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ATP-gated ionotropic receptors (P2X receptors) are distributed widely in the nervous system. For example, a hetero-oligomeric receptor
containing both P2X2 and P2X3 subunits is involved in primary afferent sensation. Each subunit has two membrane-spanning domains.
We have used disulfide bond formation between engineered cysteines to demonstrate close proximity between the outer ends of the first
transmembrane domain of one subunit and the second transmembrane domain of another. After expression in HEK 293 cells of such
modified P2X2 or P2X4 subunits, the disulfide bond formation is evident because an ATP-evoked channel opening requires previous
reduction with dithiothreitol. In the hetero-oligomeric P2X2/3 receptor the coexpression of doubly substituted subunits with wild-type
partners allows us to deduce that the hetero-oligomeric channel contains adjacent P2X3 subunits but does not contain adjacent P2X2

subunits. The results suggest a “head-to-tail” subunit arrangement in the quaternary structure of P2X receptors and show that a trimeric
P2X2/3 receptor would have the composition P2X2(P2X3 )2.
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Introduction
P2X receptors are membrane ion channels gated by extracellular
ATP. They are involved in synaptic transmission in the peripheral
and central nervous systems (Norenberg and Illes, 2000; Khakh,
2001; North, 2002) and play a role in initiating certain primary
afferent signals (Bleehen and Keele, 1977; Ding et al., 2000; Ham-
ilton et al., 2002). The receptors are oligomers, probably trimers
(Bean, 1990; Nicke et al., 1998; Ding and Sachs, 1999; Stoop et al.,
1999), and there are seven subunits in vertebrate species (P2X1–
P2X7). The P2X2 and P2X4 subunits are distributed widely in
nervous tissue. A particular role for the P2X3 subunit in the ini-
tiation of some forms of pain perception has been indicated re-
cently by experiments with receptor antagonists (Honore et al.,
2002a; Jarvis et al., 2002), antisense oligonucleotides (Honore et
al., 2002b), and gene knock-outs (Cockayne et al., 2000; Souslova
et al., 2000).

The response to ATP of some sensory neurons is not well
reproduced by heterologous expression of any single P2X sub-
unit, including P2X3. This led to the proposal (Lewis et al., 1995)
that a hetero-oligomeric receptor containing both P2X2 and P2X3

subunits was expressed by these cells. This notion subsequently
has found widespread support from biochemical (Radford et al.,
1997) and functional approaches [trigeminal ganglion (Cook et
al., 1997); nodose ganglion (Thomas et al., 1998); dorsal root
ganglia (Burgard et al., 1999; Grubb and Evans, 1999; Ueno et al.,

1999; Dunn et al., 2000; Lalo et al., 2001; Zhong et al., 2001;
Petruska et al., 2002)]. Other examples of hetero-oligomeric P2X
receptors also have been reported (for review, see North, 2002).

P2X receptor subunits are considered to have intracellular N
and C termini and two membrane-spanning domains (TMs).
The first TM is near the N terminus (residues 30 –50 in the P2X2

subunit), and the second TM begins close to residue 330. Most of
the protein is formed by the intervening ectodomain; this has five
conserved intrinsic disulfide bonds (Clyne et al., 2002; Ennion
and Evans, 2002) as well as charged residues close to TM1 and
TM2 that play a role in ATP binding (Ennion et al., 2000; Jiang et
al., 2000). There is evidence that TM2 contributes some residues
to the ion permeation pathway (Rassendren et al., 1997; Egan et
al., 1998), and both TMs are known to be major determinants of
desensitization in P2X receptors (Werner et al., 1996); however,
there is no information regarding the relative arrangement of the
TMs within a subunit, and the quaternary organization of sub-
units within a receptor is unknown.

We investigated these questions by introducing cysteine resi-
dues that can form intersubunit disulfide bonds; when channels
were expressed in human embryonic kidney (HEK) 293 cells, the
reducing agents increased the ATP-evoked currents. From the
pattern of the responsive substitutions we deduce that the homo-
oligomeric P2X2 or P2X4 receptors have an ordered “head-to-
tail” orientation of subunits (i.e., TM1 of one subunit is adjacent
to TM2 of the next) and that the P2X2/3 hetero-oligomeric chan-
nel contains adjacent P2X3 subunits, but not adjacent P2X2

subunits.

