA) and were verified by sequencing at Retrogen.

Cell culture and transfection

HEK293T cells (CRL-3216, ATCC, Manassas, VA) were
maintained in exponential growth in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inacti-
vated FBS, 2 mM glutamine, 50 units/ml penicillin, and 50
�g/ml streptomycin (all culture reagents were from Thermo
Fisher Scientific, Waltham, MA) and incubated in 75-cm2 Fal-
con tissue culture flasks (Corning Life Sciences, Oneonta, NY)
at 37 °C in a humidified atmosphere containing 5% CO2. Upon
reaching �70% confluence, the cells were enzymatically disso-
ciated using 0.05% trypsin-EDTA (Gibco); then, aliquots of the
cell suspension were transferred to 35-mm tissue culture dishes
(Nunc, Roskilde, Denmark) where they were co-transfected
with either WT, chimeric, or mutant P2X7Rs and fluorescent
reporter plasmids using Effectene Transfection Reagents (Qia-
gen, Valencia, CA). Each dish contained �7.5 � 105 cells, 1 ml
of DMEM/FBS, 0.2–1.0 �g of cDNA encoding the P2X7R target
protein, 0.3 �g of cDNA encoding the fluorescent reporter
(AsRed or eGFP), 4 �l of Enhancer, and 8 �l of Effectene. These
cells were incubated for 12 h at 37 °C in a humidified incubator,
after which the transfection medium was removed, and cells

were maintained for an additional 24 h in 2 ml/dish of standard
culture medium minus the transfection reagents. On the morn-
ing of the experiment, transfected cells were treated for 3 min
with 0.05% trypsin-EDTA to facilitate detachment from the
bottom of the dish, plated at low density (50,000 cells/ml) onto
35-mm culture dishes, and then left to rest in the tissue culture
incubator for 1–10 h before resuspension and transfer to the
recording chamber at the start of an experiment.

Measuring fractional calcium current

Detailed accounts of the fractional calcium current method
are published (19, 23).

ATP is a low-affinity agonist that requires millimolar con-
centrations to fully activate rP2X7aRs (47). At these con-
centrations, ATP significantly chelates extracellular Ca2�, an
unwanted effect that invalidates measurements of fractional
calcium current (19). Therefore, we used the higher affinity
agonist, BzATP (100 �M, except where noted), to gate channels
in this set of experiments. At this concentration, BzATP causes
negligible chelation, allowing fractional calcium current to be
measured at physiological concentrations of extracellular Ca2�.

Membrane current from HEK293T cells transiently express-
ing rP2X7Rs was measured at room temperature using lightly
fire-polished electrodes pulled from World Precision Instru-
ments 1B150F glass capillaries (Sarasota, FL) using a P-97 Flam-
ing/Brown Micropipette Puller (Sutter Instruments, Novato,
CA) and Axon Instrument 200 series amplifiers (Molecular
Devices, San Jose, CA). Data were filtered at 5 kHz using the
internal circuitry of the amplifier and digitized at 10 kHz with
16-bit accuracy using ITC-16 analog-to-digital boards (Heka
Instruments, Holliston, MA), iMac computers (Apple Com-
puter, Cupertino, CA), and AxoGraph software (Axograph Sci-
entific, Australia). The electrodes had open-tip resistances of
1.5–3.0 M� when measured in the extracellular bath solution.
The intracellular solution contained (in mM): 140 CsCl, 10
tetraethylammonium-Cl, 10 HEPES, 2 mM fura-2 K5 (Thermo
Fisher Scientific, Waltham, MA) brought to pH 7.3 with CsOH.
The extracellular solution contained 150 NaCl, 2 CaCl2, 1
MgCl2, 10 glucose, and 10 HEPES, brought to pH 7.4 with �4
mM NaOH.

To measure Ca2� influx, cells were loaded with fura-2 by
passive diffusion for 10 min through the tip of the recording
electrode (23, 48). BzATP was applied once every 3 min for the
durations indicated in the figure legends, and changes in the
fura-2 signal were measured using a Nikon TE2000-S inverted
microscope equipped with epifluorescence illumination and a
photomultiplier tube. Specifically, light emitted from the 100-
watt xenon lamp was passed through a 380-nm bandpass filter
and directed through the microscope objective (HMC �40
ELWD Plan Fluor; Modulation Optics, Inc.) into the recording
chamber by reflection from the surface of a 400-nm dichroic
long pass mirror. Light emitted by fura-2 was gathered by the
objective, passed through the dichroic mirror and a 510-nm
bandpass filter, and recorded using the analog output of a Pho-
tomultiplier Detection System (Horiba Scientific, Edison, NJ).
Fluorescence was quantified as multiples of a bead unit (BU),
where one BU equaled the average fluorescence of seven Car-
boxyl Bright Blue 4.6-�m microspheres (Polysciences, War-
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rington, PA) measured on the morning of the experiment. Dye
saturation was avoided by minimizing the duration of drug
application, which varied from 0.5 to 6 s; as shown previously,
fractional calcium current does not vary with the length of drug
application (23).

