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P2X receptors are cation channels gated by extracellu-
lar ATP. The seven known P2X isoforms possess no
sequence homology with other proteins. Here we
studied the quaternary structure of P2X receptors by
chemical cross-linking and blue native PAGE. P2X
and P2X; were N-terminally tagged with six histidine
residues to allow for non-denaturing receptor isolation
from cRNA-injected, [3°S]methionine-labeled oocytes.
The His-tag did not change the electrophysiological
properties of the P2X receptor. His-P2X; was found
to carry four N-glycans per polypeptide chain, only
one of which acquired Endo H resistance en route to
the plasma membrane. 3,3Dithiobis(sulfosuccinimid-
ylpropionate) (DTSSP) and two of three bifunctional
analogues of the P2X receptor antagonist pyridoxal-
phosphate-6-azophenyl-24'-disulfonic acid (PPADS)
cross-linked digitonin-solubilized His-P2X and His-
P2X3; quantitatively to homo-trimers. Likewise, when
analyzed by blue native PAGE, P2X receptors purified
in digitonin or dodecyl-B-p-maltoside migrated entirely
as non-covalently linked homo-trimers, whereas the
o,BY0 nicotinic acetylcholine receptor (used as a posit-
ive control) migrated as the expected pentamer. P2X
monomers remained undetected soon after synthesis,
indicating that trimerization occurred in the endo-
plasmic reticulum. The plasma membrane form of
His-P2X, was also identified as a homo-trimer. If
n-octylglucoside was used for P2X receptor solubiliza-
tion, homo-hexamers were observed, suggesting that
trimers can aggregate to form larger complexes. We
conclude that trimers represent an essential element
of P2X receptor structure.

Keywords blue native PAGE/cross-linking/P2X receptor/
quaternary structuréenopus laevieocytes

Introduction

receptors are cation-selective, ligand-gated ion channels
that open in the millisecond range in response to the
binding of extracellular ATP (for reviews see Buetlal,,
1996a; Burnstock, 1996). They play a role in fast synaptic
transmission between neurons, from neurons to smooth
muscle and in ATP-mediated lysis of antigen-presenting
cells. To date seven P2X isoforms designated P2Xave
been cloned from various tissues including smooth muscle
and neuronal cells (for references see Beehl,, 1996a).
The human isoforms P2X P2X, and P2X% have also
been cloned (Valeraet al, 1995; Garcia-Guzmast al,
1997; Rassendrest al,, 1997b). The deduced rat proteins,
379-595 amino acids long, show sequence identities (35—
48%) between themselves with similar distributions of
hydrophilic and hydrophobic domains. Heterologous
expression of P2X isoforms results in the formation of
functional P2X receptors with electrophysiological and
pharmacological profiles similar to that of P2X receptors
in native tissues.

Channel proteins known so far are transmembrane
symmetric or pseudosymmetric oligomers arranged such
that polar residues line a central ion-conducting hydro-
philic pore. The structure of nicotinic acetylcholine recep-
tor (NnAChR), currently the best characterized ligand-gated
channel, has been determined at 9 A resolution (Unwin,
1995; Huchcet al,, 1996). It is a pentamer of homologous
or identical subunits, surrounding a central water-filled
pore that conducts cations when its opening is triggered
by ligand binding. Since glycine, GABA and 5-HT
receptor subunits share extensive sequence homology with
NAChR subunits, they are all thought to have evolved
from a common ancestor and to constitute a gene
superfamily (Betz, 1990; Ortells and Lunt, 1995). All
superfamily members fold into four transmembrane
domains (M1-M4) with the N and C termini both located
extracellularly (for review see Dani and Mayer, 1995). It
is generally accepted that M2 ts-helical and the main
contributor to the channel lining (Unwin, 1995; Hucho
et al, 1996). A pentameric structure has also been demon-
strated for glycine (Langosclet al, 1988), GABA,
(Nayeemet al, 1994) and 5-HY receptors (Boesst al,
1995), indicating that the members of the ligand-gated
ion channel superfamily share a conserved quaternary
structure.

lonotropic glutamate receptors encompassing the
AMPA, kainate and NMDA types constitute a second
class of ligand-gated ion channels distinct from the receptor
superfamily mentioned above (Hollmann and Heinemann,
1994). Like the nAChR superfamily members, glutamate

Receptors activated by extracellular ATP are designatedreceptor subunits possess four hydrophobic domains. From
P2 receptors and are represented by two major proteinthese only M1, M3 and M4 cross the membrane, whereas

families: (i) a P2Y metabotropic receptor family of G-

M2 forms a re-entrant membrane loop with both ends

protein-coupled receptors; and (ii) a P2X ionotropic recep- facing the cytoplasm (for references see Dani and Mayer,
tor family (Abbracchio and Burnstock, 1994). The P2X 1995). The M2 re-entrant loop has been shown to play an
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Fig. 1. Biochemical and functional characterization of rat His-p2®ocytes were injected with 25 ng cRNA for wt-P2Xr His-P2X. (A) After a

6 h [*®S]methionine pulse and a 12 h chase, oocytes were extracted withdylglucoside. His-P2Xwas purified by Ni"-agarose

chromatography, eluted with non-denaturing elution buffer, and then supplemented with SDS sample buffer, 20 mM DTT (final concentration) and
Endo H or PNGase F (in IUB milliunits per 1@ sample) as indicated. Aftel h at37°C, samples were analyzed by SDS—PAGE (10% acrylamide)
followed by autoradiography. Lane 8, non-injected controls; lanes 1-7, Hig-BRRMA-injected oocytes. Arrow indicates position of complex-
glycosylated His-P2X positions of deglycosylation intermediates are indicated by numbers 1-3 on left margin, 0 and 4 correspond to the protein
core and the core-glycosylated form, respectively, of His-PZK, C) After 3 days at 19°C, current responses of wt-P28) and His-P2X (C)

were elicited at holding potentials from —120 460 mV by application of JuM ATP for 5 s in 1 minintervals. Representative original current
responses are shown. No corrections except background subtraction were applied to tHg) dReaponses of wt-P2Xand His-P2X shown in (B)

and (C), respectively, at =120 mM are60 mV were normalized to the peak response at —120 mV to demonstrate the virtual identical time course
of desensitization of both receptor typeE) Current—voltage dependencies of wt-R2X0) and His-P2X ([J) were derived as described in (B) and

(C). Peak currents at the different potentials were normalized to the peak response at —-60 mV and averaged. Meartcstardésd error,

n = 6) elicited in 1 min intervals at —60 mV were —229 0.3 pA and —3.2* 0.4 pA for wt-P2X; and His-P2X, respectively.

