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2X receptor channels are a family of trimeric cation-selective
channels that are activated by extracellular ATP (1, 2). These
ligand-gated ion channels are expressed in many tissues, including the central and peripheral nervous systems and the immune system, where they play a range of important roles in
sensory signaling and inﬂammation (1, 3).
Recent X-ray structures of the zebraﬁsh P2X4 (zfP2X4) receptor in apo and ATP-bound forms (Protein Data Bank ID
codes 4DW0 and 4DW1, respectively) have revealed the molecular design of these proteins (2, 4, 5) and have provided
valuable information on how ATP binding triggers the opening
of the transmembrane (TM) pore (Fig. 1 A and B). ATP binds to
a cleft between subunits within the large extracellular domain,
inducing cleft closure and an accompanying lateral ﬂexing of the
β-sheet connecting the extracellular domain to the TM domain
(5). The apo structure of the zfP2X4 receptor reveals that the
TM1 helix is positioned peripheral to the TM2 helix and that the
TM2 helix occludes the pore at the central axis within the outer
half of the membrane (4, 5). In accord with this structure, accessibility studies show that the TM2 helix lines the aqueous pore
and that the residues forming the gate are positioned within the
occlusion in the apo structure (6–8). Lateral fenestrations within
the extracellular domain provide a path for ions to enter and exit
the extracellular vestibule positioned above this TM2 occlusion,
and these fenestrations are thought to change conformation
in response to ATP binding (9, 10). The ATP-bound structure
shows that pore opening involves widening of the extracellular
vestibule and an iris-like expansion of the pore (5). Intersubunit
interactions within the TM domain in the apo structure are limited
to the gate region of TM2 (5), and thus the pore expansion observed in the ATP-bound structure leave the three subunits essentially devoid of intersubunit interactions within the membrane
(Fig. 1 A and B). In effect, the lateral fenestrations that are
www.pnas.org/cgi/doi/10.1073/pnas.1311071110

positioned above the outer leaﬂet of the membrane in the apo
structure have expanded dramatically to encompass most of the
TM domain.
Many of the conformational rearrangements predicted from
the X-ray structures of the zfP2X4 receptor are consistent with
structural constraints obtained from functional studies on the
protein in a membrane environment. For example, ATP binding
to the cleft and subsequent cleft closure were predicted to occur
based on proximity tethering (11), normal mode analysis (12), and
both metal bridging and spectroscopic studies (13, 14). In addition, the accessibility of both methanethiolsulfonate compounds
and metals (Ag+ and Cd2+) to cysteine residues introduced into
TM1 and TM2 (6–8) is consistent with the expansion of the external pore predicted from the zfP2X4 structures (Fig. S1A).
However, metal bridges engineered into the internal region of the
TM2 helix (7, 8) suggest that the internal pore narrows as the
channel opens, a feature that is not evident in the ATP-bound
zfP2X4 structure (Fig. S1B). Moreover, the large crevices between
subunits within the TM domain of the ATP-bound structure are
unprecedented in membrane proteins and would be expected to
destabilize the open state of the protein when it is embedded in
a lipid membrane (15). One proposal is that lipids might occupy
these crevices and serve to stabilize the structure of the open state
(5). The goal of the present study was to investigate the structure
of the open state of P2X receptors in a membrane environment
using both computational and functional approaches and to assess the validity of the proposed mechanism of ATP activation
and pore opening. Our results suggest that the absence of intersubunit interactions in the ATP-bound structure is not representative of the native structure but that intrasubunit interactions
within the TM domain are faithfully captured in both apo and
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P2X receptor channels open in response to the binding of extracellular ATP, a property that is essential for purinergic sensory
signaling. Apo and ATP-bound X-ray structures of the detergentsolubilized zebraﬁsh P2X4 receptor provide a blueprint for receptor mechanisms but unexpectedly showed large crevices between
subunits within the transmembrane (TM) domain of the ATPbound structure. Here we investigate both intersubunit and intrasubunit interactions between TM helices of P2X receptors in membranes using both computational and functional approaches. Our
results suggest that intersubunit crevices found in the TM domain
of the ATP-bound crystal structure are not present in membraneembedded receptors but substantiate helix interactions within individual subunits and identify a hot spot at the internal end of the
pore where both the gating and permeation properties of P2X
receptors can be tuned. We propose a model for the structure of
the open state that has stabilizing intersubunit interactions and
that is compatible with available structural constraints from functional channels in membrane environments.

ATP-bound crystal structures of detergent-solubilized P2X receptors. Our results also demonstrate that the internal end of the
pore plays a crucial role in tuning both the gating and permeation
properties of P2X receptors.
Results
Molecular Dynamics Simulations of the ATP-Bound Structure of zfP2X4.

