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The Stoichiometry of P2X,, Receptor Heteromers Depends on Relative
Subunit Expression Levels

Nelson P. Barrera, Robert M. Henderson, Ruth D. Murrell-Lagnado, and J. Michael Edwardson
Department of Pharmacology, University of Cambridge, Cambridge CB2 1PD, United Kingdom

ABSTRACT Fast synaptic transmission involves the operation of ionotropic receptors, which are often composed of at least
two types of subunit. We have developed a method, based on atomic force microscopy imaging to determine the stoichiometry
and subunit arrangement within ionotropic receptors. We showed recently that the P2X, receptor for ATP is expressed as a
trimer but that the P2Xg subunit is unable to oligomerize. In this study we addressed the subunit stoichiometry of heteromers
containing both P2X, and P2Xg subunits. We transfected tsA 201 cells with both P2X, and P2Xg subunits, bearing different
epitope tags. We manipulated the transfection conditions so that either P2X, or P2Xs was the predominant subunit expressed.
By atomic force microscopy imaging of isolated receptors decorated with antiepitope antibodies, we demonstrate that when
expression of the P2X, subunit predominates, the receptors contain primarily 2 X P2X, subunits and 1 X P2Xg subunit. In
contrast, when the P2Xg subunit predominates, the subunit stoichiometry of the receptors is reversed. Our results show that the
composition of P2X receptor heteromers is plastic and dependent on the relative subunit expression levels. We suggest that this

property of receptor assembly might introduce an additional layer of subtlety into P2X receptor signaling.

INTRODUCTION

Ionotropic receptors, including members of the Cys-loop
family (1), glutamate receptors (2), and P2X receptors for ATP
(3), are often composed of more than one type of subunit. The
subunit stoichiometry within a receptor can be variable and in
some cases appears to depend on the relative subunit expres-
sion levels. For instance, distinct subunit stoichiometries of the
a43> nicotinic acetylcholine receptor have been produced both
in Xenopus oocytes (4) and in human embryonic kidney cells
(5) by variation in the ratios of complementary DNA (cDNA)
for the a- and SB-subunits. Receptors with these alternative
subunit stoichiometries had different functional characteristics
(4,5), indicating that plasticity in receptor assembly might be
physiologically significant.

We have developed a method, based on atomic force mi-
croscopy (AFM) imaging, to determine the stoichiometry and
subunit arrangement within ionotropic receptors. Epitope
tags are engineered onto specific receptor subunits, and the
receptors are expressed exogenously by transfection of tsA
201 cells. The receptors are isolated and decorated with anti-
epitope antibodies. The geometry of complexes between the
receptor and the antibodies, as determined by AFM, then re-
veals the architecture of the receptor. We have used this method
to demonstrate that ;-subunits within a y-aminobutyric acid
A (GABA,) receptor composed of 2 X ay-, 2 X f3,-, and
1 X 7y,-subunits are not adjacent but separated by another
subunit (6). In addition, we have shown that the heteromeric
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5-HT; receptor, composed of A- and B-subunits, has a stoi-
chiometry of 2A:3B and a subunit arrangement of B-B-A-B-
A ().

P2X receptors incorporate a cation-selective ion channel
that is opened in response to ATP binding (3,8,9). Seven P2X
receptor subunits have been identified, and these subunits
associate together to form homo- or heterooligomeric recep-
tors. Each subunit spans the membrane twice, and both N- and
C-termini are intracellular. The large extracellular domain is
glycosylated and contains several cysteine residues that form
multiple disulfide bonds. Of the seven P2X receptor subunits,
all but P2X; are able to form heteromers in combination with
other subunits (10). In some cases, it is known that the
functional properties of the heteromer are distinct from those
of homomers composed of the constituent subunits (11-13).

We have shown previously by AFM analysis that the homo-
meric P2X; receptor is a trimer, whereas the P2Xq receptor
subunit cannot oligomerize by itself (14), although oligomer-
ization can be induced by the introduction of charged residues
into the N-terminal region (15). In this study, we set out to
determine the architecture of receptors containing both P2X,
and P2Xg subunits. Despite its inability to form homomeric
receptors, P2X readily forms heteromers with P2X,, produc-
ing receptors with properties different from those of the parent
receptors. For example, the calcium permeability of the P2X5q
heteromer is significantly greater than that of the P2X; homo-
mer (11), a difference that might have important implications in
synaptic transmission. In support of this suggestion, P2X, and
P2X¢ subunits have overlapping distributions in the central
nervous system (16,17).

