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Functional domains of
(;ABA, receptors

G eoffrey B. Smith and Richard W. Olsen

The transmitter-gated ion channels mediate rapid
synaptic transmission, for example, at the
nizuromuscular junction using acetylcholine and in the
C\S using primarily the amino acids glutamate and
GABA. GABA,-receptor CI- channels share sequence
himology with a superfamily of these channels
including nicotinic acetylcholine receptor and inhibitory
glycine receptor. In this article, Geoffrey Smith and
Richard Olsen discuss recent affinity labelling and site-
directed mutagenesis studies on GABA, receptors that
have identified amino acid residues essential for
binding of agonists and allosteric modulators as well as
tle ion channel wall formation. The structural domains
identified are consistent with results obtained with
o-her members of the transmitter-gated ion channel
superfamily and suggest that structural models for one
nember of the family may apply to the others as well.

CGABA, receptors mediate most of the inhibitory synap-
tic transmission in the CNS and serve as the target for
many important neuroactive drugs, including benzo-
diazepines, barbiturates, steroids, general anaesthetics
ad possibly alcohol!.

Molecular structure

GABA, receptors share, with other members of the
transmitter-gated ion channel superfamily, certain struc-
tural and functional similarities. These include a hetero-
rueric pseudo-symmetric transmembrane structure?,
which, like the nicotinic acetycholine receptor, appears
to be in pentamers’. The cDNAs for all of the subunits for
the various members of the superfamily are evolution-
arily related, sharing a common sequence homology and
predicted topological structure for the polypeptides. In
particular, they are composed of a putative large N-
terminal extracellular domain, thought to be responsible
for ligand—channel interactions, and four putative trans-
membrane domains (TM) with a large intracellular loop
containing sites for regulation, for example, phosphoryl-
ation, between TM3 and TM4 (Refs 2-5, 8-10) (Fig. 1).

The GABA, receptor can be considered a family of
receptors because there are numerous genes coding for
distinct, but related, subunits. These are named according
to the degree of sequence homology, for example, a sub-
units have about 70% homology, but only about 25%
homology with g subunits (and 15-20% with other mem-
bers of the transmitter-gated ion channel superfamily).
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The existence of six o, four B, four v, one 3§, and two p
subunits and splicing variants of many of them suggests
that a large number of heteropentameric isoforms might
occur. Available evidence suggests that 12-24 isoforms
are sufficiently abundant to play significant physiological
roles. This diversity presumably serves a number of bio-
logical roles, including tissue- and age-dependent tran-
scription control and tissue-dependent functional control
at the protein level!311, The existence of receptor subtypes
raises the possibility, not yet realized, of selective drugs
of improved clinical profile, for example, in the treatment
of anxiety, epilepsy, and insomnia'l.

Studies on GABA,, receptor subunit composition have
included attempts to reconstitute pharmacological pro-
files using various combinations of recombinant receptor
subunits expressed in heterologous cells!!-16. Protein
chemistry and antibody separations to determine which
polypeptides are associated with native pharmacological
receptor subtypes suggest that many naturally occurring
isoforms contain at least two copies of the « and B sub-
units, one or more copies of the y subunit, with the 3
subunit sometimes replacing the y subunit!?-2!. Exact
native subunit combinations and stoichiometries remain
speculative.

Although none of these transmitter-gated ion channel
proteins has been amenable to X-ray crystallography
studies so far, some structural information has been
deduced with affinity labelling/ microsequencing, site-
directed mutagenesis and domain-specific antibody local-
ization, especially with the nicotinic acetylcholine recep-
tor (for reviews see Refs 9, 10). A 9 A structure of this
receptor in the closed- and open-channel conformations,
obtained by computer-enhanced electron microscopys®,
may serve as a model for all members of the superfamily.
The few studies performed on the other members of the
superfamily are consistent with conclusions suggested
from work on the nicotinic acetylcholine receptor.
Recently, results on the GABA , receptor have contributed
additional information to understanding the structure
and function of this important class of proteins.

