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ABSTRACT

The y-aminobutyric acid type A receptor (GABAAR) carries high (Kp = 5-30 nM)
and low (Kp = 0.1-1.0 uM) affinity binding sites for agonists and high affinity binding
sites for benzodiazepines. This thesis describes the interactions of y-aminobutyrate,
muscimol, Ro15-4513 and zopiclone with their respective binding sites.

A specific amino acid residue in the GABAAR B2 subunit has been implicated in
high affinity agonist binding. Tyrosine residues at positions 62 and 74 were mutated to
phenylalanine or serine and the effects on ligand binding and channel activation were
determined. None of the mutations altered benzodiazepine binding or allosteric coupling
properties of the receptor. Although mutations at position 74 had little effect on
[*H]muscimol binding, the Y62F substitution decreased the affinity of the high affinity
site ~6-fold, while the Y62S substitution led to a loss of detectable high affinity binding.
The potencies for both agonists were decreased 2-fold (Y62F) and 6-fold (Y62S) in ion-
channel activation studies. It is therefore concluded that Tyr-62 of the 32 subunit is an
important determinant of high affinity agonist binding.

To define the functional relevance of the high affinity agonist binding site(s),
desensitization phenomena were also investigated. Using the Xenopus expression system,
the concentration-dependence of desensitization was a function of both duration of
agonist-preperfusion and frequency of agonist application. Expression of Y62F and Y62S
increased the ICsp values for agonist-induced desensitization ~2-fold and >5-fold,
respectively. Lack of measurable high affinity binding (Y62S) facilitated recovery from
the desensitized state during continuous agonist perfusion. This suggests that the role of

the high affinity-binding site is to stabilize the desensitized state once it has been formed.
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The interaction of zopiclone, a sedative-hypnotic, with the GABAAR has been
characterized and the localization of the labeling of the a1 subunit by [PH]JR015-4513 has
been refined. Mutagenesis of H101 of the al subunit suggests that zopiclone interacts

with GABAAR in the same fashion as diazepam and flunitrazepam. Homologue and

alanine-scanning mutagenesis of the putative extracellular loop between TMII and TMIII
of the al subunit suggest that the region defined by Leu-276, Pro-277 and Val-279 is

important for agonist sensitivity.
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SHT3R 5-hydroxytryptamine type 3 receptor

HEK-293 human embryonic kidney 293

HEPES 4-(hydroxyethyl)-1-piperazineethanesulfonic acid

Kp equilibrium ligand dissociation constant

K; equilibrium inhibitor dissociation constant

LGIC ligand-gated ion channel

MBTA 4-(-N-maleimido)benzyltrimethylammonium

MSBD meta-sulfonate benzene diazonium

MTSEA N-biotinlyaminoethyl methanethiosulfonate

MTS methanethiosulfonate

muscimol 3-hydroxy-5-aminomethylisoxazole

nAChR nicotinic acetylcholine receptor

PMSF phenylmethylsulfonylfluoride

PKA protein kinase A

PKC protein kinase C

Ro15-4513 ethyl-8-azido-5,6-dihydro-5-methyl-6-oxo-4H-imidazo-[1,5a][1,4]-
benzodiazepine-3-carboxylate

Ro15-1788 8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo-
[1,5a][1,4]benzodiazepine-3-carboxylic acid

SCAM substituted cysteine accessibility method

TBPS tert-butylbicyclophosphorothionate

Tris tris(hydroxymethyl)aminomethane

zopiclone 4-methyl-1-1piperazinecarboxylic acid-6-(-5-chloro-2-pyridinyl)-6,7-

dihydro-7-oxo-5SH-pyrrolo-[3m4-b]pyrazin-5-ylester
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CHAPTER 1

Introduction
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INTRODUCTION

y-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the
vertebrate central nervous system (CNS) and it is localized to 20-50% of all synapses in
the brain (see Sieghart, 1989; Hevers and Liiddens, 1998). The decarboxylation of
glutamate by glutamic acid decarboxylase is the principal biosynthetic pathway for the
production of GABA (Roberts and Sherman, 1992). The binding of GABA to its
receptors usually produces a hyperpolarizing response (by virtue of an increase in
chloride or potassium i1on conductance), although there are some cases in specific
neuronal populations of the hippocampus (Michelson and Wong, 1991) and during
development (see Cherubini et al., 1991) when this neurotransmitter acts as an excitatory
substance. GABA elicits its responses by binding to two distinct classes of receptors, the
type A (GABA,) and type B (GABAGB) receptors, the former of which is a ligand-gated
ion channel and the latter of which is a G-protein coupled receptor that is insensitive to

bicuculline and, at which, baclofen is an agonist.

GABA, RECEPTORS: OVERVIEW

The nicotinic acetylcholine receptors (nAChRs), glycine receptors (GlyRs), 5-
hydroxytryptamine (serotonin) type 3 receptor (SHT;Rs) and y-aminobutyric acid type A
receptors (GABAARSs) share 15-18% sequence identity (Schofield et al., 1987) and are
classified as a family of receptors on the basis of this structural homology. GABAARs
are heteropentameric protein complexes (Nayeem et al., 1994), the subunits of which are
arranged to form a central anion-selective channel. The amino terminal region (~220
amino acids) of these subunits contains a conserved cysteine-cysteine bond (between
residues 139 and 153) and sites for asparagine (V)-linked glycosylation (Schofield ez al.,
1987), including N10 and N110 of the bovine o subunit, N8, N80 and N149 of the bovine
B subunit (Schofield ef al., 1987), and N13, N90 and N113 of the rat y2 subunit (Pritchett
et al., 1989a). Furthermore, the amino-terminus contains domains for ligand recognition
and subunit assembly (see below). Each subunit has a molecular size between 50-58 kDa,
which varies slightly according to the specific subunit isoforms and their state of
glycosylation (see Stephenson, 1995). On the basis of the well-characterized nAChR and
the hydropathy profile of GABAAR subunits, it has been proposed that there are four
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membrane spanning domains (TMI, TMII, TMIII, and TMIV), which are comprised of
22-23 amino acids that are largely hydrophobic in nature (Schofield et al., 1987). The
second of these domains, TMII, is believed to form the lining of the lumen of the
channel, the selectivity filter of which is a ring of positively charged lysine and arginine
residues (Schofield et al., 1987). Between TMIII and TMIV is a large intracellular loop
that is the least conserved portion of the primary sequence of the GABAR subunit
proteins (Fig. 1-1A). This loop contains consensus sequences for phosphorylation by
protein kinase A (PKA) (Schofield ez al., 1987), protein kinase C (PKC) (Moss et al.,
1992; Filipova et al., 2000), and tyrosine kinases (Moss et al., 1995), the functional
significance of which remains ambiguous. Each subunit has short a carboxyl terminal tail
(Schofield er al., 1987), which has been unambiguously localized to the extracellular
space (Connor et al., 1998).

Molecular cloning has identified a number of subunit classes, many of which have
multiple isoforms, including a1-6, B1-3, y1-3, p1-3, 3, €, ® and 6 (for review, see Bamard
et al., 1998). Further heterogeneity arises from the fact that the genes encoding several
subunits undergo alternate splicing [e.g. Y2 (Whiting et al., 1990), a6 (Korpi et al., 1994),
4 (Bateson er al., 1991), B2 (Harvey et al., 1994), B3 (Kirkness and Fraser, 1993)],
which generates long and short forms that differ by the insertion of a specific number of
amino acids (for review, see Hevers and Liiddens, 1998). The pharmacological properties
of a native or recombinant receptor depend on the specific complement of subunit
isoforms present within the pentamer. However, of the receptor subunit classes,
recombinant ofy receptors display the full pharmacological profile associated with most
native GABAA receptors (Pritchett er al, 1989a), although other combinations likely
exist in vivo. Despite the abundance of functional and biochemical information as to the
molecular properties of each subunit, the physiological significance of all of the subunits
remains unknown. Although theoretical considerations suggest that there could be more
than 100,000 possible subunit combinations (see Stephenson, 1995; Hevers and Liiddens,
1998), it is unlikely that all exist in vivo (McKernan and Whiting, 1996). In fact, it is
estimated that there may be fewer than 10 (McKemnan and Whiting, 1996).
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GABA, RECEPTOR COMPOSITION, STOICHIOMETRY AND SUBUNIT
ARRANGEMENT

To date, the subunit composition, stoichiometry and subunit arrangement of any
one native receptor has not been unequivocally defined, owing, in part, to the temporal,
spatial, and developmental expression of GABAAR genes and the limited quantities of
protein that are available. Biochemical studies using antibodies to selected GABAAR
subunits demonstrate that native receptors can contain more than one « subunit. For
example, acla2, ala3, and a2a3 subunits have been reported to coexist within a single
receptor in cerebral cortex (Duggan er al, 1991). Purification of GABAAR from
cerebellum reveals that the o6 subunit can exist within the same pentamer as o1 (Pollard
et al., 1993), which gives rise to cerebellar GABAAR that have two different
benzodiazepine binding profiles typically associated with receptors expressing either al
or a6 subunits (Khan et al., 1996). Multiple y subunit isoforms can also be found in the
same receptor; specifically, y2 and y3 can be co-precipitated by antibodies raised against
both subunits, while the y1 subunit does not associate with other y subunits (Quirk et al.,
1994; Benke er al., 1996). The existence of two [B subunits (B2/B3) within the same
receptor has been recently described (Li and DeBlas, 1997). More detailed studies have
demonstrated that, in cerebellar granule cells, there is a subpopulation of receptors
containing o6, y2;, and y2s subunits (Khan et al., 1994a). There is also evidence for a
cerebellar GABAAR that has the following subunit composition: cc1a6p2/3y2y2s (Khan
et al., 1994b). While many other subtypes have now been shown to exist, studies suggest
that the a182y2 and a2B3y2 combinations are the major receptor subtypes in the brain
(Benke ez al., 1994).

Biochemical studies that examined receptor composition served partially to define
putative receptor subtypes and, in turn, fuelled speculation as to the stoichiometry of
native GABA,Rs. However, none has adequately addressed the issue. The initial report
of the stoichiometry of a recombinant GABAAR was based on changes in mutation-
induced rectification properties in which glutamate substitutions were introduced on the
C-terminal and N-terminal sides of TMII of the a3, B2, and y2 subunits (Backus er al.,
1993). These substitutions produced total charge changes that were readily quantifiable
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using electrophysiological technology. Candidate stoichiometries included 2a:2f:1y,
lo:2B:2y and 2a:1B:2y, the most favorable of which appeared to be 2a:1B:2y (Backus et
al., 1993). More recent investigations have now shown, on the basis of the apparent
affinity for GABA (Chang et al, 1996), antibody avidity (Tretter et al., 1997) and
fluorescence energy transfer experiments (Farrar et al., 1999), that a stoichiometry of 2a:
2B:1y defines the stoichiometry of «t132/3y2 receptor subtypes, at least in recombinant
systems. Although this stoichiometry is widely accepted and is in good agreement with
immunoprecipitation data, it is also possible that there are native receptors that are better
described by the model of Backus ez al. (1993). Information about the stoichiometry and
arrangement of recombinant receptors should be interpreted with caution because the
environment of a given heterologous expression system is likely to be different from the
native environment of these receptors (Green and Millar, 1995).

The arrangement of these subunits within the pentamer appears to be
o—B—a—y—B (Tretter et al., 1997) on the basis that o1B3y2 and a1B3 receptor subtypes
form pentamers, while aly2 and B3y2 combinations form hetero-oligomers of lower
molecular mass (Tretter ez al., 1997). This arrangement is also partially corroborated by
heterologous expression studies (see below), which suggest that the oc1y2 combination
forms a binding site for flunitrazepam, whereas the o1f3 combination forms a high
affinity muscimol binding site (Zezula et al., 1996). Moreover, it has now been shown
that the y subunit is situated between an ol and 33 subunit since a truncated version of
the y2 subunit forms specific high affinity contact sites with both subunits (Klausberger ez
al., 2000). To summarize the available data, it is likely that a major subtype is ot 1272 in
a stoichiometry of 2ct:2B:y and that the clockwise arrangement of subunits in the

pentamer is a1-f2-oc1-y2-B2.

GABA R SUBUNIT ASSEMBLY

Directly related to the question of subunit stoichiometry is GABAAR assembly
and the identification of residues which mediate heteromeric or homomeric
oligomerization. The assembly of GABAAR subunits is a dynamic process that involves

subunit folding, oligomerization via specific subunit contacts, and post-translational
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modifications, which include glycosylation, acylation, and proteolytic cleavage (Hurtley
and Helenius, 1989). Of these stages, glycosylation seems to affect differentially the
assembly process of particular proteins. Mutagenesis of putative glycosylation sites of
the al subunit of the GABAAR appears not to affect assembly and cell surface expression
of recombinant receptors expressed in Xenopus oocytes, but significantly impairs cell
surface expression in HEK-293 cells (Buller ez al., 1994). This is in excellent agreement
with the observations of Connolly et al. (1996) in which oligomerization of a1, B2, and
y2_ subunits occurred independently of N-linked glycosylation, although the efficiency of
translocation was reduced. Although little is known about the molecular mechanisms
underlying these processes, the development of heterologous expression techniques has
permitted the elucidation of steps within the secretory pathway of membrane-bound
proteins (for review, see Hurtley and Helenius, 1989). The endoplasmic reticulum (ER)
provides an ideal environment for protein assembly, given its high intracellular calcium
ion concentration and neutral pH (Helenius et al., 1995). The accepted model of protein
assembly is that newly synthesized proteins reach an intermediate state at which point
much of the secondary structure has formed, although the tertiary structure remains ill
defined. Proteins in this stage are flexible because they need to adopt their final
conformations and make contact with the subunits next to which they are found in the
mature pentamer. Oligomerization is a requisite for intracellular transport to the plasma
membrane (Hurtley and Helenius, 1989). The subsequent stages of GABAAR assembly
involve chaperone proteins such as calnexin and binding protein (BIP) (Connolly et al.,
1996), both of which facilitate proper folding by interactions with specific domains of the
polypeptide chain. In doing so, these proteins also subserve other physiological functions
such as the prevention of protein aggregation and misfolding and the retention of
unassembled proteins (Helenius ez al., 1995).

While little is known about the specifics of GABAAR subunit assembly, studies of
the nAChR have provided some details which are likely to represent general mechanisms
by which the subunits of all ligand gated ion channels operate. The assembly process has
been reported to be slow and inefficient for the nAChR (Ross er al., 1991). Before
complete oligomerization, it is predicted that subunits establish intersubunit contacts and

their failure to do so likely leads to retention within the endoplasmic reticulum and their
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subsequent degradation (Pelham, 1989). The most widely accepted model for nAChR
assembly is described by the maturation of the o subunits, and their assembly with y and
& subunits, such that the -y and o-8 heterodimers later associate with the 8 subunit to
form the mature protein (for review, see Green and Millar, 1995). This is supported by
the fact that co-expression of nAChR subunits shows that oy and ad combinations form
such heterodimers, whereas no significant dimer is formed on co-expression of off
subunits (Saedi et al., 1991). Clearly, this specific association requires that the o subunit
be able to distinguish the y and & subunits from the B subunit. Alternatively, it has been
proposed that oy trimers form, followed by the addition of the & subunit and the
association of the remaining a subunit (Green and Claudio, 1993).

To elucidate potential mechanisms of GABAsR assembly, investigators have
relied heavily on heterologous expression systems wherein single subunits, combinations
of two subunits, and combinations of three subunits are studied for their ability to reach
the plasma membrane (by cell surface fluorescence) and to form oligomers (on the basis
of their sedimentation coefficients). In particular, the ability to add a reporter molecule
(e.g. green fluorescence protein, GFP) to a GABAAR subunit without altering the
functional profile of the receptors has facilitated the study of receptor trafficking and cell
surface expression. The a1f2 and «t1p2y2; combinations produce functional cell surface
receptors, while aly2y and P2y2_ are retained within the endoplasmic reticulum
(Connolly et al., 1996). Additionally, a1, B2, or y21. subunits, when expressed alone, fail
to form cell surface receptors (Connolly ef al., 1996; Gorrie et al., 1997; Connolly et al.,
1999), although y2s is reported to form non-functional cell surface receptors (Connolly et
al., 1999). This is in good agreement with the observation that alf3y2 and «lf3
combinations form pentameric receptors, whereas while B3y2 and aly2 predominantly
from heterodimers and are largely retained in the ER (Tretter et al., 1997). A subsequent
study using GFP tagged subunits produced similar results, with cell surface expression of
a1B2 or a1B2y2 subunit combinations, but not the a.ly2 combination or the o1 subunit
alone (Connor et al., 1998). These results clearly demonstrated the importance of the 32
subunit in the efficient assembly of oligomers, although the 2 subunit, when expressed

alone, appears not to reach the plasma membrane (Taylor et al, 1999). This further
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underscores the complexity of the receptor assembly process and the requirement of these
subunits to contact all correct neighbouring subunits for functional cell surface
expression.