We transfected cells with mixtures of cDNA encoding the
two subunits in ratios designed to produce a predominance of
either the P2X, or the P2Xg subunit. We then asked whether
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the receptor composition was affected by variation in the
relative expression levels of the two subunits. We show that
the subunit composition of the P2X,/s heteromer is indeed
plastic, which likely has implications for cellular signaling
through P2X receptors in vivo.

MATERIALS AND METHODS
Transient transfection of tsA 201 cells

cDNA encoding the rat P2X, receptor was subcloned into the pcDNA3.1/
His vector (Invitrogen, Carlsbad, CA), which produces a protein tagged at its
N-terminus with the Hisg epitope. The same P2X, receptor cDNA, bearing
a hemagglutinin (HA) tag at its N-terminus and a FLAG tag in its extracel-
lular loop, was subcloned into the pEGFP vector modified to remove the
enhanced green fluorescent protein (EGFP) tag (Clontech, Palo Alto, CA).
cDNA encoding the rat P2X¢ receptor, bearing either an HA or a Hisg tag at
its C-terminus, was subcloned into the same modified pEGFP vector.
Transient transfections of tsA 201 cells with P2X; and P2Xg receptor DNA
were carried out using the CalPhos mammalian transfection kit (Clontech),
according to the manufacturer’s instructions. For transfection of one 162-
cm? culture flask, 30 ug of plasmid DNA was used. Relative amounts of
P2X, and P2X, receptor DNA were varied to change the relative expression
levels of the two subunits. For smaller numbers of cells (i.e., for the
immunofluorescence experiments), amounts of DNA were scaled down
appropriately. After transfection, cells were incubated for 2448 h at 37°C to
allow expression of the P2X receptors.

Solubilization and purification of
Hisg-tagged receptors

The procedure for the solubilization and purification of receptors was as
described previously (6,7,14,15). Briefly, a crude membrane fraction pre-
pared from transfected tsA 201 cells was solubilized in 1% (w/v) CHAPS
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid), and
the solubilized material was incubated with Ni2+—agarose beads (Probond;
Invitrogen, Carlsbad, CA). The beads were washed extensively, and bound
protein was eluted with increasing concentrations of imidazole. Samples were
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis, and protein was detected by immunoblotting, using mouse monoclonal
antibodies against either the HA (Covance (Berkeley, CA) HA.11, 1:500) or
the Hise tag (Invitrogen; 1:500), as appropriate.

AFM imaging of receptors and
receptor-antibody complexes

The methods for AFM imaging have been described in detail previously
(6,7,14,15). The molecular volumes of the protein particles were determined
from particle dimensions based on AFM images. After adsorption of the
receptors onto the mica support, the particles adopt the shape of a spherical
cap. The heights and half-height radii were measured from multiple cross
sections of the same particle, and the molecular volume was calculated using
the following equation,

Vi = (wh/6)(3r° + %), (1)

where & is the particle height and r is the radius (18).
Molecular volume based on molecular weight was calculated using the
equation

Ve = (My/No)(Vi +4dVs), (@)

where M is the molecular mass, Ny is Avogadro’s number, V| and V are the
partial specific volumes of particle and water, respectively, and d is the
extent of protein hydration (18).
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RESULTS

Constructs were designed that, on transfection of tsA 201
cells, led to the expression of P2X, receptor subunits bearing
either Hisg or HA epitope tags at their N-termini. Similarly,
P2X¢ constructs produced subunits bearing either Hisq or
HA tags (both C-terminal). Immunofluorescence, using appro-
priate monoclonal antiepitope antibodies, revealed the pres-
ence of the appropriately tagged receptors in cells transfected
with cDNA encoding the single subunits (Fig. 1). When cells
were transfected with combinations of one subunit tagged
with Hisg and the other tagged with HA, immunofluores-
cence showed the expression of both tagged subunits. We have
shown previously that the P2X, subunit forms homotrimers

Anti-Hisg

Anti-HA

P2X2-Hisg

P2X-HA

P2X4-Hisg

P2Xg-HA

P2X,-Hisg
+
P2Xg-HA

P2X-HA
+
P2Xg-Hisg

FIGURE 1 Immunofluorescence analysis of receptors. Cells were fixed
with paraformaldehyde (4%), permeabilized with saponin, and incubated with
appropriate monoclonal primary antibodies, followed by a Cy3-conjugated
goat anti-mouse secondary antibody. Cells were imaged by confocal laser
scanning microscopy. Scale bar, 20 um.



