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ATP-gated P2X receptors (P2XRs) are ligand-gated ion channels (LGICs) presumably trimeric. To date, no
experimental high-resolution structures are available. Recent X-ray structure of the acid-sensing ion
channel 1 (ASIC1) revealed an unexpected trimeric ion channel. Beside their quaternary structure,

P2XR and ASIC1 share common membrane topologies, but no significant sequence similarity. In order
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to overcome this low sequence resemblance, we have developed comparative models of P2X,R based
on secondary structure predictions using the crystal structure of ASIC1 as template. These models were
constrained to be consistent with known arrangement of disulfide bridges. They agreed with cross-link-

ATP ing experiments and supported inter-subunit ATP-binding sites. One of our models reconciled most exist-
Purinergic ing da.ta and provides new structural insights for a plausible mechanism of gating, thus encouraging new
Gating experiments.

ASIC © 2008 Elsevier Inc. All rights reserved.

Comparative modeling
Secondary structure predictions

P2X receptors (P2XR) are ligand-gated ion channels (LGICs).
They are allosteric transmembrane proteins that convert ATP-bind-
ing into opening of an ion channel [1]. The channel is probably
homo- or heterotrimeric [2]. Each subunit (P2X;_;) possesses intra-
cellular amino and carboxyl termini and two transmembrane seg-
ments (TM1 and TM2), joined by an extracellular ectodomain
containing 10 highly conserved cysteine residues presumably en-
gaged in disulfide bridges [3,4] (Fig. 1). Unlike other LGICs [5], no
crystal structure has been resolved for P2XR.

The absence of sequence similarity to known crystallized pro-
teins reduces the possibilities to produce homology-based models,
and information about the molecular structure of these receptors
has been essentially indirect [6]. These studies identified residues
K69, K71, F183, K188, F289, R290, and K308 (rat P2X, numbering)
as involved in modulation of P2X function by ATP. So far only par-
tial models of the ATP-binding site have been proposed [6,7].

The X-ray structure of acid-sensing ion channel subtype 1
(ASIC1), a member of the degenerin and epithelial sodium channel
family, was recently determined at 1.9 A resolution and reveals an
unexpected trimeric ion channel [8] (Fig. 1B). Beside the trimeric
structure, P2XR and ASIC1 also display a central pore lined primar-
ily by TM2 residues [8,9], and share a common membrane topology
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(Fig. 1C). Both present a highly conserved cysteine-rich domain
although arranged differently (Fig. 1).

Here, we propose that P2XR and ASIC1 share a similar three-
dimensional scaffold. We present three different comparative
models of P2X;R based on secondary structure predictions using
the crystal structure of ASIC1 as template. These models were ana-
lyzed in the light of experimental data and support an inter-sub-
unit ATP-binding site. The third model reconciles almost all
available experimental data, providing the first plausible molecular
model of a complete P2XR.

Methods

Twenty three homologous mammalian sequences of P2X;_gRs
were extracted from UniProtKB (listed in Supplementary Fig. 1).
The sequences were aligned with ClustalX [10]—using default
parameters—in order to eliminate those presenting large insertions
or deletions, and to align subsequent structure predictions. The
membrane topology of the P2X receptor subunit sequences was
predicted using two independent approaches. TopCons (http://top-
cons.net/), is a consensus prediction tool using first principles, such
as SCAMPI and AG-scale, and supervised learning methods such as
OCTOPUS, ZPRED and PRODIV-TMHMM. MEMSATS3 is a cascading
neural network [11]. Those methods predict the location of trans-
membrane domains but also their orientation. The secondary
structure of each sequence was predicted using PSI-PRED, a
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Fig. 1. (A) Schematic representation of a P2X, and ASIC1 subunit. Conserved
cysteine residues (yellow spheres) linked through disulfide bridges (S1 to S7) are
indicated. (B) Top and lateral views of ASIC1 crystal structure. (C) Membrane
topology predicted for P2X, and experimentally determined for ASIC1 (one
monomer shown).