Materials and Methods
Molecular and cell biology. The single and double cysteine mutant rat
P2X2 receptors were made in our previous studies (Rassendren et al.,
1997; Jiang et al., 2001; Spelta et al., 2003). The single and double cysteine
mutant P2X3 receptors were made with the same protocols as for the
P2X2 mutant receptors. The wild-type and mutant P2X2 and P2X3 sub-
units were transiently expressed in HEK 293 cells with Lipofectamine
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2000 (Invitrogen, San Diego, CA) as described previously (Spelta et al.,
2003). Subunits tagged at their C termini with the EMYPME epitope
were used for Western blotting on SDS-PAGE as described (Kim et al.,
2001). Samples that were applied were not denatured.

Electrophysiological recording. Whole-cell recordings were made at 20 –
22°C at 24 –72 hr after transfection (Jiang et al., 2001). The holding
potential was �60 mV. The extracellular solution contained (in mM): 147
NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 13 glucose, and the
intracellular (pipette) solution comprised (in mM): 147 NaCl or NaF, 10
HEPES, and 10 EGTA. All solutions were maintained at pH 7.3 and
300 –315 mOsm/l. Chemicals were purchased from Sigma (Poole, UK).
Agonists and dithiothreitol were applied by using an RSC 200 system
(Biological Science Instruments, Grenoble, France).

Isolation of current through P2X2/3 hetero-oligomeric channels. When
recordings are made from cells that have been transfected with both P2X2

and P2X3 subunit cDNAs, there is a response to ATP and ��meATP that
is not observed in cells transfected with either subunit alone [the current
elicited by ��meATP is sustained over several seconds (Lewis et al.,
1995)]. However, the interpretation of such coexpression experiments is
complicated because hetero-oligomeric channels are not formed exclu-
sively; there is evidence for homo-oligomeric channels as well (Thomas
et al., 1998; Virginio et al., 1998). We determined the appropriate ratio of
plasmids for cotransfection experiments by testing a range of ratios and
subsequently measuring the expression by Western blotting (Kim et al.,
2001) and by recording membrane currents. The P2X2/3 receptor was
activated by 10 �M ��meATP, which does not activate the wild-type
P2X2 receptor (Spelta et al., 2002) or the P2X2 mutants that have been
used here (data not shown). We consider that homo-oligomeric P2X3

receptors did not contribute substantive current in cotransfection exper-
iments because we did not observe any fast-desensitizing component to
the current with 10 �M ��meATP (see Fig. 1).

Data analysis. We applied four or five low agonist concentrations ([A])
noncumulatively to elicit small membrane currents ( I) (typically 2–10%
but always �20% of the peak current). When the current I is much less
than its maximal value (Imax) and [A] is much less than that causing
one-half of the maximal effect ( K), then the Hill equation:

I/�Imax � I� � An/�Kn � An�,

reduces to:

I � ��A�/K�n.

For each cell we estimated the Hill coefficient (n) by fitting a straight line
by least squares to log( I) � n log[A]; we present the mean value of these
estimates with the SEM. For illustration (see Fig. 1) we also averaged the
value of the current in all cells that were tested with a given concentration.
Other results are shown as mean � SEM; tests for statistical significance
were performed by using Student’s unpaired t test or ANOVA.