Stoichiometry of P2X Receptor Heteromers

(14) and is efficiently delivered to the cell surface (15,19).
In contrast, the P2Xg subunit cannot form homomeric re-
ceptors (14) and is retained in the endoplasmic reticulum
(15). However, in the presence of P2X,, P2Xg is delivered to
the cell surface, most likely in the form of P2X, s heteromers
(15).

Since the ability of available anti-Hise antibodies to rec-
ognize their target epitope is sensitive to the location of the
Hisg tag (i.e., whether the tag is N- or C-terminal), we used
an anti-HA antibody that detects its epitope at any position in
the tagged protein to determine the relative expression levels
of the two subunits at different cDNA ratios. In a single
experiment, we transfected cells with cDNA, encoding either
P2X,-HA plus P2X,-Hisq or P2X,-Hisg plus P2X¢-HA, at
the same DNA ratios. We then prepared a crude membrane
fraction from each population of cells and subjected equiv-
alent amounts of each to SDS-polyacrylamide gel electro-
phoresis and immunoblotting using the anti-HA antibody.
As can be seen from Fig. 2 A, the anti-HA antibody detected
a doublet of molecular mass 70/64 kDa corresponding to the
P2X, subunit and a single band of molecular mass 52 kDa
corresponding to the P2X¢ subunit. The doublet given by the
P2X, subunit likely represents completely and incompletely
glycosylated forms of the protein, respectively. In addition to
detecting the HA-tagged receptor subunits, the antibody also
reacted with a nonspecific band running at a molecular mass
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FIGURE 2 Immunoblot analysis of P2X, receptors. (A) Detection of
receptors in crude membrane fractions of tsA 201 cells. Cells were
transfected with cDNA encoding either P2X,-HA plus P2X,-Hisg or P2X,-
Hise plus P2X4-HA, at the same DNA ratios (1:1 P2X,/P2X for the left two
lanes and 1:4 P2X,/P2X¢ for the right two lanes). A crude membrane
fraction was then prepared from each population of cells, and an equivalent
amount of each fraction was subjected to SDS-polyacrylamide gel
electrophoresis and immunoblotting using the anti-HA antibody followed
by a horseradish peroxidase-conjugated goat anti-mouse secondary anti-
body. Immunoreactive bands were visualized using enhanced chemilumi-
nescence. The positions of the P2X, (70/64 kDa) and the P2X¢ subunit (52
kDa) are indicated on the left. Note the presence of a nonspecific band
running at 60 kDa in all lanes. The positions of molecular mass markers
(kDa) are indicated on the right. (B) Detection of receptors in eluates from
Ni**-agarose columns. P2X,-Hisg>P2X4-HA receptors were immunoblot-
ted with a mixture of anti-Hisg and anti-HA antibodies.
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of 60 kDa, which was present in all lanes. Note that no
nonspecific labeling was seen when the same antibody was
used for immunofluorescence (Fig. 1). When equal amounts
of cDNA for the two subunits were used, the expression of
the P2X, subunit was clearly greater than that of the P2Xq
subunit (Fig. 2 A, leff). Densitometry of bands from three
separate experiments indicated that the mean ratio of P2X,/
P2X¢ expression was 4.1:1. In contrast, when we used a
cDNA ratio for P2X,/P2X¢ of 1:4, the ratio of protein ex-
pression was 1:2.5 (Fig. 2 A, right).

The crude membrane fractions prepared from cells
transfected as described above were solubilized, and recep-
tors were isolated through the binding of the Hisg tag, present
on one of the two subunits, to Ni* " -agarose beads. Receptors
were eluted from the beads by treatment with imidazole. Fig.
2 B shows an immunoblot of P2X,-Hisg>P2X4-HA recep-
tors with a mixture of anti-HA and anti-Hiss antibodies.
Three bands can be seen—a doublet at molecular mass of 70/
64 kDa (P2X5) and single band at 52 kDa (P2X,). Note that
the nonspecific band detected in the crude membrane
fractions (Fig. 2 A) is no longer present.