Specific residues that mediate homomeric and heteromeric expression have been
identified by generating chimeric proteins of the §2 and B3 subunits, the latter of which
are able to form functional cell surface receptors in certain expression systems (Taylor ez
al., 1999), but not in others (Gorrie et al., 1997). Functional surface receptors composed
exclusively of the B3 subunit have been shown to migrate with a sedimentation
coefficient of 9S, which is indicative of a pentameric protein complex. On the other hand,
B2 homo-oligomers migrate with a coefficient of 5S, which reflects a reduced state of
oligomerization (Tretter et al., 1997). The use of silent reporter epitopes, combined with
the generation of chimeric proteins and site-directed mutagenesis allowed for the
identification of G171, K173, E179, and R180 of the B3 subunits as residues which form
contact points with other B subunits and with the y2 subunit, but not with the o1 subunit
(Taylor er al., 1999). Subsequently, the same authors demonstrated that Q67 of the al
subunit was required for the oligomerization of al and B3 subunits, but did not affect the
production of al-y2 complexes (Taylor et al., 1999). Invariant tryptophans (W69 and
W94), when mutated, prevent receptors from forming pentamers as determined by
sedimentation coefficients (Srinivassan et al, 1999). Finally, the most recent data on
receptor assembly have shown that specific domains of the y2 subunit contact the a1 and
B3 subunits. Specifically, amino acid residues 91-104 and residues 83-90 of the y2
subunit make contact with the ol and B3 subunits, respectively (Klausberger et al.,
2000).

While much of the picture has yet to emerge, these data, taken together, suggest
(1) that there are preferred combinations of subunits for the production of functional cell
surface receptors, (2) that specific domains of each subunit mediate contact with other
subunits, (3) that domains of the 8 subunit that contact the a subunit are different from
those which contact the y subunit and (4) that oligomerization is a prerequisite for cell
surface expression. This is not surprising since the formation of the pentamer with a very

defined arrangement of subunits appears to be critical for the generation of cell surface
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receptors possessing all of the basic pharmacological properties of native GABAARS.
These results also illustrate the contact points between adjacent subunits lie in regions
that are in close physical proximity to putative ligand binding domains. This is not
unexpected since ligand recognition domains are predicted to occur at the interface of
adjacent subunits (see below). Assembly studies in heterologous systems should,
however, be interpreted with caution since these studies are carried out in foreign
environments that differ from the cells in which GABAAR assembly would normally
occur (Green and Millar, 1995). This is especially true in light of the fact that the data on
receptor assembly do not agree perfectly with those obtained from heterologous

expression (see below).

HETEROLOGOUS EXPRESSION

Heterologous expression of cloned GABAAR subunit cDNAs has permitted the
characterization of specific GABAAR subtypes and has addressed subunit requirements
for the formation of binding sites. These studies have also produced information as to the
contribution of subunit variants for the potency of benzodiazepine ligand binding,
muscimol binding and GABA-gated chloride conductance. These expression studies have
therefore provided powerful information on the pharmacological properties of various
receptor subtypes.

These techniques confirmed the long suspected heterogeneity of benzodiazepine
receptors that had been presumed on the basis of the displacement of benzodiazepine
ligands by non-benzodiazepine compounds in specific brain regions. This was first noted
for receptors in hippocampus where compounds such as the triazolopyridazine,
CL218872, and the B-carboline, B-CCE, displaced other classical benzodiazepines such
as flunitrazepam with lower affinity than receptors in cerebellum and with apparent
multiple affinities as suggested by the shallow slopes of the competition curves (Nielsen
and Braestrup, 1980; Squires et al., 1979). This suggested that these compounds, unlike
classical benzodiazepines, could discriminate among benzodiazepine receptors, which
necessitated the classification of BZ1 and BZ2 receptors, having respectively high and
low affinity for CL218872, 2-oxoquazepam, and certain B-carbolines (see Pritchett ez al.,
1989b; Doble and Martin, 1992 and Liiddens and Wisden, 1991). The chemical synthesis
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of zolpidem and its activity at GABAARs revealed a third type of benzodiazepine
pharmacology, termed the BZ3 receptor. BZ3 pharmacology described a population of
receptors which had a very low affinity for zolpidem (Arbilla ef al., 1985).

The basic subunit requirements for benzodiazepine binding and for modulation of
GABA-induced current by benzodiazepines are the expression of an o and a y subunit
(Im et al., 1993a; Zezula et al., 1996). However, it should be noted that the (2y2
combination is reported to carry a lower affinity benzodiazepine site that does not
recognize certain benzodiazepine-site ligands such as zolpidem (Im ez al., 1993a). This
low affinity benzodiazepine site has also been reported in o.1B2y2 receptors (Dunn et al.,
1999), but its functional significance is not known. Of the o subunits, a4 and a6 are
insensitive to classical benzodiazepines and the only compounds that recognize receptors
in which these subunits are expressed are the partial inverse agonist Ro15-4513 and other
negative modulators (Kleingoor ef al., 1991; Wieland and Liiddens, 1994; Scholze et al.,
1994; Davies et al., 1996). All other o subunits, when expressed with at least a
Y2 subunit, recognize classical benzodiazepines with high affinity. BZ1 pharmacology is
defined by expression of the ol subunit. Heterologous expression has shown that
expression of a2 and o3 subunits give rise to BZ2 pharmacology (Korpi and Seeburg,
1993; Wieland and Liiddens, 1994), whereas expression of the a5 subunit leads to BZ3
pharmacology (Korpi and Seeburg, 1993; Wieland and Liiddens, 1994; Graham et al.,
1996). The efficacy of any benzodiazepine ligand that is used in functional studies also
depends to some extent on the expression of o subunits. Specifically, expression of a4 or
a6 alters the efficacy of the antagonist, Ro15-1788, and the partial inverse agonist, Ro15-
4513, such that they behave as partial agonists (Im et al., 1997)

The affinity of a benzodiazepine ligand is also influenced by the y subunit present
in the pentamer. Expression of the y3 subunit reduces the affinity for the classical
benzodiazepine agonists, but does not alter the affinity of Ro15-1788, or Ro15-4513
(Herb et al., 1992; Hadingham er al., 1995; Benke et al., 1996; Graham er al., 1996;
Wingrove et al., 1997). Expression of the y1 subunit, on the other hand, does not shift the
affinity of classical agonists, but dramatically alters the affinity for the antagonist and the
partial inverse agonist (Ymer ez al., 1990; Benke et al., 1996). In contrast, the B subunit
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expressed in any particular combination does not alter the binding profiles for
benzodiazepine site ligands (Hadingham ez al., 1993), although one report has suggested
that the affinity of zolpidem was lower in receptors expressing either the 1 or 3 variant
as compared to the B2 subunit (Benke et al., 1994).

The minimum subunit requirements for the formation of a GABA binding site are
an o and a B subunit (Pregenzer et al., 1993; White et al., 1995; Zezula et al., 1996). In
fact, a1B2 (Pregenzer et al., 1993), al1f3 (Zezula et al., 1996), a.1B32y2 (Pregenzer et al.,
1993; Ebert et al., 1996; Newell et al., 2000), a6B2y2 (Korpi et al., 1993; Im et al., 1995;
Im et al., 1997), a6B2 (Im ef al., 1995), oc1B3y2 (Ebert ez al., 1996; Zezula et al., 1996),
a2B3y2, a3B3y2, a5B3y2, and a6B3y2 (Ebert et al., 1996) all form high affinity binding
sites for [*H]muscimol. In contrast, no high affinity muscimol binding sites are formed on
the expression of PB3y2, B3, al, or y2 alone (Zezula et al., 1996). The affinity of
muscimol generally does not differ on expression of various receptor subtypes. Liiddens
and Korpi (1993) addressed this issue and found that the  variants did not influence the
affinity for muscimol. However, it was also noted that certain combinations have lower
affinity than o12y2 for muscimol including the following: a3B31y2, a381y3, and a3B3y3
(Liiddens and Korpi, 1993). Further, unlike the benzodiazepines, expression of either the
y2 or y3 subunit does not affect the binding affinity of muscimol or the competitive
antagonists, bicuculline and SR95531 (Liiddens et al., 1994), the former of which has a
higher affinity for most GABAAR combinations than does bicuculline (Liiddens and
Korpi, 1995).

Functional assays in which GABA-mediated currents have been studied have
revealed some important information as to the influence of a variety of classes of subunits
on the apparent affinity for GABA. Subunit combinations of a1B2y2 (Verdoom et al.,
1990; Sigel et al., 1992; Amin and Weiss, 1993; Im et al., 1993a; Mihic et al., 1994;
Gurley et al., 1995; Chang er al., 1996; Amin et al., 1997; Buhr et al., 1997a; Buhr et al.,
1997b; Westh-Hansen er al., 1997; Boileau and Czajkowski, 1998; Sigel et al., 1999;
Dunn et al., 1999; Newell et al., 2000), 12 (Schofield et al., 1987; Levitan et al., 1988;
Pritchett er al., 1988; Sigel et al., 1990; Verdoom et al., 1990; Amin et al., 1994; Boileau
and Czajkowski, 1998), 2y2 (Verdoom et al., 1990; Sigel et al., 1990; Im et al., 1993a;
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Amin et al., 1994; Boileau and Czajkowski, 1998), a1B1 (Levitan et al., 1988; Pritchett
et al., 1988; Birnir et al., 1995; Tierney et al., 1996), a6p2y2 (Im et al., 1995; Im et al.,
1997), a1B81y2 (Wafford et al., 1996; Wingrove et al., 1997), a2B1 (Levitan et al., 1988),
o3B1 (Levitan et al., 1988), ad4B1y2 (Wafford et al., 1996), a1B3y2 (Fisher et al., 1997),
o6B3y2 (Fisher et al., 1997), a6f32y2 (Sigel et al., 2000) and a6 1y2 (Fisher et al., 1997)
all produce GABA-gated current in electrophysiological studies. In contrast, no current or
only minor current is elicited when the a1, a5, B1, y2, a3, and $2 subunits are expressed
alone (Pritchett ez al., 1988; Sigel et al., 1988; Sigel et al., 1990; Joyce et al., 1993).
Furthermore, no current is detectable from cells in which the Bly2 or aly2 subunit
combinations have been expressed (Sigel ez al., 1990; Angelotti et al., 1993; Amin et al.,
1994; Connor et al, 1998), although current has been reported from the aly2
combination by some investigators (Verdoom et al., 1990; Seeburg et al., 1990; Draughn
et al., 1991; Im et al., 1993a; Im et al., 1993b). These data are in reasonable agreement
with assembly studies that suggest that the oc1y2 combination and certain subunits, when
expressed alone, do not efficiently form functional cell surface receptors (see Sieghart,
1995). The implication of these data is that the existence of these receptor subtypes in
vivo is unlikely. Therefore, small detectable currents may reflect translocation of excess
protein to the plasma membrane from an oversaturated ER (Connolly et al., 1996).
Although it is difficult to determine the subunits present within a recombinant
receptor, there are certain characteristics associated with specfic subunits. Receptors in
which a1B2 subunits are expressed have a higher affinity for GABA than a182y2 (Amin
et al., 1994; Wingrove et al., 1997; Boileau and Czajkowski, 1998); both combinations
have higher affinity than B2y2 combinations (Sigel et al, 1990; Amin et al., 1994;
Boileau and Czajkowski, 1998). Muscimol, in similar assays, is 3-4 fold more potent than
GABA in mediating chloride conductance (Amin and Weiss, 1993; Newell ez al., 2000).
However, there is no clear consensus as to the apparent affinity for GABA at these
receptor combinations (see Hevers and Liiddens, 1998) due to differences in the choice of
expression system (HEK-293 cells or oocytes), the electrophysiological method
employed (patch-clamp or two-electrode voltage clamp) and the system used for the

application of agonist (rapid application or gravity perfusion).
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In the absence of epitope-tagged subunits, the expression of subunit combinations
can only be evaluated crudely by the macroscopic constants that are derived from any
given experiment. While expression of an o and a B subunit is sufficient to produce
functional GABAA, receptors, it is generally possible to distinguish an off combination
from an oy combination on the basis of the ECsp values. Expression of a y subunit can
be independently verified by measuring potentiation of GABA-gated currents using a
classical positive allosteric modulator. Further, the recombinant off GABAARs are more
sensitive to inhibition by zinc ions than are oy receptors (Hornstein and Akabas, 1998).
As with all heterologous expression systems, it is not possible to state with certainty that
all subunits have been incorporated into a single pentamer or that there are not multiple
receptor populations expressed within the same cell (see Sieghart, 1995), although there
appear to be preferred receptor subtypes such that transfection of HEK-293 cells with a1,
B1, and y2 subunit cDNA construct most often produces a181y2 receptors and rarely, if
ever, o1l receptors in the same cell (Angelotti and MacDonald, 1993) unless
transfection conditions are altered such that the Bl subunit is present 4-fold in excess

(Angelotti et al., 1993).

On the basis of these data, some laboratories have investigated the relative
potencies of GABA agonists in recombinant receptors composed of different «, B, and y
variants. To that end, a systematic evaluation of subunit variants was examined in a
single system and it was discovered that all three subunit classes could alter the apparent
affinity for GABA. Specifically, it was shown that oS has a higher affinity than either o1
or a3 (Ebert er al., 1994), which is in good agreement with another study in which the
rank order of potency for GABA was established as a6>a5=a4>a1>a3>a2 (Ebert et al.,
1996; see also Hevers and Liddens, 1998). The potency of GABA is also affected by
differential expression of B subunits. In all cases, expression of the 33 subunit produces
receptors at which GABA is more sensitive than receptors in which the B1 or B2 subunit
is found (Ebert ez al., 1994). Further, expression of the y3 subunit gives rise to receptors
that are reproducibly more sensitive to GABA than its y2 and y1 containing counterparts
(Ebert et al., 1994) and this increase in affinity is on the order of 3-4 fold (Knoflach et

al., 1991). Thus, while the basic requirement for agonist-gated current is expression of
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o subunits, the apparent affinity of the receptor (at least in the active state) appears to be

influenced by the quaternary structure of the receptor.

MOLECULAR ARCHITECTURE OF THE NICOTINIC ACETYLCHOLINE
RECEPTOR BINDING SITES: EVOLUTION OF THE RECOGNITION MODEL

The nAChR is the prototypical LGIC, with the defined stoichiometry of
o2Byd (Raftery et al., 1983), the subunit arrangement of which is likely o-y—a—8—f
(Czajkowski and Karlin, 1993). This widely accepted model accounts for two non-
equivalent binding sites for acetylcholine and competitive antagonists at the a—y and a—&
interfaces (Pederson and Cohen, 1990; Blount and Merlie, 1990). While the affinity for
agonists is comparable at both interfaces, d-tubocurarine (dTC), a competitive antagonist
recognizes the binding site at the a—y interface with high affinity, whereas the o—&
interface confers low affinity for the same compound (Blount and Merlie, 1989). In
contrast, the competitive antagonist, o-conotoxin M-1, recognizes the -8 subunit
interface with high affinity, while it binds to the o-y interface with lower affinity (Sine et
al., 1995)

The cysteine residues aC192 and aC193 had been the first implicated in agonist
binding by affinity labeling using 4—(-N-malmeido)benzyltn'[3H]methylammonium iodide
(MBTA) (Kao et al., 1984; Kao and Karlin, 1986). Further investigations of these sites
employed photolabile compounds and their derivatives, which have labeled amino acid
residues of nAChR subunits that contribute to the formation of recognition sites for both
agonists and antagonists, at least in the desensitized state (Colquhoun, 1998). To that end,
the agonist, acetylcholine mustard, labels Y93 (Cohen et al., 1991), while nicotine is
primarily incorporated into Y198 and, to some extent, C192 and Y190 (Middleton and
Cohen, 1991) of the o subunits in addition to a tryptophan residue (W55) of the adjacent
y subunit (Chiara et al., 1998). Competitive antagonists have been used to identify many
other amino acids residues that may play a role in the same recognition domains. To that
end, p—(N,N)-dimethyl-aminobenzenediazonium fluoroborate (DDF), labels Y93, W149,
Y190, C192, C193 and, to a lesser extent, W86, Y151, and Y198 of the a subunit
(Dennis et al., 1988; Galzi et al., 1990). Further, lophotoxin analogue-1, a derivative of
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the snake toxin, lophotoxin, labels aY190 (Abramson er al., 1989), while dTC labels
aY190, aC192, aY198 (Chiara and Cohen, 1997), yY111, and yY117 (Chiara and
Cohen, 1999) albeit with varying degrees of efficiency. Agonists and antagonists
presumably interact with a common binding site, which suggests that these classes of
compounds could potentially interact with functional groups of the same amino acid
residues. However, compounds of distinct chemical structure have multiple contact
points, the implication of which is that subsets of amino acids within a single binding
pocket may form micro-domains which discriminate among ligands. Therefore, all of the
amino acid residues that appear to form a single recognition site are not structural
requirements for the binding of agonists and antagonists alike. Moreover, the relative
importance of each amino acid residue within a given pocket is dependent on the
chemical structure of the ligand with which it interacts.