cascading neural network coupled with position-specific matrices
[12]. The different predictions generated consensus transmem-
brane topology and secondary structure predictions for P2X,.
Alignments between the sequences of rat P2X; and chicken ASIC1
were performed using P2X; structure predictions and ASIC1 exper-
imental structure (PDB entry 2QTS). These alignments were used to
build comparative models of P2X, with the program MODEL-
LER8v2 [13]. In the aligned regions, the program uses ASIC1 (trimer
ABC [8]) as a template to build a tentative backbone for P2X,. The
portions of P2X, without equivalent in ASIC1 are built ab-initio by
MODELLER. The software then solves the structure problems by
satisfying spatial constraints, including disulfide bonds if specified.
In model 1, residues V87 to T112 corresponding to ab-initio con-
struct were omitted enabling C113 to be linked to C164. Structure
quality assessment was performed with Procheck (http://www-
nmr.cabm.rutgers.edu/PSVS/). The accuracy per chain was deter-
mined by: Q3 = p,jpha + Preta + Peoir/1€0ght, wWhere p; is the number
of correctly predicted residues in the state i.

Results
General strategy for the alignment between P2X, and ASIC1

Multiple sequence alignment of P2X,_g identified highly con-
served regions (Supplementary Fig. 1). The predicted membrane
topology of P2XRs suggested two transmembrane segments joined
by the large extracellular domain as previously determined [14].
Secondary structure predictions revealed alternation between o-
helices and B-strands, with an excess of the latter (Supplementary
Fig. 2B). Comparison of the predicted secondary structures of ASIC1
with the X-ray structure revealed a very close matching between
prediction and experiment (Q3: 83.82%; Supplementary Fig. 2A),
confirming the high level of prediction confidence.

The sequence of ASIC1 ectodomain was found to be longer than
that of P2X, (by around 100 residues) and the X-ray structure re-
vealed more a-helices for ASIC1 than those predicted for P2X;
(Supplementary Fig. 2B). ASIC1 a-helices were folded in substruc-
tures, the finger (a1 to o3), the thumb (a4 to a5), and the knuckle
(a6 to a7), in which the N- and C-terminal residues of each subdo-
main were very close (Supplementary Fig. 3C). These helices were
located on the external face of the protein, outside of the internal
palm and B-ball (Fig. 1C). As predictions for P2XR showed less a-
helices, we chose to ignore one (or more) of these subdomains,
with the assumption that its (their) absence should not perturb
the general folding of the protein.

Cysteine residues of P2X; and ASIC1 do not align well. Thus, we
used the arrangement of disulfide bonds experimentally deter-
mined for P2XR (S1:C113/C164, S2:C214/C224, and S3:C258/
C267) [3,4]. Based on the crystal structure of ASIC1, we paired
these cysteines imposing strong geometrical constrains.

Building the models and experimental validation

Initial model and its refinement

The secondary structure prediction of P2X, was aligned to that
experimentally determined for ASIC1, anchoring on the two
transmembrane domains. This initial alignment, ignoring the
thumb in ASIC1, revealed a close assignment in regions following
TM1 and preceding TM2 (Supplementary Fig. 2B). However, dif-
ferences were observed at the level of the finger and knuckle
(Supplementary Fig. 2B). The alignment was then used to build
an initial comparative model, which was challenged with existing
data.

First, residues V48 and 1328, two residues previously suggested
to be close at the subunit interface [15], were located on two adja-
cent o-helices between subunits at a short distance from each
other (<11 A from their Ca atoms). However, side chain of 1328
did not face directly that of V48, but was rotated by ~100° (Supple-
mentary Fig. 2C). Second, residues shown to participate to the ion-
conducting pathway (1332, T336, T339, and V343), were on the
same side of the helix, but away from the lumen of the ion channel,
again rotated by ~100° (Supplementary Fig. 2C). Third, K69 was lo-
cated far from F289 (~36 A; Supplementary Fig. 2D), inconsistent
with the close proximity of these residues as determined by
cross-linking [16]. Last, residues K69, K71, and K308 were proxi-
mal, but their side chains pointed outward (not shown), also incon-
sistent with the idea that these residues participate to the ATP-
binding site.