To evaluate how the large intersubunit crevices observed in the
X-ray structure of the ATP-bound zfP2X4 receptor impact
receptor function, we performed molecular dynamics (MD) simulations with the receptor incorporated into a hydrated 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer, restraining
the receptor and ATP to the X-ray structure while allowing solvent and lipids to move. At the outset of the simulation, the pore
was heavily hydrated, compatible with the formation of an ion
permeation pathway. However, over time, two lipids diffused
into the intersubunit crevices and ultimately entered the pore
(Fig. 1C). Shortly after the entrance of the ﬁrst lipid into the pore
at ∼62.5 ns, the number of water molecules in the pore dropped
sharply (Fig. 1D). The expulsion of water from the pore facilitated
the entrance of the second lipid molecule. In the end, a 13-Å–deep
section of the pore became devoid of water (Fig. 1E). We also
ran a simulation in which the structural restraint on the receptor
was maintained for the ﬁrst 12.2 ns to allow the lipids, water, and
ions to equilibrate with the membrane-embedded receptor and
then was released for the duration of the simulation. Again, we
observed that two lipids entered the pore (the ﬁrst at ∼43.8 ns),
resulting in dehydration of a large section of the pore.
We also observed a pronounced hydrophobic mismatch between the receptor TM domain and the DMPC lipid bilayer in
both the restrained and unrestrained MD simulations. Lipids in
the lower leaﬂet of the bilayer adjacent to the receptor moved
toward the center of the bilayer (relative to the more distant
lipids) to match the short hydrophobic thickness of the TM domain (Fig. 1F). The short hydrophobic thickness results from the
relatively large tilt angle of the TM2 helices with respect to the
membrane normal. It is worth noting that DMPC is a relatively
short lipid with only 14 carbons on each acyl chain. Longer acyl
chains in other common lipids would have increased further the
extent of hydrophobic mismatch between the membrane and the
TM domain.
These simulations led us to conclude that the large intersubunit
crevices observed in the ATP-bound structure of the detergentsolubilized zfP2X4 receptor are not compatible with ion conduction and thus likely represent a nonnative feature. In addition,
the length of the TM domain in the X-ray structure may be inconsistent with the thickness of native lipid membranes.
Identiﬁcation of Candidate Metal Bridges Between TM1 and TM2 Helices
in P2X Receptors. To deﬁne interactions within individual subunits
Fig. 1. MD simulations of the ATP-bound zfP2X4 structure in a membrane
environment. (A) Backbone ribbon representation of the X-ray structure of
apo zfP2X4 receptor viewed parallel to the membrane with individual subunits colored blue, gold, and gray. (B) Backbone ribbon representation of
the X-ray structure of ATP-bound zfP2X4 receptor. ATP is shown as red
spheres. (C) Snapshots of the TM domain viewed from the extracellular side
at various time points during the restrained MD simulation in a DMPC bilayer. TM helices are shown as gray backbone ribbon representations, and
two DMPC lipid molecules are shown as stick representations with carbons
in green and blue. Lipids began entering the intersubunit crevices at 62.48
ns and fully occupied the ion conduction pore at 79.44 ns. (D) Plot showing
the number of water molecules within a 13-Å–deep section of the pore
spanning residues A344–I355. (E) Snapshot of the MD simulation at 79.44 ns
with water molecules and lipids shown. Note the absence of water molecules
in the section spanning residues A344–I355. (F) Snapshot of the TM domain
viewed parallel to the membrane at 79.44 ns in the MD simulation. Blue and
red sticks on the protein represent positively and negatively charged residues,
respectively. Yellow spheres are phosphorous atoms of bulk lipid molecules,
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of the TM domain, we inspected the interface between TM1 and
TM2 in the zfP2X4 X-ray structures to identify positions where
state-dependent metal bridges might be engineered. In a previous study on a rat P2X2 (rP2X2) construct in which a native
Cys in TM2 was mutated to threonine (C348T), we found that
introducing the S345C mutation in TM2 resulted in an inhibitory
metal bridge involving H33 in TM1 (7). This region of TM1 and
TM2 was resolved in the structure of apo zfP2X4 spans G32–L361
(corresponding to G30–L353 in rP2X2); however, the ﬁrst TM1
residue resolved in the ATP-bound structure was R36, corresponding to R34 in rP2X2. To evaluate metal bridges involving
this intracellular region of TM1 and TM2, we created models for

and green spheres are phosphorous atoms of lipids around the receptor. In
the lower leaﬂet, phosphates around the receptor are drawn toward the
middle of the bilayer because of the hydrophobic mismatch between the TM
domain and the bilayer.
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metal coordination in both apo and ATP-bound zfP2X4. To
include the position corresponding to H33 in P2X2, we grafted
the ﬁrst turn of the TM1 helix from the apo structure onto the
ATP-bound structure, extending the TM1 N terminus to G32
(G30 in rP2X2).
We evaluated these zfP2X4 models to determine whether a
state-dependent metal bridge for Cd2+ could be formed at the intrasubunit interface between TM1 and TM2 and found a promising
candidate that forms when the N353C mutant (S345C in rP2X2)
is introduced in a background that retains the native C356 in TM2
(C348 in rP2X2) and either His or Cys at N35 in TM1 (H33 in
rP2X2) (Fig. 2). This predicted metal-coordination site is unusual
in that it involves two positions on the TM2 helix that are one
helical turn apart and therefore should coordinate Cd2+ in either
closed or open states (including a contribution from the backbone
carbonyl of N353), but the additional contribution of either His or
Cys in TM1 could occur only in the open state (Fig. 2 B–E). The
relative motions of TM1 and TM2 between the ATP-bound and
apo zfP2X4 structures include a 45° rotation, so that in the apo
structure the His or Cys in TM1 cannot readily contribute to
bridging Cd2+ with the two Cys residues in TM2 (Fig. 2 B and D).
To evaluate this predicted metal coordination site, we initially
generated two constructs of the rP2X2 receptor, one containing
a native H33, S345C, and a native C348 (designated H-C-C), and
the other containing H33C, S345C, and a native C348 (designated C-C-C). When expressed in HEK cells, both constructs
gave rise to ATP-activated macroscopic currents and exhibited
concentration–response relations comparable to those in the
wild-type rP2X2 receptor (Fig. 3 and Table S1) (6). For both
constructs, application of external Cd2+ was without effect when
applied in the absence of ATP (Fig. 3 A and C), as expected from
both structural (4, 5) and functional (6–8) evidence that the gate
in P2X receptors is positioned external to this engineered bridging
site, and thus closure of the gate in the absence of ATP would
prevent Cd2+ from reaching the bridging site. However, when
Cd2+ was applied externally in the presence of ATP, the metal
produced robust potentiation of ATP-activated currents (Fig. 3 A
and C). In the case of the H-C-C site, Cd2+ potentiated currents at
an EC20 concentration of ATP by 2.3 ± 0.2-fold (n = 11); for the
C-C-C site, Cd2+ potentiated currents at an EC20 concentration
of ATP by 48.7 ± 6.6-fold (n = 7). When the concentrationdependence for activation by ATP was examined in the presence
and absence of Cd2+, we observed a shift in the EC50 for ATP
activation to lower ATP concentrations in both constructs (Fig. 3
B and D). In addition, Cd2+ produced an increase in the maximal
current activated at saturating ATP concentrations; for the H-C-C
construct that increase was 25 ± 9% (n = 5), and for the C-C-C
construct it was 28.1 ± 3.8-fold (n = 4) (Fig. 3 B and D). The
collective results demonstrate that both engineered constructs
contain Cd2+-binding sites that can be occupied in an open (conducting) state of rP2X2 receptors. The quantitative differences
between the effects of Cd2+ on the H-C-C and C-C-C constructs
might indicate that formation of the two types of bridges alters the
gating and permeation properties of P2X2 receptors to different
degrees, or they may indicate that the mutations introduced to
form metal bridges have distinct effects on the properties of P2X
receptor channels. Nevertheless, the effects of Cd2+ on shifting the
EC50 for activation by ATP and increasing the maximal current
are consistent with occupancy of the Cd2+ site leading to stabilization of an open state of the channel.
Biophysical Characterization of Metal Bridges in rP2X2 Receptors.

One prediction concerning the crystal structures of the apo
and ATP-bound zfP2X4 receptors is that these engineered metal
sites should be contained within individual subunits. To test this
possibility, we constructed concatenated trimers containing difHeymann et al.