GABA binding site

A single point mutation of the rat a1 subunit at Phe64,
in the putative N-terminal extracellular domain (Fig. 1),
produced a marked decrease in agonist and antagonist
affinities when coexpressed with 82 and y2 subunits!“. In
addition, we have recently shown that this position
(bovine equivalent is Phe65) is also covalently modified
by the GABA site photoaffinity agonist [!H}muscimol?2.
The same, or similar labelled, sequence is present in all «
subunits, in the y2 and  subunits, but not in B subunits.
Affinity labelling suggests that rat Phe64 is probably pos-
itioned near a GABA binding site, although this con-
clusion is limited by the lack of knowledge of the actual
chemical reaction involved in the photoaffinity-labelling
with muscimol.

Two other regions in the B2 subunit were also shown,
by mutagenesis, to affect functional activation by GABA
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(Ref. 16). These homologous domains, with the second
domain being in the reverse orientation of the first,
are Tyr157-Gly158-Tyr159-Thr160 and Thr202-Gly203-
Ser204-Tyr205 and are situated between the disulphide
loop and TMI1 (Fig. 1). Mutation of Tyr157 or Tyr205 to
Phe, or Thr160 or Thr202 to Ser in the B2 subunit signif-
icantly reduced binding affinity for both agonists and
antagonists at the GABA site. Mutations in the corre-
sponding residues in a and vy subunits had little or no
effect. The mutated receptors were still able to be acti-
vated by pentobarbital, indicating that there was no
difference in the channel structure!s.

The p subunit, expressed in retina, forms homomeric
channels (when expressed in host cells) that show
unusual pharmacological properties, including insensi-
tivity to several modulatory drugs and the GABA
receptor antagonist bicuculline and the GABA receptor
agonist  4,5,6,7-tetrahydroisoxazolo(5,4c)pyridin-3-ol
(THIP), but a 40-fold higher affinity for GABA compared
to the receptor consisting of the al, p2 and 2 subunits.
Mutation of several residues changing in the p subunit
to ones not found in the subunit resulted in reduced
GABA affinity but unaltered THIP affinity for the
channel. These residues identified another important
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domain at human p subunit His141/Arg144 (Ref. 23).
The p subunit His141 aligns with, or is adjacent to, the
human «1 subunit His102, the equivalent of the rat a1
subunit His101 (Fig. 1) implicated in benzodiazepine
binding. A possible additional region in the disulphide

Fig. 1. Structure of the rat GABA, receptor a1 subunit with deduced amina acid sequence indi-
cating amino acid residues implicated in ligand binding domains. GABA receptor o Subunit
residues implicated in ligand binding are indicated (orange). Residues implicated in ligand bind-
ing at both GABA receptor « subunit and other subunits are shown {pink); residues implicated in
ligand binding at other receptors are indicated (blue). The greek letter indicates the subunit(s)
involved, followed by the amina acid (single letter code) and its sequence number. The break in
the sequence at amino acid 171 indicates an additional 20 amino acids not shown. Modified from

loop at GIn189 was also found to affect GABA binding?®.
In another study of the p subunit, three of the same
residues implicated in B2 subunit: Tyr198, Thr244 and
Tyr247, as well as two others nearby (Tyr200 and Tyr241)
were critical for the unique GABA affinity as well as
different channel opening, closing and desensitization
kinetics?.

A model for agonist binding to transmitter-gated ion
channel receptors has been suggested? that postulates
the involvement of the extracellular disulphide loop
which is conserved in all members of this family? (Fig.1).
Recent mutagenesis studies have cast doubt upon such
a role for this structure in GABA,, as well as nicotinic
acetylcholine and glycine receptors26-2,

Three domains of agonist binding have been defined
on the a subunit of Torpedo nicotinic acetylcholine recep-
tors, around Tyr93, Trp149 and Tyr190/Cys192/Tyr197
(Ref. 9). Similar approaches have identified similar
regions important to agonist binding in glycine recep-
tors: Tyr161 and Tyr202 (Ref. 29) and Phe159 and Tyr161
(Ref. 30); modification of the latter produced a glycine
receptor that could bind GABA. In nicotinic acetyl-
choline receptors Trp149 and in rat glycine receptors
Phe159 and Tyr161 are homologous to the rat B2 subunit
(amino acid residues 157-160) domain on GABA , recep-
tors, while Tyr197 in nicotinic acetylcholine receptors
and Tyr202 in glycine receptors are in the vicinity of the
B2 subunits (residues 202 to 205) implicated in GABA
binding in GABA , receptors'®.