important role in channel lining (Kunesat al., 1996). For the N terminus on the cytoplasmic side of the membrane.
the ionotropic glutamate receptor family, a pentameric Protein topology predicts only two membrane-spanning
subunit organization was reported (Ferrer-Montiel and segments, M1 and M2, connected by an N-glycosylated
Montal, 1996), whereas more recent evidence suggestsectodomain of ~270 amino acids (North, 1996b). The
a tetrameric structure (Laubet al, 1998; Mano and usage of naturally occurring N-glycosylation sites (see
Teichberg, 1998). present study) and the identification of residues that
P2X subunitisoforms do not exhibit significant sequence contribute to the channel pore (Rassendeeml, 1997a)
homology with any of the other ligand-gated ion channels suggestthat the predicted membrane topology is essentially
and are therefore considered to represent a third majorcorrect. By probing the accessibility of engineered cysteine
class of ligand-gated ion channels (North, 1996b). The residues to sulfhydryl-specific reagents, the M2 domain
absence of a cleaved N-terminal signal sequence placeshas been demonstrated to be involved in pore formation of
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Fig. 2. Cross-linking of digitonin-solubilized, purified His-P2Xand His-P2%. Oocytes injected with the indicated cRNAs were labeled overnight

with [3°S]methionine and chased for 5-10 h. Digitonin extracts (0.5%) were then prepared and P2X receptors were purifiecbgrote
chromatography. Numbered arrows indicate positions of P2X monomers, dimers and tri)d?P@X( receptors were incubated with the indicated
cross-linkers and NaBpwhile still bound to the beads. After elution with non-denaturing elution buffer, samples were supplemented with SDS
sample buffer and 20 mM DTT and resolved by SDS—PAGE (4-10% acrylamide gradient gel) followed by autoradioBafhyal{quot of the

His-P2X, sample cross-linked at 2 mM PPAPA was resolved in the first dimension by SDS—PAGE (4-10% acrylamide gradient gel). The gel lane
was then excised, treated for 30 min with 30 mM sodium dithionite in SDS stacking gel buffer at ambient temperature, and re-analyzed by SDS—
PAGE (4-10% acrylamide gradient gel) in the second dimens@nP@X receptors were first eluted with non-denaturing elution buffer, then
incubated with PPAPA, DTSSP or CL Il as indicated, and reduced with NaBeimples cross-linked with DTSSP were not treated with NaBH

All the samples were supplemented with SDS sample buffer and resolved by non-reducing SDS—-PAGE (4-10% acrylamide gradient gel).

the P2X% isoform. Interestingly, however, the accessibility Xenopus laevisocytes. Oocytes have been used success-
patterns are in line with #-sheeted secondary structure fully for the determination of the quaternary structure of
for at least part of the pore rather than with a#helical NAChR (Anandet al,, 1991). In addition, we examined a
structure (Rassendreat al, 1997a). P2X receptors share series of bifunctional derivatives of the P2 receptor antag-
their membrane topology with a variety of channel proteins onist  pyridoxalphosphate-6-azopheny}£-disulfonic
including the epithelial Nachannel/degenerin gene super- acid (PPADS; Lambrecht, 1996) which turned out to be
family (North, 1996a). One branch of this superfamily, highly effective cross-linkers of P2Xand P2 receptors.
the FMRFamide peptide-gated Nachannel of Helix Our results indicate that trimeric complexes of identical
aspersa(Lingueglia et al., 1995), shares with P2X the subunits constitute an essential structural element of P2X
property of being ligand-activated and can be considered receptor channels.
to constitute a fourth class of ligand-gated ion channels.

Given that the membrane topology of P2X receptors Results
and presumably also the pore region is fundamentally
different from that of the other two major classes of His-tagged P2X; and P2X; receptors are functional
ligand-gated ion channels, the oligomeric organization of in Xenopus oocytes
P2X receptors is of great interest. To address this issue,To isolate P2X receptors after synthesis Xenopus
we adapted the blue native PAGE system ($gea and oocytes, we have tagged the proteins at their N-terminal
von Jagow, 1991; Schaeret al, 1994) for the analysis  end with a hexahistidyl sequence. SDS—PAGE analysis
of P2X receptors which were heterologously expressed in revealed that His-P2XFigure 1A, lane 1) was synthesized
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as a 57 kDa protein. Treatment with peptiaylycosidase oM 0@ oM o@
F (PNGase F) to release N-glycans completely from both Ho%\/ HO&
high mannose and complex types of glycoproteins reduced Jo N Ao

the molecular mass to 47 kDa (Figure 1A, lane 7), close "¢ N N HC™ NN m
to the mass of the His-tagged protein core computed from PPAPA ! PPADS Na0,S

the cDNA sequence. Deglycosylation with increasing

concentrations of endoglycosidase H (Endo H) generated

a total of five bands (Figure 1A, lanes 2—4) that differ in "

mass by 2-3 kDa, i.e. the mass of an N-linked oligo- ° o‘®

saccharide side chain. Since the 47 kDa band represents ”Of%f

the core protein, the other bands correspond to the core- e~y ~nN SO;Na

glycosylated P2Xprotein and three deglycosylation inter- \‘/\/\/‘

mediates. We conclude from these data that P@fries DIPS NaOS O NN NS -CHs

four N-glycans when synthesized in oocytes, i.e. that four S
out of the five potential N-glycosylation sites of PX

(Valera et al, 1994) are used. Within 20 h from the o H ® ®
beginning of fS]methionine labeling, 43% of His-P2X HO
acquired Endo H-resistant, complex-type carbohydrates as L«
assessed by phosphor image analysis (Figure 1A, lanesfCc NN O\rn o It

5-6). Since Endo H removes N-linked chains only as long ~Tom \/\N)KQ
as they have not been complex-glycosylated by the Golgi N
enzymes, this indicates that a significant fraction of His- CLl K\%OH
P2X; is able to leave the endoplasmic reticulum (ER) and @0 W0

to reach the Golgi apparatus and later compartments such

as the plasma membrane. Fig. 3. Structures of PPADS and bifunctional PPADS analogues.

To examine whether the N-terminal hexahistidyl ) ) )
sequence affects the function of P2X receptors, two- State of the protein (Doms and Helenius, 1986) and applied
electrode voltage clamp measurements were carried outcross-linkers to increase the yield of His-P2Xultimers.
on cRNA-injected oocytes. Figure 1B and C displays In initial experiments, we used dittbes(succinimidyl-
original current traces of wild-type and His-Pdceptors ~ Propionate) (DSP) and 38lithiobis(sulfosuccinimidyl-
activated by 1uM ATP in 1 min intervals and recorded Propionate) (DTSSP) in addition to the P2X receptor
at different membrane potentials ranging from —120 to antagonist 4 4diisothiocyanatostilbene-2:2lisulfonic
+60 mV. Please note that the currents recorded afteracid (DIDS; Bitmann et al, 1996) to cross-link His-
repetitive application of ATP were ~10-fold smaller than P2X subunits in intact oocytes and oocytes permeabilized
those elicited by a first ATP addition to oocytes, i.e. before at 100uM (0.012%) digitonin (Schmalzingt al, 1989).
desensitization of P2X receptors. Normalization of the All three compounds were able to link P2Xubunits to

SO;Na

current traces from Figure 1B and C at —120 argD mM dimers and trimers, but even at millimolar concentrations
to the response at —120 mV revealed that the time courses° €ither compound most of the P2Xeceptor protein

of receptor desensitization of wild-type P)Xnd His- was found to be in the monomeric form when analyzed
P2X, were virtually identical (Figure 1D). Also the cur- PY SDS—PAGE (results not shown).