Fig. 2. Identifying potential metal bridges between TM1 and TM2 helices.
(A) The ATP-bound zfP2X4 receptor with individual subunits colored blue,
gold, and gray. A modeled metal bridging site is displayed in the blue subunit involving H33, S345C, and C348 (numbering based on rP2X2). (B)
Magniﬁed view of the modeled metal bridging site in the apo zfP2X4 receptor containing the H-C-C bridge, where Cd2+ is coordinated by S345C and
C348 in TM2 and H33 in TM1 is rotated away from the S345C/C348 bridge
with its nearest Nδ atom 5.2 Å from Cd2+. (C) Magniﬁed view of the modeled
metal bridging site in the ATP-bound zfP2X4 receptor containing the H-C-C
bridge, where Cd2+ is coordinated by S345C and C348 in TM2 and H33 in
TM1. (D) Magniﬁed view of the modeled metal bridging site in the apo
zfP2X4 receptor containing the C-C-C bridge, where Cd2+ is coordinated by
S345C and C348 in TM2 and H33C in TM1 is rotated away from the S345C/
C348 bridge with its S atom 6.3 Å from Cd2+. (E) Magniﬁed view of the
modeled metal bridging site in the ATP-bound zfP2X4 receptor containing
the C-C-C bridge, where Cd2+ is coordinated by S345C and C348 in TM2 and
H33C in TM1.
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Metal Bridges Potentiate ATP-Activated Currents in rP2X2 Receptors.

Fig. 3. Two metal bridges that potentiate ATP-activated currents. (A)
Representative whole-cell currents for the H-C-C bridging construct in rP2X2
receptor channels. EC20 concentrations of ATP (3 μM; black bars) and Cd2+
(20 μM; blue bars) were applied as shown. (B) Concentration–response relationships for activation of rP2X2 H-C-C by ATP in the absence and presence
of 20 μM Cd2+. A control concentration of ATP (3 μM) was applied to each
cell, followed by a test concentration of ATP before the additional application of 20 μM Cd2+. Currents measured with test concentrations of ATP
(before and after Cd2+) were normalized to the current amplitude measured
at the control concentration of ATP to generate the ATP-alone (black data
points and curve) and ATP plus Cd2+ (blue data points and curve) relations.
The ATP relation then was scaled (gray data points and curve) to show the
shift in EC50. Data points are mean for three to seven measurements, and
error bars indicate SEM. (C) Representative whole-cell recordings for the C-CC bridging construct in rP2X2 receptor channels. EC20 concentrations of ATP
(2.6 μM; black bars) and Cd2+ (20 μM; blue bars) were applied as shown. (D)
Concentration–response relationships for activation of rP2X2 C-C-C by ATP in
the absence and presence of 20 μM Cd2+. A different protocol was used in
the C-C-C construct because the large magnitude of potentiation necessitated the activation of currents in the absence of Cd2+ that were too small to
be reliably measured. For this construct, concentration–response relationships were generated independently for ATP alone (n = 4) or for ATP plus
20 μM Cd2+ in the external solution (n = 3). The scaled relationship (gray data
points and curve) was obtained by measuring fold potentiation at saturating
[ATP] in a separate set of experiments (n = 4). Error bars indicate SEM. The
Hill equation was ﬁt to the data, and parameters are given in Table S1.
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ferent combinations of bridging and nonbridging residues at the
three relevant positions (33, 345, and 348, rP2X2 numbering;
Fig. 4A). When all three bridging residues (H-C-C) were present
in only a single subunit within a trimer, we observed readily
detectable potentiation by external Cd2+ when applied in the
presence of ATP, and the extent of potentiation increased further when a second or third subunit contained all three bridging
residues (Fig. 4 B–D and H). In contrast, we observed either no
effect or reversible inhibition when Cd2+ was applied to three
concatenated constructs where bridging residues were placed in
different subunits (Fig. 4 E–H). The one instance in which we
observed inhibition is consistent with a previously reported inhibitory bridge involving H33 and S345C (7) (H-C), which in our
metal coordination model of the apo zfP2X4 receptor could form
when the native C348 is not present (Fig. 4I). Additionally,
concatenated constructs containing subunits with one, two, or
three subunits containing a Cys at position 345 showed that the
extent of Cd2+ inhibition increases with the number of mutant
subunits (7), suggesting that this inhibitory bridge occurs within
individual subunits. The present experiments with control concatamers (Fig. 4 E–H) reveal that the inhibitory bridge forms
only when H33 and S345C are present in the same subunit,
a ﬁnding that is supported further by the demonstration of an
inhibitory disulﬁde bridge between H33C and S345C within
individual subunits (16). We therefore conclude that both the
potentiating H-C-C and inhibitory H-C metal bridges between
TM1 and TM2 occur within individual subunits, consistent with
the expectations from the apo and ATP-bound X-ray structures.
A unique feature of the H-C-C and C-C-C bridges is that full
coordination of Cd2+ involving residues in TM1 and TM2 would
be predicted to occur in the open state, but partial and potentially stable coordination involving S345C and C348 could occur
even in the closed state. In both apo and ATP-bound structures,
these TM2 residues are equivalently positioned on the same face
of the helix, and there is precedence in other proteins in which
two residues on one face of an α-helix form a strong metalbinding site (17–19). In experiments in which both Cd2+ and
ATP were removed following potentiation of ATP-activated
currents, we observed that both H-C-C and C-C-C constructs
could close (Fig. 3 A and C), indicating either that Cd2+ rapidly
dissociates from the channel or that the bridge does not lock the
channel open per se, as was observed previously for the internal
gate region of the Shaker Kv channel (20). To determine whether
Cd2+ remains stably associated with the P2X2 receptor after
ATP unbinds and channels close, we used a protocol in which
Cd2+ was applied together with ATP to potentiate channel activity; once the channel closed after both Cd2+ and ATP were
removed, we repeatedly challenged the cell with ATP alone to
assess how long channel activity would remain potentiated (Fig.
5A). In experiments with the H-C-C construct, we observed little
evidence of recovery from Cd2+-mediated potentiation even
20 min after the removal of Cd2+ (Fig. 5), demonstrating stable
interaction of the metal with the closed channel. Using this
protocol for the C-C-C construct, we also observed stable potentiation 15 min after removal of Cd2+.
To investigate the mechanism of Cd2+ potentiation further, we
undertook single-channel recordings. Membrane patches in the
outside-out conﬁguration of the patch-clamp technique were
isolated from cells expressing the C-C-C construct because these
channels produced the most robust potentiation of ATP-activated
currents by Cd2+. Analysis was conducted on three patches in
which channel activity was observed in the presence of ATP but
not in its absence. Two additional patches exhibited qualitatively
similar results but were excluded from the analysis because infrequent channel openings in the absence of ATP precluded the
deﬁnitive identiﬁcation of ATP-activated currents. Channels activated by 0.3 μM ATP ﬂuctuated rapidly among multiple current
levels, with a predominant level of 3.1 ± 0.1 pA at −120 mV (Fig.
Heymann et al.
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6, Left). The addition of 2 μM Cd2+ resulted in dramatic increases in both the open probability and unitary current amplitudes of the channel (Fig. 6, Right). The predominant current
amplitude in the single-channel current distribution increased
approximately twofold in the presence of Cd2+, whereas individual burst events, deﬁned as channel openings not interrupted by a close event exceeding 50 ms in duration, increased
7.5 ± 1.8-fold. The maximum observed burst duration in ATP
alone was 471 ms, whereas in the presence of Cd2+ the longest
measurable burst lasted 6,698 ms. The effect of Cd2+ on burst
duration is an underestimation, because bursts of channel activity during which a second channel also became active were
excluded from the analysis, and such instances predominantly
occurred during long bursts of channel activity. The observed
effect of Cd2+ on burst duration indicates that the bridge formed
by Cd2+ stabilizes open states. The effect of Cd2+ on the unitary
conductance of the channel is intriguing, because it suggests that
the metal bridge either stabilizes channel conformations infrequently visited by the channel in its absence or that the metal
bridge leads to a conformational change that results in an approximate doubling of the current at all channel sublevels.
We also explored whether the conducting states stabilized by
the C-C-C bridge might correspond to the dilated state of P2X
receptors that gives rise to a change in the relative permeability
of Na+ to N-methyl-D-glucamine (NMDG+) (21–23). Macroscopic
current–voltage (I–V) relationships were obtained using voltage
ramps in whole-cell recordings in which Na+ was the primary
internal cation and NMDG+ was the primary external cation. In
previous reports with related ionic conditions and protocols, the
zero-current potential shifted in the positive direction in the
continuous presence of ATP as the relative permeability of Na+
to NMDG+ changes (21–23). When Cd2+ was applied to the
C-C-C construct, we observed large increases in ATP-activated
macroscopic current for both inward and outward limbs of the
I–V relationship, with no detectable change in the zero-current
potential (Fig. 7). These results indicate that the relative permeability of Na+:NMDG+ for the rP2X2 receptor does not
change when Cd2+ forms a bridge between TM1 and TM2, and
thus the state stabilized by the bridge does not correspond to the
proposed dilated state of P2X receptor channels.