Results
Hill slopes differ for homo-oligomeric and
hetero-oligomeric channels
We used very low concentrations of agonists to estimate the ini-
tial slope of the concentration–response curve, because this esti-
mate is less likely to be influenced by cooperative interactions
among subunits and may indicate the number of ligand-binding
sites (Fig. 1a). Figure 1b shows that this was clearly less for the
hetero-oligomeric P2X2/3 than for the homo-oligomeric P2X2

and P2X3 receptors. The slopes were 2.7 � 0.10 (n � 6), 2.5 �
0.14 (n � 5), and 1.7 � 0.14 (n � 5), respectively, for individual
cells expressing P2X2 [agonist ATP; P2X2 receptors are not acti-
vated by ��meATP at the concentrations used in this study
(Evans et al., 1995; North, 2002; Spelta et al., 2002)], P2X3 (ago-
nist ��meATP), and P2X2/3 (agonist ��meATP) receptors. The
values for P2X2 and P2X3 homomers are not different, but both of
these are different from the value for the P2X2/3 hetero-oligomer
(ANOVA, p � 0.001). We cannot exclude the possibility that

Figure 1. Distinct Hill slopes for activation of homo-oligomeric (P2X2 and P2X3 ) and hetero-
oligomeric (P2X2/3 ) receptors. a, Left, Representative currents evoked by ��meATP (10 �M) in
HEK 293 cells transfected with P2X2 and P2X3 subunits (1:5 ratio; see Materials and Methods).
This is the concentration used in subsequent experiments on the cysteine-substituted receptors.
Right, Typical currents evoked by ��meATP in HEK 293 cells transfected with P2X3 subunits. At
10 �M, ��meATP evokes a rapidly rising and fast-desensitizing current that was not observed
in the doubly transfected cells. At submicromolar concentrations the currents are sustained;
such currents were used to estimate Hill coefficients. b, Currents were recorded from single cells
held at �60 mV in response to increasing concentrations of agonists as indicated. ATP was used
for P2X2 (filled squares) and ��meATP for P2X2/3 (open circles) and P2X3 receptors (filled
circles). The currents are presented as mean � SEM (n � 4 – 6 cells for each point). The slopes
of these averaged lines are P2X3 2.28, P2X2/3 1.46, and P2X2 2.52.
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currents in cells expressing both P2X2 and P2X3 subunits pass
through both homomeric P2X3 receptors and heteromeric P2X2/3

receptors. Nonetheless, the difference between the homo-oligomeric
and hetero-oligomeric forms is striking and suggests that the hetero-
oligomeric P2X2/3 receptor presents fewer ��meATP binding sites
than the homo-oligomeric P2X3 receptor.

Identification of an intersubunit disulfide bond
Cysteine-scanning mutagenesis in and around the two TMs of
the P2X2 receptor (Rassendren et al., 1997; Jiang et al., 2001;
Spelta et al., 2003) has identified two positions that, when both
are substituted by cysteine, could form a disulfide bond. After
expression in HEK 293 cells the channels had very small re-
sponses to ATP, but this increased more than fivefold after di-
thiothreitol (DTT) or bis(2-mercaptoethyl)sulfone; the currents
declined again when the reducing agent was removed (Jiang et al.,
2001), suggesting that the two thiols spontaneously reoxidized.
These two residues (Val 48 and Ile 328) are situated near the extra-
cellular ends of TM1 and TM2, respectively (Newbolt et al.,
1998). None of 10 further pairs that were tested appeared to form
similar disulfides (Spelta et al., 2003).

Our initial interpretation of these results was that a disulfide
bond formed between cysteines provided by the two TMs of the
same subunit (i.e., intrasubunit), but it is also possible that the
disulfide forms between different P2X2 subunits (i.e., intersub-
unit), implying that gating involves movements of the subunits
relative to each other. We distinguished these possibilities by sol-
ubilizing the epitope-tagged P2X2 receptor after expression in
HEK 293 cells. The wild-type subunits, and subunits containing
either V48C or I328C substitutions alone, migrated on SDS-
PAGE predominantly at the position expected for the mono-
meric subunit (	62 kDa; arrowhead in Fig. 2a). A smaller

amount of higher molecular mass form also was observed. In
contrast, no monomeric form was observed for the subunit con-
taining cysteines at both positions (P2X2[V48C/I328C]). The
higher molecular mass protein that was observed presumably
represents a disulfided dimer, because DTT reduced this to a
monomeric size (Fig. 2a). DTT had no effect on the wild-type
subunit or subunits with single cysteine substitutions (Fig. 2a),
suggesting that the disulfide bond is predominantly intersubunit
rather than intrasubunit. Moreover, in parallel experiments with
P2X2[V48C/T336C], P2X2[Q37C/L338C], and P2X2[F44C/
L338C] (Jiang et al., 2001; Spelta et al., 2003) a band correspond-
ing to the monomer (60 –70 kDa) was observed clearly both in the