rent-voltage dependencies of wild-type R2xnd His- Next, we cross-linked His-P2Xreceptors subsequent

P2X, were virtually identical (Figure 1E). We conclude O purification while still bound to the Ri-agarose beads.
froml these resultsythat cappi(nggthe N t)erminus of P2X D.IDS cross-linked purified P2Xsubunits to.dlmers and
by a hexahistidyl sequence does not notably affect the trimers, but was not used further beqause it decrgased the
functional properties of the P2Xeceptor. Likewise, the  Yi€ld of P2X protein, apparently by interfering with the
hexahistidyl tag did not interfere with the function of the Pinding to the Ni*-nitrilotriacetate (NTA) agarose (data
His-P2X, receptor channel (data not shown). not shown). However,.the qb|llty of DIDS to cross-link
P2X; prompted us to investigate bifunctional analogues
of the P2X receptor antagonist PPADS (Lambrecht, 1996).
Cross-linking of purified P2X; or P2X3 receptors Structures are shown in Figure 3. PPADS carries an
generates dimers and trimers aldehyde group that is capable of forming a Schiff base
When digitonin-solubilized His-P2)Xwas denatured with  with a primary amino group as shown for the parent
SDS and resolved by non-reducing SDS-PAGE, five compound, pyridoxal 5-phosphate (Cake al, 1978).
(Figure 2C, lane 1) to six protein bands were observed in PPAPA lacks the sulfonic acid groups of PPADS, but
addition to the prominent band of His-P2Xhonomers. possesses a second aldehyde function, whereas DIPS and
The additional protein bands corresponded in size to His- CL Il can be considered to be composed of two PPADS-
P2X; multimers and disappeared when the gel was run like molecules linked by spacers of distinct length and
under reducing conditions (Figure 2A, lane 1). Inclusion conformational flexibilities. The spacer of DIPS consists
of up to 100 mM iodoacetamide during all purification of a DIDS molecule lacking its isothiocyano groups. When
steps to hinder cross-linking of His-P2Xnonomers by  added to digitonin-solubilized, purified His-P2Xall the
artificial disulfide bonds did not prevent the occurrence three PPADS analogues cross-linked R230bunits to
of the SDS-resistant His-P2Xnultimers. We interpreted  dimers and trimers at concentrations as low asybd
the SDS—PAGE pattern as an indication of the oligomeric (Figure 2A and C). It should be noted that we reduced
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the chemically labile &N bond of Schiff bases with  preferential formation of trimers (Figure 2A and C). At
borohydride to a stable amine bond. Virtually identical =1 mM, DIPS (Figure 2A) and CL Il (Figure 2C) were
results were obtained irrespective of whether cross-linking able to cross-link P2Xsubunits almost quantitatively to
was performed with digitonin-solubilized P2Xvhile still trimers. CL Il possesses an extremely long and flexible
bound to N#"-NTA agarose (Figure 2A) or subsequent spacer of ~34 A between the two aldehyde functions.
to non-denaturing elution from Rii-agarose (Figure 2C).  The widely used cross-linker DTSSP with two reactive
Also cross-linking of the P2X isoform P2Xyielded groups ~12 A apart from each other was also capable
dimers and trimers (Figure 2A, lanes 9-10). The relative of cross-linking P2X subunits almost quantitatively to
amounts of dimers and trimers produced depended on thetrimers. However, in the 10-10Q0M range, DTSSP
distance between the two reactive groups of the cross-was markedly less efficient than CL Il (Figure 2C).
linkers. The relatively rigid PPAPA molecule, having a Diepoxybutane, a cross-linker with a very short molecular
distance of ~11 A between its two aldehyde functions, span, produced His-P2Xdimers in some of the experi-
produced similar amounts of P2Xdimers and trimers.  ments, but failed to induce significant cross-linking in

Increasing the length and flexibility of the spacer led to a Several others (results not shown).
The azo bond of PPAPA, DIPS and CL Il can be
cleaved with dithionite. To examine whether the protein

A & Qr.,*-“ Qq,-\-“-' adducts were entirely compqsed of cross-linked His-P2X
S & ¢ monomers, samples were first separated by SDS-PAGE

in the first dimension, then treated with dithionite and

KD aeh finally re-analyzed in the second dimension by SDS-

PAGE (Lutteret al, 1974). Dithionite treatment generated
dimers and monomers, but no intermediate cleavage
products, indicating that the multimers consisted solely of
P2X, subunits (Figure 2B).

450 — ‘. The long-lasting blockade of certain P2X receptor
040 — subtypes by PPADS has been attributed to its aldehyde

group that can react with a lysine residue to form a Schiff
158 — base. Based on a previous report (Buetlal, 1996b)

demonstrating that substitution of lysine for Glu249 of
PPADS-insensitive rat P2Xreceptors confers high and
68 — irreversible PPADS sensitivity, we mutated Lys249 at the
equivalent position of P2Xto Ser. Mutant His-P2x%
B K249S could be cross-linked with DIPS as efficiently as
His-P2X; itself (results not shown). This indicates that

kD SR § lysine residues other than Lys249 must be involved in the
450 — ‘ ‘ cross-linking reaction.
240 . ...

P2X; and P2X3; migrate as trimers when analyzed

158 = by blue native PAGE

As an alternative approach for the analysis of P2X
oligomerization, we used blue native PAGE (Sgher

68 —
ig. 4. Analysis of oligomerization of His-P2Xor His- subunits
Fig. 4. Analysis of oli ization of His-P2Xor His-P2 buni
Cross- _ PS by blue native PAGE. Oocytes injected with cRNA for His-R2x¢
linker | - | Diepoxybutane PPAPA o 2 His-P2X; were labeled overnight witt?§S]methionine and chased for
5 h. Digitonin (0.5%) extracts were prepared and P2X receptors
mM | - |100] 50| 10| 2 05)01] 2 |05)01] - purified by N*-agarose chromatography. All samples were
supplemented with blue native sample buffer and analyzed by blue
C & native PAGE and autoradiography. Numbered arrows indicate positions
€ Aa of P2X monomers, dimers and trimers. Mass markers: Combithek [I™
Qﬁ“&*" ‘5‘2’"@/ (Boehringer Mannheim).A) His-P2X, and His-P2X% were analyzed
‘z-gf \z{" ~é‘~*0»<\ immediately after native elution (4—10% acrylamide gradient gel).

(B) Purified His-P2X was incubated with the indicated cross-linkers
kD while still bound to the Nit-agarose beads, then eluted with non-
denaturing sample buffer and analyzed as above (5-16% acrylamide
gradient gel). Note that the negatively charged cross-linkers PPAPA
and DIPS increase electrophoretic mobility of His-R2XIducts,
whereas the uncharged cross-linker diepoxybutane doesGjoHi$-

450 __ P2X; unaltered or cross-linked with 0.5 mM CL Il was supplemented
with 0.1 M DTT (final concentration) and incubated for 30 min at

240 — - -+ 3 37°C prior to blue native PAGE (5-13% acrylamide gradient gel). Left
lane, native His-P2Xincubated without DTT migrates as a trimer.