Fig. 4. Subunit relationships of metal bridges. (A) Legend for concatenated
subunit constructs. Each rectangle (made up of three squares) corresponds to
one subunit of the trimer, and the residues at the three bridging positions
(33, 345, and 348) are represented by their one-letter amino acid code in
each square of the rectangle. Bridging residues (H33, S345C, and C348) are
colored blue; nonbridging residues (H33Y, S345, and C348T) are colored
gray. (B–D) Concatenated H-C-C subunit constructs with one, two, or three
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subunits containing all three residues necessary for bridging. Control currents activated by ATP alone (black trace) or ATP plus Cd2+ (blue trace) are
superimposed for comparison. (E–G) Concatenated H-C-C subunit constructs
with the three residues necessary for bridging split between subunits to test
for intersubunit bridges. In each construct, one of the three bridging residues was removed from subunit 1 and placed in the two adjacent subunits.
Control currents activated by ATP alone (black trace) or ATP plus Cd2+ (blue
trace) are superimposed for comparison. (H) Bar graph summarizing the
effects of Cd2+ on each concatameric construct (n = 3–4). Measurements of
statistical signiﬁcance are based on unpaired Student t tests; *P ≤ 0.05, **P ≤
0.005. See Table S1 for concentration–response relations for each construct.
EC 50 concentrations of ATP and 20 μM Cd2+ were used for each construct. (I)
Modeling of a Cd2+ bridge between S345C and H33 in the 3T construct of
rP2X2 receptor (7) using the X-ray structure of the apo zfP2X4 receptor. In 3T
rP2X2 a native Cys at 348 and two additional Cys residues in the C and N
termini were mutated to Thr. Bridging residues S345C and H33 (rP2X2
numbering) are shown for only one subunit, with Cd2+ represented as a blue
sphere. The side view shown here is from the side opposite that depicted in
Fig. 2.
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A Structural Model for the Open State of zfP2X4 Receptors. The
results presented thus far suggest that the intrasubunit interactions observed in both the apo and ATP-bound structures are
remarkably consistent with our engineered metal bridges between TM1 and TM2. However, the ATP-bound structure of the
zfP2X4 receptor is nonnative in that intersubunit interactions are
largely absent within the TM domain. To generate a model for

narrowest point and therefore should support permeation of physiologically relevant cations such as Na+, K+, or Ca2+. Although we
found that formation of a Cd2+ bridge in the C-C-C construct
does not alter the relative permeability of Na+ to NMDG+, this
channel clearly permeates NMDG+ at voltages negative to −70
mV (Fig. 7A). Corey–Pauling–Koltun (CPK) models of NMDG+
can ﬁt into a box with dimensions of 5 × 6.4 × 12 Å (24), providing an upper limit on the dimensions necessary for permeation. The actual pore diameter required to support permeation
would be lower, because the structures of both the organic cation
and the protein will ﬂuctuate on a rapid timescale. Thus, it seems
reasonable to conclude that the diameter of the pore in our openstate model is compatible with NMDG+ permeation.
In the simulation of the open-state model, the side chains of
L351 alternate between two rotamers, one of which positions the
side chain toward the inter-TM2 interface, and the other with the
side chain projected into the pore. Interestingly, this residue is

Fig. 5. Cd2+ remains tightly bound in the closed state. (A) Representative
whole-cell recordings measuring Cd2+ dissociation from closed channels for
the H-C-C construct. Control traces show no change in ATP-activated current
over time. In both experiments, there was a 2-min delay between the ﬁrst
and second ATP applications. (B) Plot of fractional potentiation as a function
of time for experiments such as that shown in A. Data points are mean ±
SEM (n = 3–4).

the open state that contains intersubunit interactions but retains
intrasubunit helix–helix interactions, we developed a conformational search algorithm to explore alternate quaternary arrangements of the TM2 helices (see Methods, Fig. S2). TM1 then was
introduced into each subunit using the same relative positioning
with respect to TM2 as in the ATP-bound X-ray structure, and
ﬁnally the extracellular ATP-binding domain was grafted after
superimposing the TM domain. The resulting model was chosen
because it is as close as possible to the X-ray structure of the ATPbound zfP2X4 receptor but introduces additional intersubunit
interactions to stabilize the TM domain. Consistent with both
accessibility (6–8) and metal coordination (7, 8) data, our model
features expansion of the external pore and narrowing of the
internal pore (Fig. S1 B and C).
In this model, relative to the X-ray structure, the TM2 helices
are translated 1.3 Å toward the central axis, the twist of the TM2
three-helix bundle is increased by 10°, and each TM2 helix is
rotated 5° counterclockwise (as viewed from the top) around its
helical axis, creating a much more tightly packed intersubunit
interface (Fig. 8 A–C and Fig. S2). We performed MD simulations on this model, similar to those performed on the ATPbound X-ray structure (Fig. 1), and observed that lipid molecules
were excluded from the pore (Fig. 8D), which remained wellhydrated throughout the simulation (Fig. 8D). The addition of
one turn of the helix in TM1 and a slight reduction in the tilt
angle of TM2 result in a modest improvement in hydrophobic
mismatch (Fig. S3A). The pore diameter of our model is somewhat less than that of the X-ray structure, especially toward the
internal end (Fig. S3 B and C); however, it still is 4.7 Å wide at its
E4050 | www.pnas.org/cgi/doi/10.1073/pnas.1311071110