Figure 2. Intersubunit disulfide bond formation between V48C and I328C in the homo-
oligomeric P2X2 receptor. a, Wild-type P2X2 , single cysteine mutants P2X2[V48C] and
P2X2[I328C], and double mutant P2X2[V48C/I328C] subunits (each carrying a C-terminal EE
epitope) were transiently expressed in HEK 293 cells. Cells were lysed in buffers with or without
dithiothreitol as indicated. Protein samples were separated on SDS-PAGE gels and detected by
Western blotting via an anti-EE antibody. The band indicated by an arrowhead corresponds to
the expected size of the monomeric P2X2 subunit; protein molecular weight markers are indi-
cated on right. These results were observed in at least three independent experiments for each
receptor. b, Schematic illustrations of the disulfide formation in homo-oligomeric P2X2 recep-
tors, assuming that the channel is a trimer. TM1 and TM2 of each subunit are indicated. Arrows
indicate the positions of disulfide formation.

Figure 3. Coexpression of P2X2 and P2X3 subunits. a, Western blots on SDS-PAGE gel show
the relative expression of the two subunits expressed in HEK 293 cells, each detected with the
same C-terminal EE epitope antibody. The bottom panel shows the quantitation for such exper-
iments from x-ray film densitometric analysis (n � 4). b, The currents elicited by ATP and
��meATP (left axis) and their ratio (right axis) are shown in HEK 293 cells transfected with
various proportions of P2X2 and P2X3 plasmids (n � 4 –7). In all experiments 1 �g of P2X3

plasmid was used, with 200, 100, 20, or 10 ng of P2X2 plasmid; error bars indicate SEM.
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absence or the presence of DTT (data not
shown). We previously reported (Jiang et
al., 2001) that ATP-evoked currents were
unaffected by DTT in the case of
P2X2[V48C] and P2X2[I328C] expressed
alone, so these experiments all indicate
that in the intact channel the disulfide
forms between the TM1 of one subunit
and the TM2 of another (Fig. 2b).

We have found similar results for the
P2X4 receptor. ATP evoked only very
small currents in HEK 293 cells expressing
the double cysteine-substituted P2X4 re-
ceptor (P2X4[V47C/I333C]). These cur-
rents (59 � 16 pA; n � 7) were increased
12-fold after a 4 min application of DTT
(10 mM; to 721 � 175 pA; n � 7). How-
ever, receptors with either cysteine substi-
tuted singly gave currents that were not
different from those in cells expressing
wild-type P2X4 receptors (1589 � 812 pA;
n � 4), and dithiothreitol had no effect
(P2X4[V47C]: 1989 � 457 pA, n � 4;
P2X4[I333C]: 2053 � 427 pA, n � 3).

Head-to-tail disulfide formation
between TMs in a hetero-oligomeric
P2X2/3 receptor
In experiments on coexpression of P2X2

and P2X3 subunits we first determined the
appropriate plasmid ratio for transfection
that would produce approximately equal
membrane expression. Both densitometry
of membrane protein (Fig. 3a) and func-
tional experiments comparing ATP and
��meATP (Fig. 3b) indicated that the ap-
propriate ratio was 1:5 or 1:10; we used a
ratio of 1:5 in subsequent experiments.