We thus refined the alignment by (i) ignoring the knuckle, (ii)
slightly shifting the alignment in regions close to TMs, and (iii)
shifting the alignment by one position in TM2 (100° rotation in
the o-helix). We then produced three different alignments and
their alternatives (these last corresponded to the elimination of
the gap before TM2 in ASIC1; Supplementary Fig. 3).

Model 1

Alignment 1 was better than initial alignment in region p1-2
and prior to TM2 (Supplementary Fig. 3A). The corresponding mod-
el 1 showed a better Ramachandran plot than the initial model
(Supplementary Table 1). The first loop (C113/C164), correspond-
ing to the finger in ASIC1, was folded in a globular domain, in
which C124 was close to C158 (Fig. 2A). The two other loops
(C214/C224 and C258/C267) did not align to ASIC1 and were mod-
eled ab-initio. The three residues N182, N239, and N298, previously
shown to be glycosylated in P2X,R [14,17], were outside the pro-
tein (not shown).

As expected, side chains of both V48 and 1328 faced each other
at the subunit interface (average distance of Ca atoms for three
subunits: 8.6 A), and those of K69, K71, and K308 pointed towards
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Fig. 2. Comparative models 1 (A) and 2 (B) of P2X,R. Left, Ab-initio constructions are
highlighted in blue (one monomer shown). Disulfide bonds (stick) and conserved
cysteine residues (spheres) are indicated. Right, Residues that fit (green spheres), or
not (red), with previous disulfide cross-linking data are highlighted (trimer shown).
Also indicated residues previously suggested to participate into the putative ATP-
binding site. Subunits are differentially colored.

a possible interfacial pocket (Fig. 2A). In the alternative compara-
tive model 1B, K308 was located outside this pocket (not shown).
Interestingly, ignoring the knuckle re-located residue F289 very
close to K69 (11.3 A), although their side chains did not face each
other, but most importantly, these two residues were at the sub-
unit interface (Fig. 2A), a finding that is consistent with cross-link-
ing data [16].

Even though model 1 agreed well with experimental data, sev-
eral weaknesses were observed. First, F183 and K188, two addi-
tional residues proposed to participate in ATP-binding [18,19],
were far from K69 and F289 (Fig. 2A). Second, H120 and H213,
two residues previously shown to form the allosteric Zn?*-binding
site at the subunit interface in P2X,R [20], were too far apart to
coordinate Zn?* (33.4 A; Fig. 2A). Third, different secondary struc-
ture assignments were still observed at the level of the finger (helix
o3, Supplementary Fig. 3A).
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Fig. 3. (A) Alignment 3 secondary structure between ASIC1 (experimentally
determined) and P2X; (predicted). Also shown the disulfide connectivity. Structures
in ASIC1 that were ignored for modeling are colored grey. Inset: alternative
alignment 3B. (B) Corresponding comparative model 3 of P2X;R. Same represen-
tation as in Fig. 2

Model 2

The region 113 to 164 of P2X, was predicted in B-strands
whereas o-helices are observed in the corresponding region of
ASIC1, 97 to 164. Conversely, the region 165-225 of ASIC1 shows
more B-strands structure than the corresponding region in P2Xs,
predicted both in o-helix and B-strand (Supplementary Fig. 3A
and 3B). Furthermore, the connecting residues 97, 165, and 226
are very close to each other in ASIC1 allowing formation of the pep-
tide bond between 97 and 165, 226 and 98, and 164 and 227 (Sup-
plementary Fig. 3C). Therefore, to improve model 1, we generated
alignment 2 containing a circular permutation of positions 97-164
and 165-225 of ASIC1 (Supplementary Fig. 3B). Such circular per-
mutation was already observed in saposin domains, appropriately
named ‘swaposins’ [21].

The resulting model 2 also displayed a satisfactory Ramachan-
dran plot (Supplementary Table 1). The three conserved cysteines
(124, C147, and C158 were close to each other (11-13 A), however
C130 was far from these residues (Fig. 2B). Furthermore, the three
N-glycosylation sites were outside of the protein (not shown). As
the circular permutation did not involve residues V48, K69, F289,
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and 1328, model 2 (and its alternative model 2B) also agreed with
the cross-linking data (Fig. 2B). On the other hand, H120 and H213
were too far to fit with a possible interfacial Zn?*-binding site and
F183 and K188 were not close to the putative ATP-binding site
(Fig. 2B). Thus, the circular permutation did not improve the
model.