Ref. 8 with permission.

The residue Arg55 in the a subunit of Torpedo nicotinic
acetylcholine receptors, which is homologous to the rat
Phe64 in GABA , receptor a subunits (important in GABA
binding), is essential for a-bungarotoxin activity, as
shown by mutagenesis. In addition, a synthetic peptide
encompassing Argbb is able to inhibit binding of this toxin
and mutation of this residue or other nearby residues
prevents its activity?!.

The agonist binding site in transmitter-gated ion chan-
nel receptors may occur at an interface between two dis-
similar subunits. In nicotinic acetylcholine receptors,
residues at the a subunit-8 subunit and « subunit-y
subunit interfaces were identified by photoaffinity
labelling with [*H]D-tubocurarine®. In the & and y sub-
units these residues are located in the region homologous
with Phe64 in the GABA, receptor ol subunit. Also,
mutation of the y subunit Tyr117 dramatically reduced
curare binding®. Finally, a subsite of negatively charged
residues on the 8 subunit (Glul89 and Asp180) were
shown, by crosslinking reagents and site-directed muta-
genesis, to affect acetylcholine binding affinity034,
In recombinant GABA,, receptors, although channels can
be expressed from many combinations of subunits, a
minimal composition of a and B subunits is thought to
be required for reconstruction of agonist-dependent
gating! 3111316,
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Fig. 2. Model of GABA, receptor protein with five subunits, indicating amino acid residues impli-
cated in the binding of GABA and benzodiazepines (BZ). The subunit stoichiometry is tentative,
as indicated by the question mark. Single letters and numbers indicate the amino acids (and their
sequence positions) thought to be involved in GABA and benzodiazepine binding. Arows indicate
the direction in which the sequence runs.
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Benzodiazepine binding site

Benzodiazepines are a clinically important class of
compounds which allosterically modulate the actions of
agonists on GABA , receptor function. Benzodiazepine
agonists act by increasing the probability of Cl- channel
opening in response to GABA,; they do not open chan-
nels in the absence of GABA. The benzodiazepine site is
pharmacologically unique in that a range of efficacies is
observed. In addition to full and partial agonists, com-
pounds that act as full and partial inverse agonists
decrease channel function, and antagonists block the
effects of both agonists and inverse agonistsl1!. Benzo-
diazepines do not bind to the same site as GABA, and
the two sites allosterically modulate each other''!. In
addition, the domains for agonist and inverse agonist
binding may only partially overlap and not totally co-
incidel13536, in which case the amino acids involved in
the binding will depend on the ligand used.

Some residues involved in the binding of benzo-
diazepine ligands have been tentatively identified. The
site of {*H]flunitrazepam photoincorporation probably
lies between residues 59-148 of the a1 subunit®”. Within
this domain, residue His102 in bovine al subunit
appears to be a major site of photoincorporation of
[BH]flunitrazepam?®. The same single residue markedly
changed benzodiazepine agonist affinity and efficacy as
demonstrated by mutagenesis: the His101 residue of the
rat a1 subunit was shown® to confer diazepam-sensitive
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benzodiazepine binding while mutation of this residue
to Arg produced a subunit which, when coexpressed
with B2 and 2 subunits, was insensitive to benzodi-
azepine agonists. The Arg-containing mutant a1 sub-
units produced oligomers that bind the inverse agonist
Ro154513 with no change in affinity; however, the ben-
zodiazepine antagonist flumazenil has reduced affinity.
Binding of [*H]Ro0154513 was diazepam-insensitive, as
observed in the naturally occurring a4 and a6 subunits,
which contain Arg in residue 101. Diazepam-insensitive
binding of [*H]R0154513 is also observed in the cerebel-
lum, where the a6 subunit is exclusively expressed!!4.
In addition, a naturally occurring variant of the a6 sub-
unit with GIn101 was isolated from a strain of rats show-
ing high susceptibility to motor impairment by benzo-
diazepines and alcohol; the allelic variant of the a6
subunit produced intermediate affinity for agonists
when expressed with B and v subunits . Considering
the photolabelling data, and that these single amino acid
mutations produced such a large change in efficacy and
selectivity, even though inverse agonist affinity is less
affected, residue His101 in the a1 subunit is likely to be
closely associated with the binding site for some of these
ligands (Fig. 2).