158 - Central lane, DTT induces an almost complete dissociation of native

His-P2X, into dimers and monomers. The additional bands correspond
to higher order P2X multimers and presumably reflect the enhanced
. - 1 aggregation state of proteins upon reduction of the disulfide bonds
68 _ (Johnston and ‘Rhof, 1990). Right lane, cross-linking largely prevents
DTT-induced dissociation of the His-P2Xomplex.
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and von Jagow, 1991). His-P2Xsolated under non-
denaturing conditions from digitonin extracts of oocytes
appeared as a single protein band at 250-290 kDa (Figure
4A) depending on the percentage of acrylamide used for
the preparation of the gel. The large mass previously
tempted us to speculate that His-RB2Xay be a pentamer

or hexamer (Burnstock and Wood, 1996). It must be noted,
however, that the electrophoretic mobility during blue
native PAGE is determined by the excess of negative
charges conferred to the analyzed protein by bound
Coomassie Blue G dye. Since His-P2)% rather basic
(calculated pl 8.3), we examined whether the charge shift
by Coomassie is insufficient and whether the molecular
mass of P2X receptors is overestimated when compared
with the migration of less basic mass markers. Indeed, an
increased electrophoretic mobility was observed when
additional negative charges were conferred to His-P2X
by covalent binding of negatively charged cross-linkers
(Figure 4B). The mobility increase correlated well with
the number of negative charges of the cross-linkers.
PPAPA, which carries only two negative charges, caused
the smallest increase in mobility, whereas DIPS with four
negative charges caused the largest increase in mobility
(Figure 4B) and reduced the apparent molecular mass
from 290 to ~200 kDa corresponding to a His-R2Xmer.

The uncharged cross-linker diepoxybutane had no effect
on electrophoretic mobility. We conclude from these results
that Coomassie binding may not suffice to render the
electrophoretic mobility of His-P2Xentirely independent

of its intrinsic basic charges.

To determine the number of subunits of His-P2X
receptors by an approach that is independent of Coomassie
and detergent binding and intrinsic charges, we elaborated
conditions that induce a partial dissociation of the His-
P2X,; or His-P2X complex. Exposure of natively eluted
His-P2X; to the strong reductant dithiothreitol (DTT) in
the presence of sodium 6-aminezaproate (Figure 4C),  membrane-impermeadtd-sulfo-SHPP. Subsets of the same oocytes
but also to Triton X-100 or urea (data not shown) prior were labeled with$°S]methionine. His-P2Xwas purified by N*-
to blue native PAGE induced the appearance of two NTA chromatography from 1% digitonin extracts of each oocyte

kD

450

240

158

68

Total
*8

Surface
125|

His-P2X; at

call dlirfas Total His-P2X;

kD

97 —

Y e
-

46 —

Endo H

PNGase F 2.3 23

Fig. 5. Comparative analysis of surface-expressed His-Paxd total
His-P2X; (surface plus intracellular)A) Oocytes injected with His-
P2X; cRNA were kept for 3 days at 19°C and then labeled with

additional protein bands besides the non-denatured Hig-9roup. eluted with non-denaturing elution buffer, and resolved by blue
P2X; complex. These proteins of apparent masses similar
to 80 and 170 kDa represent the His-R2Xonomer and
dimer, respectively, indicating that the non-denatured 250
kDa protein band must be a His-P2Ximer. As expected,
chemical cross-linking of His-P2pwith CL Il prevented

the dissociation of the trimers into dimers and monomers
(Figure 4C). Similar results entirely consistent with His-
P2X; trimers were obtained when dode@/p-maltoside
instead of digitonin was used as a detergent for His-P2X
isolation.

Cell surface-expressed P2X; is a homo-trimer and
carries Endo H-resistant and Endo H-sensitive N-
glycans

Oocytes injected with His-P2XcRNA and maintained
for 2—-3 days at 19°C express a large number of His-P2X

native PAGE (4-10% acrylamide gradient gel) followed by
autoradiography.R) Aliquots of the same samples were supplemented
with SDS sample buffer, 20 mM DTT, and Endo H or PNGase F as
indicated (IUB milliunits). Afte 1 h of incubation at 37°C, proteins
were resolved by SDS—-PAGE (10% acrylamide) and visualized by
autoradiography. The arrow indicates the fully Endo H-sensitive form
of His-P2X, that is not observed at the plasma membrane.

already in the plasma membrane. Since the retention of
His-P2X; in the ER (Figure 1A) may reflect ‘quality
control’ (Hammond and Helenius, 1995), the above results
may be affected by incompletely folded, partially
assembled or even misfolded His-P2Xeceptors. To
visualize the plasma membrane form of the His-P2X
receptor, we radio-iodinated oocyte surface proteins with
129-sulfosuccinimidyl-3-(4-hydroxyphenyl)proprionate
(**3-sulfo-SHPP), a lysine-reactive, membrane-imper-

receptors in their plasma membrane, as evidenced by themeant compound?3-labeled His-P2X was then isolated

large inward currents (-2% 3 pA, mean *= standard
error,n = 7) that could be elicited in these cells by the
first application of 1uM ATP at holding potentials of —60
mV. However, detergent homogenates$8]methionine-
labeled oocytes include membrane proteins that are
retained in the ER, en route to the plasma membrane or

by Ni?*-NTA chromatography. When resolved by blue
native PAGE, a single protein band was observed at
290 kDa corresponding in mass to total His-R230lated
from [3°S]methionine-labeled oocytes (Figure 5A). Partial
dissociation with DTT in the presence of sodium 6-amino-
n-caproate revealed that th&l-labeled His-P2X complex
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consisted of three His-P2Xnonomers (results not shown) A

in agreement with data shown in Figure 4C. S 4
Next, we compared the glycosylation status of surface Oé“ &

His-P2X; with that of total His-P2X (Figure 5B). Endo Nhi—

H diminished the mass of surface His-P2By 8 kDa

(lane 2 from left), but was unable to release all the N- i

glycans. This indicates (i) that surface His-B20nsists . .

of an uniform protein population carrying both Endo H- 6 —= > .

sensitive and Endo-resistant N-glycans; and (ii) that at

least one N-linked oligosaccharide side chain of all P2X

subunits of cell surface P2Xreceptors must have been 3 —» . -

processed in the Golgi apparatus where complex-glycosyl-

ation occurs. In contrast, total His-P2Xonsisted of at

least two populations of proteins. One population could

be completely deglycosylated with Endo H (indicated by

an arrow in Figure 5B) and almost certainly represents

His-P2X; not yet transported out of the ER. As expected, + BN-PAGE- - BN-PAGE-

the ER form of His-P2X was not observed at the plasma sample buffer | sample buffer