AFM images of samples prepared from mock-transfected
cells were almost featureless (Fig. 3 A). In contrast, images
of isolated receptors showed clear populations of particles.
We are therefore confident that the vast majority of these
particles represent receptors. Fig. 3 B shows a typical image
given by heteromeric (P2X,-Hisg>P2X4-HA) receptors. As
can be seen, the population of particles is heterogeneous in
size. When the molecular volumes of a number of particles
were determined and a frequency distribution produced,
three clear peaks emerged, at 115 nm3, 217 nm3, and 360
nm?’ (Fig. 3 C; Table 1). Each particle shown in Fig. 3 B can
be assigned on the basis of its size to one of the three peaks in
the distribution. Clearly, the larger two peaks in the fre-
quency distribution are approximately double and triple the
volume of the smallest peak, suggesting that the peaks corre-
spond to monomers, dimers, and trimers. We have previously
calculated that the expected volume of a P2X, homotri-
mer—based on a molecular mass of 70 kDa, consisting of 55
kDa of core protein and 15 kDa of attached oligosacchar-
ide—is 389 nm? (14). The expected volume would be ~360
nm® for a P2X, s heteromer containing one P2X¢ subunit and
~320 nm® for a heteromer containing two P2Xg subunits.
These values would all be increased somewhat by the likely
presence of detergent bound to the transmembrane regions
of the isolated receptors. Given the various assumptions in-
volved in these calculations, the volume determined for the
third peak (360 nm?) agrees well with the predicted volume,
supporting the suggestion that this peak represents the tri-
meric form of the receptor.

Clear peaks corresponding to monomers, dimers, and
trimers were not seen previously when we imaged P2X, and
P2X¢ subunits alone (14). P2X, gave a single population of
trimers, whereas P2X¢ behaved exclusively as monomers.
When charged residues were introduced into the N-terminus
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of the P2X subunit, a mixture of trimers and monomers was
produced, but there was no evidence of dimers (15). The
presence of monomers, dimers, and trimers in these exper-
iments suggests either that assembly intermediates are being
isolated, which was not the case when P2X, homomers were
studied previously (14) or, perhaps more likely, that the P2X, ¢
heteromers are less stable that the P2X, homomers and tend
to fall apart during isolation. If the former explanation is
correct, then only the Hisg-tagged subunit (i.e., P2X5) should

TABLE 1 Molecular volumes of the P2X receptors

Molecular volume = SE (nm?®)

Subunit expression Peak 1 Peak 2 Peak 3

P2X,-Hisg > 115 £ 2 217 £ 3 360 = 13
P2Xc-HA (n = 125) (n = 65) (n =121)
P2X,-HA > 124 £ 2 224 £ 3 365 * 30
P2X¢-Hisg (n = 148) (n =95) (n=94)
P2X,-Hisg < 110 £ 1 205 £3 307 £ 15
P2Xs-HA (n = 217) (n = 62) (n = 133)
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be present in the smallest peak, whereas if the latter ex-
planation is correct, then the smallest peak could contain
both P2X, and P2Xg subunits. When P2X,-HA>P2X¢-Hisg
receptors were expressed (i.e., the epitope tags on the two
subunits were switched around but the ratio of subunit ex-
pression remained the same), the three peaks in the molecular
volume distribution were again seen, and the sizes of the
peaks were very similar to those described above—124 nm®,
224 nm?’, and 365 nm® (Fig. 3 D; Table 1). Interestingly, when
P2X,-Hisg<P2X4-HA receptors were expressed (i.e., the
subunit expression ratio was reversed to generate an excess of
the smaller P2X, subunit), the sizes of all three peaks were
reduced, to 110 nm3, 205 nm3, and 307 nm> (Fig. 3 E; Table
1). This result suggests that the receptors are indeed tending to
fall apart during isolation and also that more P2X¢ subunits
might be incorporated into the trimers at a higher ratio of P2Xg
expression. Note that the proportion of the particles assigned
to the trimeric peak (~ of the total) was similar for all three
receptor compositions (Table 1).