The a subunit residue Tyr93 of the nicotinic acetyl-
choline receptor, implicated in acetylcholine binding?, is
equivalent to the GABA, receptor a subunit His101.
While the benzodiazepines are allosteric modulators
rather than agonists or antagonists for the GABA site, it
is interesting to note that the binding domain may be
equivalent to one for nicotinic acetylcholine receptor
agonists and antagonists. This suggests that part of the
benzodiazepine binding site of the GABA, receptor «
subunit may be a modified form of an agonist site, and
that some subunits, such as the p subunit, do not contain
the modification that produces affinity for benzo-
diazepines. The idea that the benzodiazepine binding
site might involve the same domain, in part, as GABA
sites on other subunits, and, like GABA sites, occur at
subunit interfaces, was proposed recently by Galzi
and Changeux®.

Additionally, a residue some distance away, between
the disulphide loop and TM1, Gly200 of the a1 subunit
(Figs 1 and 2), was shown to affect binding affinity for
benzodiazepine ligands#!. This residue is Glu in all other
a subunits and conversion to Gly, for example, in the a3
subunit, produces high affinity for ligands such as
C1.218872, B-carbolines and zolpidem (which have some
selectivity for the BZ, site); this characteristic is normally
associated with the presence of the o1 subunit, while a2
and o3 subunits account for BZ, site binding (lower
affinity for the same ligands) and the o5 subunit pro-
duces zolpidem-insensitive benzodiazepine bind-
ing111235, Additional modest changes in benzodiazepine
ligand affinity were achieved® by conversion of other
« subunit residues to the corresponding «l subunit
residues at Thr162 and Val21l (Fig. 1). Because the
changes produced were ones of relative binding affinity
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for agonist binding subtypes, these regions may or may
not actually participate in the binding pocket itself. agonist site modulatory site
Finally, an amino acid in the y2 subunit has been [3H]
implicated in benzodiazepine efficacy and possibly Q67 flunitrazepam
affinity. The y2 subunit Thr142, when conservatively ]
mutated to Ser, improved the efficacy of some benzo- Reo
diazepine agonists and reduced that of others; it also 071:
changed the action of antagonists to partial agonists!s. Fe5
Inclusion of a y2 subunit appears to be required for ben- Féd
zodiazepine binding and modulation of GABA , recep- BH] A L74
tor function!-153 (although the nature of the y and « muscimol vea
subunits can affect benzodiazepine sensitivity?11.18-2135), bez A
However, the photolabelling with [*H]flunitrazepam is
present on o subunits, or perhaps at a subunit—y subunit 61
interfaces?” (Fig. 2). T60 |
Taken together, the domains implicated for GABA / |

and benzodiazepine binding in the GABA, receptor
appear to be quite homologous to those on the other
transmitter-gated ion channel receptors, and the GABA
receptor model can be compared to those more complete
models proposed for the nicotinic acetylcholine receptor
(for example, Refs 6, 9, 10).

The channel

As in the nicotinic acetylcholine receptors®1?, TM2 of
the GABA, receptor has been implicated in formation of
the channel wall. In Drosophila GABA receptors, field-iso-
lated variant organisms resistant to the GABA receptor
antagonist picrotoxin and the insecticide dieldrin had a
different residue in TM2 (Ser replacing Ala); further, mu-
tation of the wild type Ala to Ser reproduced this insecti-
cide resistance®2. Mutations of the corresponding TM2
residues in mammalian o, B, or vy subunits resulted in
picrotoxin-resistant GABA , receptor channels®. Modifi-
cation of these TM2 residues to Cys and subsequent block
of channel function with membrane-impermeant sulph-
ydryl reagents revealed that the TM2 probably forms an
a-helix with one surface exposed to solvent, presumably
in the channel lumen*. This result is similar to those
obtained with the nicotinic acetylcholine receptorlo4.