Although photolabeling provides no insight as to the functional roles of these
candidate amino acid residues, mutational analyses of nAChR in mouse and Zorpedo
have provided data on the importance of the relative positions and, to some extent, the
structural requirements for ligand interactions at each position. Y93, Y190 and yW55
are important for the binding of dTC, whereas the contributions of aY198 to the
formation of the dTC site appear to be minor (O’Leary and White, 1992; O’Leary et al.,
1994). In the mouse, the relative importance of the contributions of Y93, oY 190, and
a Y198 was demonstrated for acetylcholine and other agonists such as carbamoylcholine
and suberyldicholine, although the rank order of importance of each residue was
dependent on the ligand (O’Leary et al., 1994; Sine er al., 1994; Aylwin and White,
1994). The contributions of amino acids present in non-o subunits have also been
studied. The role of Y111 of the y-subunit as conferring high affinity for antagonists was
delineated in a mutagenesis study in which the homologous arginine (R) residue on the &
subunit (which confers low affinity for the same compounds) was replaced by tyrosine
(R113Y), the result of which was a 1000-fold increase in equilibrium binding affinity for
various snake toxins (Chiara et al., 1999). Y117 of the y subunit of the mouse nAChR
also confers affinity for the antagonist dimethyl-d-tubocurarine (DMT) (Fu and Sine,

1994). Another amino acid residue of the y subunit that has now been shown to be
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involved in the binding of acetylcholine in the desensitized state is E57 (Prince and Sine,
1996). Further, other residues within the y subunits have been implicated in conferring
selectivity for DMT affinity at the a-y/8 interfaces of mouse nAChR, including yI116,
yY117, and yS161 (Bren and Sine, 1997). Residues in the homologous positions in the §
subunit are V118, T119, and K163 (Bren and Sine, 1997; Sine et al., 1995). The same
group has also determined residues of the y and & subunits which confer affinity to o-
conotoxin M-1 and carbamoylcholine, including the following: yK34, yF172, yC115,
0Y117, 81178, and 8S36 (Sine et al., 1995; Prince and Sine, 1996). However, the
selectivity conferred by certain residues may, in fact, be species specific. For example,
C115 of the mouse y subunit is not conserved in all species and in Torpedo receptor is
replaced by serine. The substituted cysteine accessibility method (SCAM) has now been
applied to the binding site of nAChR which has revealed that only the following residues
are accessible to acetylcholine, by virtue of their modification by methanethiosulfonate
(MTS) derivatives: a¥93, aY198, alN94, and YE57 (Sullivan and Cohen, 2000).
Interestingly, although yW55 and W57 have been implicated in the formation of the
acetylcholine binding sites by photolabeling and mutagenesis studies, these residues were
not accessible to modification.

Although the aromatic amino acid residues of the a,y, and 8 subunits are reputed
to from a negative anionic subsite within the acetylcholine-binding domain by virtue of
cation-n bonding (O’Leary et al., 1994), the contributions of aspartate and glutamate
residues were evaluated using S-(2-[*H]glycylamidoethyl)dithio-2-pyridine, a cross-
linking agent that reacts specifically with sulfhydryl and carboxyl groups (Czajkowski
and Karlin, 1991). This compound limits the distance of reacting residues, but not the
direction, to 0.9 nm (Martin et al., 1996). This approach revealed that the reactive
C192/C193 disulfide bond could be cross-linked to an aspartate (D) /glutamate (E) rich
region of the & subunit between residues 164 and 224 (Czajkowski and Karlin, 1991).
Systematic mutation of all aspartate and glutamate residues within this region to
asparagine (N) and glutamine (Q), respectively, revealed the importance of D180 and
SE189, which, when mutated, reduced the affinity of acetylcholine by 1000 and 10-fold,
respectively (Czajkowski and Karlin, 1993). Peptide mapping subsequently showed that
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dD165, 8D180 and SE182 could all react with S-(2-[3I-I]glycylamidoethyl)dithio-2-
pyridine; these data, when combined with the mutagenesis data from the same group,
illustrated the role of D180 in the partial formation of a negative subsite within the
acetylcholine recognition pocket (Czajkowski and Karlin, 1995). Mutation of the
homologue to 8D180, yD174, later confirmed that this negatively charged residue, in
addation to YE183, may be necessary for agonist binding at the a-y interface (Martin et
al., 1996).

These studies of nAChR have provided important information as to domains of a
given subunit that are required for the formation of a ligand recognition site. There are
several emergent themes from these data. The binding sites of agonists and competitive
antagonists are not confined to a single subunit and residues involved in binding are
located in non-contiguous domains of the primary sequence of a subunit (Fig. 1-1B). The
labeling of amino acids at the a—y or a—5 interfaces occurs primarily at aromatic residues
that are located in disparate regions of the «, ¥, and 8, subunits. Initially proposed by
Galzi er al. (1990), the “loops” model of ligand recognition has been widely adopted for
all receptors within the structurally homologous family of LGIC. The initial
photolabeling of residues in the o subunit revealed that labelled residues were found in
discrete clusters of the primary protein sequence of each subunit; in accordance with their
regional location, the arbitrary convention of loops A-C was applied to the o subunit to
describe the relative positions of the domains that had been identified to date.
Specifically, W86 and Y93 are found within “loop A”, while W149 and Y151 fall within
“loop B”. Amino acid residues within “loop C” of the o subunit include Y190, C192,
C193, and Y198. This model has been further extended to account for amino acid
residues of non-a subunits, such that the conserved tryptophan residues of the y (W55)
and & (W57) subunits lie in “loop D”. To date, amino acid residues of other loops have
been identified, which have been designated “loops E” (Y111/Y117 of y subunit) and “F”
(D165, D180, E182, and E189 of the & subunit and D174 and E183 of the y subunit) (Fig.
1-2). This nomenclature is used to identify regions of adjacent subunits that form a single
binding site. Since all subunits share about 40% sequence identity, it is possible that each

carries domains that contribute to two different binding sites (i.e. loops of the same
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subunit can potentially form recognition sites at the two interfaces that any given subunit
will form with its adjacent partners within the pentameric protein structure). Although
this model has some shortcomings that do not account for the spatial orientation of the
loops in the tertiary structure of the protein, the orientation of the ligand within the
binding pockets, the relative distance between loops, the structural requirements for
ligand interactions or the accessibility of these residues to neurotransmitters and their
antagonists, it provides the conceptual framework by which to make predictions about
binding site determinants for all receptors within this superfamily (Figs. 1-3, 1-4).
Finally, the last emergent theme with respect to ligand recognition properties of this
receptor is the importance of aromaticity. Thus, tyrosine and tryptophan residues appear
to form a negative anionic subsite that could potentially stabilize the interaction with the

positively charged ammonium group of acetylcholine (Galzi et al., 1990).

GLYCINE AND SHT; RECEPTORS

Glycine receptors are pentameric protein complexes composed of a(1-4) and B
subunits in a 3o 2P stoichiometry (Kuhse ez al., 1993; Griffon et al., 1999). Chemical
modification studies first suggested that the binding of the competitive antagonist,
strychnine, was altered by modification of tyrosine, lysine or arginine residues (Ruiz
Gomez et al., 1990). The initial biochemical approaches in which photolabeling and
chemical modification were combined with peptide mapping protocols localized the
strychnine binding domain to residues 171-220 of the o subunit (Ruiz-Gomez et al.,
1990). Subsequent mutagenesis studies confirmed the participation of F159, G160 and
Y161 (“loop B”’) of the al subunit, in addition to K200 and Y202 of the o subunit (“loop
C”) as forming part of the strychnine binding site (Kuhse et al., 1990; Vandenberg et al.,
1992a). D148 is also reported to contribute to the binding of strychnine, but this residue
is equally important for receptor assembly (Vandenberg e al., 1993). As in the nAChR,
mutagenesis studies of the GlyR have revealed that the determinants of agonist and
antagonist binding need not overlap, although they appear to be located in the same
general regions of the protein. This was first shown when T204 (“loop C”) produced
alterations in the apparent affinity of glycine, while that of strychnine was unaffected
(Vandenberg et al., 1992b). The same group next demonstrated that, in fact, K200, Y202
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and T204 were important for agonist binding (Rajendra et al., 1995). Finally, the most
recent data on the binding of glycinergic ligands suggest that several residues in ther al
subunit contribute to the apparent affinity for glycine, but do not impair the ability of
strychnine to antagonize the response to the agonist (Vafa et al., 1999). These residues,
I91, A101, N102 and possibly also W94 are all found within “loop A” (Vafa et al., 1999).
Further, determinants of antagonist efficacies within the same domain of the o subunit
have now been established, and these include the following: K104, F108, and T112
(Schmieden et al., 1999).

The SHT3aR remains the least well-characterized receptor of this family, although
the recent cloning of a novel subunit (B) (Davies et al., 1999) will undoubtedly fuel
further biochemical and electrophysiological characterization of the binding sites on these
receptors. To date, however, the information that has been reported suggests that the
model that describes the binding sites of the other receptors (both anionic and cationic) is
also applicable to the apparently homomeric SHT;4 receptor that has been used in those
mutagenesis studies so far. The first report of mutagenesis described the importance of
E106 (*loop A”) in which it was hypothesized that this residue could potentially form a
hydrogen or ionic bind with the primary ammonium group of the agonist, 5-HT (Boess et
al., 1997). A subsequent study by the same investigators described the importance of the
adjacent phenylalanine (F107) to the recognition properties of the receptors, although
mutation to tyrosine or asparagine residues produced relatively small changes in the
affinity of most antagonists (Steward er al., 2000). Other studies of the SHT3aR have
suggested that W89 is important for the binding affinities of curare and granisetron (Yan
et al., 1992), while R91 is an important determinant of SHT affinity. These authors have
also shown that this region (“loop D) appears to from a B-strand because every second
residue (W89, R91, and F93) differentially alters the affinity for the competitive
antagonist, granisetron (Yan er al, 1992). This suggests that the structural features of
“loop D” of these receptors may be conserved throughout the LGIC family since “loop
D” of the al subunit of GABAAR has been shown by SCAM to form a B-strand (Boileau
and Czajkowski, 1999). Finally, mutagenesis has clarified the contribution of tryptophan
residues to ligand recognition such that W90, W183, and W195 have all been implicated
in ligand recognition in SHT3;aR (Spier and Lummis, 2000). W90 (“loop D) is
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homologous to F64 (GABAAR «1), W183 is homologous to W149 (“loop B”) (nAChR a
subunit), while W195 appears to represent a completely novel domain for agonist binding
to this class of receptors (Spier and Lummis, 2000). It has been postulated that these
tryptophan residues form part of a cation-n stacking complex that mediates, in part, the

binding of the serotonergic ligands.

SUBUNIT INTERFACES FORM BINDING SITES FOR GABA,R AGONISTS
AND BENZODIAZEPINE LIGANDS

Photolabeling and peptide mapping experiments have elucidated important
information as to the subunits required for the binding of [°’H]flunitrazepam, [*H]Ro15-
4513, and ["H]muscimol. The first of these studies suggested that [3H]ﬂunitrazepam and
PH]muscimol were incorporated into the o and B subunits, respectively (Casalotti ez al.,
1986), a finding that was confirmed independently by Deng et al. (1986). Further
investigations suggested that, in addition to its labeling of the § subunit, muscimol could,
in some cases, label an o subunit. Though minor in comparison to the  subunit labeling,
the incorporation into the o subunit reached a maximum of 38% of the total B subunit
labeling in human brain membranes (Bureau and Olsen, 1988). This was perhaps some of
the earliest data to suggest that the binding site for [°’H]muscimol occurred at the interface
between o and 3 subunits. A series of studies from the same laboratory followed in
which [*H]muscimol was reported to label a heterogeneous population of B subunits and
also the a subunit, although this was not readily resolved on an acrylamide gel (Bureau
and Olsen, 1990; Bureau and Olsen, 1993). In fact, a weak labeling of F64 of the al
subunit was reported in the following year, but this remains controversial (Smith and
Olsen, 1994), because (1) this site is likely to be involved in a low affinity binding (see
below) and (2) [PH]muscimol can only reproducibly photolabel high affinity binding
sites, especially as the efficiency of incorporation (~7%) of [*H]muscimol is poor
(Casalotti et al., 1986).

[3H]F1um'trazepam and ["H]Ro15-4513 have proved to be useful photolabels in
identifying domains of the GABA4R that contribute to the formation of a benzodiazepine
binding site. Early peptide mapping studies with [*H]flunitrazepam suggested that the
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primary site of photoincorporation was likely found in the domain between residues 58-
149 of the o subunit (Stephenson and Duggan, 1989). It was also demonstrated that in
addition to the o subunit, the y2 subunit was also an integral component of the
photolabeling reaction (Stephenson et al., 1990). Therefore, photolabeling data has
provided information that the binding site for the benzodiazepines is located at the
interface between adjacent o and y subunits. The localization of these labels was
subsequently refined when it was demonstrated that H102 of the bovine GABAAR was
the major site of [3H]ﬂunitrazepam photoincorporation (Duncalfe et al., 1996). Mapping
studies also confirmed the differential labeling of the o subunit by flunitrazepam and
Ro15-4513 (Davies et al., 1996; Duncalfe et al., 1995). Specifically, hydroxylamine
cleavage patterns suggested that the localization of the flunitrazepam label occurred N-
terminal to residue 103, while Ro15-4513 labelled a domain that occurred between
residues 104 and the C-terminus (Davies et al, 1996). An additional residue of the
bovine al subunit, P97, has recently been identified by photolabeling and peptide
mapping as being a contact residue for [*H]flunitrazepam (Smith and Olsen, 2000).
Finally, Davies and Dunn (1998) have reported that the partial inverse agonist, Rol5-
4513, recognizes a unique domain of the GABA4R that, on the basis of peptide mapping
studies, has been localized to the domain that includes residues 247-281 of the «l

subunit.

BENZODIAZEPINE SITE: THE o—y INTERFACE

Of the allosteric modulators of GABAAR function, the benzodiazepines have been
the most widely studied, due, in part, to the availability of suitable radioligands for direct
investigations of putative binding sites, and because they are of high affinity and have
low non-specific interactions. Early photolabeling data suggested that the o subunit was
the primary site of photoincorporation of [3H]ﬂunitrazepam (Casalotti et al., 1986; Deng
et al., 1986), but that there was at least minor labeling of the y2 subunit (Stephenson et
al., 1990). This information suggested that, like agonists, the benzodiazepine site of
GABAAR was formed at the interface between adjacent o and y subunits (Fig. 1-5)
(Stephenson et al., 1990), which corroborated the fact that the y subunit is required for
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benzodiazepine pharmacology (Pritchett er al, 1989a). Photolabeling studies later
demonstrated that the major site of incorporation of [*H]flunitrazepam is H101 (Duncalfe
et al., 1995; Smith and Olsen, 2000), although residual labeling of P96 has been recently
reported (Smith and Olsen, 2000). To date, no other residues have been implicated by
photolabeling. Mutagenesis, however, has proved to be a very powerful methodology in
defining structural elements for binding. Among the o subunits, only a4 and a6 give rise
to receptors that are insensitive to classical benzodiazepines such as diazepam and
flunitrazepam, but they recognize the partial inverse agonist, Ro15-4513, with high
affinity (Scholze et al., 1994; Hadingham et al., 1996). The a6 subunit was therefore
used in conjunction with the diazepam-sensitive ol subunits in a study to determine
which residues were important for diazepam recognition. The generation of chimaeric
proteins and subsequent mutagenesis identified H101 of the al subunit (“loop A”) as the
residue that confers high affinity to diazepam and Rol5-1788 (Wieland er al, 1992;
Davies et al., 1998a) in addition to diazepam potentiation of GABA-mediated chloride
conductance (Kleingoor et al, 1993). In a4 and a6 subunits, the residue in the
homologous position is arginine. Subsequent to the identification of H101, Wieland and
Liiddens (1994) generated an additional series of chimaeras and mutants, the aim of
which was to restore al-like affinity to c6(R100H)B2y2 receptors. In fact, an additional
study identified amino acid residues (in ot1: T162, G200, and V211) that are important
for the affinity of agonists, but not Ro15-4513 (Wieland and Liiddens, 1994). Further,
T162 (“loop” B), G200, and S204 (“loop™ C) are important for zolpidem binding (see
also Pritchett and Seeburg, 1991; Schaerer et al, 1998). Based on homology
considerations with the (low affinity) GABA binding site, other elements required for
benzodiazepine potentiation of GABA-mediated current have been identified;
specifically, these include aY161 (“loop B™), aaT206 (“loop C™), and yF77 (“loop D”)
(Bubhr ez al., 1996). Subsequent studies illustrated the importance of aY159 (“loop B”)
(Amin et al., 1997), aT206 (Buhr et al., 1997a), «Y209 (“loop C”) (Buhr et al., 1997a:
Amin et al., 1997) and yF77 (Buhr et al., 1997b; Wingrove et al., 1997). An additional
residue of the ysubunit (M130) has been identified as a key determinant of the
benzodiazepine binding site (“loop” E) (Wingrove et al., 1997). More recently, the use
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of substituted cysteine accessibility methodology (SCAM) to study the y2 subunit has
revealed that additional residues including T73, D75, A79, T81 and Y83 are accessible to
modification by MTSEA-Biotin (Teissére et al., 1999) and, of these, A79 plays a specific
role in the formation of the binding pocket because, unlike other residues within this
domain, A79 is protected from modification by the agonist, flurazepam. In addition to
A79, it has further been shown that M57/T58 and (“loop” D) are important determinants
of benzodiazepine binding in the y2 subunit (Kucken et al., 2000). Another mutagenesis
study suggests that T142 (“loop” E) of the y2 subunit (Mihic et a/., 1993) is important for

determining benzodiazepine efficacy.