Receptors were incubated with antiepitope antibodies, and
the resulting receptor-antibody complexes were visualized by
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AFM. As shown in Fig. 4 A, the P2X,-Hisg>P2Xs-HA receptor
alone appeared as a heterogeneous spread of particles. Anti-HA
samples showed a population of small particles, as expected.
Samples resulting from coincubations of receptors and anti-
bodies appeared very heterogeneous. Nevertheless, there were
examples of large particles (components of the largest of three
molecular volume peaks illustrated in Fig. 3) that were
decorated by one (arrows) or two (arrowheads) smaller
particles (presumably antibodies). Fig. 4 B shows galleries of
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FIGURE 4 AFM imaging of complexes between P2X, receptors and
anti-Hiss and anti-HA antibodies. (A) Images of P2X,-Hisq>P2Xs-HA
receptors (fop left panel), anti-HA antibodies (top right panel), and receptor-
antibody complexes (bottom panels). Arrows indicate singly decorated
receptors; arrowheads indicate doubly decorated receptors. A shade-height
scale is shown at the right. (B) Zoomed images of receptors that are uncom-
plexed (fop two rows) or bound by one (middle two rows) or two (bottom two
rows) antibodies.
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images of individual receptors (trimers) either undecorated or
decorated with either one or two antibodies. Similar features
were seen irrespective of whether the antibody was directed
against the Hisg or the HA tag. For each incubation condition,
many data sets were analyzed and the status (i.e., undecorated or
singly or double decorated) of a large number of trimeric
particles was assessed (Table 2). To ensure that the apparent
receptor-antibody complexes were genuine and not simply a
consequence of large and small particles settling close together
on the mica surface, two control experiments were carried out.
In one control experiment, the antibody was not included. In this
case a maximum of 1.2% of the particles appeared to have one
small particle attached, and in only one case did there appear
to be two small particles attached to one large particle. In the
second control experiment, a Hisg-tagged P2X, receptor homo-
mer was incubated with an anti-HA antibody. In this case, only
0.9% of the large particles appeared to have one small particle
attached, and there were no instances of a large particle ap-
pearing to be doubly decorated by small particles. In contrast
to these results, when heteromeric receptors were incubated
with antibodies against the epitope tags, a substantial propor-
tion (24.7-36.1%) of the large particles were decorated by
single antibodies, and up to 5.4% had two antibodies attached.

When P2X,-Hisg>P2X4-HA receptors were expressed,
5.4% of the receptors were decorated by two anti-Hisg anti-
bodies, and only 1.0% were decorated by two anti-HA anti-
bodies (Table 2). This result, taken alone, indicates that 5.4
times more receptors contained two P2X, subunits than two
P2X subunits, under circumstances where the cells expressed
4.1 times as many P2X, subunits as P2X, subunits. In other
words, the receptor composition approximately reflected the
relative subunit expression. A potential complication with this
interpretation is that if there was an excess of P2X, sub-
units over P2Xg subunits, homomeric P2X, receptors might
have been produced that would have been tagged with Hisg
and therefore liable to be isolated along with the P2X;
heteromers. To assess the significance of this complication, we
repeated the experiment with P2X,-HA>P2X,-Hisg recep-
tors. Now if P2X, homomers were present they should no
longer be isolated. It is unlikely that there were significant
numbers of P2X homomers, since the P2X, subunits were in
excess, and in addition, we have shown previously that P2Xg
does not oligomerize by itself (14). When the receptor
decoration profiles were analyzed, it was found that 1.2% of
the receptors were decorated by two anti-Hisg antibodies,
whereas 4.6% were decorated by two anti-HA antibodies. This
result indicates that 3.8 times more receptors contained two
P2X, subunits than two P2Xg subunits. This ratio is close to
the one obtained before the tags were switched (5.4:1; above)
and also to the ratio of subunit expression (4.1:1; Fig. 2 A). We
conclude, therefore, that the presence of P2X, homomers has
an insignificant impact on the result. Note also that the sizes of
the largest molecular volume peaks for P2X,-Hisg>P2X4s-HA
and P2X,-HA>P2X¢-Hisg receptors were 360 and 365 nm’,
respectively. Both of these volumes are smaller than the
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TABLE 2 Antibody tagging profile of the P2X receptors

Barrera et al.