Site-directed mutagenesis of residues just prior to, or
just after, TM2 in GABA, receptor o, B, or y subunits
resulted in altered rectification in current-voltage plots,
suggesting altered channel properties. This study, mix-
ing normal and mutated recombinant subunits, also
suggested a subunit stoichiometry of 2o, 1B and 2y sub-
units for the GABA receptors consisting of a3, f2 and 2
subunits'®. Likewise, residues in TM2 of glycine receptors
differ between « and B subunits and in picrotoxin sensi-
tivity: homomeric a channels show, unlike native recep-
tors, sensitivity to the GABA receptor antagonist picro-
toxin, while af heteromers are resistant, as expected.
Mutation of TM2 residues in the a subunit to conform
with the B subunit sequence removes the picrotoxin sen-
sitivity%. Minor mutations of the nicotinic acetylcholine
receptor in the TM2 channel wall, substituting with
GABA, or glycine receptor residues, convert the normal
cation channel into an anion channel?, supplying further

Fig. 3. Model of a functional domain of transmitter-gated ion channel receptors based on the a1
subunit of the GABA, receptor. A conserved motif (boxed) is found in two regions of the rat GABA,,
receptor o1 subunit which contains residues thought to be involved in ligand binding. The

sequence beginning at Thr60 contains the Phe64 residue photolabelled by
agonist [*Hlmuscimol. The second region commences at Thr95 and contains

the GABA receptor
the His101 residue

(PHIflunitrazepam binding). Highly conserved residues among transmitter-gated ion channel
receptors are indicated by highlighted circles. Agonist binding to the muscimoi-labelled region
could result in a rotation of the helical portion which begins at WE9. This rotational moticn could

be transduced to other regions of the receptor, such as the TM2 channel lining

helix, by interacting

with the region between the two conserved Trp69 and Trp34 (moving it left; indicated by arrows).
Ligands binding to the benzodiazepine allosteric modulatory site, formed in part by H101, could

influence the probability of complete transduction in a positive or negative manner.

evidence for structural similarities among members of the
superfamily.

A model of the agonist binding site in
transmitter-gated ion channels
Sequences for GABA and benzodiazepine binding
domains

Two « subunit regions, beginning at Thr60 and Thr95,
are likely to be involved in the GABA and benzodiazepine
binding sites, respectively (Fig. 3). These regions share a
common motif: TXDXFF, with this being conserved in
both regions of all a subunits. The Thr residue near the N-
terminal of these two regions also shows conservation,
both in GABA,, receptor subunits and those of other trans-
mitter-gated ion channel receptor subunits (Fig. 4a). The
His101 residue in the benzodiazepine-binding region
(Figs 3, 4) confers benzodiazepine agonist binding35394,
Mutation of this residue to Arg produces a subunit that
is insensitive to agonists. It is notable that the Arg66
residue in the GABA-binding domain aligns with the
His101 residue and suggests that this portion of the
benzodiazepine site may be a modified form of an
equivalent domain in the GABA site.
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Fig. 4. Alignment of transmitter-gated ion channel receptor subunit sequences showing conservation about the GABA and benzodiazepine binding regions.
a: The partial sequences Tyr53-Asn102 of a variety of subunits. Residues conserved in at least 8 out of 10 of the aligned sequences are indicated (*) and
the two highly conserved regions beginning with Trp69 and Trp34 are boxed. Conservative substitutions are indicated with a dot. The GABA-binding domain
in the o1 subunit precedes the first box, with the residue indicated by a black square; the benzodiazepine-binding domain follows the second box and the
residue is indicated by a black triangle. b: Predicted secondary structure for this region of the GABA, receptor a1 subunit. Also shown are plots of hydrophilic-
ity and the probability that residues are located on the protein surface. The first boxed region is a probable o-helix between two B-pleated sheets (which
carries a portion of the GABA binding site); the second box is a turn preceding a third B-pleated sheet (which contributes to the benzodiazepine binding

site). Data from Refs 48, 49.