LOW AFFINITY GABA RECOGNITION SITE: 3—a INTERFACES

Studies of GABAAR have revealed that neurotransmitter binding sites are located
at the interfaces of adjacent subunits and that amino acids important for binding lie in
structurally homologous positions to the prototypical nAChR (Figs. 1-3, 1-4). However,
unlike the benzodiazepine site, relatively little information about the channel activation
sites of GABAAR is available. The first structural information came from a discrepancy
in published amino acid sequences of the ol subunit. Malherbe et al. (1990) had
published a sequence of al that differed from another reported sequence (Khrestchtisky
et al., 1989) in that position 64 was reported to be occupied by ieucine though others had
reported a phenylalanine at the same position. Sigel et al. (1992) subsequently altered the
primary sequence of their al subunit protein by substitution of phenylalanine at this
position and the resulting data implicated F64 (“loop D”) in channel activation since
expression of F64L produced a 200-fold rightward shift in concentration-response curves;
this mutation also altered the apparent affinity of the competitive antagonist, bicuculline
methochloride. The effects of this substitution at homologous positions in the $2 and y2
subunits had only minor effects on the apparent affinity of GABA. More recently, the use
of SCAM techniques to probe the area around F64 has suggested that two additional
amino acid residues (R66 and S68) are accessible to modification by MTSEA-biotin and
line part of the binding domain in such as way that the secondary structure of this region
is likely to be a B-strand (Boileau and Czajkowski, 1999). The channel activation site is

not restricted to residues on the o subunit. Two homologous domains of the B subunit
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that were required for channel gating by both GABA and muscimol (Amin and Weiss,
1993) have been identified. In that paper, the residues Y157, T160 (“loop B*’), T202, and
Y205 (“loop C”) were shown to shift the concentration-effect relationship to the right
without altering the maximum amplitude of the current. In this respect, the authors
attribute these effects to ligand binding rather than channel gating. Other residues of the
o subunit that play a role in this site include R120 (Westh-Hansen et al., 1999) and I121
(Westh-Hansen et al., 1997), both of which are found in a region that is homologous to
loop E of the nAChR. To date, no residues have been implicated in “loop” A (Fig. 1-6).

OTHER BINDING SITES OF GABA,R

In addition to the agonist and benzodiazepine sites, there are a number of
allosteric sites that have been less well characterized than the former, due in part to (1)
the absence of suitable radioligands for the direct investigation and (2) their low affinity.
In these cases, effects of these modulators, direct or allosteric, have been investigated
using electrophysiological techniques or biochemical means. In the former, it is possible
to measure the modulating effects of a variety of agents and their direct effects, whereas
in using reporter [*H]ligands, it is only possible to measure the ability of these
compounds to affect the binding of agonists or benzodiazepine ligands. Therefore, the
barbiturates, divalent cations, neurosteroids and metabolites of endogenous steroids,
general anaesthetics and alcohol, have all been less well characterized in terms of the
structural basis for ligand binding than benzodiazepine compounds because most, with
the exception of zert-butylbicyclophosphorothionate (TBPS), are low affinity ligands.

The barbiturates, propofol, etomidate, and certain neurosteroids are generally
grouped together because they are all anesthetics, although each has a distinct chemical
structure. The effects that each class of compound has on GABAAR function are
qualitatively similar, though their mechanisms of action appear to differ. Unlike
benzodiazepines, it appears that there are less rigid subunit requirements in order to
observe the effects of these agents. Specifically, unlike the benzodiazepines the
barbiturates exert their effects even in the presence of either the a4 or a6 subunit
(Wafford et al., 1996). The neurosteroids, however, appear to interact preferentially with

receptors in which the a1, B1 and y2 subunits are assembled (Puia ef al., 1990). However,
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unlike benzodiazepines, neurosteroids and barbiturates do not require the presence of a y
subunit for their overt effects (Schofield ez al., 1987; Puia et al., 1990). Divalent cations,
such as zinc ions, can block the functional response to GABA in which a and B subunits
are expressed; this block, however, is alleviated by the expression of a y subunit (Smart et
al., 1991). The effects of ethanol, on the other hand, have been more difficult to study
and the findings remains somewhat controversial, however, it does seem to alter the
response to GABA at a1B2y2 receptors (Ueno et al., 1999). Finally, the channel blocker,
picrotoxin, is effective on heterologous expression of 33, alf33, a1p2, alB3y2, a1B2y2
and B3y2 subunits, but not on expressed aly2, al, or y2 receptors alone (Pregenzer ez al.,
1993; Zezula et al., 1996). Therefore, like the benzodiazepines, other compounds that
modulate GABAAR function show subunit dependence to some degree. Other
compounds that are reported to alter GABA-gated chloride conductance include
melatonin, trichloroethanol, chlormethiazole, lanthanum, spermine, and spermidine (see
Sieghart, 1995). The subunit dependence of these compounds has not been extensively
investigated.

Pentobarbital, propofol, etomidate, and the neurosteroid, So-pregnan-3a-o0l-20-
one, all appear to potentiate GABA-gated chloride flux at low concentrations, but directly
gate the channel at high concentrations (for review, see Belleli er al., 1999). The sites of
action that mediate these two effects appear to be different since a point mutation within
TMII (N289M) of the B3 subunit reduces the GABA-mimetic effects of propofol (Belleli
et al.,, 1999). Further, Y157 of the B2 subunit has been shown to be important in
conferring affinity for propofol (Fukami ez al., 1999). Propofol has also been reported to
increase the affinity of low affinity binding sites (Davies et al., 1998b) and to potentiate
the binding of [*H]flunitrazepam, while inhibiting the binding of [’H]R015-4513. Recent
studies have suggested that the mode of action of propofol is to increase the efficacy of
agonists at recombinant «1B2y2 and alf2 GABAAR (O’Shea and Harrison, 2000).
Finally, Lam and Reynolds (1998) have demonstrated that the efficacy of propofol at
o1B2 receptors is greater than at alP2y2 receptors, the implication of which is that
expression of a y subunit reduces that ability of propofol to directly activate the channel.

This, the authors, speculate may suggest that there are multiple binding sites for propofol,
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which mediate, in part, its ability to modulate and gate the channel in the presence or
absence of the endogenous neurotransmitter.

No specific high affinity binding sites for barbiturates have been identified.
Pentobarbital increases the affinity of low affinity [’H]muscimol binding sites, and
potentiates the binding of [*H]flunitrazepam, while, at the same time, decreases the
binding of [’H]Ro15-4513 (Davies et al., 1998b). However, while mutational analysis
has been limited, the N289M substitution of the B3 subunit does not alter the modulatory
effects of pentobarbital, but does reduce its GABA-mimetic effects. Similarly, the same
mutation impaired both the modulatory actions of etomidate and its direct effects without
influencing either of the effects of the neurosteroid (Belleli et al., 1999). This suggests
that the mutation is specific for the intravenous anaesthetic, which might therefore
indicate specificity for the binding of propofol or interruption of the transduction
machinery for both propofol and etomidate (Belleli ez al., 1999). However, without the
use of radioligands to investigate these binding sites directly, this conclusion remains
speculative. Other residues, which have been mutated, that do not affect the ability of
pentobarbital to elicit its effects are Y157, T161, T202, and Y205 (Amin and Weiss,
1993), which suggests that the GABA and barbiturate sites are distinct. The mutation
Y157F likewise did not alter the direct functional responses of etomidate, pentobarbital
or the modulatory responses of etomidate, pentobarbital, or propofol (Fukami et al.,
1999). However, Belleli et al., (1999) demonstrated that the mutation I307S of the pl
subunit prevented direct activation of this receptor subtype by pentobarbital, whereas the
T262Q mutation of the p1 subunit prevented the modulatory effects of pentobarbital, but
did not prevent the receptor from being directly activated (Dalziel et al., 1999). Clearly,
these early studies represent an important point of departure for the study of the
mechanisms of action of general anaesthetics and will undoubtedly form the basis for a
complex study of these compounds.

Residues that have been implicated in altering the potentiation of GABA current
by ethanol include S270 and A291 of the a subunit, in addition to S265 and S280 of the
B1 subunit (Ueno et al., 1999). From these studies, it is known, at least in the studies to
date, that residues in the o and B subunits are more important than residues in the y

subunit for conferring the potentiating effects of ethanol (Ueno et al., 1999). The study of
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the inhibition of current by zinc ions has elucidated the roles of several amino acids.
Specifically, it has been demonstrated that H273 of a6, H267 of 31 and H292 of B3 are
important in conferring zinc ion sensitivity (Hornstein and Akabas, 1998). Finally,
residues that are important in conferring TBPS/picrotoxin affinity include A252 and
L253 of the B3 subunit, both of which are located in the second transmembrane domain

(Jursky et al., 2000).

HETEROGENEITY OF EQUILIBRIUM BINDING: AGONISTS/ANTAGONISTS

Equilibrium binding studies have revealed the presence of multiple classes of
agonist sites, which differ in their affinity by at least an order of magnitude for GABA or
its conformationally restricted analogue, muscimol. This apparent heterogeneity is
present in membrane preparations from a number of species, including rat (Enna and
Snyder, 1977; Beaumont et al., 1978; Greenlee et al., 1978a; Guidotti et al., 1979;
Williams and Risley, 1979; Guidotti et al., 1981; Kurioka et al., 1981a; Kurioka et al.,
1981b; Olsen et al., 1981; Matsumodo and Fukuda, 1982; Skerritt and Johnston, 1983a;
Concas et al., 1985; Corda et al., 1986; Corda et al., 1987; Shank et al., 1990), mouse
(Wang et al., 1979; Yang and Olsen, 1988), cow (Olsen et al., 1981; Agey and Dunn,
1989; Costa er al., 1990), bovine retina (Madtes Jr., 1984; Madtes Jr. et al, 1989),
chicken (Fiszer de Plazas et al.,, 1993) and recombinant receptors expressed in either Ltk-
cells (Davies et al., 1994) or tsA201 cells (Newell et al., 2000). Generally, it is accepted
that there are at least two classes of binding sites, the parameters of which can be
measured using radioligand binding techniques. However, some investigators have
suggested that it is likely that there is a third class of ‘ultralow’ affinity (>1 uM) sites that
mediate ion channel opening (Olsen er al., 1986). This is based on the fact that
concentrations of agonist required to elicit current are one to three orders of magnitude
greater than the apparent dissociation constants of both high (Kp = 10-30 nM) and low
affinity sites (Kp = 0.1-1.0 uM). These two binding affinities are measured in most
receptor preparations, irrespective of the brain region from which the membranes are
derived. However, it does appear that the maximal binding density is higher in cortex and
cerebellum than other areas (Guidotti er al, 1979) and that there can be different

proportions of high and low affinity sites in specific brain regions such that the
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cerebellum has a greater proportion of high affinity sites (Olsen et al., 1981). Further, the
number of agonist binding sites on a single receptor has not been clearly defined (Hevers
and Liiddens, 1998). It is generally accepted that the stoichiometry of high affinity
muscimol binding sites to benzodiazepine binding sites is 2:1 (Sigel et al., 1983; Sigel
and Barnard, 1984; Stephenson, 1988; Farrar ez al., 1999), which, in the simplest case,
could reflect the fact that two molecules of agonist are required for channel opening
(Sigel and Buhr, 1997). However, the channel activation sites as measured in
electrophysiological studies are likely of low affinity and not readily detectable in
radioligand binding assays. Nonetheless, in support of the studies listed above it is also
generally presumed that there are at least two channel activation sites because Hill
coefficients >1 imply that there are multiple binding sites. Thus, since high and low
affinity sites exist under equilibrium conditions, a single receptor could carry at least four
binding sites for GABA. Finally, the high affinity benzodiazepine site may represent a
(very) low affinity agonist binding site, which throughout the course of evolution, has
become a recognition domain for these therapeutic compounds (Boileau and Czajkowski,
1999). Therefore, a single receptor could potentially carry up to five agonist binding sites,
all of which may occur at unique subunit-subunit interfaces.

The absolute Kp values for these sites vary depending on the membrane
preparations (i.e. fresh or frozen), choice of buffers, assay temperature, and the method
used to separate bound and free ligand (Table 1-1). Assay conditions to measure binding
parameters of [*H]agonist have been studied extensively and there is no clear consensus
as to the optimal parameters for measuring the binding of these ligands. Although
centrifugation and filtration techniques have been used to separate bound and free ligand
in studies of this nature, filtration appears to yield a higher ratio of specific to non-
specific binding and is less variable than centrifugation methods (Shank et al., 1990).
The introduction of rapid filtration techniques permits even greater resolution of low
affinity binding sites (Agey and Dunn, 1989). Most binding assays are carried out a 4°C
(Olsen et al., 1981; Agey and Dunn, 1989; Newell et al., 2000), aithough high affinity
muscimol binding can be measured equally well at 25°C or 37°C (Shank et al., 1990).
Other investigators suggest that incubation and filtration at 22°C decreases the affinity of

high affinity sites and does not permit the resolution of multiple classes of binding sites
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(Yang and Olsen, 1987; Boileau and Czajkowski, 1999). The optimum pH for these
binding assays falls in the range of 7.1-8.0, and the specific binding of [3H]muscimo'1 or
[’H]JGABA decreases below and above this range (Enna and Snyder, 1975; Olsen et al.,
1981; Madtes Jr., 1984). Specific binding appears to be increased by repeated washing of
brain membranes (Shank ez al., 1990) and multiple freeze-thaw cycles (Enna and Snyder,
1975; Beaumont et al., 1978;), although other researchers suggest that specific binding is
higher in freshly prepared membranes (Shank er al., 1990). Exhaustive washing is,
however, necessary to quantitate accurately the density of low affinity binding sites
accurately (Fiszer de Plazas, 1993). The inclusion of detergents in the preparation of
membranes appears to be an additional factor that has further complicated this field. The
addition of Triton-X-100 reveals an additional class of high affinity [3H]GABA binding
sites (Guidotti ez al., 1979), but addition of Triton-X-100 (0.1% w/v) or Lubrol PX (0.1%
w/v) does not appear to affect the binding of [*’H]muscimol (Wang et al., 1979), although
some investigators have reported a potentiation of [*’H]muscimol binding on the order of
~2.5-fold when these detergents are used (Williams and Risley, 1979). Higher
concentrations of this detergent, on the other hand, decrease [*H]muscimol binding
(Guidotti et al., 1979). The choice of buffer is said to alter the specific binding of GABA
and muscimol in that physiological buffers (e.g. Krebs) increase the B for GABA,
whereas the B, is greater for muscimol in non-physiological buffers (e.g. Tris-HCI,
Trs-citrate). Kp values for muscimol show only a slight dependence on the composition
of the buffer, with the absolute values being slightly higher in Tris buffers (Madtes Jr. et
al., 1989). Finally, the inclusion of sodium ions in assay buffers appears to alter the
binding of [PHJGABA, but has no effect on the binding of [’H]muscimol (Kurioka ef al.,
1981). Some have suggested that the binding affinities are higher in the presence of
sodium because it is thought to reflect the binding to transport sites instead of receptor
sites, such that sodium-ion free buffers have largely been adopted in the radioligand
binding assays. In the presence of sodium chloride, the binding of GABA increases in a
concentration dependent fashion, but decreases beyond 200mM sodium chloride (Enna
and Snyder, 1977; Olsen et al., 1981; Shank et al., 1990). Apparent synergistic effects of
buffers, detergents, and sodium chloride further complicate the choice of buffer. It has

been reported that the inclusion of Triton-X-100 and sodium ions in Tris-sulfate buffers
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(pH 7.4) permits the resolution of one class of sites, whereas the exclusion of sodium ions
from the same buffer allows for the resolution of two classes of binding sites (Kurioka et
al., 1981a, b).