Fig. 6. Metal bridges stabilize open states. (A) Representative outside-out
single-channel recordings for the C-C-C construct. (Left) Thirty seconds of
continuous recording in the presence of 0.3 μM ATP. (Right) Thirty seconds
of continuous recording from the same patch after switching to a solution
containing 0.3 μM ATP and 2 μM Cd2+. The dotted line is placed at −3 pA as
a visual aid. (B) Expanded traces of single bursts of channel activity in ATP
alone (Left) and in ATP plus Cd2+ (Right), demonstrating subconductance
states. (C) All-points histograms from three patches for ATP alone (Left) and
ATP plus Cd2+ (Right). In each case, the sum of three Gaussian distributions,
corresponding to one closed-state level (red curves) and two open-state
levels (green curves) were ﬁt to the data. When the three patches were
analyzed separately, the Gaussian distributions for the open levels had
amplitudes of −1.1 ± 0.3 pA and −3.1 ± 0.1 pA for ATP alone and −3.4 ± 0.7
pA and −6.3 ± 0.4 pA in the presence of Cd2+.

Heymann et al.

Fig. 7. The Cd2+ metal bridge does not alter the relative permeability of
Na+ to NMDG+. (A) Representative whole-cell ATP-activated current–voltage
relationships in response to voltage ramps for the C-C-C construct in the
absence (blue trace) and presence (black trace) of Cd2+. EC20 [ATP] or EC20
[ATP] plus 20 μM Cd2+ were applied externally. The currents shown are the
net current activated by ATP alone or by ATP in the presence of Cd2+. Each
current trace is the average of ﬁve consecutive voltage ramps from −100 to
+40 mV (ramp duration was 2.3 s with 1-s intervals between ramps) after
subtracting the current in the absence of ATP. (B) Bar graph displaying the
average zero-current potential measured from three cells.

Discussion
The objective of the present study was to evaluate both intersubunit and intrasubunit interactions within the TM domain of
P2X receptors using both computational and functional approaches. A key motivation for this work was the unexpected
absence of intersubunit interactions in the recent X-ray structure
of the ATP-bound zfP2X4 receptor, which raises the possibility
that the structure is distorted (15) and brings into question the
proposed mechanism of ATP activation. Indeed, our MD simulations suggest that lipid molecules can diffuse through the intersubunit crevices to occupy and dehydrate the ion permeation
pathway (Fig. 1), a scenario that is incompatible with ion conduction. As noted previously (15), the predominance of hydrocarbon side chains in helical transmembrane domains implicates
nonspeciﬁc van der Waals and weak electrostatic interactions as
the main intraprotein forces for tertiary and quaternary struc-

PHYSIOLOGY

equivalent to V343 in the rP2X2 receptor, where substitution of
Cys results in the formation of a stable Cd2+ bridge that blocks
the channel (7). This Cd2+ bridge forms rapidly (rate constant =
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106 M/s) in the presence of ATP, suggesting that bridging occurs
in the highly populated open state, and requires Cys in all three
subunits, implying that it forms at the central axis of the pore (7).
L351 in the X-ray structure of the ATP-bound zfP2X4 receptor
cannot coordinate Cd2+ because of the larger diameter of the
pore at this position (L351 Cβ–Cβ distances of 11.2 Å; Fig. S1B).
However, in our open-state model L351C residues in the alternative rotamer, together with two water molecules, can coordinate Cd2+ in the triagonal bipyramidal geometry (Fig. 8F).

Fig. 8. A structural model for the open state of P2X receptors. (A) Comparison of the TM domain between the X-ray structure for the ATP-bound zfP2X4 receptor (shown in light green) and the open-state model (with individual subunits colored in blue, gold, and gray) viewed from the external side of the membrane.
The Cα atoms of the C terminus (residue G56) of TM1 and the N terminus (residue I335) of TM2 are shown as spheres. (B and C) Interfaces between adjacent
subunits for the ATP-bound zfP2X4 receptor and the open-state model, respectively, depicted in a surface rendering. Hypothetical boundaries of the lipid bilayer
are represented by gray bands. (D) Snapshot of the TM domain of the open-state model and its adjacent lipid molecules in the restrained MD simulation, viewed
from the external side of the membrane. In contrast to observations in the simulations of the ATP-bound zfP2X4 receptor, no lipid molecules entered the pore in
simulations of the open-state model. (E) Continuous water chain in the pore of the model. (F) Cd2+ coordination by the L351C trimer and two water molecules.

Heymann et al.