membrane (Figure 5B). The second population was only

partially deglycosylated by Endo H and most likely B

corresponds to the surface form of His-B2XTaken kD

together, these data indicate that both the surface and

the ER forms of His-P2X consist of three His-P2X -,

monomers. 000 — e s

— 450

— 240

W BOo®

P2X, and P2X; receptors isolated with n- - . .*_
octylglucoside consist of trimers and hexamers -—
When 1%n-octylglucoside was used instead of digitonin 97 — “—-Eae
or dodecylB-p-maltoside for receptor solubilization, blue 66 —
native PAGE analysis revealed two protein bands that w e
corresponded in size to the trimeric and hexameric form 4% —
of His-P2X; and His-P2X% (Figure 6A). Omission of
6-aminon-caproate from the standard sample buffer for e
blue native PAGE increased the yield of His-B2xexa- inker | - PPAPA cLi
mers (Figure 6A). Tetramers or pentamers of His-pP2X
were not seen. It must be noted, however, that the overall
amount of His-P2X th-at entered the gel was reduced in Fig. 6. Analysis ofn-octylglucoside-solubilized His-P2xand His-
the absence of 6-aminocaproate. He,XamerS were al_so P2X3 by blue native PAGE and cross-linking. Oocytes injected with
observed when P2Xreceptors were first solubilized in  crNA for His-P2X, or His-P2% were labeled overnight with
1% octylglucoside and then washed and eluted from the [3°S]methionine. Afte a 5 hchasen-octylglucoside extracts were
beads in 1% digitonin and vice versa (data not shown). prepared and P2X receptors were purified by‘Nagarose
These findings indicate that hexamers were present when-chromatography. Samples were analyzed by blue native PAGE and
. autoradiography.X) His-P2X receptors were isolated at 1%

ever P2>,< receptors We,re exposed to octylglucoside. _Oncen-octylglucoside and supplemented (left panel) or not (right panel)
formed in octylglucoside, they were at least partially with blue native (BN) sample buffer just before blue native PAGE
preserved in digitonin. Even larger aggregates of trimers (4-10% acrylamide gradient gelB) His-P2X; receptors isolated at
Such a5 nonamers, dodecamers and pentadecamers weAESEYOLETSS Mo chsinien 2 L i Setne
produced When Concent.rated His-R2iceptor samples sample buffer and resolved bypnon-reducing SDpSp—PAGE (4-10%
were kept in octylglucoside (data not shown). acrylamide gradient gel) followed by autoradiography.

CHAPS and Triton X-100 were also examined as
detergents for P2X receptor solubilization and found to
produce less distinct protein bands when analyzed by bluevisible, particularly at 1QuM CL Il. These results demon-
native PAGE. We cannot rule out completely the possibility strated that the hexameric complexes were not produced
that a certain fraction of His-P2)6olubilized with CHAPS as an artifact of blue native PAGE analysis.
or Triton X-100 also migrated as a hexamer since a diffuse
smear was consistently observed of approximately the Blue native PAGE displays the correct pentameric
mass of a hexamer in addition to His-PRXimers (data architecture of the muscle-type nAChR
not shown). synthesized in Xenopus oocytes

To provide additional evidence for the occurrence of To further evaluate the present experimental approach, we
His-P2X; hexamers inn-octylglucoside, we performed expressed the muscle-type nAChR as a positive control
cross-linking experiments. PPAPA produced dimers and in Xenopu®ocytes. The pentameric architecture of NAChR
trimers, whereas CL Il produced a significant amount of with the subunit stoichiometrya(,(31)yd is firmly estab-
hexamers besides the conspicuous trimers (Figure 6B). Inlished (Unwin, 1995; Huchet al, 1996). Two-electrode
addition, small amounts of tetramers and pentamers arevoltage clamp measurements on oocytes coinjected with
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Fig. 7. Analysis of muscle-type nAChR by cross-linking and blue native PAGE. Oocytes were co-injected with cRNA (ratio 2:1:1:1) for the nAChR
a4-His; subunit and the non-taggdld, y andd subunits. After overnight labeling wit#{S]methionine ad a 5 hchase interval or surface-labeling

with 129-sulfo-SHPP, the nAChR was purified by Niagarose chromatography from a dodeyd-maltoside (0.5%) extract. Numbered arrows
indicate positions of dimer, trimer, tetramer and pentarer.3fS-labeled, purified NAChR was cross-linked at 5 mM DMS and resolved by

reducing SDS-PAGE (4-10% acrylamide gradient gel) followed by autoradiography. Non-cross-linked nAChR was analyzed in parallel.

(B) 35S-labeled nAChR was supplemented with blue native sample buffer and analyzed by blue native PAGE (5-13% acrylamide gradient gel) and
autoradiography. nAChR was analyzed as indicated without further treatment and after incubation with 0.1 MdDBTMarmea (added as a solid).
Please note that rather harsh treatment was required to cause the heteromultimeric NAChR to dissociate into lower order intermediates.

(C) Comparative analysis of surface-expressed and total NnAChR (surface plus intracERiisujfo-SHPP labeling of oocytes was performed

3 days after cRNA injectiont?3-sulfo-SHPP-labeled andJS]methionine-labeled nAChR were resolved by blue native PAGE (4-10% acrylamide
gradient gel) followed by autoradiography.

the cRNAs forf3;, y, 6 and either non-tagged; or ;-
His; showed that the heptahistidyl sequence introduced at
the C terminus of ther; subunit had no notable effect on
the functional properties of the nAChR (data not shown).
The non-tagged;, y and 6 subunits of the dodecy-b-
maltoside-solubilized nAChR were co-purified by
Ni2*-NTA chromatography together with the heptahisti-
dyl-taggeda; subunit fromXenopusocytes injected with
the respective cRNAs (Figure 7A). All four individual
subunits could be resolved by linear SDS-PAGE (data
not shown). Treating natively eluted nAChR with 3,3
dimethyl suberimidate (DMA) (Wattet al, 1997) before
the addition of SDS produced cross-linked nAChR penta-

including N-glycosylation, homomeric assembly in the
ER, processing of N-glycans subsequent to ER exit, and
plasma membrane appearance of mature, homotrimeric
P2X receptors. The demonstration of the usage of four
out of five consensus sequences for N-glycosylation of
P2X, places a large portion of the polypeptide chain on
the extracellular side of the plasma membrane, strongly
supporting the predicted membrane topology of P2X
receptors. Consistent results obtained by both chemical
cross-linking and blue native PAGE analysis of two P2X
isoforms, P2X and P2X, provide strong evidence that
P2X receptors possess a trimeric architecture as discussed
below. The extracellular domain of P2Xhas recently

mers besides intermediate stages (dimers, trimers andoeen purified from bacteria and shown to form stable

tetramers; Figure 7A). Blue native PAGE analysis of
nNAChR isolated from both surface-radioiodinated or meta-
bolically labeled oocytes revealed one predominant band

tetramers when refolded vitro (Kim et al,, 1997). These
results differ from those obtained witkenopusoocytes,
since truncated P2xreceptors that lack M2 are hindered

representing the pentameric receptor complex (Figure 7C).from assembling into homomultimers in these cells
Incubating nAChR with DTT alone was insufficient to (unpublished results). In a study performed before P2X
display lower order intermediates of nAChR by blue receptors were cloned, a sedimentation coefficient of
native PAGE. However, when nAChR was treated with 12.1 S was found for a’H]a,B-methylene ATP-labeled

DTT in the presence of 8 M urea, partial dissociation of protein thought to represent native P2X receptors (Bo
NAChR resulted in the appearance of tetramers, trimers,et al, 1992). Under identical conditions, we observed

dimers down to the monomers (Figure 7B). We conclude
from these results that blue native PAGE combined with
partial dissociation of the native receptor complex is able
to display correctly the quaternary structure of ligand-
gated ion channels.