Despite the apparent lack of agreement as to the optimal conditions for the
measurement of agonist binding, most methods appear to produce Scatchard plots that
have multiple components. The existence of curvilinear Scatchard plots from brain
membrane preparations suggests many potential mechanisms for agonist binding. These
include the following: (1) multiple classes of independent sites, (2) interconvertible states
of a single binding site, (3) negative cooperativity, or (4) multiple receptor subtypes in
brain membrane preparations (Greenlee et al., 1978b; Agey and Dunn, 1989). On the
basis of equilibrium binding studies alone, it is not possible to discriminate among these
mechanisms. Guidotti and coworkers (1979) first suggested that high and low affinity
binding sites are distinct on the basis of the uneven distribution of high and low affinity
binding in certain brain regions and that only the high affinity binding sites were
regulated by an as yet unidentified endogenous protein modulator. Heterogeneity in
equilibrium binding [for which the receptor classification of GABA, and GABA; was
coined (Enna and Snyder, 1975)] was originally thought to reflect the existence of
multiple GABA receptor subtypes, which differed in their affinity for GABA in the
brain (Enna and Snyder, 1975). Later studies suggested that heterogeneity in ligand
binding could be described by models of independent sites or multiple interconvertible
states, although the latter was no more valid than the former as a description of the data
and would serve to describe the same data set with equivalent validity when
interconversion of binding sites does not occur (Olsen et al., 1981). However, these
authors argue that the sites are likely independent on the basis of complex association and
dissociation kinetics in which multiple components are observed, irrespective of ligand
concentration (Olsen et al., 1981; Yang and Olsen, 1987; Agey and Dunn, 1989). This is
further corroborated by the fact that heat inactivation studies selectively reduced the
density of low affinity sites, but not high affinity sites (Olsen et al., 1981). Chemical
modification studies also showed that it is possible to modify’ either high or low affinity
binding without altering the complementary component, the ¥mplication of which is that

high and low affinity sites are independent (Burch er al., 1982; Maksay and Ticku,
30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1984a; Skerritt and Johnson, 1982). Specifically, p-diazoniumbenzenesulfonic acid
disrupts low affinity GABA binding, while ammonium thiocyanate selectively disrupts
high affinity binding (Maksay and Ticku, 1984b). Further evidence for selective
disruption comes from the fact that diazotized sulfanilate and tetranitromethane impair
the ability of muscimol to potentiate [°H]diazepam binding (Burch et al., 1982; Maksay
and Ticku, 1984a), while N-acetylimidazole impairs muscimol binding (Maksay and
Ticku, 1984a). Additional evidence from biphasic binding of the competitive antagonists,
bicuculline and SR95531, which recognize the agonist sites with an affinity that is
inversely related to the agonist affinity (Maksay, 1988; Maksay 1994) suggest that there
are two classes of antagonist sites (M&hler and Okada, 1978; Olsen and Snowman, 1982;
Heaulme er al., 1987). However, despite the availability of complex kinetic data, multiple
agonist affinities are still explicable if multiple receptor subtypes are considered. The
unequivocal demonstration that single receptor subtype carried two classes of binding
sites of very high and low nanomolar affinity came when stable expression of the
a1B2y2s subtype was used in [*’H]muscimol binding assays (Davies ef al., 1994). These
observations have also been validated by a recent mutagenesis study in which a novel

determinant of high affinity binding was described (Newell ez ai., 2000).

FUNCTIONAL ROLES OF LOW AND HIGH AFFINITY AGONIST BINDING
SITES OF GABA. R

The relative contributions of both high and low affinity binding sites to GABAAR
function are not clear. Following the identification of high and low affinity sites in brain
membrane preparations, it was demonstrated that micromolar concentrations of GABA or
muscimol could potentiate specific [*H]diazepam binding in a concentration-dependent
fashion (Tallman et al., 1978). This interaction between GABA and the benzodiazepine
site appears to be well correlated with the low affinity GABA sites since the half-
maximal concentration for diazepam potentiation (1.6 pM, Tallman et al, 1978)
corresponded closely to the Kp value of low affinity binding sites (1.2 uM) obtained in
saturation assays (Enna and Snyder, 1977). Chemical alterations of high affinity
[*H]muscimol binding did not affect the ability of GABA to potentiate specific
[3H]diazepam binding (Marangos and Martino, 1981). Other approaches such as chronic
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diazepam treatment modified the low affinity binding component by increasing its
affinity, whereas the affinity and density of the high affinity sites were unchanged
(Gallager et al., 1984). Direct demonstrations of the modification of low affinity binding
parameters has suggested that benzodiazepine positive allosteric modulators increase the
Kp of low affinity sites without alterations to its Bmax values or any of the high affinity
binding site parameters (Skerritt ez al. 1982a, b; Matsumoto and Fukuda, 1982; Skerritt
and Johnston, 1983a, b; Paldi-Harris et al, 1985; Bristow et al, 1990). Generally,
diazepam or ligands which share the same pharmacological profile potentiate GABA
binding by approximately 40-45% (Skerritt and Johnston, 1982a; Skerritt et al., 1983a,b;
Paldi-Harris et al., 1985), while the potentiation of [*H]muscimol binding is only about
20% (Matsumodo and Fukuda, 1982; Skerritt et al, 1983b). The half-maximal
concentration of diazepam required to mediate these effects is in the high nanomolar
range (~ 20 nM), which is in good agreement with direct measurements of the binding
parameters of this ligand (Davies et al., 2000). Another study, however, reported that
rather than affect affinity, the effects of benzodiazepine ligands were to increase the
abundance of low affinity binding sites (Corda et al., 1986). Finally, electrophysiological
studies have demonstrated that positive allosteric modulators shift the curve to the left,
which indicated that benzodiazepines interact with the low affinity (i.e. channel
activation) sites (Dunn et al., 1999; Chang and Weiss, 1999; Davies et al., 2600).

The role of high affinity sites is not clear since their binding parameters are not
generally modified by diazepam. However, one study by Meiners and Salama (1985) in
which [3H]GABA (20 nM) was employed as the reporter molecule showed that diazepam
and the partial benzodiazepine agonist CG29896 increased the binding by about 20-45%
with an ECs value of 30 nM. There are reports, too, that the effects of barbiturates may
be mediated via high affinity binding sites since pentobarbital modestly increases the
relative proportion of high affinity sites in brain preparations (Olsen and Yang, 1987).
There remains speculation as to the contributions of high affinity binding sites to receptor
function. Some groups maintain that rather than being an independent site the high
affinity binding site simply reflects the desensitized state of low affinity binding sites
(Ebert et al., 1997; Sigel and Buhr, 1997), while others suggest that the role of the high
affinity binding site is related to desensitization processes (Cash and Subbarao, 1987a, b).
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The latter is in good agreement with an early model of nAChR receptor activation and
desensitization in which the two general receptor processes are mediated by binding to
low and high affinity sites, respectively (Dunn and Raftery, 1982; Dunn et al., 1983).

MODELS OF RECEPTOR ACTIVATION AND DESENSITIZATION

The binding of agonists to a receptor and the subsequent allosteric conformational
changes that accompany ligand binding describe the activation of GABAAR by agonists.
Few details conceming ion channel opening have been resolved but evidence from the
nAChR suggests that the binding of agonist to its receptor produces localized
conformation changes which are gradually transduced by small rotations to structures in
the membrane, which, in the end, alter the channel gate, thereby allowing the flow of ions
along their concentration gradient (Unwin, 1995). At the present time, it is not certain
how many molecules are required to activate a native receptor, but it is presumed that
mono- and di-liganded receptors can reach the open channel state (Jones et al., 1998).

Desensitization is believed to subserve two main purposes, the first of which is to
terminate the cellular response to an individual stimulus, and the second of which is to
cause a general reduction in responsiveness without terminating the stimulus. The
process of desensitization has received a great deal of attention, especially in terms of the
multiple components of desensitization. Generally, desensitization is described by two
components, which are termed fast and slow. It is generally accepted that ligand-gated
ion channels undergo a conformational transition from the active state to a desensitized
state on the basis of homology considerations with the nAChR. Unwin (1995) was able to
capture the resting receptor and the desensitized receptor bound to molecules of
acetylcholine and, in doing so, showed that the relative positions of the subunits within
the receptor were different in each state. Thus, quaternary structure mediates the initial
state of desensitization, which is in good agreement with a study by Lu and Huang (1998)
in which elements within the amino terminus and carboxyl terminus were responsible for
mediating these processes.

The role of receptor phosphorylation in the desensitization process remains
ambiguous. Several studies have examined the phosphorylation of GABAAR, but this

work remains controversial. PKC has been shown to mediate internalization of receptors
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(Filipova et al., 2000), but does not alter the desensitization kinetics of GABAAR (Lin et
al., 1996). Further, PKC has been shown to increase the maximum current amplitude in
a1B1y2 receptors, which has been attributed to phosphorylation of serine residues 409
(B2), 237 (y2) and 343 (y2). However, other investigators report that PKC decreases the
amplitude of GABA current (Sigel and Baur, 1988), which casts some doubt on the
validity of these results. Likewise, phosphorylation of tyrosine residues 365 and 367 of
the y2 subunit has been shown to enhance GABA whole cell current (Moss et al., 1992).
However, PKA inhibits GABA currents and is reported to phosphorylate S409 of the B1
subunit. In that study, however, PKA was shown to decrease the proportion of the fast
component of desensitization, while having little effect on the time course for each of
these components. Finally, it has been demonstrated that the rate of desensitization is
decreased in chick cortical neurons when cyclic adenosine monophosphate is applied to
cells (Tehrani ez al., 1989).

Many models that account for multiple binding steps and the allosteric transition
from the resting state to the active state have described the activation processes of
GABAAR. Generally, it is presumed that two molecules of agonist are required to activate
the receptor since Hill coefficients greater than unity imply multiple binding steps. The
simplest of these models, postulated by Del Castillo and Katz (1957), requires sequential
binding of agomnist molecules, which promote isomerization to the active state. This
model, although an oversimplification of a complex process, does not account for
multiple classes of binding sites on a single receptor macromolecule, and suggests that
the same class of binding site mediates activation and desensitization. However, despite
the apparent lack of complexity, this model serves as the basis by which most
mutagenesis data is interpreted because it does not require detailed kinetic analysis to
rationalize changes in ligand binding or channel gating, which, as described by Del
Castillo and Katz (1957) could be a function of either the initial binding steps or the
transition to the active state of the receptor. This model has also been extended to account
for desensitization processes such that the linear scheme has been superseded by a

cyclical model of receptor activation and desensitization (Fig. 1-7A).
However, this model assumes that ligand binding is a simple process, although the

validity of this assumption has recently been challenged by a kinetic study of receptor
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affinity wherein an energy barrier was shown to limit the binding process (Jones et al.,
1998). Thus, small molecules that recognize the GABAAR, which do not overcome a
significant energy barrier must climb out of a deep energy well and thus unbind more
slowly than lower affinity ligands which have significantly greater energy requirements
for ligand binding (Jones et al., 1998). This newer version of the model accounts for
multiple phases of desensitization (e.g. fast and slow), which are predicted to occur from
the doubly liganded state and the mono-liganded state of GABAAR. Since recovery of
receptors from desensitization is almost entirely dependent on dissociation of the GABA
molecules from the receptor (Clements, 1996), this model can be interpreted in light of
two classes of binding sites. Thus, the rapid phase of desensitization could be attributed
to dissociation from low affinity sites, whereas the slower component could represent
dissociation from high affinity binding sites (Fig. 1-7B).

One of the most widely accepted models for the transitions of allosteric proteins
was put forth by Monod, Wyman, and Changeux (1965). This model describes the
structure of the protein as being composed of a distinct number of subunits that occupy
equivalent positions within the final receptor molecule. The basic tenet of this model is
that proteins exist in two distinct conformational states, between which there is
equilibrium in the absence of ligand. Further, in this model, the affinity of the two states
differs and it is said that ligand binding stabilizes the state for which the ligand has higher
affinity (Monod er al., 1965). The conformational changes that this model describes are
generally thought to reflect interactions among all subunits (i.e. quaternary structure)
rather than the folding of each subunit (i.e. tertiary structure) In this model, activation is
mediated by a transition from the inactive, resting state and the open channel
conformation. Subsequent to these events, allosteric proteins undergo slower refractory or
desensitization (on the order of tenths of seconds to minutes) processes. Further, this
model accounts for a state of intermediate affinity (I), which occurs subsequent to
receptor activation (A) but prior to the final desensitized state (D). This scheme suggests
that the affinity of the receptor is low in the basal state (B), but higher in each of the
subsequent transitory states, such that the rank order of affinity is D>I>A (Fig. 1-8A) (see
Edelstein and Changeux, 1998). The extension of this model to account for

desensitization processes without significant receptor activation, suggests that
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desensitization can be mediated by low concentrations of agonist that do not elicit
significant current (Edelstein ez al., 1996).

A model that has been proposed to account for multiple classes of binding sites
has been put forward by Raftery and colleagues (1983). In this scheme, binding to high
and low affinity sites occurs by simple mechanisms, whereas channel activation requires
cooperative interactions among different binding sites. The details of this model are
adequate to explain activation and desensitization as parallel processes that are mediated

by distinct binding sites on the receptor (Fig. 1-8B).

AIMS OF THE PRESENT STUDIES

It is the goal of the studies described in this thesis to characterize agonist-binding
domains of GABAARs using a multi-disciplinary approach that includes site-directed
mutagenesis, radioligand binding, transient transfection and electrophysiology. These
methods permit the substitution of amino acid residues in specific domains of the
receptor macromolecule and allow for the evaluation of the consequences of those
mutations, both in terms of binding and functional properties of a single receptor subtype.
This technology better enables the researcher to investigate receptor domains, some of
which had been previously investigated in brain homogenates using biochemical
techniques such as photoaffinity labeling, chemical modification, and radioligand
binding.

A number of investigators have provided detailed information on the nature of the
low affinity GABA binding sites that mediate ion-channel activation, but there have been
no reports of the structural basis of high affinity GABA/muscimol binding. However, the
existence of these sites has been noted in a number of receptor preparations, including
brain homogenates (see Olsen et al., 1981; Agey and Dunn, 1989) and a stably
transfected cell line (Davies et al., 1994). A series of homology considerations based on
the low affinity agonist-binding site the high affinity benzodiazepine-binding site, as
described in detail in Chapter 2, suggested that a tyrosine residue in a particular domain
(“loop” D) of the B2 subunit could contribute to the formation of this binding site. The
primary hypothesis of this research is therefore that tyrosine-62 of the B2 subunit of the
GABAAR is an important determinant of high affinity agonist binding. The secondary

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hypothesis of Chapter 2 is that high affinity agonist binding does not play~ a major role in
GABAAR ion-channel activation as has been suggested by others (Imm er al., 1997).
However, an early model of nAChR activation and desensitization in whiwch high affinity
agonist-binding domains are reported to mediate desensitization of the resceptor (Raftery
et al., 1983) is tested in Chapter 3 using mutants that alter high affinity agonist-binding
properties. The aim of the studies described within Chapter 3 is therefore t«o determine the
role of high affinity agonist binding in GABAAR desensitization pmocesses. The
elucidation of determinants of this binding domain has important consequiences for those
who study GABAAR function since the details of this work challenge the- current dogma
in the field that the high affinity binding sites simply represent the desemsitized state of
the sites required for ion-channel activation (Sigel and Buhr, 1997).

In Chapter 4, the goal of the study is to demonstrate that the partial inverse
agonist, Ro15-4513, recognizes a domain of the receptor that is distinct from the positive
allosteric modulator, flunitrazepam. Previous work from this laboratory ha.s demonstrated
that the primary site of photoincorporation of [*H]flunitrazepam is H102 of the bovine o
subunit (Duncalfe er al., 1996). It was subsequently demonstrated tthe Rol5-4513
recognized a unique domain that was C-terminal to residue 125 of the al subunit (Davies
et al., 1996), an observation that was corroborated by a mutagenesis stud-y of H101 (rat
numbering) in which multiple amino acid substitutions differentially altemwed the affinity
for flunitrazepam, but did not lead to a reduction in affinity for Ro15-4513. Further
refinement of the localization of the Ro15-4513 labeling suggested that #this compound
labeled the domain between residues 247-281 of the al subunit (Davdes and Dunn,
1998). The best candidate for interaction with Ro15-4513 was the extmacellular loop
between TMII and TMIII, and this was the target for mutational analysis &s described in
this chapter. Therefore, the specific aim of the experiments described in Chapter 4 is to
demonstrate that determinants within this region are important for Ro15-4513 binding
and its effects. This may have important consequences for the pharmmacotherapy of
alcohol addiction since Ro15-4513 is reported to act as an alcohol antagonist and this
region of the receptor may be important for the interactions of alcohol (Mihic et al.,
1997).
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In Chapter 5, the interactions of zopiclone, a cyclopyrrolone that shares the same
pharmacodynamic profile as the classical benzodiazepines, in investigated. The
interactions of this compound with the GABAAR are unclear as it does not appear to
modulate the binding of other [*H]ligands in the same manner as diazepam and kinetic
data have suggested that the interaction of zopiclone with the GABAAR occurs via a
modulatory site distinct from classical benzodiazepines. There is also no clear consensus
as to its efficacy at GABAARs (see Chapter 5 for details). Therefore an investigation of
its binding and functional properties was warranted. The goal of the work described in
Chapter 5 was therefore to clarify the interaction of zopiclone with GABAAR.