Figure 4 shows that disulfides also can form between cysteines
at the extracellular end of TM1 in the P2X2 subunit
(P2X2[V48C]) and the outer end of TM2 in the P2X3 subunit
(P2X3[I319C]). Coexpression of these two forms resulted in cur-
rents evoked by ��meATP (10 �M; 191 � 32 pA; n � 9) that were
much smaller than those seen with the wild-type hetero-
oligomer, and these currents were increased threefold by dithio-
threitol (Fig. 4b). The increase by dithiothreitol reversed on
washout and could be repeated with a second application (Fig.
4b). A clear effect of dithiothreitol also was observed with coex-
pression of the two subunits with cysteines at the outer end of
TM2 of the P2X2 subunit (P2X2[I328C]) and the outer end of
TM1 of the P2X3 subunit (P2X3[V42C]). In this case the initial
current was 432 � 122 pA (n � 3), and the increase in dithiothre-
itol was to 145 � 15% of this control value. In contrast, there was
no effect of dithiothreitol on the currents evoked by ��meATP in
cells expressing subunits with cysteines in both TM1s (i.e., of
P2X2 and P2X3) or both TM2s or in cells coexpressing a wild-type
subunit with a single cysteine-substituted subunit (Fig. 4). The
effects of dithiothreitol on the nine pairs of subunits that were
tested are summarized in Figure 5a, and the results are illustrated
schematically in Figure 5b. They indicate that disulfide bridges
can form only between the first TM of one subunit and the second
TM domain of another. We cannot exclude the possibility that
disulfide bonds can form with some of the other combinations

that were tested, but we can say that, if they do, there is no effect
on binding or gating of the channel at the macroscopic level.

Hetero-oligomeric channels have adjacent P2X3 subunits, but
not adjacent P2X2 subunits
The specificity of the “crossed” disulfide formation with respect
to TM1 and TM2, together with our observation that disulfides
could form in the double cysteine homo-oligomeric P2X2 recep-
tor (Jiang et al., 2001) (Fig. 2b) and P2X4 receptor, led us to
hypothesize that disulfide bonds would form between two adja-
cent copies of the same subunit within a hetero-oligomeric chan-
nel. We coexpressed wild-type P2X3 subunits with the double
cysteine P2X2 subunit (P2X2[V48C/I328C]). The currents
(772 � 132 pA; n � 14 with 10 �M ��meATP) were not different
from those of wild-type P2X2/3 hetero-oligomeric channels, and
DTT had no effect (Fig. 6a). Thus although the double cysteine
P2X2 subunits can form DTT-sensitive disulfide bonds readily in
the homo-oligomeric receptor (Jiang et al., 2001), they are unable
to do so in the hetero-oligomeric complex. This implies either
that there is only a single P2X2 subunit or that multiple P2X2

subunits are nonadjacent.
In marked contrast was the result of the converse experiment

in which we coexpressed the wild-type P2X2 subunit with the
P2X3 subunit containing two cysteines. The currents evoked by
��meATP were only 	10% of the control amplitude (123 � 26

Figure 4. Formation of a disulfide bond between P2X2[V48C] and P2X3[I319C] in the hetero-oligomeric P2X2/3 receptor. a,
Representative current recordings from cells expressing wild-type P2X2 and wild-type P2X3 (left top), P2X2[V48C] and wild-type
P2X3 (left middle), wild-type P2X2 and P2X3[I319C] (left bottom), and P2X2[V48C] and P2X3[I319C] (right). Cells were voltage-
clamped at �60 mV, and currents were evoked by ��meATP (10 �M, 2 sec) at 2 min intervals. Cells were perfused with
dithiothreitol (10 mM) at the times indicated. b, Summary of time course of effects by dithiothreitol as described in a. Currents from
each cell were normalized to that measured at time 0 (n � 3–9 for each combination). Dithiothreitol had no effect in the case of
P2X2 and P2X3 (open squares), P2X2[V48C] and P2X3 (filled triangles), and P2X2 and P2X3[I319C] (filled diamonds); error bars
indicate SEM.
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pA; n � 11), and DTT evoked a threefold increase (Fig. 6b). The
increase was sustained, reversed when the DTT was washed out,
and was reproducible (Fig. 6). This result indicates that P2X3

subunits are sufficiently close in the hetero-oligomeric complex
for disulfide formation and that this disulfide impedes channel
gating. In other words, the channel contains at least two P2X3

subunits, and these have a head-to-tail arrangement (i.e., TM1 of
one P2X3 subunit is adjacent to TM2 of another).