To calculate the fractional calcium current, agonist-gated
current was integrated to give the total charge transfer across
the cell membrane (QT, in coulombs). The decrease in 510-nm
emission of fura-2 excited by the 380-nm light (�F380) was mea-
sured in calibrated BU allowing �F380 to be converted to cou-
lombs of Ca2� charge (QCa). Then, the fraction of total mem-
brane current carried by Ca2� (Pf) is equal to QCa/QT, and the
percent fractional Ca2� current (fractional calcium current) is
Pf�100%. Experiments in which plots of QCa versus QT were
nonlinear indicated saturation of fura-2 by the ATP-gated
influx of Ca2�; these experiments were discarded.

To calibrate the beads, �F380 was measured from HEK293T
cells transiently or stably expressing the rat P2X2 receptor
(rP2X2R) and bathed in an extracellular solution containing
110 mM Ca2� and no Na�. We calibrated with rP2X2R because,
unlike rP2X7Rs, it is not fully inhibited by high concentrations
of extracellular Ca2� (49, 50). Under these conditions, QT
equals QCa. Plotting �F380 versus QT gives a straight line with a
slope equal to �F380/�QT, called the Fmax. Once Fmax is deter-
mined, then QCa (in nC) can be derived by dividing �F380 (in
BU) by Fmax (in BU/nC). We recalibrated Fmax on a regular basis
to overcome problems with changes in the efficiency of the light
source and the inherent signal strength of the fluorescent
microspheres that weakened over time. In the experiments
described here, the Fmax ranged from 0.03 to 0.05 BU/nC.

Measuring PNMDG/PNa

We used ATP to activate rP2X7Rs in experiments measuring
NMDG� permeability because ATP is significantly less expen-
sive than BzATP, and because the problem of unwanted chela-
tion of extracellular Ca2� was avoided by using a bath solution
devoid of divalent cations. We typically used 0.1 and 2.0 mM

ATP to activate rP2X7kRs and rP2X7aRs, respectfully, except
where noted otherwise. Whole-cell currents were measured at
room temperature from single detached cells held at 	40 mV
using electrodes with open tip resistances of 1.0 –2.5 M�.
Pipettes contained (in mM) 122 NaCl, 32 NaOH, 10 EGTA, and
10 HEPES (pH 7.3). We used a 2 M KCl agar bridge positioned
downstream of the cells to reduce liquid junction potentials of
the bath solution and the Ag/AgCl ground wire. In all experi-
ments, uncompensated series resistances were �6 M�, which
was compensated by 75% using the internal circuitry of the
amplifier except where noted. The control bath solution con-
tained 150 NaCl, 4 NaOH, 1 MgCl2, 2 CaCl2, 10 glucose, and 10
HEPES (pH 7.4). Ten minutes after seal formation, the bath
solution was switched to a divalent-free salt solution containing
150 Na� or 150 NMDG�, 154 Cl	, 10 glucose, 10 HEPES, and
an appropriate amount of NaOH or HCl to establish a pH of 7.4.
Salts and drugs were obtained from Sigma. ATP dissolved in the
appropriate extracellular solution (containing predominately
NaCl or NMDG-Cl) was applied using either a Rapid Solution
Changer RSC-200 (Bio-Logic Science Instruments, Seyssinet-

Pariset, France) or a Perfusion Fast-Step SF-77B (Warner
Instruments, Hamden, CT).

We waited 10 min for complete exchange of the intracellular
contents with pipette solution (48). Then, a two-ramp voltage
protocol was applied twice to each cell, once in the presence of
extracellular Na�, and once in the presence of extracellular
NMDG�. In each case, a control voltage ramp (	80 to 60 mV,
0.7 mV/ms) was applied in the absence of ATP to measure the
leak current (Ifirst ramp) and then reapplied 500 ms after the start
of a 3-s application of ATP to measure the total current con-
taining an agonist-gated component (Isecond ramp). ATP-gated
current was extracted by subtracting the leak current from the
total current (IATP � Isecond ramp 	 Ifirst ramp). IATP versus
applied voltage ramp was plotted, and Erev was measured at the
x-intercept. Then, the relative permeability of NMDG�

(PNMDG/PNa) was calculated as shown in Equation 1,

PNMDG

PNa
� exp��Erev � F

RT � (Eq. 1)

where �Erev equaled Erev, NMDG 	 Erev, Na, and R, T, and F have
their usual values (51).

In silico modeling

Data were simulated using Apple computers, MatLab 2019a
(MathWorks, Natick, MA), and scripts written by Gil
Toombes (Molecular Physiology and Biophysics Section,
NINDS, National Institutes of Health, Bethesda, MD).

Data analysis

Igor Pro (Wavemetrics, Grants Pass, OR) and MatLab were
used for off-line data analysis and construction of figures. In the
text, data are described as the mean � S.E. for the number of
experiments stated. In the figures, data are presented as box-
and-whisker diagrams with median values, interquartile ranges,
and whiskers equal to standard deviations. Significant differ-
ences among groups were determined using Prism (GraphPad,
San Diego) by one-way ANOVA with Tukey’s post hoc or
Student’s t test where appropriate. We considered data sets in
which p � 0.01 was significantly different from control.
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