Model 3

Alignment 3, reintroducing the thumb of ASIC1, but ignoring
the finger and strand B3, displayed no strong divergences of sec-
ondary structure assignments (Fig. 3A). Almost all of the P2X; se-
quence was successfully aligned to ASIC1, providing a full-
modeled structure thus limiting considerably ab-initio construc-
tion (Fig. 3).

Model 3 revealed a more compact structure with satisfying
Ramachandran plot (Supplementary Table 1). The first loop
(C113/C164) was folded partially in the corresponding p-ball struc-
ture while the two others (C214/C224 and C258/C267) were mod-
eled in the corresponding thumb (Fig. 3B). In the first loop, C130
was close to C124 (~10A) and C147 was 16 A away from C158.
In addition, residues N182, N239, and N298, were on the external
face of the protein (not shown). As expected, the location and dis-
tance between K69 and F289 (10.9 A), and V48 and 1328 (8.5 A,
Fig. 3B) were similar, as in models 1 and 2 (and alternatives B)
since the alignment for these positions did not change, except
one position shift in 10 enabling side chain of F289 to point to-
wards K69.

Interestingly H120, involved in coordinating Zn?" ion [20], was
at the subunit interface (Fig. 3B). However, H213 was too distant
from H120 (~24 A) to form a coordinating-binding site (Fig. 3B).
In addition, residue K188, important in ATP function [7,19], was

Fig. 4. (A) Stereo view of the putative ATP-binding site of model 3. Putative ATP-
binding residues are indicated. Also shown ATP and residues V119, H120, and H213.
For clarity, backbone corresponding to residues 272-284 is omitted. (B) Stereo view
from the extracellular side, along the pore axis, of the ion channel of model 3.
Residues in TM2 previously shown to be accessible to thiol-specific reagents (1332,
T336, T339, and V343) are located in the lumen of the ion channel. Also indicated
V48 and 1328 and the distance separating their Co atoms (red dotted lines).
Subunits are differentially colored.

close to the putative ATP-binding site, although its neighboring
residue F183 was not (Fig. 3B). Finally, a last outcome of this model
is that H120 was close to residue K69 (~15 A appart), thus posi-
tioning V119 (homologous to R125 in P2X;R) close to the putative
ATP-binding site (Fig. 4A), as proposed recently in P2X;R [22].
Overall, model 3 best matched existing experimental data.

Discussion

We propose that P2XR and ASIC1 are similarly folded despite
the absence of significant sequence similarity. We produced
three comparative models of the complete P2X,R (without the
intracellular loops) that agree with existing cross-linking experi-
ments, with an expected water-accessible position of glycosyla-
tion sites and with a possible interfacial ATP-binding site. The
third model (Fig. 3) best matched several criteria and further
reconciled additional experimental data: (i) the best score for
the alignment, (ii) a more compact structure, (iii) the possible
location of K188 to the putative ATP-binding site, (iv) a possible
interfacial location of the Zn?'-binding residue H120, and (v) a
close proximity of the ADP-ribosylation site to the putative
ATP-binding site.

The ATP-binding site

In model 3, residues K69, K71, K188, N288, F289, R290, K308,
previously suggested to take part in ATP-binding [6,7], line a pos-
sible pocket of 12-19 A edges, comparable with the size of ATP
(Fig. 4A). Docking of ATP was not performed. However, an ex-
tended conformation of ATP was manually placed at the subunit
interface, illustrating the fact that its size is compatible with a
plausible pocket lined by these residues.