Secondary structure motifs for partial ligand
binding sites

Examination of the secondary structural predictions*4
for these regions shows (Fig. 4b) that the predicted con-
formation for the two TXDXFF motif segments is a 8-
pleated sheet. The prediction is supported by the alter-
nation of polar and nonpolar residues for both regions
suggesting hydrophilic and hydrophobic faces to the
strands. The residues in the alternating hydrophilic pos-
itions, which could be exposed at the protein surface, are
also the residues that are conserved in both segments and
apparently modified by photoaffinity labelling?23, or
those that produced large changes in binding!43. Both
segments show a tendency to form B-pleated sheets in all
transmitter-gated ion channel subunit subtypes and the
conserved motif suggests that they may be oriented in
parallel to one another.

A sequence of approximately 25 residues between
these two regions also contains highly conserved amino
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acids (Fig. 4a). This intervening region is demarcated in
the GABA,, o subunit by Trp69 and Trp94. These residues
are conserved in all superfamily subunits. In addition,
residues corresponding to Asp71 and Leu74 of the a1 sub-
unit are also conserved throughout the superfamily. The
residue corresponding to Arg73is also conserved in trans-
mitter-gated ion channels with the exceptions being nico-
tinic acetylcholine receptor o subunits and 5HT, recep-
tors. These latter three conserved residues (Asp71, Arg73
and Leu74) are found in the N-terminal of the Trp-demar-
cated segment, following the first of the two B-pleated
sheets. This region may adopt a turn followed by a short
helix of about three turns (Fig. 4b). Following this puta-
tive helix is a region predicted by Chou and Fasman® to
be B-pleated sheet (Fig. 4b) in the centre of the Trp-
bounded domain.

Similar Bap motifs form structural units commonly
found in proteins of diverse function and cellular en-
vironments and are made up of two parallel B-pleated
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sheets connected by an intervening a-helix. In particular,
it has been observed that residues which contribute to
ligand binding or enzyme active-sites are often found
within a hairpin turn connecting the C-terminal of the
first B-pleated sheet and the N-terminal of the a-helix®.
The Pheb4 residue photolabelled with [3H]muscimol
(Fig. 3) could possibly lead into a binding loop with the
helix that begins at Trp69. The segment between the
second B-pleated sheet of the Bap motif and the con-
served Trp94 is less well predicted by this technique,
although another helical element is weakly implied by a
variation of this programme®.

Such a helix-based binding motif in transmitter-gated
ion channel receptors would agree with recent structural
findings for the nicotinic acetylcholine receptor reported
by Unwiné.

Conserved structural and functional domains

This region formed by residues between the conserved
Trp69 and Trp94 could correspond to a conserved struc-
tural unit and possibly to a functional domain which per-
forms a similar role among members of this superfamily.
If residues in the flanking B-pleated sheet regions con-
tribute to ligand binding in GABA,, receptors, then they
would also be expected to serve similar functions in other
receptor types. The homology observed between the two
ligand-binding segments for GABA and benzodiazepines
suggests that gene duplication may have resulted in a
modified agonist site which now functions as an allosteric
modulatory site in the GABA, receptor.

Conformational coupling of ligand binding
structural unit to ion channel gating

The entire binding structural unit may form a single
functional domain and function in the complex transduc-
tion of ligand binding to channel activation. Although the
tertiary structure is not known, one potential mechanism
involves the ‘agonist’ labelled segment (Fig. 3) causing a
rotation of the a-helix. This rotation and associated move-
ment of this structural unit could be transmitted to other
domains of the receptor resulting in conformational
changes associated with channel gating in TM2 and re-
orientation of residues providing steric impediment to ion
flow. Since the energy of ligand binding alone probably
would not be sufficient to cause a conformational shift
resulting in channel opening, this concerted movement of
the larger motif may be a necessary process for channel
function. Within this functional domain, the absolutely
conserved Trp residues could participate in translation of
this essential motion because of their size and hydro-
phobicity, causing them to be concentrated together in the
interior of the protein. In this way, they could act as a struc-
tural anchor, or as a mechanical fulcrum, for transmission
of this energy to other parts of the receptor protein.