In conclusion, the global goal of the present study is to ascertain information as to
amino acid residues that play a role in the binding of the agonists, muscimol and GABA,
and benzodiazepine site ligands. The specific aims of these projects are (1) to identify
determinants of high affinity agonist binding, (2) to elucidate the role of high affinity
agonist binding in GABA4R function, (3) to define further the novel domain between
residues 247-283 of the ol subunit that is photolabeled by Ro15-4513 and (4) to better
define the interaction of zopiclone, a sedative-hypnotic, with GABAAR.
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Figure 1-1
(A) Schematic of a generic GABAR subunit showing the large hydrophilic amino-
terminus, the conserved cysteine-cysteine bridge (C139-C153), the four transmembrane
domains (TMI-TMIV) and the short, extracellular carboxy terminal tail. Also shown are
the relative positions of the six putative “loops™ (labelled A-F) that are believed to form
ligand recognition domains. (B) Linear model of a generic subunit showing the relative
positions of the “loops” in the primary sequence of the protein, sites for N-linked

glycosylation, the conserved cysteine loop, and the four transmembrane domains.
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Figure 1-2
Model of the binding site of the nAChR, illustrating the importance of subunit-interfaces
to the formation of recognition sites. Shown are the relative positions of amino acid
residues from “loops” A-C of the o subunit and “loops” D-F on the adjacent y or &
subunit. Also shown are the amino acids implicated in the formation of the
acetylcholine/high affinity d-tubocurarine/low affinity a-conotoxin M-1 recognition site
at the a-y interface. These include W86, Y93, aW149, aY151, a¥Y190, aC192,
oC193, otY198, aD200, yK34, yW55, YE57, yY111, yC115, yI116, yY117,yS161, yF172,
yD174, and yE183. The numbering used is for the mature o and y subunits of the
nAChR, respectively. Homologous residues of the § subunit have also been identified but
have been omitted for clarity. Details of residues of the & subunit that have been

implicated at the -8 interface are presented in the text
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Figure 1-3

Partial amino acid sequence alignment for the al-, B2-, and y2-subunits of the rat
GABAAR, a, v and & subunits of the Torpedo nAChR subunits, o and § subunits of the

rat GlyR, and the A subunit of the rat SHT3;R from (A) “loops” A, (B) “loop” B, and (C)
“loop” C. The numbering shown for “loop” A is for the mature ol subunit of the
GABAAR, while the numbering for “loops” B and C corresponds to the mature 32
subunit of the GABAAR. The amino acid residues in red lettering have been implicated
in GABA benzodiazepine, dTC, DDF, acetylcholine, nicotine, serotonin and granisetron
binding as detailed in the text. Residues that appear in the box represent conserved
structural features of the LGIC subunits as indicated. For the purposes of alignment, the

asterisks represent regions where the subunits are not of equivalent length and therefore

lack a homologous residue at these positions.
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Figure 1-4

Partial amino acid sequence alignment for the al-, B2-, and y2-subunits of the rat
GABAAR, «, y and & subunits of the Torpedo nAChR subunits, o and B subunits of the

rat GlyR, and the A subunit of the rat SHT3R from (A) “loops” D, (B) “loop” E, and (C)
“loop” F. The numbering shown for “loops” D and is for the mature 32 subunit, while
the numbering for “loops” E corresponds to the mature o1 subunit of the GABAAR. The
numbering of “loop” F corresponds to the mature § subunit of the nAChR. The amino
acid residues in red lettering have been implicated in GABA benzodiazepine, d-
tubocurarine, DDF, acetylcholine, nicotine, serotonin and granisetron binding as detailed
in the text. Residues that appear in the box represent conserved structural features of the

LGIC subunits as indicated.
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Figure 1-5
Model of the benzodiazepine binding site at the interface of adjacent a—y subunits of the
GABAAR. The model illustrates the relative positions of the amino acid residues that
have been implicated in agonist, antagonist, and inverse agonist recognition. Also shown
are the amino acids implicated in the formation of the high affinity benzodiazepine site.
These include aH101, aY159, aT162, aG200, aS204, aT206, aaY209, aV211, yM57,
YYS8, yF77, YYA79, and yYM130. The numbering used is for the mature ol and y2
subunits, respectively. “Loop” F is not shaded in red because no residues from this loop

have been implicated in the formation of the benzodiazepine site to date.
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Figure 1-6
Model of the low affinity binding site at the interface of adjacent B—o. subunits of the
GABAAR. The model illustrates the relative positions of the amino acid residues that
have been implicated in agonist and antagonist recognition. Also shown are the amino
acids implicated in the formation of the low affinity GABA binding (i.e channel
activation) site. These include BY157, BT161, BT202, BY205, aF64, aR66, aS68,
aR120, and «ll2l. The numbering used is for the mature B2 and «l subunits,
respectively. “Loops” A and F are not shaded in red because no residues from these loops

have been implicated in the formation of the GABA site to date.
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Figure 1-7
Models of GABAAR activation and desensitization as proposed by (A) Del Castillo and
Katz (1957) and (B) Jones et al. (1998). In (A), there are two agonist (A) binding sites
per receptor (R), both of which must be occupied before isomerization to the active state
(*). The desensitized (D) state of the receptor can be achieved following ion channel
opening or from the mono-liganded state. In (B), the open channel can be achieved via
the mono- or di-liganded states, which give rise to different states of desensitization and

activation. Detailed descriptions of each model are presented in the text.
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Figure 1-8
Models of GABAAR activation and desensitization as proposed by (A) Heidmann and
Changeux (1980) and (B) Raftery er al. (1983). In (A), B represents the basal or resting
state and A represents the active state. The intermediate (I) and desensitized (D) states are
achieved through the open channel state. In (B), ligand binding to two high (H) affinity
sites in (1) allows the receptor to reach the closed, desensitized state, whereas the open
channel state is reached by the sequential binding of two agonist molecules as depicted in
(2) to the low affinity sites. The desensitized state can also be achieved through this

pathway. Detailed descriptions of each model are presented in the text.
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Table 1-1. Relative equilibrium dissociation constants (Kp) and binding densities (Bmax)
for ["HJGABA or [*H]muscimol binding at high (H) and low (L) affinity sites. In cases
where Kp and Bmax values are reported from multiple brain regions, only values for
binding from bovine cortex are presented. ('Data represent the mean + SEM; *Data

represent the mean + SD; N.D., not determined).

Reference Ligand | Kpgp (nM) Bmax, Kpa) (nM) Bmax,
(pmol/mg) (pmol/mg)
Guidotti ez al., 1978 GABA 28 N.D. 111 N.D.
Greenlee et al., 1978 | GABA 24+ 6 0.69 150+9.7 | 2.90+0.62
Enna and Snyder, GABA N.D. N.D. 1200¢ 30
1975
Guidotti et al., 1979 GABA 20 1.00 120 0.75
Olsen et al., 1981 GABA 136 0.33+£0.17 | 300150 | 1.8+0.60
Kurioka er al., 1981 GABA 18.6 2.8 60.5 4.4
Kurioka er al., 1981 GABA 3500 72.1 18200 190.8
Madtes Jr., 1984 GABA 0.75 0.50 1139 2.88
Madtes Jr. et al., GABA 18.0+£2.0 | 0.064+0.02 N.D. N.D.
1986
Costa et al., 1990 GABA | 10.7+0.9 1.7£0.2 131 £20 45+03
Shank et al., 1990% GABA 16.3 0.88 224 1.12
Fiszer de Plazas et GABA 7.1£0.2 0.99+£0.02 | 113.4+£8.6 | 6.90£0.3
al., 1993
Wang et al., 1979 muscimol 9 2.1 70 0.7
Williams and Risley, | muscimol 4.5 0.51 30 0.99
1979
Madtes Jr. et al., muscimol | 19.1 £3.2 0.4 £0.08 N.D. N.D.
1986
Madtes Jr. et al., muscimol | 7.6 + 1.02 0.3+£0.04 104 £43 225+0.5
1989°
Yang and Olsen, muscimol 20 1.0 365 2.5
1987
Agey and Dunn, 1989 | muscimol 7 3.5 300 6.2
Newell et al., 2000 | muscimol | 8.9 = 0.5 N.D. 429 + 40 N.D.

“ sodium dependent binding (Kp for sodium independent binding = 370 nM)

% Also reported is an ultralow affinity binding site (Kp = 34 puM, Bpax = 90 pmol/mg)
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CHAPTER 2'
Tyrosine 62 Of The y-Aminobutyric Acid Type A Receptor 32 Subunit
Is An Important Determinant Of High Affinity Agonist Binding

' A version of this chapter has been published. NEWELL, J.G., DAVIES, M., BATESON, A.N., AND
DUNN, S.M.J. (2000). J. Biol. Chem., 275, 14198-14204.
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INTRODUCTION

The type A y-aminobutyric acid receptor (GABAAR) is a member of a
superfamily of ligand-gated ion channels (LGIC) that includes the nicotinic acetylcholine
receptor (NAChR), the glycine receptor (GlyR) and the serotonin type 3 receptor (SHT3;R)
(Dunn et al.,, 1994). The GABAAR carries binding sites for a number of therapeutic
agents including the benzodiazepines, barbiturates, neurosteroids, some general
anaesthetics, and possibly also alcohol (Dunn ez al., 1994). In brain membranes, there are
at least two classes of binding sites for the endogenous neurotransmitter, which differ by
more than an order of magnitude in their affinity for GABA or its structural analogues
(Olsen et al., 1981; Olsen er al., 1986; Yang and Olsen, 1987; Agey and Dunn, 1989).
This heterogeneity in binding was originally thought to reflect the diversity of GABAAR
subtypes in brain tissue. However, the presence of both classes of sites in a stable cell line
expressing a specific subtype (Davies et al., 1994) suggests that both exist in a single
receptor molecule. On the basis of biochemical studies, the reasonable correlation
between the concentration of agonist required to elicit ion flux and to potentiate the
binding of benzodiazepine ligands suggested that the low affinity sites are important for
channel gating (see Sieghart, 1995). However, the role(s) of the high affinity binding sites
in receptor function remains unclear.

All members of this receptor family are believed to be pentameric complexes
formed by homologous subunits assembled to form a central ion channel (Nayeem et al.,
1994). Recent models (see Changeux and Edelstein, 1998) predict that ligand binding
sites occur at subunit-subunit interfaces. This was first demonstrated in the nAChR in
which the a—y and a-§ interfaces were implicated in forming non-equivalent binding
sites for d-tubocurarine (Pedersen and Cohen, 1990). In the GABAAR, low affinity
GABA sites (i.e. those that have been implicated in channel activation) are thought to be
located at the interfaces between 3 and o subunits (Sigel et al., 1992; Amin and Weiss,
1993; Smith and Olsen, 1994; Boileau er al., 1999), while the benzodiazepine binding
site is predicted to occur at the homologous a—y interface (Wieland et al., 1992; Buhr ez
al., 1996; Davies et al., 1996; Duncalfe et al., 1996; Amin et al., 1997; Buhr et al,
1997a; Buhr et al., 1997b). More detailed analyses of the properties of these sites have

led to a "loop model" of ligand binding sites (see Corringer et al., 2000) in which amino

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



acid residues from at least three discontinuous regions (denoted “loops” A-C) of one
subunit together with residues from at least one region of the adjacent subunit (“loop” D)
form the binding pocket (Fig. 2-1).

In the GABALR, evidence for the location of the high affinity agonist site(s) is
derived from a number of experimental approaches. Photoaffinity labeling studies first
suggested that the B subunit is a major determinant of high affinity binding since this was
the principle site of photoincorporation of [*H]muscimol (Casalotti et al., 1986; Deng ez
al., 1986), although another report has given some indication that the a subunit can also
be labelled (Smith and Olsen, 1994). Heterologous expression of different GABAAR
subunit combinations indicates that coexpression of a and [ subunits is required for high
affinity binding and the a1B3, oc133y2, «1B2 and «1B2y2 combinations have all been
shown to form high affinity binding sites for [*H]muscimol (Pregenzer er al., 1993;
Zezula et al., 1996). Furthermore, expression of a tandem construct in which the C-
terminus of a6 was covalently linked to the N-terminus of the 32 subunit produced high
affinity binding sites (Im ez al., 1995) although the receptors were non-functional unless
an additional o6 or y2 subunit was coexpressed with these constructs.

Based on the above observations and homology considerations, we speculated
that a high affinity agonist site in the GABAAR may be located at the a—f subunit
interface, in which the B subunit would contribute residues in "loop D" according to the
model described above (Fig. 2-1). Candidate tyrosine residues (at positions 62 and 74) of
the B2 subunit were identified by amino acid sequence alignment (Fig. 2-2) based on
previous work that residues in the homologous positions to Y62 in the o and y subunits
have been implicated in (low affinity) GABA and benzodiazepine binding, respectively
(Sigel et al., 1992; Smith and Olsen, 1994; Buhr et al., 1997a,b). Both tyrosine residues
were mutated to phenylalanine and to serine in order to evaluate the relative contributions
of the aromatic rings and hydroxyl groups of these tyrosine residues to high affinity
muscimol binding.

In this chapter, I demonstrate that Y62 of the B subunit is an important
determinant of high affinity muscimol binding. Substitution of phenylalanine at this
position decreased the affinity for both mucimol and GABA whereas substitution by
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serine led to a loss of detectable high affinity binding sites. In functional assays, both
mutations increased the ECsg for channel activation. These results suggest that Y62 of
the B subunit is an important determinant for high affinity agonist binding and that,
although this residue may play some role in receptor activation, high affinity binding per

se 1s not a requirement for channel gating.
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MATERIALS AND METHODS

Site-Directed Mutagenesis
The B2 mutants were generated using the Altered Sites® II in vitro Mutagenesis
System from the Promega Corporation (Madison, WI, USA). The protocol for this system
has been described (Newell et al., 2000). Single point mutants are named according to
their position in the mature B2 subunit (Fig. 2-2), which was determined by the
calculation of the signal peptide cleavage site according to the algorithm of Nielsen ez al.
(1997). The following oligonucleotides were designed for the mutagenesis procedure and
were purified by polyacrylamide gel electrophoresis according to the method previously
described (Tanay et al., 1997):
Y62F, 5 TACACCTTGACCATGTTTTTCCAGCAAGCTTGGAGAGATAAGAGA 3’
Y62S, 5 TACACCTTGACCATGTCTTTCCAGCAAGCTTGGAGAGATAAGAGA 3’
Y74F, 5 TATTTCCAGCAAGCTTGGAGAGATAAGAGACTGTCCTTCAATGTAATC
CCTTTA 3
Y74S, 5’ TATTTCCAGCAAGCTTGGAGAGATAAGAGACTGTCCTCCAATGTAATC
CCTTTA 3”
Ampicillin repair, 5> CACCACGATGCCTGCAGCAATGGCAAC 3’
The incorporation of silent HindII restriction sites into the mutagenic oligonucleotides
facilitated rapid screening of putative mutants, and the presence of the mutations was
subsequently verified by DNA sequencing across the mutated region. For heterologous
expression, all subunit cDNAs, which were generous gifts from Dr. David Weiss
(University of Alabama) were subcloned into the pcDNA3.1 (+/-) expression vectors
(Invitrogen), which allow for high level of expression of foreign DNA under control of

the cytomegalovirus promoter.

Transient Transfection and Cell Membrane Preparation

tsA201 cells (DuBridge ef al., 1987), derivatives of the human embryonic kidney
(HEK-293) cell line, were maintained in Dulbecco’s modified Eagle’s medium,
supplemented with 10% (v/v) fetal bovine serum (Gibco) or Fetal Clone III (HyClone)

and 100 U/ml penicillin-streptomycin solution. Transient transfection was carried out

98

Repfoducéd with pérmission> of the copyright owner. Further reproduction prohibited without permission.



using the calcium phosphate method as described by Chen and Okayama (1987) and as
modified by Davies er al. (1998). Cultures were grown to 70% confluency and
transfected with 10 pug each of the «l, 32, and Y2 GABA4 receptor cDNA constructs.
The cDNA constructs were mixed in 250 mM CaCl, solution before an equal volume of
N, N-bis (2-hydroxyethyl)-2aminoethanesulfonic acid (BES) buffer (pH 7.02) was slowly
added. The solutions were mixed well and allowed to stand (22°C) for 15 min before
dropwise addition to the cells that had been fed fresh medium. Cells were maintained in a
3% CO; incubator for 48h prior to harvesting. Cell membranes were prepared as

described (Davies et al., 1998).

Equilibrium Binding Assays

[’H]JR015-4513 (23.06 Ci/mmol, NEN DuPont) binding measurements were
carried out using a Hoefer manual filtration apparatus as described (Davies et al., 1998).
In brief, aliquots (200 pl) of cell membranes were incubated with various concentrations
(0-70 nM) of [°H]JR015-4513 at 4°C for 60 min. Non-specific binding was determined in
the presence of 100 pM diazepam (0.07% (v/v) DMSO final). ["’H]Muscimol (20.0
Ci/mmol, NEN DuPont) binding was performed using a Biologic® Rapid Filtration
System (Dupont, 1984) and carried out according to the method as previously described
(Agey and Dunn, 1989). Use of this system, in which the filter-washing step was reduced
to 0.5 sec, permits better resolution of the lower affinity (faster dissociating) binding sites
(see DuPont, 1984). Non-specific binding was determined in the presence of 300 pM
muscimol. Data for [°H]muscimol saturation were fit to a two-site saturation model and
compared to a one-site hyperbola using GraphPad Software. All Kp values reported were
obtained from non-linear regression analysis using saturation data. Representative
Scatchard plots are included for display only (e.g. Figs. 2-5, 2-6, 2-7, 2-8). For
competition experiments, [3H]rnuscirnol (10-40 nM) was incubated with a 200 ul aliquot
of cell membranes and various concentrations of unlabeled GABA (0.1 nM-1 mM),
muscimol (0.1 nM-100 uM) or bicuculline methochloride (1 nM-1 mM) (see Fig 2-3 for
structures) for 60-90 min at 4°C. Non-specific binding was determined in the presence of

100 uM GABA or muscimol and did not exceed 20% of the total [°H]muscimol binding
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at the highest concentrations of ligand used. Experiments to measure the potentiation of
[3H]ﬂunjtrazepam binding were also conducted using the Rapid Filtration Systém.
[*H]Flunitrazepam (84.5 Ci/mmol, NEN DuPont) was incubated with cell smembranes
and various concentrations of unlabeled GABA (0.01-100 uM) for 90 min at 4-°C.