Discussion

digitonin-solubilized His-P2X trimers to sediment with
the same high coefficient (data not shown).

Bifunctional antagonists as efficient cross-linkers

of P2X receptors

Using structurally distinct cross-linkers with long spacers
between two reactive groups, purified P2Xeceptors
could be quantitatively cross-linked to trimers of identical

The present study not only brings a novel quaternary subunits. CL Il, a derivative of the P2X receptor antagonist
structure to ligand-gated ion channels, but also shows for PPADS with a second reactive aldehyde group, turned out
the first time details of the biosynthesis of P2X receptors to be a particularly effective cross-linker and produced

3023



A.Nicke et al.

covalently linked P2X trimers at concentrations as low did not prevent the formation of these aggregates. Thirdly,
as 10uM. To explain the high cross-linking efficiency of hexamers were also observed when P2X receptors were
this compound, we assume that CL Il, like PPADS itself, first purified in octylglucoside and then kept in digitonin
first becomes non-covalently bound to one binding site and vice versa, indicating that hexamer formation results
on the P2X or P2X; receptor and then forms a Schiff from exposure to octylglucoside. Fourthly, the amount of
base with a critical lysine residue. Once immobilized by P2X; multimers diminished when the concentration of
one C=N bond, the second PPADS-like moiety of CL Il  octylglucoside was increased. At1.5% octylglucoside,
may bind to the PPADS binding site on a neighboring P2X; hexamers dissociated into smaller complexes down
P2X; subunit, an interaction that may be facilitated by to monomers, implying that octylglucoside by itself pos-
the long and flexible spacer of CL Il. A second=@l sesses denaturing properties. Consistent with this possibil-
bond can then be formed between the free aldehyde groupity, P2X complexes stored in octylglucoside were much
and a lysine residue of the neighboring R2%ain. The more sensitive to dissociating treatments such as heating,
view that interaction with the PPADS binding site favors freezing and thawing, and incubation with DTT than
cross-linking is supported by the finding that the ability when kept in digitonin. One striking difference between
of the three PPADS analogues to cross-link PRXhomo- octylglucoside and dodecylmaltoside is the length of the
trimers mirrored their order of potency as antagonists in hydrocarbon chain. Whereas the hydrocarbon chain of
functional experiments at P2Xreceptors in rat vas dodecylmaltoside has approximately the length of the fatty
deferens: CL 11> DIPS > PPAPA (G.Lambrecht and  acyl chain of phospholipids, the hydrocarbon chain of
B.Niebel, unpublished data). These results support the octylglucoside is shorter and may be less able to shield
hypothesis that CL Il and DIPS interact with P2X  hydrophobic surfaces through which P2X trimers are in
(P2X3) receptors according to the classical bivalent-ligand- contact with the lipid bilayer of natural membranes. Hence,

mechanism (Portoghese, 1989). hexamers or larger assemblies of trimers may be formed
by hydrophobic interactions that can occur in octylgluco-
Are full-sized P2X receptors trimers or hexamers? side but not in digitonin or dodecylmaltoside.

Provided that either digitonin or dodecylmaltoside was  An attractive alternative possibility is that octylgluco-
used as a detergent for P2X receptor solubilization, chem- side reveals a propensity of P2X trimers to combine to
ical cross-linking never resulted in a complex larger than form larger complexes by exposing a subunit recognition
a trimer. Also when P2X receptors were solubilized in sjte that also becomes exposed physiologically under
octylglucoside and then cross-linked with up to 100 particular conditions in living cells. Assuming that the
PPAPA, no complexes larger than a trimer were produced. trimeric P2X complex is the structural unit that mediates
If, however, octylglucoside-solubilized P2Xreceptors  ATP-gated permeation of small cations, it is tempting to
were cross-linked with CL 11, covalently linked hexamers - speculate that assembling two trimers into a hexamer may
were observed in addition to trimers. Since only negligible resylt in the formation of a much larger pore. Interestingly,
amounts of intermediates such as tetramers and pentamerge P2X% isoform exhibits a cation-selective conductivity
were produced, the hexamers were apparently formed bythat is typical for the whole P2X receptor family, but
covalent pairing of two trimers, supporting the view that pecomes slowly permeable to molecules as large as
trimers constitute an essential structural element of P2X 1000 Da by an unknown mechanism when repeatedly
receptors. stimulated with ATP, eventually leading to cytolysis

Analysis of P2X and P2) receptor complexes by blue  (gyrprenanet al, 1996; Rassendreet al, 1997b).
native PAGE vyielded results that are consistent with the

cross-linking experiments. The P2X receptors migrated

quantitatively as trimers when purified in digitonin or Trimerization of P2X monomers occurs in the ER
dodecylmaltoside, whereas trimers and hexamers wereAssembly of most oligomeric membrane and secretory
observed when octylglucoside was used for receptor solu-Proteins occurs in the ER a few minutes after completion
bilization. Hexamers became the predominant or sole form Of synthesis and is a prerequisite for exit to the Golgi and
of complex when purified P2X receptors were analyzed later compartments (Green and Millar, 1995). In agreement
by blue native PAGE without prior addition of native Wwith this general view, His-P2Xreceptors purified after
sample buffer, suggesting that the native sample buffer a 3 h f*S]methionine pulse, while still largely within the
impairs interactions between P2X trimers. Altogether, ER, migrated entirely as trimers (data not shown). This
these results may be interpreted to show that octylglucosidesuggests that trimerization took place in the ER soon after
is superior to digitonin or dodecylmaltoside as a detergent synthesis. Although P2X monomers must exist transiently
for P2X receptor solubilization and that P2X receptors in the ER, they remained undetected in the present
are complexes of six identical subunits. However, for experiments. In addition to the pool of P2Kimers which
several reasons we argue that the formation of hexamersis rapidly transported along the secretory pathway, we
is artifactual. First, both digitonin and the frequently used observed a significant fraction of P2Xrimers which
dodecylmaltoside are mild detergents capable of preservingremained resident in the ER. A similar behavior of
even weak protein—protein interactions (Schmalzngl,, influenza hemagglutinin, which also assembles to trimers
1992, 1997). Secondly, aggregates composed of up to fivethat are partially retained in the ER, has been attributed
P2X, trimers were observed when purified P2¥ceptors to improper overall conformation of the transport-
were kept at a high receptor concentration in octylglucoside incompetent trimers (Copelanet al, 1986). Likewise,
but notin digitonin. These findings suggest that octylgluco- we infer that trimerization of P2Xmonomers alone is
side favors aggregation upon random collisions of P2X not sufficient to allow transport out of the ER and
trimers. Consumption of free sulfhydryls by iodoacetamide that incompletely folded P2X trimers are retained by
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a phenomenon called ‘quality control’ (Hammond and Pore-forming motifs and quaternary structure