PNAS | Published online September 30, 2013 | E4051

tural stability. In native membranes, the hydrophobic environment provided by the acyl chains of lipid molecules enhances
helix–helix packing and helps deﬁne the hydrophobic dimension.
The lack of such a hydrophobic environment in the crystalline
lattice is likely the reason for the poor intersubunit packing of
the TM1 and TM2 helices and the apparent hydrophobic mismatch in the X-ray structure of the ATP-bound zfP2X4 receptor.
Such distortions may be particularly problematic for membrane
proteins such as P2X receptors, which contain large extracellular
domains that provide most of the crystal contacts, together with
small transmembrane domains that contain only six helices in the
trimer (15).
Although the intersubunit crevices are a striking feature of the
ATP-bound X-ray structure, only relatively modest structural rearrangements are required to form an intersubunit interface
within the membrane. In our open-state model of the zfP2X4
receptor, intersubunit interactions within two regions of the TM
domain were created by small rotations and translation of the
TM2 helix toward the central axis (Fig. 8). The ﬁrst interface is
within the internal region of the TM domain, where residues on
three turns of the TM2 helix (L351, I355, and W358) from one
subunit make contact with L346, A347, and V354 on the adjacent TM2 helix. The second is within the external end of the TM
domain, where Y45 in TM1 contacts L340 in TM2 of the adjacent
subunit. These contacts do not completely seal off the pore from
the surrounding lipid membrane but diminish the crevices to
openings or portals (Fig. 8C), similar to what has been seen in the
KcsA potassium channel (25) and the NavAb voltage-activated
sodium channel (26). In addition, our model exhibits a modest
improvement in hydrophobic mismatch (Fig. S3A).
We also investigated the intrasubunit interactions depicted in
both the apo and ATP-bound X-ray structures (Fig. 2), and in
this case we identiﬁed metal bridges that are fully compatible
with those structures. Our results demonstrate that S345C and
C348 in TM2 and H/C33 in TM1 form a robust intrasubunit Cd2+
bridge that stabilizes the open state of the rP2X2 receptor (Figs.
3–6). The X-ray structures position the equivalent of S345C and
C348 on one face of the TM2 helix where they can coordinate
Cd2+ in either the apo or ATP-bound states (Fig. 2), consistent
with our functional results demonstrating that Cd2+ remains stably
associated with the channel in the closed state (Fig. 5). Those
structures also show that ATP binding triggers a relative rotation
of the TM1/TM2 interface so that residue 33 in TM1 also can
participate in coordinating the metal. Thus, our metal-bridging
results substantiate intrasubunit helix interactions and the
intrasubunit motions between TM1 and TM2 upon ATP binding
that are depicted in the X-ray structures of the zfP2X4 receptor.
When considered together with the modest modiﬁcations that
are required to decrease the size of the intersubunit crevices, these
results support the proposed structural mechanism by which ATP
binding leads to an iris-like opening of P2X receptor channels (5).
In our structural model for the open state, this structural rearrangement would also be accompanied by a narrowing of the internal pore to create intersubunit interactions between the TM2
helices (Fig. 8).
The metal bridges that we engineered between TM1 and TM2
also identify an internal region of the TM domain that is particularly sensitive to modiﬁcation, where the activity of the
channel can be tuned readily (Figs. 3–6). The relative motions
between TM1 and TM2 in this region are not very large (Fig. 2),
but occupancy of the engineered metal-binding site has profound
consequences for both the gating and conduction properties of
P2X receptors. In the case of the C-C-C bridge, Cd2+ occupancy results in an increase in burst duration, suggesting that
the bridge stabilizes the open state. We also observed a substantial
increase in mean unitary conductance (Fig. 6), implying that this
local region plays a key role in determining the permeation
properties of P2X receptor channels. The internal pore in our
E4052 | www.pnas.org/cgi/doi/10.1073/pnas.1311071110

open-state model of the zfP2X4 receptor is the narrowest
region of the pore, and it contains the most extensive intersubunit
interactions, providing an initial picture of the structure of this
important region of P2X receptor channels. Formation of intersubunit interfaces with the internal region of TM2 is consistent with
observations that this region of TM2 is particularly sensitive to
mutations (6, 27–29), and the model is fully compatible with metal
bridges that have been described for the TM domain of rP2X2 receptor channels. These bridges include an intersubunit metal bridge
formed at the threefold axis by V343C (Fig. 8F) (7), stable metal
bridges formed by D349C (8), as well as the metal bridges presented here that are located at the intrasubunit interface between
the TM1 and TM2 helices. Reﬁnement of this working model to
reduce further the hydrophobic mismatch, while retaining the
constraints imposed by the metal bridges discussed here, will help
to identify key intersubunit interfaces involved in channel gating.
Methods
Evaluation of the X-Ray Structure for ATP-Bound zfP2X4 Receptor by MD
Simulations. Before being embedded in a lipid bilayer for MD simulations,
the X-ray structure of ATP-bound zfP2X4 receptor was preprocessed as follows. Using symmetry operations, the monomer entry in ATP-bound zfP2X4
receptor was replicated into a threefold symmetric trimer. The trimer was
energy minimized for 10,000 steps while the Cα atoms and the heavy atoms
of the ATP molecules and the surrounding residues (N296, R298, K316, K70,
K72, and T189) were restrained in their original positions with a force constant of 10 kcal−1·mol−1·Å−2.
A preequilibrated DMPC lipid bilayer was obtained from CHARMM-GUI
(30), replicated, and trimmed to generate a membrane with 398 lipid molecules solvated by 32,187 water molecules. The preprocessed structure of the
zfP2X4 receptor then was inserted into the membrane, with lipid molecules
within 1 Å and water molecules within 3 Å removed. Sodium and chloride
ions were added to neutralize the system and provide a physiological concentration of salt. The resulting system contained the receptor along with
332 lipid molecules, 32,004 water molecules, 93 sodium ions, and 90 chloride
ions (corresponding to a salt concentration of 0.15 M). The system preparation was done using VMD (31) and its Solvate and Ionize plugins.
The system was energy minimized for 10,000 steps and then was simulated
for 79.44 ns, with the restraints stated above, but the restraining force
constant was reduced to 1 kcal−1·mol−1·Å−2 after the ﬁrst 21.98 ns. A second
simulation was started from the snapshot at 12.15 ns of the restrained
simulation and was run for 53.66 ns. In this simulation, all the previous
restraints were released. However, to ensure that the ATP molecules stayed
in the binding pockets, distance restraints were introduced between pairs of
atoms involved in ATP–zfP2X4 receptor salt bridges and hydrogen bonds (5).
All simulations were performed using NAMD 2.9 (32) with temperature at
310 K and pressure at 1 atm. The Langevin dynamics and Nosé–Hoover
Langevin piston methods were used for temperature and pressure coupling,
respectively. CHARMM27 protein (33) and CHARMM36 lipid (34) force ﬁelds
were used. The force ﬁeld for ATP was from Pavelites et al. (35).
Modeling Cd2+ Bridges Between TM1 and TM2 of the zfP2X4 Receptor. Putative
bridging residues (e.g., N35 and N353) were mutated into Cys or His using the
Mutator plugin of VMD. Sidechain dihedral angles of the introduced Cys or
His residues were adjusted manually so that their sulfur or nitrogen atoms were
at possible positions to coordinate Cd2+. To eliminate possible steric clashes by
the mutations, each mutant was energy minimized for 10,000 steps, while Cα
atoms were restrained with a force constant of 10 kcal−1·mol−1·Å−2.
Construction of an Open-State Model of the zfP2X4 Receptor. The TM2 helix
from a single subunit in the energy-minimized ATP-bound zfP2X4 receptor
structure was used as the starting point for the conformational search to
generate the open-state model. This helix was translated and rotated so that
its helical axis was aligned with the z-axis and its center of mass was at the
origin of the coordinate system and is called “TM2mono” hereafter. The
z-axis represents the membrane normal. All translation and rotation operations were done using VMD scripts.
A series of rotation, translation, and replication was performed on
TM2mono to generate an ensemble of conformations of TM2 trimer upon
which several ﬁlters were applied to select plausible models. The operations
on TM2mono were carried out sequentially as follows: (i) rotation around its
helical axis (i.e., the z-axis) by an angle ρ; (ii) rotation around the x-axis by an
angle θ; (iii) rotation around the z axis by an angle ϕ; (iv) translation along
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Channel Constructs. Mutations were introduced into an rP2X receptor construct (generously provided by David Julius, University of California, San
Francisco) in which C9 and C430 were mutated to threonine (6), a construct
termed “2T.” The previously reported inhibitory Cd2+ bridge between H33
and S345C (7) was studied in the 3T background, a construct that also contains the C348T mutation. The primary potentiating Cd2+ bridges studied
here involved H33 or H33C in TM1 and both S345C and C348 in TM2 (H-C-C
and C-C-C, respectively), and these were studied in the 2T background. Cd2+
also has weak and rapidly reversible potentiating activity on the wild-type
rP2X2 receptor channel; external application of 20 μM Cd2+ increases macroscopic currents activated by 15 μM ATP by 15 ± 3% (n = 3), and 100 μM
Cd2+ increases ATP-activated currents by 48 ± 8% (n = 3). Although we have
not determined the coordinating residues responsible for this weak and
rapidly reversible potentiation in the wild-type channel, a simple explanation that would be consistent with the present study is that H33 and C348C
can form a weak intrasubunit Cd2+ bridge that stabilizes the open state.
Concatamers were constructed as described previously (7, 37, 38) and were
conﬁrmed by restriction digests and DNA sequencing. In addition, cell lysates
were evaluated with SDS/PAGE and Western blot analysis, which conﬁrmed
that the most abundant species of rP2X2 receptors in HEK cells expressing
the concatenated trimeric construct corresponds to the molecular weight
of a trimer (Fig. S4).
Cell Culture and Transfection. HEK293 cells were cultured in DMEM supplemented with 10% (vol/vol) FBS and 10 mg/L gentamicin. All cell-culture
reagents were obtained from GIBCO. Trypsin-treated HEK293 cells were
transiently transfected and seeded onto glass coverslips in six-well plates and
were placed in a 37 °C incubator with 95% air and 5% CO2. Transfections
were performed using FuGENE6 Transfection Reagent (Promega). P2X receptors were cotransfected with a GFP cDNA construct in pGreen-Lantern
(Invitrogen) at ratios varying from 2:1–8:1. Recordings were conducted 24–60 h
after transfection.