Discussion
Estimates of the number of subunits in a P2X receptor have been
provided by biochemical approaches. Nicke et al. (1998) con-
cluded that a trimer was a fundamental constituent form of the
P2X1 (and P2X3) channels heterologously expressed in Xenopus
oocytes on the basis of both cross-linking and nondenaturing gel
electrophoresis. Functional approaches have provided estimates
of the number of agonist binding sites. In his recordings from
dorsal root ganglion cells, Bean (1990) examined the effects of
different ATP concentrations and suggested that three molecules
of ATP might be required to activate the channel. P2X2 receptors
expressed in oocytes exhibit single channel kinetics that are best
fit by the assumption of three ATP molecules binding (Ding and
Sachs, 1999), and experiments with concatenated P2X2 subunit
cDNAs carrying functional reporter mutations are also consis-
tent with a trimeric channel (Stoop et al., 1999). The simplest
interpretation of our present results with low agonist concentra-
tions is that the homo-oligomeric channel has three identical,
independent binding sites. This would give an initial slope of
three for the log–log plot, which is close to what we observed for
both the homo-oligomeric P2X2 and P2X3 receptors (Fig. 1). The

value for the slope that was observed (1.7)
for the hetero-oligomeric P2X2/3 receptor
must be interpreted in the context that at
least two sets of channels might be present
(homomeric P2X3 and heteromeric P2X2/

3); in this case the slope might represent a
composite value, but any heteromeric
channel or channels would have fewer
than three binding sites for ��meATP.

The P2X2 subunit containing two cys-
teine substitutions (P2X2[V48C/I328C])
behaved very differently on SDS-PAGE
from the subunit containing one or nei-
ther (Fig. 2). Along with the striking effect
of DTT, we interpret this to indicate that
these cysteines can participate in intersub-
unit disulfide bond formation. The prox-
imity of these two cysteines in the func-
tioning channel is indicated by the finding
that DTT causes a fivefold increase in the
ATP-evoked currents in cells expressing
P2X2[V48C/I328C] subunits but has no
effect on channels formed from
P2X2[V48C], P2X2[I328C], or wild-type
P2X2 subunits (Jiang et al., 2001). This in-
dicates that in the functioning channels
these residues at the outer ends of TM1
and TM2 are close to each other; the dis-
tance from C� to C� calculated from bond
lengths is 0.84 nm. The finding that no dis-
ulfides were observed either biochemically
(Fig. 2) or functionally (Jiang et al., 2001)
with P2X2[V48C] or P2X2[I328C] further
suggests that the subunits must be ar-

ranged in a head-to-tail manner in which contacts are made be-
tween the TM1 segment of one subunit and the TM2 segment of
another. The findings on the P2X4 subunit suggest that the prin-
ciple of this organization can be generalized.

These observations set the stage for our experiments on the
P2X2/3 hetero-oligomer. Our functional expression showed that
DTT increased the membrane current so long as the cysteines
were introduced into TM1 of P2X2 and TM2 of P2X3 or vice
versa. The effect was smaller in the latter case (P2X2[I328C] 

P2X3[V42C]), and this might indicate that disulfide formation
was incomplete, occurring in only a fraction of channels. In con-
trast, we found no evidence for interaction between P2X2 and
P2X3 subunits when each had cysteines introduced at the outer
end of TM1 (P2X2[V48C] 
 P2X3[V42C]); current amplitudes
were normal, and DTT had no effect. When both outer ends of
TM2 were substituted (P2X2[I328C] 
 P2X3[I319C]), there was
also no effect of DTT, although initial ��meATP currents were
small. Each of these substitutions was well tolerated when the
subunit was expressed singly (normal current amplitudes; data
not shown) (see also Rassendren et al., 1997). These results are
consistent with a head-to-tail arrangement of P2X2 and P2X3

subunits in the channel (Fig. 5b), as proposed above for the
homo-oligomeric P2X2 receptor. The difference in the effective-
ness of DTT between P2X2[V48C] 
 P2X3[I319C] (300% in-
crease) and P2X2[I328C] 
 P2X3[V42C] (50% increase) is not
unexpected, given that the nearby amino acids in these regions of
the two subunits are not identical. The positions of the two react-
ing cysteines at the outer ends of the transmembrane domains are
compatible with earlier studies with immunoprecipitation of chi-