Helenius, 1995). Bundles of 4-6 approximately parallel transmembrane
helices are thought to represent a fundamental pore-
forming motif of multiple channel proteins (Montal, 1996).
The helices are arranged such that polar residues line the
central hydrophilic pore and apolar residues face the
hydrophobic bilayer interior. If each structural unit contrib-
utes solely one helix to the pore, the number of structural
units and the pore diameter or cation permeability should
be closely related. The most selective channels, such as
voltage-gated channels for Naor C&", possess narrow
pores of ~4 A diameter that are thought to be formed by
tetrameric bundles ofi helices, one donated from each

: . ; X . of four internally homologous domains. The less selective
which dissociated into monomers when treated with DTT ion pore of the nicotinic acetylcholine receptor, for which

were observed in the absence of reducing agents. Similary '\ eai of data exists, has an effective diameter of 6.5 A
observations have been reported for influenza hemagglutl-(DWyer et al, 1980) and is lined by a bundle of five M2

nin (Boulay et al, 1988) and synaptophysin (Johnston helices, one from each subunit (Unwin, 1995; Hucho
and Sulhof, 1990). A detailed analysis has shown that o 5 “1996). Channels of the glutamate receptor family

disulfide cross-linking of synaptophysin occurs during that possess either a tetrameric (Lagbal, 1998; Mano

so[ubilization by a .disullfide exchange between closely gng Teichberg, 1998) or pentameric subunit organization
adjacent cysteines in neighboring subunits (Johnston a”d(Ferrer—MontieI and Montal, 1996) have effective pore

Stdhof, 1990). We could not, however, corroborate a giameters between 5.5 A (Villarrot al, 1995) and
reduction—oxidation cycle as a mechanism for PpHly- 7.8 A (Burnashevet al, 1996). Like the ionotropic

merization during receptor purification since alkylation of - eceptors for acetylcholine and glutamate, P2X receptors
free thiol groups by iodoacetamide did not prevent the 416 non-selectively permeable to cations including’Ca
occurrence of the SDS-resistant R2Rultimers. As an 454 possess an effective pore diameter slightly larger than
alternative possibility, disulfide cross-linked P2X subunits hat of the nAChR (Evanst al, 1996). Given that the
may be intermediates in normal protein folding, as has pore motif of P2X receptors consists also of a bundle of
been suggested for thyroglobulin (Kiet al, 1993), or helices contributed by M2, the proposed pore-forming
misfolded ER forms. Consistent with this view, the amount segment (Rassendrenal, 1997a), a tetrameric or pentam-
of disulfide—linked. P2X subunits decreased during pro- garic subunit organization would be most plausible. A
longed chase periods (data not shown). trimeric arrangement as suggested by the present study is
The disintegration of P2X receptors caused by DTT not consistent with this pore motif, since a trimeric bundie
requires additional comment. The presumed extracellular of o helices can be expected to form an occluded pore.
domain of a single P2X receptor subunit comprises 10 Also a hexameric subunit arrangement is not likely, since
cysteine residues which are conserved among all family channels thought to be formed by a hexameric bundle of
members (North, 1996b) and which may give rise t0 q helices such as members of the synaptophysin/connexin
fl\(e mtracham disulfide linkages (Hansm al, 1997). ~ channel superfamily (Thomast al, 1988; Yeager and
Disulfide bonds are thought to have an important role in Nicholson, 1996) have pores as wide as 20 A, allowing the
maintaining the mature conformation of proteins. This passage of molecules up to ~1000 Da. These considerations
seems also to be true for P2X receptors, since blocking may suggest that either our biochemical data are not
of disulfide formation on nascent P2X6ubunits with  consistent with the genuine quaternary structure or that
DTT prevented P2Xtrimerization and exit from the ER  p2X receptors must possess a pore motif distinct from the
(unpublished results). Therefore, it was not unexpected to canonical bundle ofi helices. There is evidence for the
observe that P2Xcomplexes dissociated into monomers |atter, since the inferred secondary structure of M2 of P2X
when the structural constraints imposed by disulfide bonds receptors has evolved recently. Whereas initial structure
were removed by reduction with DTT. On the other hand, predictions suggested the M2 segment to cbéelical,
itis also known that the disulfide bonds of mature proteins recent data obtained from extensive cysteine accessibility
are inaccessible to reducing agents unless denatured (Tatgcanning imply that M2 of rat P2Xexists as ap
et al, 1993) and that functional P2X channels are remark- strand (Rassendreet al, 1997a). Unfortunately, with the
ably resistant to chemical reduction with DTT (Rassendren exception of the helical-bundle motif and the pofia
etal, 1997a). One may conclude from the DTT sensitivity barrel motif, there are virtually no pore structures of
of detergent-solubilized P2X receptors that they became channel-forming membrane proteins at atomic resolution.
partially denatured during purification. However, as men- Possible channel structures that emerge from crystallized
tioned above, the native sample buffer by itself possessessoluble proteins and involv@ barrels and mixed/p
slight dissociating properties, most likely as a result of its folds have been discussed recently (Montal, 1996).
sodium aminocaproate content. In the absence of native P2X receptors show no significant sequence homology
sample buffer, DTT treatment of detergent-solubilized to any characterized protein, but their membrane topology
P2X; caused little if any dissociation of P2Xrimers is reminiscent of a variety of other ion channels (for
indicating that disulfide bonds were essentially as inaccess-review see North, 1996a) such as the epithelial" Na
ible to DTT as the disulfide bonds of P2X receptors of channel/degenerin gene superfamily (Rosstexl., 1994),
intact cells. the inwardly rectifying K channels of eukaryotes and

Role of disulfide bonds

Dissociation of P2X complexes into monomers was
caused not only by DTT in the presence of sodium
aminocaproate, but also by a variety of denaturing treat-
ments which by themselves will not affect disulfide bonds,
such as addition of urea or SDS. We conclude from these
results that native P2X receptor complexes are maintained
by non-covalent interactions and not by interchain disulfide
linkages. It has to be mentioned, however, that low
amounts of SDS-resistant P2K&ligomers up to hexamers
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bacteria (Schrempét al., 1995) and the mechanosensitive Materials and methods

ion channel oEscherichia col(Blountet al,, 1996). From .

these, inward rectifier Kchannels are tetramers composed ggxﬁsc&"nﬁ;’r‘i's‘i’:z?ﬁ::g;";gg’ggdmg sequences of {Eeract al