Electrophysiology. All experiments were performed in transiently transfected
HEK293 cells under voltage-clamp (−60 mV for whole-cell and −120 mV for
single-channel) recording using an Axopatch 200B patch-clamp ampliﬁer
(Axon Instruments, Inc.) and were digitized on-line using a Digidata 1321A
interface board and pCLAMP 10.2 software (Axon Instruments, Inc.). Wholecell currents were ﬁltered at 5 kHz using eight-pole Bessel ﬁlters and were
digitized at 20 kHz. Single-channel recordings were ﬁltered initially at 5 kHz,
were digitized at 10–50 kHz, and were further ﬁltered at 2 kHz for data
analysis and at 1 kHz for presentation.
The whole-cell external solution contained (in mM): 140 NaCl, 5.4 KCl,
2 CaCl2, 0.5 MgCl2, 10 Hepes, and 10 D-glucose, adjusted to pH 7.3 with
NaOH. The internal solution contained (in mM): 140 NaCl, 10 EGTA and 10
Hepes, adjusted to pH 7.0 with NaOH. The single-channel external solution
contained (in mM): 147 NaCl, 1 CaCl2, 10 Hepes, and 11 D-glucose, adjusted
to pH 7.4 with NaOH. The internal solution contained (in mM): 140 NaF,
5 NaCl, 10 EGTA and 10 Hepes, adjusted to pH 7.0 with NaOH. NMDG+ permeability experiments were conducted with an external solution containing
(in mM): 150 NMDG+, 10 Hepes, adjusted to pH 7.3 with HCl. The internal
solution contained (in mM): 140 NaCl, 10 EGTA, 10 Hepes, adjusted to pH 7.0
with NaOH. Voltage ramps were given from −100 mV to +40 mV. In each
experimental condition, ﬁve consecutive current traces were averaged, and
then the average leak current was subtracted from the average ATP- and
ATP plus Cd2+-evoked currents.
Solution exchange was achieved using the Rapid Solution Changer RSC200 (BioLogic), which has the capacity of switching between nine solutions
within 40 ms depending on the size of the cell. ATP and Cd2+ solutions were
prepared daily and diluted to the desired concentration in external solution
immediately before each experiment.
To generate the concentration–response relationships, a reference concentration of ATP was applied before applying a test concentration, as
previously described (6). The Hill equation was ﬁt to the data according to
I=Imax ¼ ½ATPn = ½ATPn þ ECn50



where I is the normalized current at a given concentration of ATP, Imax is the
maximum normalized current, EC50 is the concentration of ATP ([ATP])
producing half-maximal currents, and n is the Hill coefﬁcient.
Analysis of the duration of single-channel bursts was conducted in
pCLAMP 10.2 (Axon Instruments, Inc.). Only patches in which no channel
activity was observed in the absence of ATP were analyzed. All events
detected by the software were inspected visually and were rejected if two or
more channel openings superimposed. Bursts of single-channel currents were
extracted from the original data ﬁle and transferred to SigmaPlot 10.0, which
was used for generating the all-point histogram. Origin 8.1 was used for
ﬁtting the data with Gaussian distributions.
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the x-axis by a distance r; (v) replication to create a threefold symmetric
TM2 trimer.
We constrained the search space to be centered around the ATP-bound
X-ray structure by using the following ranges for the four degrees of freedom:
ρ from −30° to 10° with increments of 10°; θ from 25° to 45° with increments
of 5°; ϕ from −40° to 80° with increments of 10°; and r from 6–10 Å with
increments of 1 Å.
The ﬁrst ﬁlter aimed to tighten the interfaces in the TM2 trimer. We
therefore selected models with Cα–Cα distances for neighboring A344 residues and for neighboring L351 residues that were shorter than in the ATPbound X-ray structure.
The second ﬁlter was applied to avoid steric clashes on the one hand and to
ensure adequate intersubunit contacts on the other. We found the minimum
Cα–Cα distances between neighboring TM2 helices are 4.5 Å in the apo
structure and 9.5 Å in the ATP-bound structure. We eliminated any model in
which at least one intersubunit Cα–Cα distance was less than 4.5 Å or in
which no single intersubunit Cα–Cα distance was less than 9.5 Å.
The third ﬁlter was used to select those with adequate pore sizes from the
surviving models. For each model, the pore-radius proﬁle along the threefold
axis was calculated using the HOLE program (36), and the minimum radius was
obtained. Models with minimum pore radius greater than 2 Å were selected.
The ﬁnal model was chosen, by visual inspections, because the inter-TM2
crevices were ﬁlled to the greatest extent. In this model ρ = −10°, θ = 45°, ϕ =
30°, and r = 7 Å. The side chain dihedral angles of L351, V354, and W358
were adjusted to open the pore further and improve the packing in the
interfaces. To the ﬁnal model of the TM2 trimer, we added a TM1 helix in
each subunit by using its relative positioning with respect to TM2 as in the
ATP-bound X-ray structure. We did so by taking TM1 and TM2 in one subunit
of the ATP-bound X-ray structure and then superimposing the TM2 portion
on our model, one subunit at a time; the resulting TM1 helices in the three
subunits were the desired additions. Finally the ectodomain of the ATPbound X-ray structure was grafted after the TM domain was superimposed
on our model. A restrained MD simulation was run on this open-state model,
similar to the simulation performed for the ATP-bound X-ray structure.
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Fig. S1. Evaluation of the X-ray structure (Protein Data Bank ID code 4DW1) and our model of the ATP-bound zebra ﬁsh P2X4 (zfP2X4) receptor against
previous accessibility and bridging results. (A) Rates of Ag+ modiﬁcation of individual Cys residues (1, 2) mapped onto the transmembrane (TM) domain of the
X-ray structure using the color scale shown. The TM domain is viewed from the external side of the membrane. (B) Compatibility of the X-ray structure (light
gray) and model (dark gray) for ATP-bound zfP2X4 receptors with the rat P2X2 (rP2X2) V343C inhibitory Cd2+ bridge. Side chains of L351 (equivalent to 343 in
rP2X2) are shown in green. Cβ–Cβ distances are shown in red for the X-ray structure and in black for the model. (C) Rates of Ag+ modiﬁcation of individual Cys
residues mapped onto the TM domain of the open-state model using the color scale in A. The TM domains are viewed from the external side of the membrane.