Figure 5. a, Summary of effects of DTT (10 mM, 12 min) on ��meATP-evoked currents recorded from cells coexpressing
different combinations of wild-type or single mutant P2X2 and P2X3 receptors (n � 3–9 cells for each combination). Filled bars
represent forms with cysteines in both subunits. Actual currents in those seven combinations in which DTT had no effect included
the following (pA � SEM for the number of cells in parentheses): P2X2[V48C] with P2X3[V42C], 1244 � 358 (4); P2X2[I328C] with
P2X3[I319C], 404 � 61 (4); P2X2[V48C] with wild-type P2X3 , 471 � 122 (4); P2X2[I328C] with wild-type P2X3 , 840 � 215 (4);
wild-type P2X2 with P2X3[V42C], 1399 � 468 (3); wild-type P2X2 with P2X3[I319C], 692 � 276 (4); and wild-type P2X2 with
wild-type P2X3 , 924 � 258 (4). b, Schematic representation of subunit arrangements for forms with cysteines in both subunits,
assuming that the channel is a trimer. Left, Channels containing one P2X3 subunit (black). Right, Channels containing one P2X2

subunit (gray). TM1 and TM2 of each subunit are indicated; cysteines that have been introduced are depicted by small filled circles.
The arrows indicate the disulfides that have formed, based on an effect of dithiothreitol on the expressed currents.
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meric P2X receptor subunits, which indi-
cated that these domains were required for
hetero-oligomer formation (Torres et al.,
1999b). Such coimmunoprecipitation ex-
periments have indicated that various
other pairs of P2X subunits can associate
with each other (Torres et al., 1999a), and
it will be important to determine whether
our approach with cysteine substitutions
at the ends of TM1 and TM2 can be gener-
alized to other pairs of different subunits.

The coexpression of P2X2 and P2X3

subunits each carrying a single cysteine sub-
stitution cannot distinguish between trimers
containing one P2X2 subunit and trimers
containing two (Fig. 5b). We therefore in-
troduced both cysteines into the same sub-
unit to test whether it was present in the
channel adjacent to another copy of itself.
We found that P2X2 subunits containing
both cysteines (P2X2[V48C/I328C]) cannot
make intersubunit disulfides in the P2X2/3

hetero-oligomer, although this readily
occurs in the homo-oligomeric channel
(Jiang et al., 2001). Thus coexpression of
P2X2[V48C/I328C] with wild-type P2X3

subunits gave essentially normal P2X2/3

currents, and these were unaffected by
DTT (Fig. 6a). This experiment indicates
that the hetero-oligomeric channel does
not contain adjacent P2X2 subunits. It also
renders unlikely the alternative interpreta-
tion that the disulfide formation is inter-
channel, as distinct from intersubunit
within the channel oligomer.

Coexpression of the double cysteine-
substituted P2X3 subunit with wild-type
P2X2 subunits (P2X3[V42C/I319C] 

P2X2) provided oligomeric channel currents
that were much smaller than control cur-
rents, and these were augmented greatly by
DTT (Fig. 6b). This experimental result is explained most readily by
the assumption that the channel activated by ��meATP contains
adjacent head-to-tail P2X3 subunits. In other words, both of these
two independent experiments indicate that, if the channel is a trimer,
then its composition must be P2X2(P2X3)2. If the channel is a tet-
ramer with four subunits arranged head-to-tail around a central
pore, then we can conclude that it does not contain adjacent P2X2

subunits, but it does contain adjacent P2X3 subunits; in other words,
only the asymmetrical tetramer (P2X2-P2X3-P2X3-P2X3) is allowed.
Such an asymmetric arrangement has been proposed recently for the
cyclic nucleotide-gated channels (Zheng et al., 2002; Zhong et al.,
2002). A hexameric channel would be consistent with our results,
but the requirement for adjacent P2X3 subunits and nonadjacent
P2X2 subunits would seem to eliminate the symmetrical hexamer
(P2X2-P2X3-P2X2-P2X3-P2X2-P2X3).