of identical or homologous subunits (Yameg al., 1995). 1994) and P2X (Chenet al., 1995; Lewiset al, 1995) bvere amplifiéd
Epithelial Na" channels recently have been reported to have by RT-PCR from total RNA of rat vas deferens and rat adrenal gland,
a tetrameric architecture as well, and to exist at the plasmarespectively, and cloned into vector pNKS2 (Glaaral, 1995). PCR
membrane as heterotelramers of moone and oney  privers sed o T, PCF e desgned o noduce s utikstc
subunit (F'rSO\et al, 19_98)' quever' thereis also evidence codons for a hexahistidyl tag (His) could be inserted in-frame immediat’ely
for a heterononameric architecture of the same channelSpefore the start codon to yield His-P2xnd His-P2%. Mutant His-P2X%-
formed by threen, three3 and threey subunits (Snyder K249S (Lys249 is mutated to Ser) was generated using the Chameleon™
et al, 1998). With respect to the pore structure there is TR0 EE b o O AR were kindly provided by Dr
evidence t.ha.t eplthella! Nac.h.annels contain a hall’pln Y/.Witzemann(WitzemanBt al, 1990). A uniqudBanHl ré,cognition sit)(la
structure similar to the lipophilic H5 segment of Khan- was introduced at the stop codon of thesubunit using the QuikChange™
nels (Firsovet al, 1998). P2X receptors also possess a mutagenesis kit (Stratagene). To generate nACtHHis;, double-
highly conserved lipophilicdomainimmediately before M2, stranded oligonucleotides encoding seven histidine residues followed by
which was initially thought to be homologous to the H5 2 5e TCoe TRlE et o e ence of NACKI
signature of K channels and to contribute to the Pore  without changing any other amino acid. PCR-amplified P2X cDNAs,
(Valeraet al, 1994). However, a H5 homologous sequence junction sequences and inserted oligodeoxynucleotides were sequenced
was only found in P2Xand not in the P2X isoforms identi- by the dideoxynucleotide method. o _

fied later, and cysteine accessibility scanning provided no R,\?:ng?n ‘;‘fa’i/gip"ﬁzrﬁn Z%ri‘:)‘epsji?gc‘;fgms'e'gizfr'gggé‘;fggﬁf;;‘t’ggrippf
evidence that the residues in this region contribute directly and phe)rllol—chloroform extraétion, and zj/issolved in 5 mM Tris—HCI, pH y
to the aqueous pore (Rassende¢rl, 1997a). Hence, the 75 using the optical density reading at 260 nm for quantitation,¢@D
oligomeric organization associated with pore formation of 1.0= 40pg/l).

P2Xreceptors may be quite distinct from that dféhannels L .

and epithelial Na channels despite a similar overall mem- - JRCon S08 BURateee BICERORR AONIRE e Foicte
brane topology. A third channel protein with a P2X-like ceII-fr’()ae oocytes of oogenesispstagesVor \zl were obtained aé described
membrane topology, the mechanosensitive ion channel of (Schmalzinget al, 1992) and injected with 50 nl aliquots of cRNAs.
E.coli, has been found by chemical cross-linking to consist Injected oocytes and non-injected controls of the same batch were cultured
of homohexamers (Blourm al,, 1996). Since this channel &t 19°C in sterile ORI (oocyte Ringer’s solution) (90 mM NaCl, 1 mM
has a very large pore diameter of 34—46 A (Cruickshank KCl, 1 mM CaCh, 1 mM MgCl and 5 mM HEPES pH 7.4).

et al, 1997), these data appear to support our view that a mMetabolic labeling with [F°SImethionine and protein

hexameric subunit arrangement is unlikely to account for purification by NZ*-NTA chromatography

the selectivity of P2X receptors for small cations. In a Hris'tﬁgg\‘fr‘]ji F;z;( ref,fg toésvﬁre pur\i,ﬁ??n?imr:\g/?ea??trotsiencmotrn atot- red
more general Sense’ our data together with those showing %r?fei%s caﬁ bei?uted ?eac?iIy?a?/ecgmepetitiv:dis%la((::gmaénc: Withﬁn?i?jg:oﬁz
hexameric architecture of the mechanosensitive ion channelyngor by chelation of Nit with no need for denaturing agents such as
of E.coli(Blountet al, 1996) and a nonameric architecture SDS.cRNA-injected oocytes and non-injected controls were metabolically
of epithelial Na channels (Snydeet al,, 1998) may be labeled byoverni‘ght incubation wim[35S]methionine(>40 TBg/mmol,
regarded as hints that some channels with a P2X-like mem-Hartmann Analytic, Braunschweig) at ~100 MBg/ml (0.4 MBq per oocyte)

in ORI at 19°C and then chased for 5 h at 10 mM unlabeled methionine

brane topology share a similar molecular architecture with ;, 5 Oocytes were homogenized in detergent buffer |{8ocyte)

trimers as the common denominator. consisting of 0.1 M sodium phosphate buffer pH 8.0, 1 mM phenylmethyl-
sulfonyl fluoride, and the detergent indicated in the figures legends. Deter-
Blue native PAGE as a method for quaternary gent extracts were cleared by centrifugation (10 min at 10g098d 4°C),

diluted 5-fold with detergent buffer and supplemented witA"™NNTA

structu:l'e determination . o . agarose (Qiagen) and imidazole—HCI pH 8.0 (final concentration 10 mM).
As detailed above, chemical cross-linking and blue native after 30 min of end-over-end mixing at ambient temperature, beads were

PAGE analysis yielded results that were entirely consistent washed four times with ice-cold detergent buffer containing 25 mM imida-
with each other. We could further substantiate the versatility zole-HCI pH 8.0. Protein was released from thé'NNTA agarose by

; ; _ two rounds of continuous gentle shaking, each for 10 min at ambient
of biue native PAGE by demonStratmg that the muscle type temperature, with non-denaturing elution buffer (pH 7.8) consisting of 20

NAChR formed by Co-expression of Hl_s-taggeplsubunlt mM Tris—HCI, 100 mM imidazole-HCI, 10 mM EDTA and the desired
and the non-taggeﬂl,_ y and 6 SUbun|t$ migrated as a _ detergent. Eluted proteins were kept at 0°C until analyzed.
pentameric complex in agreement with the pentameric o
structure of this receptor (Unwin, 1995; Hu 1, 1996). frzqgszihd,:g::)’;g(ybutane was from Aldrich, DIDS, DMS and DSP were from
Blue na.tlve. PAGE should have broad appllcablllty fo.r the, S’igm’a, and DTSSP was from Pierce.’ln seérch of more P2X-specific
de_termmatlon of the quaternary structure and Subumt StOI- reagents, three distinct bifunctional analogues of the P2X receptor antagon-
chiometry of ion channels, especially when combined with ist PPADS (Lambrechet al, 1992; Lambrecht, 1996) were synthesized.
denaturing treatments that display individual channel sub- Details of the synthesis will be described elsewhere. In brief, PPAPA and
units in addition to the multimeric complexes as shown here. ;'fg gere obtained by coupling diazotized j}gméngé?fgfﬁﬂegéde at
AItogether, our results indicate Fhat P2X receptors_ p(_)S- respectively, with pyridoxal phosphate. CL Il was synthesized by reacting
sess a quaternary structure that is fundamentally distinct 4-nitrobenzoyl chioride with 2/2(ethylenedioxyis(ethylamine) in tolu-
fromthe established tetrameric or pentameric subunit organ-ene at80°Cin the presence ofj&Ds. The resulting product was recrystal-
ization of the other families of Iigand-gated ion channels. lized, hydrogenated by catalytic reduction, diazotized, and then coupled
: : : : with pyridoxal phosphate at pH 8.5. Finally, the cross-linkers were precipit-
Further eXp?“mentS are requwed to Clanfy uneqU|voca[Iy ated with isopropanol and found by silica gel thin-layer chromatography
whether a trimer or a hexamer acts as the unit conductionjn isopropanol/33% NyDH/water (6:3:2) to be=96% pure. Structural

element. formulae are shown in Figure 3.
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