Concluding remarks
The partial colocalization of GABA and benzo-
diazepine-binding domains to a single structural unit

could also provide an explanation for the observed
allosteric interactions between these two binding sites.
The unique positive and negative modulatory actions
upon agonist-dependent channel activity might result if
compounds acting at the modulatory site could influence
the extent or probability of ligand-induced rotation, with
positive modulators increasing and negative modulators
decreasing either the degree, or the likelihood, of helical
rotation, conformational change of the structural unit and
channel gating.
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How should P,
purinoceptors be classified
pharmacologically?

Charles Kennedy and Paul Leff

When ATP is released as a neurotransmitter from
central and peripheral nerves it acts at P,y
purinoceptors to produce postsynaptic depolarization
and excitation. The P,, purinoceptor was originally
classified on the basis of the relative agonist potencies
of ATP and a number of its structural analogues.
However, it is now clear that the potency of some
agonists is greatly decreased by breakdown by
ectonucleotidase enzymes, leading to an incorrect
determination of agonist potency order. In this article,
Charles Kennedy and Paul Leff discuss recent results
that indicate that the established classification of

P,x purinoceptors is no longer valid and needs
redefinition.

The physiological and pharmacological actions of ATP are
mediated through activation of P, purinoceptors, of which
at least five subtypes (P, P,y P,u, Por and P, purinocep-
tors) have been identified!-. In the absence of selective,
potent, antagonists, the receptors were classified largely on
the basis of the relative agonist potencies of ATP and a
number of structural analogues, in particular a,-methyl-
eneATP and 2-methylthioATP. Subsequent support for the
existence of these subtypes came with the cloning of the P,y
and P, purinoceptors, which belong to the G protein-
coupled receptor superfamily %7 and, more recently, genes
for the P, purinoceptor were identified and found to
encode transmitter-gated ion channels®?.

The P, purinoceptor was originally defined by a
rank order of agonist potency of a,B-methyleneATP >>
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2-methylthioATP > ATP, with o,B-methyleneATP being
approximately three orders of magnitude more potent than
ATP (Ref. 1). Comparative studies of agonist potency
should ideally be performed in the absence of metabolism
of the agonists, but until recently this was not possible,
as selective, potent, inhibitors of the ectonucleotidase
enzymes that degrade ATP were not available. It is now
clear that the influence of ectonucleotidases on agonist
potency is much greater than anticipated, resulting in a
possible erroneous characterization of the P, purinocep-
tor. Recent studies show that the potencies of ATP and
2-methylthioATP are decreased by 100-1000-fold by
breakdown and, that when this is prevented, ATP
and 2-methylthioATP are more potent than «,B-methyl-
eneATP as agonists at the P, purinoceptor.

The original definition of P,y purinoceptors

Burnstock and Kennedy! proposed a subdivision of P,
purinoceptors into P,y and P, purinoceptor subtypes on
the basis of two broad patterns of agonist activity. In the
guinea-pig vas deferens and urinary bladder, «,-methyl-
eneATP was more potent than ATP, which was equipotent
with 2-methylthioATP, at evoking contraction. In contrast,
in the guinea-pig taenia coli and rabbit portal vein,
2-methylthioATP was more potent than ATP, which was
more potent than o,B-methyleneATP, at causing relax-
ation. The former profile was defined as characterizing P,
purinoceptors and the latter profile P,, purinoceptors.
Also, repeated administration of o, B-methyleneATP selec-
tively desensitized the P, but not the P,, purinoceptor.

One limitation of these studies was that the agonist con-
centration-response curves were often non-sigmoidal, not
parallel and, in many cases, did not reach a clearly defined
maximum. Thus, the curves could not be analysed quanti-
tatively according to the Hill equation and ECs, values
could not be calculated. Nevertheless, over the next few
years numerous reports, in a wide range of tissues, added
support to the proposed subdivision (for review see
Ref. 10).

The first quantitative analysis of P,y purinoceptor
agonist action was performed in the rabbit isolated
ear artery!l. oB-MethyleneATP, 2-methylthioATP
and ATP all appeared to be full agonists and their
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