Subunit Number of particles Receptor Receptor plus Receptors plus
expression bound to receptor alone % anti-Hisg Ab % anti-HA Ab %
P2X,-Hisg > 0 311 99.4 692 58.4 513 74.3
P2X4-HA 1 2 0.6 428 36.1 171 24.7
2 0 0.0 64 5.4 7 1.0
3 0 0.0 1 0.1 0 0.0
P2X,-HA > 0 337 98.8 322 65.5 712 67.8
P2X4-Hisg 1 3 0.9 164 333 287 274
2 1 0.3 6 1.2 48 4.6
3 0 0.0 0 0.0 2 0.2
P2X,-Hisg < 0 412 98.8 552 72.3 654 68.8
P2Xs-HA 1 5 1.2 198 259 249 26.2
2 0 0.0 13 1.7 47 49
3 0 0.0 1 0.1 1 0.1
P2X,-Hisg 0 - - - - 629 99.1
1 - - - - 6 0.9
2 - - - - 0 0.0
3 - - - - 0 0.0

volume of 409 nm? obtained previously for the P2X, homo-
mer (14), supporting the argument that no significant popu-
lation of P2X; homomers is present when both P2X; and P2X¢
subunits are expressed.

Next, we switched around the expression levels of the two
subunits and produced (P2X,-Hisq<<P2Xs-HA) receptors.
Now we found that 1.7% of the receptors were decorated by
two anti-Hisg antibodies, whereas 4.9% were decorated by
two anti-HA antibodies. In other words there were now 2.9
times as many receptors containing two P2X¢ subunits as
those containing two P2X, subunits, under circumstances
where there were 2.5 times as many P2Xg subunits expressed
as P2X, subunits (Fig. 2 A). As explained above, under these
conditions, where P2X subunits are in excess, it is unlikely
that there are significant populations of either P2X, or P2Xq
homomers. Taken together, these results indicate that the sub-
unit stoichiometry of the receptors depends on the relative
expression levels of the subunits.

We have shown previously that P2X, receptor homomers
are trimeric (14), and the frequency distribution of the P2X,
heteromers reported here indicates that the largest molecular
volume peak represents trimers. To confirm the stoichiometry
of the heteromeric receptors, we measured the angles between
antibodies in all cases of double decoration for the three condi-
tions described above. As shown in Fig. 5, in all three cases the
angle distribution had a peak at ~120° (116° = 4° (n = 64)
for P2X,-His>P2Xs-HA receptors; 115° £ 5° (n = 48) for
P2X,-HA>P2X¢-Hisg receptors; and 119° = 5° (n = 47) for
P2X,-Hisg<P2Xgs-HA receptors). These results strongly sup-
port our suggestion that the heteromers are indeed trimers.

DISCUSSION

In this study, we have used AFM imaging of antibody-
decorated receptors to show that the stoichiometry of the
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P2X,/c heteromer depends on the relative expression levels
of the two subunits. In the past, we have successfully used
this approach to investigate the architecture of GABA,
receptors (6), 5S-HTj3 receptors (7), and other P2X receptors
(14,15). It has been known for some time that heteromeric
P2X receptors have different properties from those of homo-
mers composed of the constituent monomers. For instance,
the Hill slopes for agonist activation of P2X, and P2Xj3
homomers are significantly higher than that of the P2X,;
heteromer, indicating a likely difference in the numbers of
agonist binding sites on the homomeric and heteromeric
receptors (12). Similarly, the P2X¢ subunit can increase the
calcium permeability of the P2X, receptor (11) and change
its pattern of modulation by pH (13). We have shown previ-
ously that when expressed alone, the P2X, subunit does not
oligomerize to form functional receptors (14), and the mono-
mers are retained in the endoplasmic reticulum (15). These
observations suggest that the P2X¢ subunit acts as a versatile
modulatory subunit rather than a functional receptor in its
own right, an idea supported by the overlapping distributions
of the P2X¢ subunit with both P2X, and P2X, subunits in
the central nervous system (16,17,20,21). According to this
scenario, the retention of the P2Xg subunit in the endoplas-
mic reticulum might serve to provide an intracellular pool of
subunits ready to be incorporated into heteromeric receptors.
Our results here raise the possibility of yet another layer of
subtlety in the operation of P2X receptors.