Our models show an inter-subunit location of the putative ATP-
binding site, as recently suggested by cross-linking experiments
[16]. In Model 3, K69 and F289 from the neighboring subunit are
separated by ~11 A, a distance compatible with backbone motions
(from 4.5 to 15.2 A) determined through disulfide cross-linking
[23]. Model 3 suggests that K69 is close to K308 at the subunit
interface (Fig. 4A), as recently suggested [24]. However, in alterna-
tive model 3B, K308 was not in the putative ATP-binding site (not
shown), also consistent with the fact that this residue might be
important for gating [25]. Thus, we cannot yet exclude the alterna-
tive model 3B. Overall, these findings suggest that model 3 (and its
alternative model 3B) represents a plausible model of the ATP-
binding site.

An interesting outcome of model 3 is the close proximity of
V119 to the putative ATP-binding site (Fig. 4A). A recent study
has suggested that R125 in P2X;R, homologous to V119, is close
to the ATP-binding site, on the basis that ADP-ribosylation at this
position gates the P2X; ion channel [22]. The distance separating
V119 from the putative ATP-binding site is ~15 A, a distance com-
patible with the length of the ADP-ribose. Model 3 thus offers a
plausible structural illustration for the hypothesis [22] that the
chemical framework of the adenine-ribonucleotide moiety fits into
the nucleotide-binding site in P2X;R.

The ion channel and a plausible molecular mechanism of gating for
P2X

The three models show, as exemplified in model 3 (Fig. 4B), an
expected M2 lumen location of 1332, T336, T339, and V343, re-
cently shown to participate in the ion-conducting pathway [9]. In
addition, residues V48 and 1328 are in close apposition (8.5 A) at
the subunit interface (Fig. 4B), in agreement with cross-linking
engineering [15]. Note, however, that these residues are not sym-
metrically arranged around the axis due to the use as template of
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the trimeric structure of ASIC1, which displays strong asymmetry
in the ion channel. This asymmetry could be inherent to the crystal
lattice contacts [8]. Thus, it is difficult to assign precisely which
amino acids constitute the gate.

A structural outcome of model 3 is the presence of the thumb,
proposed to be critical in ASIC1 gating [8]. The thumb covers par-
tially the putative ATP-binding site and carries H213, one of the
two residues involved in the allosteric Zn?* modulation. An
attractive hypothesis is that gating of the P2XR is similar to that
previously proposed for ASIC1 [8]: the binding of ATP would
change the conformation of the thumb, which subsequently
would open the ion channel through interactions with the two
TM o-helices. If this mechanism is correct, then the thumb would
have a role similar to the “cys-loop” in the pentameric LGICs,
where this loop interacts with residues connecting TM2 and
TM3 [26].

Limitations of the models

Model 3 best reconciles most of the experimental data, but
still shows weaknesses: (i) F183 was not positioned in the puta-
tive ATP-binding site; however, a recent study shows that this
residue might not be in the ATP-binding site [27]; (ii) residues
C124, C130, C147, and C158 are not engaged in disulfide bonds
as previously suggested [3], even though some are sufficiently
close to each other to be linked; however as precise assignment
of these disulfide pairs still remains elusive [4], we chose not to
impose this geometrical constrain; (iii) there is a different sec-
ondary structure assignment at the beginning of o5 (part of a
the thumb). The low quality of the model in that region is also
seen at the level of the intra-helix C258/C267 disulfide bond,
and (iv) H213, also located in the thumb, was not close to
H120, inconsistent with a correct coordination of Zn?* necessary
for potentiation of ATP responses in P2X,R [20] (Fig. 4A). How-
ever, this might be explained by the fact that the receptor may
be in a closed state since the ASIC1 structure template was sug-
gested to be in a closed, desensitized-like state [8]. Thus, open-
ing the pore may produce conformational changes that bring
H213 close to H120. For all these reasons, our models, although
encouraging and stimulating new experiments, should not be ta-
ken as definitive.

In conclusion, we present three different comparative models
of the complete P2X;R (except the intracellular loops). Model 3
best reconciles most of the experimental data and is in agree-
ment with the compact structure of P2X4R, recently determined
at low resolution by electron microscopy [28]. Our results sug-
gest that despite the absence of sequence resemblance, the
three-dimensional folding of P2XR might be similar to that of
ASIC1 and consequently the gating mechanisms might share
some common features. Future experiments will challenge this
hypothesis.
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