It is easiest to interpret the effects of DTT as indicating that
movement of one subunit with respect to another is necessary for
channel opening. We have shown previously that a cysteine sub-
stituted for Val 48 becomes more accessible to methanethiosul-
fonate when the channel is opened, suggesting an outward move-
ment of TM1 (Jiang et al., 2001). We cannot exclude the
possibility, however, that the intersubunit disulfide formation

primarily impedes ligand binding. State-dependent disulfide for-
mation has been observed in other channels, both for engineered
and naturally occurring cysteines. For example, voltage-gated
Shaker potassium channels undergo an outward movement of
the S4 segment during channel activation (Larsson et al., 1996;
Yusaf et al., 1996) (see also Jiang et al., 2003); depolarization can
drive disulfide formation in channels in which a cysteine is placed
at the outer end of this segment (L361C) (Aziz et al., 2002). Di-
sulfide formation between endogenous cysteines (Cys 481) in the
C-linker region of subunits of the cyclic nucleotide-gated channel
(CNGA1) favors channel opening; these also can form between
adjacent, but not opposite, subunits of the tetramer (Rosenbaum
and Gordon, 2002). The other channel family that shares with
P2X subunits the overall topology of two TMs and a cysteine-rich
ectodomain is the epithelial sodium channel/acid-sensing ion
channel (ENaC/ASIC) family, some members of which are widely
expressed in neurons. The present approach might be applicable
also to determine the arrangement of subunits in those channels.
On the other hand, it is important not to over-interpret the
present data in any structural sense. Our schematics (Figs. 2, 5, 6)
depict an arrangement in which three subunits surround a cen-

Figure 6. Subunit arrangement of hetero-oligomeric P2X2/3 receptor. Shown are representative current recordings from cells
coexpressing P2X2[V48C/I328C] with wild-type P2X3 subunits ( a) or wild-type P2X2 with P2X3[V42C/I319C] subunits ( b). Currents
were evoked by ��meATP (10 �M, 2 sec), and DTT (10 mM) was applied as indicated. c, Summary of time course of effect by DTT
as described in a and b; n � 6 cells for mutant P2X2[V48C/I328C] and wild-type P2X3 ; n � 9 cells for wild-type P2X2 and
P2X3[V42C/I319C]. d, Schematic representation of subunit arrangements in a hetero-oligomeric P2X2/3 receptors, assuming the
channel is a trimer. Left, Channels containing one P2X3 subunit (black). Right, Channels containing one P2X2 subunit (gray). The
arrow indicates the disulfide that has formed, based on an effect of DTT on the expressed currents. TM1 and TM2 of each subunit
are indicated; cysteines that have been introduced are depicted by small filled circles.
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tral pore, and it is known that single cysteines introduced at these
positions are accessible to water-soluble methane thiosulfonates
(Rassendren et al., 1997; Jiang et al., 2001). However, there is no
direct evidence that positions these residues on the permeation
pathway, and there remains nothing known about the proximity
or otherwise of the inner aspects of the membrane-spanning do-
mains (Spelta et al., 2003).

In summary, our results suggest that movement of one P2X
subunit relative to another is a key part of gating in both homo-
and hetero-oligomeric channels. They provide a means to detect
adjacent subunits in the receptor oligomer; in the case of the
P2X2/3 receptor the channel activated by ��meATP has adjacent
P2X3 subunits, but not adjacent P2X2 subunits. These findings
contribute to our understanding of the molecular operation of
P2X receptors and will inform our view of the subunit composi-
tion and arrangement of the receptors as they are found in nerve
cells, including sensory neurons.
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