Expression in Oocytes and Two-Electrode Voltage Clamp Analysis

Oocytes from Xenopus laevis were prepared as described (Goldlin, 1992).
GABA,R subunit cRNA transcripts were prepared by linearizing a1 and y-2; subunit
cDNAs with Xbal, while the B2 subunit cDNA was linearized using Eco-RI. cRNA
transcripts were generated using T7 RNA polymerase as described by Dunn et al. (1999).
GABAA, receptor containing al, f2 (or mutant $2) and y2; subunits were expressed by
injection of 50 nl (50 ng) of cRNA (Goldin and Sumikawa, 1992) into oocytes at ratios of
1:1:1. The oocytes were maintained in Barth’s solution (in mM): NaCl (88), KCI (1),
CaCl; (0.5), Ca(NO3) (0.5), MgS0O4 (1), NaHCO; (2.4), 4-(2-(hydroxyethyl)-1-
piperazinethanesulfonic acid (HEPES) (15), pH 7.4 for 2-7 days and used for
electrophysiological recordings. Oocytes under two-electrode voltage clamp at a holding
potential of -60 mV were perfused continuously (at a flow rate of approximately 5
ml/min) with frog Ringer’s solution (in mM): NaCl (120), HEPES (5), KC1 (2), CaCl,
(1.8). GABA (Sigma) or muscimol (Sigma) was dissolved in frog Ringer’s and standard
two-electrode voltage clamp procedures were carried out using a GeneClamp 500
amplifier (Axon Instruments Inc.). To measure the sensitivity to agonists, GAB:A (0.001—
1 mM) or muscimol (0.0001-1 mM) was applied via the perfusion system writh a 3-15
min wash out period between applications to ensure full recovery from desersitization.
Agonist-activated chloride currents were recorded using pClamp 6 software (Axon
Instruments Inc.). Electrodes were filled with 3M KCI and had resistances off 0.5 — 2.0
MQ in frog Ringer’s. To measure the effects of bicuculline methobromide os-n GABA-
mediated current, bicuculline methobromide was preperfused for 3 min prior to

application of GABA and bicuculline in combination.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Data Analysis
Saturation, competition, and concentration-response curves for both radioligand
binding and electrophysiological experiments were analyzed by non-linear regression

techniques using GraphPad Prism Software. [’H]JRo15-4513 binding data were fit by the
equation:

_ Bz
K » +IL]
where B is the amount of [°’H]Ro15-4513 specifically bound at concentration [L], Buax 1S
the maximal binding at saturating concentrations of [°H]Ro15-4513 and Kp is
equilibrium dissociation constant.
[*H]Muscimol binding data were fit by the above equation or by the following
equation:

_ Bolr] | Bl
" Kow +[L] Ky +[L]

where B is the amount of [3H]rnuscimol specifically bound at concentration [L], Byax 1S
the maximal binding at the high affinity site and B4 is the maximal binding at the low
affinity site at the maximum concentrations of [°’H]muscimol used in these experiments.
Kpy 1s equilibrium dissociation constant of the high affinity site, while Kp,; is the
dissociation constant of the low affinity site. Scatchard plots for [*H]muscimol were
generated by linear regression analysis (Y62F and Y62S) using GraphPad Prism
Software or by the following equation (WT, Y74F, Y74S) which has been described
(Rodbard and Feldman, 1975):

—§=%{(R1—B)/KDH +(R2—B)/ Kp, +J{[(Rl-B)/ Ky —(R2—B)/ K, > +4RIR2/ K ,,K,, }

where B and F represent bound and free [*H]muscimol, respectively. R; and R; are the
concentration of the two classes of binding sites and Kpy and Kp; are the corresponding

dissociation constants.
Potentiation of specific [*H]flunitrazepam binding by GABA was fitted to the

equation:
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(B — B, )10
10" +10"
where B is the measured specific binding of [*H]flunitrazepam, [L] is the logarithm of the

B=B, +

concentration of GABA; Bm. and B, are the specific binding in the presence of the
maximally effective concentration and in the absence of GABA. »n is the Hill coefficient.
Competition curves were fit according to the following equation:

: =(1+_[’J_j'l

IC,,

where @ is the fractional amount of [*’H]muscimol bound in the presence of the inhibitor
at a concentration [/] compared with that in the absence of inhibitor and /Csy is the
concentration of inhibitor where € = 0.5. K values from competition experiments were
calculated from the ICsq values using the Cheng-Prussof correction (1973):
IC,,
L
+ —_—

D

K, =
1

The agonist concentration dependence of the observed current of recombinant

receptors expressed in Xenopus oocytes were fit by the equation:
Lo [L]
T EC, + L]
where [ is the measured amplitude of the current, [L] is the agonist concentration, ECsy is
the agonist concentration producing 50% of the maximal response (/,..x) and n is the Hill
coefficient. In each experiment, the current (/) was normalized to the .. and the

normalized data were presented as % control to construct concentration-response curves.

Statistical Analysis

All data were statistically analyzed using a one-way analysis of variance (ANOVA)
followed by a post hoc Dunnett’s test to compare mutant and wild-type receptors.
Bicuculline data were analyzed with a one-way repeated measures ANOVA to compare
GABA-mediated chloride conductance for mutant and wild-type receptors in the absence

and presence of the antagonist.
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RESULTS

Equilibrium Binding Assays

The binding of ["HJR015-4513 to wild-type and mutant receptors (Fig. 2-4) was
measured to ensure that the observed effects of the B2 subunit mutations were specific for
the high affinity muscimol/GABA site and that the amino acid substitutions had not
compromised the overall structure of the recombinant GABA4R. In all mutant receptors,
[’H]R015-4513 recognizes a single class of high affinity benzodiazepine sites with Kp
values that are not significantly different from control values (see legend to Fig. 2-4).

Cells transfected with cDNA constructs encoding the wild-type al, 32 and y2.
subunits revealed a heterogeneity in equilibrinm [*H]muscimol binding which is
consistent with the presence of two classes of independent sites for this ligand (Fig. 2-5).
The Kp values for [*H]muscimol in receptors containing mutations at position 74F (Fig.
2-6) and Y74S (Fig 2-7) were not significantly different from controls (Table 2-1). In
each case, a two-site binding model provided a statistically better fit than a one-site
model with P values for these comparisons ranging from P<0.05 to P<0.005 (data not
shown). In contrast, the binding data for receptors carrying the Y62F and Y62S are
adequately described by a one-site binding isotherm, with no evidence for two classes of
sites. For the Y62F mutant, a single class of sites was observed with a Kp of 57.4 £ 11.1
nM (Fig. 2-8) which is significantly (P<0.01) increased compared to the WT high affinity
control (8.9 £ 0.5 nM). The intermediate affinity (as shown by the linear Scatchard plot,
Fig. 2-8) does not permit resolution of high affinity sites and any low affinity sites that
may be present (see legend to Fig. 2-8). However, as described below, this mutant
retained allosteric coupling between the low affinity GABA sites and the benzodiazepine
site. No specific high affinity binding was measurable in the Y62S mutant but low
affinity binding was retained (Table 2-1 and Fig. 2-8). This may be explained by a
complete loss of high affinity sites as a consequence of the mutation. However, we
cannot exclude the possibility that the sites remain present but that their affinity is
reduced to an extent that they cannot be distinguished from the low affinity component.
In this respect, it should be noted that technical restraints (i.e. inability to saturate the low
affinity binding sites due to reduced specific binding at concentrations of muscimol >500

nM) preclude an accurate determination of the number of low affinity sites in different
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preparations. Furthermore, Kp values obtained for low affinity binding are subject to
large error since the maximum concentration of [*’H]muscimol that can reasonably be
used in these experiments is about 500 nM (see Agey and Dunn, 1989) beyond which the
measure of non-specific binding exceeds that of specific binding (Wang et al., 1979;
Olsen et al., 1981; Shank et al., 1990). The Bpay values (pmol/mg + SEM) for the high
affinity binding sites in which the WT, (1.6 + 0.2), Y62F (1.1 £ 0.2), Y74F (0.7 = 0.5)
and Y74S (1.0 = 0.2) B2 subunits were expressed were not significantly different. The
binding density for Y62S (1.8 £ 0.9) as fit by a single binding isotherm was not
significantly different.

The effects of the Y62F mutation on the high affinity binding sites were further
confirmed by carrying out competition experiments with unlabelled GABA, muscimol
and bicuculline methochloride. These experiments were designed to avoid significant
occupancy of low affinity sites ([’H]muscimol < 40 nM), thereby allowing examination
of the high affinity sites without complications from the second class of sites. These
experiments were not possible with the Y62S mutant, which lacked measurable binding
in the high nanomolar range. The Y62F mutation resulted in a 2.8 and 2.6 fold decrease
in affinity for muscimol and GABA, respectively (Table 2-2). The K| value for muscimol-
induced displacement of [*H]muscimol from the Y62F receptor is in excellent agreement
with the directly measured Kpy value (Table 2-1), confirming that the mutation
significantly reduced the affinity of these binding sites. Two classes of sites for
bicuculline methochloride were measured in muscimol displacement experiments using
the WT and Y62F receptors, but only one class of sites was seen in the Y74F and Y74S
mutants (Table 2-2 and Fig. 2-9). This apparent heterogeneity suggests a non-equivalence
in bicuculline binding and that Y74 of the § subunit may play a role in this. However,
this observation has not been further explored.

It has been established that agonist occupancy of their low affinity sites
allosterically modulates the binding of benzodiazepine site ligands (Tallman er al., 1978).
The ability of GABA to potentiate [*H]flunitrazepam binding therefore provides an
independent measurement of the presence of these sites and of the integrity of coupling
properties. Micromolar concentrations of GABA significantly potentiated 2 nM

[3H]ﬂuniurazepam binding in all mutants (Table 2-10) and neither the E,;x nor ECs value

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for any recombinant receptor was significantly different from control values (Table 2-3).
Fig. 2-10 shows the potentiation of [*H]flunitrazepam binding by GABA in the wild-type
receptor (Fig. 2-10A) and in the Y62F (Fig. 2-10B) and Y62S (Fig. 2-10C) mutants. The
ECso and Enax values are in excellent agreement with those obtained in oc1B3y2 receptors
in which the maximum potentiation was reported to be approximately 150% and the ECsp
was 0.5 = 0.1 uM (Slany et al., 1995). These data indicate that the 3 subunit mutations do
not compromise low affinity agonist binding and this provides further evidence for the
presence of distinct high and low affinity binding domains in these receptors.
Two-Electrode Voltage Clamp Analysis

The functional effects of all mutations were investigated using two-electrode
voltage clamp analysis of receptors expressed in Xenopus oocytes. Concentration-
response data for GABA and muscimol are presented in Table 2-4 and Fig. 2-11. For all
receptors, muscimol was, as expected, more potent than GABA in receptor activation
(Amin and Weiss, 1993). The changes observed in potency paralleled the changes seen in
binding affinity. Neither of the Y74 mutations affected the concentration dependence of
either agonist. However, significant rightward shifts in activation were observed in both
Y62 mutants, with the phenylalanine substitution producing a 2 fold shift in ECs, values
for GABA and muscimol, and serine giving a more pronounced rightward shift
(approximately 6-fold) (Fig. 2-12). The Hill slopes (ny) are not significantly different
from the wild-type, with the exception of Y74F, in which the value is significantly
decreased for GABA. The significance of this change in ny is difficult to interpret
because the Hill slope is a function of both ligand binding and channel gating (Amin and
Weiss, 1993). However, it is likely that the change in ny reflects alterations in the
channel gating mechanisms of the receptor since the maximum current (/.. elicited in
these receptors was significantly lower than all others (Table 2-4). Thus, it is possible that
this amino acid substitution shifted the conformation of the receptor such that the
observed cooperativity for GABA activation of the channel is lost, the implication of
which may be that these putative high affinity agonist-binding sites are coupled, in some
fashion, to other GABA binding domains that are essential for gating. It is equally
possible that that this mutation changes the efficacy of GABA and muscimol such that

they become partial agonists.
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Although lack of specific high affinity binding precluded measurement of the
affinity of the antagonist, bicuculline, in a1B2(Y62S)y2L receptors, we were able to
measure functional antagonism of GABA-gated chloride conductance by this same
compound. The reported concentration for antagonism of GABA-gated currents in
Xenopus oocytes is approximately 1 pM (Sigel er al., 1990). After stabilizing the
response of the cell by administration of 1 mM GABA, the response of GABA at a
concentration equivalent to the EC; was recorded over three successive applications.
Then, the response to GABA was recorded in the presence of bicuculline. Bicuculline, at
this concentration, significantly depressed the maximum amplitude of the current that
was not significantly different among WT (44.9 £ 6.2%), Y62F (36.2 + 2.0%) and Y62S
(41.8 =2.4%) (Figs. 2-13, 2-14). In each case, the [, returned to control levels after an 8

min wash-out period.
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DISCUSSION

The elucidation of the mechanisms underlying GABAAR function is important for
the understanding of inhibitory synaptic transmission in the central nervous system. The
aim of the present study was to identify residues within a specific domain of the B2
subunit of the GABAAR that contribute to high affinity muscimol binding and to define,
in part, potential roles of this site in receptor function. Although the subunit
stoichiometry of native receptors is unknown, most recent evidence indicates that the
recombinant o1B32y2 GABAAR contains 2o, 2P and 1y subunit (Chang et al., 1996;
Tretter et al., 1997; Farrar et al., 1999). One likely arrangement of these subunits within
the pentamer has been suggested to be a—f3—a—y—B (Sigel and Buhr, 1997; Tretter et al.,
1997). This arrangement (see Fig. 2-1) provides one «—y interface where the
benzodiazepine site is thought to be located and two B—a interfaces, each of which may
carry a low affinity agonist site (Sigel ef al., 1992; Amin and Weiss, 1993). The presence
of two low affinity sites would be consistent with a Hill coefficient of approximately 2
for channel activation (see Macdonald and Olsen, 1994). This leaves two additional
interfaces (a—B and y—fB), which could potentially form high affinity muscimol/GABA
sites. According to the popular "loop model" (see Introduction), loop D contributing to
these sites would be found in the N-terminal domain of the [ subunit. Previous work has
shown that residues within this domain of the y and o subunits are determinants of
benzodiazepine (Buhr et al., 1996) and low affinity GABA (Sigel et al., 1992; Smith and
Olsen, 1994) binding respectively. This provided the rationale for targeting homologous
residues in the 32 subunit (Y62 and Y74) to investigate their role in high affinity
muscimol binding.

The major finding reported here is that Y62 of the 32 subunit is a determinant of
high affinity agonist binding. Its substitution by phenylalanine reduced the affinity for
both muscimol and GABA (6-fold), while its substitution by serine resulted in a dramatic
reduction in affinity (>30 fold) such that no high affinity binding was measurable in this
mutant. However, receptors containing the Y62S mutation were still functional, albeit
with an increased ECso for channel activation by about 6-fold. Thus high affinity agonist

binding does not appear to be obligatory for receptor activation.
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In a previous study, Sigel et al. (1992) also mutated residue Y62 of the B2
subunit. Although these authors did not investigate receptor binding properties, they
found that the Y62L mutation reduced the maximum current elicited by GABA by
approximately 5-fold, leading to the conclusion that the mutation had disrupted receptor
assembly. In the present study, we did not observe any reduction of the maximum current
as a result of either phenylalanine or serine substitution at this position, suggesting that
there were no major effects on receptor synthesis and expression.

There is no general consensus as to the number of agonist binding sites on a
single GABAAR (see Hevers and Liiddens, 1998). There is, however, abundant evidence
for the presence of high affinity sites in addition to one or more classes of sites having
lower affinity (see Dunn et al, 1994, Sieghart, 1995). Previous studies have
demonstrated that there are approximately twice as many high affinity sites for muscimol
as for flunitrazepam (Sigel et al., 1983; Sigel and Barnard, 1984), suggesting that there
are two high affinity sites per receptor. As described above, we predict that these sites
are located at the a—3 and y—f interfaces, which, by their nature, are non-equivalent.
While we have detected no heterogeneity in high affinity [’H]muscimol binding, the
bicuculline displacement experiments (Table 2-2 and Fig. 2-9) suggest that in the wild
type receptor, this antagonist may discriminate between the two putative high affinity
agonist sites. Although the Y62F mutation caused a significant decrease in affinity for the
agonist, bicuculline binding was apparently unaltered. This result is in agreement with the
previous observation that the Y621 mutation did not affect that ICso values for functional
antagonism of GABA-mediated chloride conductance by bicuculline (Sigel ez al., 1992).
Conversely, neither of the Y74 mutations reported here affected agonist binding but they
did alter the characteristics of [*H]muscimol displacement by bicuculline. These
observations suggest that although muscimol and bicuculline compete for the same
binding sites, different subsets of amino acids may be involved in the recognition of the
different ligands. Alternatively, Y74 mutations may have produced changes in the
conformation of the receptor that indirectly affect the binding of bicuculline. Further
complexity arises from the apparent preference of bicuculline for binding to the low

affinity agonist sites (Enna and Snyder, 1977; Mé&hler and Okada, 1978; Olsen and
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Snowman, 1982; Maksay, 1994). Further studies to explore this novel observation will be
required to identify the specific residues with which bicuculline interacts.