The plasticity of assembly of P2X/s heteromers is similar
to the behavior of the a4f3, nicotinic acetylcholine receptor
in which the subunit stoichiometry again seems to be
determined by the relative subunit expression levels (4,5).
For other members of the pentameric ionotropic receptor
family, however, the subunit arrangement within the receptor
rosette appears to be more firmly fixed. For example, there is
general agreement that the arrangement of subunits within
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FIGURE 5 Frequency distributions of angles between antibodies for
doubly decorated P2X,/s receptors. (A) P2X,-Hisg>P2X4s-HA receptors,
anti-Hisg antibody. (B) P2X,-HA>P2X-Hise receptors, anti-HA antibody.
(C) P2X,-Hisg<P2X4-HA receptors, anti-Hisg antibody. The curves indicate
fitted Gaussian functions.

the Torpedo electroplaque nicotinic acetylcholine receptor is
a, v, a, 8, B when viewed counterclockwise from the outside
of the cell (22). Similarly, although functional GABA 4 recep-
tors can be built from - and ,-subunits alone (23), when
ay-, B2-, and 7y,-subunits are all expressed together, there
appears to be only one way in which a functional receptor
can be built, that is in the arrangement vy,, 82, a1, B2, @y,
when viewed counterclockwise from the outside of the cell
(24). Finally, when we examined the subunit arrangement
within the 5-HT34 g receptor in a previous study, we found a
single arrangement, B-B-A-B-A, and no evidence for the
presence of receptors with only two B-subunits (7). Even in
the case of the P2X,/; heteromer, there appeared to be only
one subunit stoichiometry (1 X P2X,/2 X P2X3) when
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approximately equal numbers of the subunits were expressed
(12). Whether variations in the subunit arrangements within
these other receptors might occur under circumstances of
extreme variations in relative expression levels remains to be
determined.

The assembly of P2X receptors has been studied previ-
ously by a series of elegant experiments using blue native gel
electrophoresis and cross-linking strategies (25,26). One of
these studies addressed the assembly of a P2X, heteromer
(25), and some interesting findings emerged that are prob-
ably relevant to our own results. First, it appeared that the
subunits preferentially formed heteromers, rather than homo-
mers. Our evidence also indicates that only a very small num-
ber of P2X, homomers are produced, even when the P2X,
subunit is in a fourfold excess over the P2Xg subunit. Sec-
ond, it was found that the P2X, heteromer was less stable
than the P2X, homomer. For instance, the P2X, homomer
was stable to treatment with 0.1 M dithiothreitol and only
broke down into dimers and monomers in the presence of 8
M urea. In contrast, the P2X;,, heteromer was extensively
dissociated by dithiothreitol. This result might reflect our
own finding that the P2X,/; heteromers behaved as mixtures
of monomers, dimers, and trimers, whereas we had previ-
ously found that the P2X, homomer behaves as a single
population of trimers (14). Finally, when the P2X ,, heteromer
dissociated, only a single species of dimer, composed of one
P2X, subunit and one P2X, subunit, was produced. This
finding might indicate that the affinity of the two differ-
ent monomers for each other was greater than the affinities
of identical monomers for each other. If a similar situation
exists in our experiments, an assembly process can be envis-
aged that begins with a favored interaction between a P2X,
subunit and a P2Xg subunit, followed by a second interaction
of the resulting heterodimer with either a P2X, or a P2Xg4
monomer. The two monomers might then undergo mass-
action competition with each other for entry into the com-
plete receptor trimer. In this way, the receptor stoichiometry
would reflect the relative amounts of the two subunits present
at the site of assembly (presumably the endoplasmic reticulum).

We have shown here that the subunit stoichiometry of the
heteromeric P2X,/s receptor is determined by the relative
expression levels of the two subunits. We suggest that since
the P2X subunit is upregulated under pathological condi-
tions such as cancer and zinc deficiency (27-30), this plasti-
city of receptor assembly is likely to have significant functional
consequences.

This work was supported by a grant from the Biotechnology and Biological
Sciences Research Council (B19797) to J.JM.E. and R.M.H.
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