1. Li M, Chang TH, Silberberg SD, Swartz KJ (2008) Gating the pore of P2X receptor channels. Nat Neurosci 11(8):883–887.
2. Li M, Kawate T, Silberberg SD, Swartz KJ (2010) Pore-opening mechanism in trimeric P2X receptor channels. Nat Commun 1:44.
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Fig. S2. Changes in the TM domain in the open-state model relative to the ATP-bound X-ray structure after superimposing the Cα atoms of the I335 residues
in the three subunits. (A) Oblique view into the pore lined by the TM2 helices of the open-state model. The same coloring scheme is used in subsequent panels.
The N terminus (residue I335) and C terminus (residue I359) of TM2 are shown as spheres at the Cα positions. (B) Decrease in distance between TM2 (as
represented by the center of mass of its Cα atoms) and the threefold axis from 8.3 Å (light green line and light green helix) in the ATP-bound zfP2X4 receptor
to 7.0 Å (red line and gold helix) in the open-state model, as seen from the external side of the membrane. From the N terminus to the C terminus, the decrease
in distance to the threefold axis becomes greater, contributing to tighter inter-TM2 packing and a greater decrease in pore radius toward the internal end of
the open-state model. (C) Increase in the twist of the TM2 three-helix bundle by 10°, as measured by the change in rotation angle of the C terminus in the
lateral plane and illustrated by the coloring scheme used as in B. The increased twist further tightens the inter-TM2 packing and reduces the pore radius toward
the internal end of the open-state model. (D) Counterclockwise helical rotation of TM2 by 5° (as seen from the top), as illustrated by lines connecting G345 on
TM2 and A44 on TM1 using the coloring scheme in B. This TM2 rotation places TM1 closer to the TM2 helix of a neighboring subunit.
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Fig. S3. Differences in hydrophobic mismatch and pore dimension between the open-state model and the ATP-bound X-ray structure. (A) Snapshot of the TM
domain viewed parallel to the membrane at 30 ns in the molecular dynamics simulation of the open-state model. Blue and red sticks on the protein represent
positively and negatively charged residues, respectively. Yellow spheres are phosphorous atoms of bulk lipid molecules, and green spheres are phosphorous
atoms of lipids around the receptor. A similar simulation of the ATP-bound zfP2X4 X-ray structure showed a larger mismatch in membrane thickness between
lipids that are adjacent to the receptor and bulk lipids (see Fig. 1F). The mismatch in membrane thickness (measured by the average distance separating the
two layers of phosphorous atoms) between the adjacent and bulk lipids is 4.3 Å in that simulation. Here, in the simulation of the open-state model, the
mismatch is reduced to 2.5 Å. (B) HOLE (1) image of the open-state model. Color code: red, radius <3.5 Å; green, radius 3.5–4.5 Å; blue, radius >4.5 Å. TM2
helices are shown in gray; side chains of the pore-lining residues A347, L351, and V354 are shown as sticks. (C) HOLE image of the ATP-bound zfP2X4 X-ray
structure.

1. Smart OS, Neduvelil JG, Wang X, Wallace BA, Sansom MS (1996) HOLE: A program for the analysis of the pore dimensions of ion channel structural models. J Mol Graph 14(6):
354–360, 376.

Fig. S4. Western blot from SDS/PAGE gel of concatenated and wild-type P2X2 receptors showing trimeric protein expression. Trimer lanes are from cells
expressing concatenated trimers. The dimer lane is from cells expressing a concatenated dimer. The monomer lane is from cells expressing wild-type P2X2
receptor, and the mock lane is from untransfected cells. Red arrows mark the position of trimeric, dimeric, and monomeric receptor proteins. These experiments show the abundant presence of trimeric protein in cells expressing the concatenated trimer construct but do not rule out the presence of smaller
quantities of dimeric or monomeric species. However, the control experiments in Fig. 4 led us to conclude that the potentiating H-C-C bridge must form within
individual subunits.
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Table S1.

Estimated EC50 and Hill coefﬁcients for ATP activation

Construct

EC50, μM

Wild type
H-C-C
H-C-C plus 20 μM Cd2+
C-C-C
C-C-C plus 20 μM Cd2+
H-C-C concatamer B (1 subunit)
H-C-C concatamer C (2 subunits)
H-C-C concatamer D (3 subunits)
Intersubunit concatamer E
Intersubunit concatamer F
Intersubunit concatamer G

15
9.9
3.2
5.7
3.7
5.6
5.7
6.7
11.5
11.9
13.9

±
±
±
±
±
±
±
±
±
±
±

1.0
2.0
0.2
0.5
0.2
0.1
0.9
1.3
0.4
1.6
0.9

Hill coefﬁcient
2.4
1.3
1.3
1.8
2.6
1.4
1.4
0.9
1.9
1.6
1.8

±
±
±
±
±
±
±
±
±
±
±

0.3
0.2
0.1
0.2
0.3
0.1
0.2
0.1
0.1
0.3
0.2

Concentration–response relationships for activation by ATP were generated from three to seven cells as described in Methods. Values for the wildtype channel are from Li et al. (1).

1. Li M, Chang TH, Silberberg SD, Swartz KJ (2008) Gating the pore of P2X receptor channels. Nat Neurosci 11(8):883–887.
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