The presence of multiple agonist binding sites in the GABA, receptor raises the
question of their roles in receptor function. Discrepancies between the concentrations of
agonists that are required to activate the receptor and agonist affinities that are measured
in equilibrium binding assays are generally thought to reflect differences in receptor
conformation (i.e between the activated and desensitized states). In this and many other
studies (Sigel et al., 1992; Amin and Weiss, 1993; Boileau et al., 1999) it has been found
that micromolar concentrations of GABA and muscimol are required to open the ion
channel (Fig. 2-11), suggesting that the sites involved in channel activation are of
intrinsically low affinity, indeed lower than can be measured in direct equilibrium
binding studies. In recent functional studies, we have found that the concentrations of
GABA and muscimol that induce receptor desensitization are in good agreement with the
lower affinity binding component measured directly?. The role of the high affinity sites,
however, is less clear.

The Y62 mutations disrupted high affinity agonist binding and also increased the
ECsp values for channel activation. It is likely, therefore, that the high affinity binding
sites may play a role in the efficiency of channel activation. The ECso value is a
macroscopic constant that depends on several microscopic processes, including ligand
binding and channel gating (Colquhoun, 1998). It is, therefore, difficult to discriminate
among the various contributing factors on the basis of concentration-response curves
alone. This is particularly true when complications arising from multiple classes of
agonist sites are introduced. One possibility is that the high affinity sites are
allosterically coupled to other domains intimately involved in channel activation and that
their occupancy at low concentrations of agonists increases the affinity of the latter sites
to enhance the efficiency of synaptic transmission. It has been theorized that two such
non-equivalent sites, in the nAChR, provide an ideal kinetic mechanism to enhance and
potentially accelerate receptor activation, which may satisfy physiological requirements

for rapid activation and termination of response (Jackson, 1989).

2 J.G. Newell and S.M.J. Dunn, unpublished observations.
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In the present study, substitution of the tyrosine residue at position 62 by serine
had a more dramatic effect than the phenylalanine substitution. Although we have not
made multiple amino acid substitutions at this position, the aromaticity of the residue in
this position appears to be particularly important in agonist binding. As has been
previously reported for agonist binding to the nicotinic acetylcholine receptor (Dougherty
and Stauffer, 1990) and for benzodiazepine binding to the GABAAR (Davies et al.,
1998), aromatic residues may be involved in a T—= stacking interaction with the ligand.

Detailed analyses of structure-function relationships without knowledge of the
crystal structure of the protein should be interpreted with caution (Ward et al., 1990) and
requires multiple approaches, including affinity labeling, to characterize a binding site
(Jacques er al., 1999). As with all site-directed mutagenesis studies, the major limitation
of the present study is that we cannot state with any degree of certainty whether
implicated residues are directly or indirectly involved in ligand binding. However, a
recent report of affinity labeling by meta-sulfonate benzene diazonium (MSBD) revealed
the presence of nucleophilic amino acid residues on the o« and B subunits that are
important for the binding of muscimol (Jacques et al., 1999). The authors of this study
identified cysteine, histidine, and tyrosine residues as being highly reactive with this
ligand. Since the displacement of [’H]muscimol (12 nM) by MSBD is likely to be from a
high affinity site, it is interesting to consider the possibility that Y62 may be the
nucleophilic residue that reacts with MSBD. Mutagenesis in combination with this
affinity label will provide a powerful biochemical means to address adequately this
question. Nevertheless, our mutations do appear to be specific for the high affinity
agonist site and this study provides the first evidence for the structural basis of high
affinity binding that has been noted for more than twenty years.

In conclusion, we have identified residue Y62 of the B2 subunit as a determinant
of high affinity [*H]jmuscimol binding in the recombinant a1B2y2 GABAAR. Further, we
have shown that the reduction in affinity of high affinity binding site(s) does not have a
large effect on receptor activation (Im et al., 1997). It has previously been suggested that
the nicotinic acetylcholine receptor carries sites of low and high affinity and whereas the
former are involved in channel activation, the latter may be important in mediating

receptor desensitisation (Dunn et a/., 1983). By analogy to the nAChR, the high affinity

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



site(s) of GABAAR may fulfill the same role. Other investigators have likewise suggested
that two molecules of GABA are required for activation and two independent molecules
of neurotransmitter are required for desensitization (Cash and Subbarao, 1987).
Experiments to examine the consequences of the above mutations on the desensitization

of GABA4R are currently in progress.
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Figure 2-1
Model of a recombinant GABAsR showing putative stoichiometry (Chang et al.,
1996; Tretter et al., 1997; Farrar er al., 1999) and clockwise subunit arrangement
(Tretter et al., 1997), in addition to the binding sites for GABA and BZD. In the
model (see Smith and Olsen, 1995), one subunit carries loops A-C, while the adjacent
subunit carries loop D to form a recognition site. The arrows indicate the N-terminus
to C-terminus arrangement of the subunits. Note that “loop A” of the B subunit has

not been implicated in GABA binding to date.
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Figure 2-2

Partial amino acid sequence alignment for the rat al-, B2-, and y2-subunits of the
GABAAR, y and & subunits of the nAChR subunits, o subunit of the GlyR, and A
subunit of the SHT3;R from loop D of the amino acid sequence of these LGIC
(Changeux and Edestein, 1998). The numbering shown is for the mature $2 subunit.
The shaded amino acid residues have been implicated in GABA (F64: (GABAAR
al), Sigel et al., 1992; Smith and Olsen, 1994), benzodiazepine (F77: (GABAAR),
Bubr et al., 1997a; Buhr et al., 1997b), d-tubocurarine (W55/W57: (nACHR v/8)
Pedersen and Cohen, 1990) and granisetron (W66: (SHT35R A) Yan et al., 1999)
binding. An asterisk (*) denotes the position of the tyrosine residue of the f2 subunit
that forms part of the high affinity agonist binding site.
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Figure 2-3
Chemical structures of the agonists, (A) GABA and (B) muscimol, and the competitive

antagonist, (C) bicuculline methochloride.
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Figure 2-4

Saturation curves for [’HJR015-4513 to wild-type and mutant recombinant receptors.
Data represent the mean = SEM for 4 independent experiments performed in duplicate.
Data are normalized to the Bmax value for each individual experiment. The Kp values (nM
+ SEM) for WT (@: 6.8 £ 0.8), Y62F (®: 8.1 £0.7), Y62S (O: 4.9+ 0.9), Y74F (W: 5.2
+ 1.0) and Y74S ([3: 3.9 £ 0.2) were not significantly different.
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Figure 2-§
Equilibrium binding data for [°Hjmuscimol in WT (®) receptors. Shown are a
representative Scatchard plot and a representative saturation curve (inset) (in the
concentration range of 0 — 150 nM) to illustrate the shape of the curves. Data were fit by
non-linear regression using GraphPad Prism Software. Comparison of two-site binding
and one-site binding isotherms reveals that the two-site model better describes the data
(P<0.05). The shallow nature of the saturation curves and the curvilinear Scatchard plots
are indicative of two classes of binding sites. Kp values for muscimol saturation are

summarized in Table 2-1.
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Figure 2-6
Equilibrium binding data for [*H]muscimol in a1B2(Y74F)y2, (W) receptors. Shown are
a representative Scatchard plot and a representative saturation curve (inset) (in the
concentration range of 0 — 150 nM) to illustrate the shape of the curves. Data were fit by
non-linear regression using GraphPad Prism Software. Comparison of two-site binding
and one-site binding isotherms reveals that the two-site model better describes the data
(P<0.02). The shallow nature of the saturation curves and the curvilinear Scatchard plots
are indicative of two classes of binding sites. Kp values for muscimol saturation are

summarized in Table 2-1.
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Figure 2-7
Equilibrium binding data for [*H]muscimol in o.12(Y74S)y2. ([J) receptors. Shown are
a representative Scatchard plot and a representative saturation curve (inset) (in the
concentration range of 0 — 150 nM) to illustrate the shape of the curves. Data were fit by
non-linear regression using GraphPad Prism Software. Comparison of two-site binding
and one-site binding isotherms reveals that the two-site model better describes the data
(P<0.005). The shallow nature of the saturation curves and the curvilinear Scatchard plots
are indicative of two classes of binding sites. Kp values for muscimol saturation are

summarized in Table 2-1.
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Figure 2-8
Equilibrium data for [’H]muscimol binding to a.1B2(Y62F)y2. (®) and «182(Y62S)y2L
(O) mutant receptors. Shown are representative Scatchard plots and representative
saturation curves (in the 0-150 nM concentration range, inset). The binding of
[*H]muscimol to receptors expressing these mutants was described by a one-site binding
isotherm. For the purposes of illustration, a theoretical curve describing two classes of
sites (Kppy = 54.5 nM and Kpg) = 400 nM) of equivalent receptor density is also
represented by the same curve for Y62F. Note that the two-site model did not better
describe the data than a one-site model (Kp = 50.8 nM) within the limits of error of curve
fitting by non-linear regression. The Kp values for muscimol saturation are summarized

in Table 2-1.
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Figure 2-9
Competition curves for displacement of [*H]muscimol by bicuculline from recombinant
receptors expressing WT (@), Y74F (®) and Y74S (O) B2 subunits. In WT and Y62F
receptors, bicuculline recognizes two apparent classes of sites with ny of —0.59 + 0.03
and —-0.47 + 0.06 for WT and Y62F, respectively. The fraction of sites described by the
higher affinity component is 0.5 = 0.1 for WT and 0.4 + 0.1 for Y62F receptors. [n Y74F
and Y74S receptors, bicuculline displaces [‘H]muscimol from an apparently
homogeneous population of binding sites, with ny of —0.67 £ 0.10 and —0.98 + 0.08,
respectively. The data represent the mean + SEM of 3-4 experiments performed in
duplicate. Note that a two-site competition curve better describes the data for WT and
Y62F than does a one-site model (P<0.001), whereas the converse is true for Y74F and
Y74S (P>0.05). Data for all recombinant receptors for the displacement by GABA,

muscimol, and bicuculline are presented in Table 2-2.
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Figure 2-10
Concentration-response curve for potentiation of 2nM [*H]flunitrazepam binding to
o 1B2y2 receptors. A, WT (@). B, Y62F (®). C, Y62S (O). The data represent the mean
+ SEM of 4-5 experiments performed in duplicate for multiple concentrations of GABA.
The maximum potentiation and the ECso values of Y62F and Y62S are not significantly
different from controls. The Hill slopes for WT (0.89 + 0.22), Y62F (1.06 + 0.70), and
Y62S (1.7 £+ 0.99) were not significantly different. Data for WT and mutant receptors are

summarized in Table 2-3.
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Figure 2-11
Concentration-dependence of agonist activated CI° conductances for recombinant
GABAAR in which WT (@), Y62F (@), and Y62S (O) B2 subunits were expressed.
Two-electrode voltage clamp analysis using Xenopus oocytes shows responses to GABA
(A) and muscimol (B). The data represent the mean + SEM of at least three independent
experiments performed in duplicate. Data were analyzed using one-way ANOVA
followed by the Dunnett’s test to determine levels of significance. The shift in ECso for
Y62F containing mutants is approximately 2-fold for GABA and muscimol. The
rightward shifts (approximately 6-fold) are more pronounced for Y62S mutants. Data for

all mutants are presented in Table 2-4.
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Figure 2-12
Representative traces showing GABA activation of recombinant GABAAR expressing
WT (A), Y62F (B), and Y62S (C) B2 subunits.
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Figure 2-13

Inhibitory effects of bicuculline methobromide perfusion on GABA mediated current in
recombinant GABA AR expressing WT (@), Y62F (@), and Y62S (O) B2 subunits. Data
represent the mean + SEM of three independent experiments. The concentration of
GABA used was equivalent to the EC; for receptor activation and the concentration of
bicuculline was 1 uM , based on previously published reports (Sigel e al., 1990; Sigel et
al., 1999). Bicuculline significantly depressed the current in each case (P<0.01) to levels
that were not significantly different among WT, Y62F, and Y62S receptors (see Results).
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Figure 2-14
Representative traces showing the effects of bicuculline methobromide perfusion on
GABA mediated current in recombinant GABAAR expressing WT (A), Y62F (B), and
Y62S (C) B2 subunits. The concentration of GABA used was equivalent to the EC; for
receptor activation and the concentration of bicuculline was 1 uM, based on previously
published reports (Sigel er al, 1990; Sigel et al., 1999). Bicuculline significantly

depressed the current in each case (P<0.001).
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Table 2-1. The effects of amino acid substitutions in the (2 subunit of alf2y2.
recombinant GABA, receptors on high (H) and low (L) affinity [’H]muscimol binding.
Data represent the mean + SEM of 2-3 independent experiments performed in duplicate
using a Biologic® Rapid Filtration System. n represents the number of independent
experiments. Curves were fit by non-linear regression to one-site and two-site binding
models using GraphPad Prism software. Kp values were compared using a one-way
ANOVA followed by a Dunnett’s test to determine the levels of significance (**P<0.01,
*P<0.01 when compared to Kpgs, but not Kpg,). No significant difference was observed
for the Kp values of low affinity sites.

B2 subunit (n) Kpa (nM) + SEM Kpq) (oM) + SEM
WT 3) 89+05 429.1+403
Y62F (3) 57.6 £ 11.1%*
Y62S (3) 316.9 +28 4"
Y74F (3) 70+52 360 + 140
Y74S (2) 10.6 +5.4 1242 + 741
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Table 2-2. The effects of amino acid substitutions in the B2 subunit of alf2y2.
recombinant GABA, receptors on the displacement of ["H]muscimol by a number of
GABAAR ligands. Data represent the mean K; + SEM of 3-4 independent experiments
performed in duplicate. Competition experiments were not carried out for Y62S as no
specific high affinity binding was observed (Table 2-1 and Fig. 2-8). The number of
independent experiments is shown in parentheses. log K; values were analyzed using a
one-way ANOVA followed by a Dunnett’s test to determine the levels of significance
(*P<0.05). N.D. represents no detectable bicuculline displacement. Ky and Kiq)
represent high and 'ow affinity bicuculline sites, respectively.

2 subunit Muscimol GABA Bicuculline Methochloride
Ki(oM) £SEM | K; M) £+ SEM Kigp(mM) £ Ky (uM) £
SEM SEM

WT 16.7+1.2 119.2+5.3 99.3 +54.3 (4) 40+1.2
G (3) (4)

Y62F 47.1 +£14.8* 307 £47.3* 41.5+22.0(3) 103 +5.1
(4) (3) (3)

Y74F 7.8+13 80.8 £19.7 N.D. 29+09
(3) (3) 3)

Y74S 20224 68.7+16.7 N.D. 4.0+0.8
3) 3) “4)
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Table 2-3. Potentiation of [°H]flunitrazepam (2 nM) binding by GABA. Data represent
the mean + SEM of 4-5 independent experiments (n) performed in duplicate. En.y values
and log ECsy values were analyzed using a one-way ANOVA followed by a Dunnett’s

test. No significant differences were observed for maximum potentiation or ECsp values.

B2 subunit (n) Emax (% Log ECso (M)XSEM Mean ECso (nM)
control)=zSEM
WT (5) 175.0+3.9 -6.48 £ 0.43 331
YO62F (4) 148.8+5.2 -6.38 £0.24 417
Y62S (5) 156.2+7.0 -6.08 £0.31 832
Y74F (4) 139477 -6.41 £0.24 389
Y74S (4) 128.8+5.2 -6.60 £ 0.16 252
142
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Table 2-4. Concentration-response data for (A) GABA and (B) muscimol activation of

wild type and mutant receptors expressed in Xenopus oocytes. Data represent the mean

ECso + SEM of 3-5 independent experiments performed in duplicate. Values for ECsy and

Hill slope (ng) were determined from concentration-response data using Graph Pad Prism

Software. The number of independent experiments is shown in parentheses. Hill slope

values and log ECsp values were analyzed using a one-way ANOVA followed by a

Dunnett’s test to determine the levels of significance (** P<0.01).

A.
B2 subunit | ECsq (M) + nyg =+ SEM “Imax (nA) = SEM ECso (Mutant)/
ECso (WT)
SEM
WT 32.8+25 1.33 £0.11 1248 £81.0 1.00
)
Y62F 65.8 + 5.5** 1.27 £0.09 848 + 124 2.01
3)
Y62S 178.4 £ 16.2** 1.26 £ 0.06 707 £135 5.40
®)
Y74F 264+34 0.88 £0.07** 129+11.0 0.80
)]
Y74S 269+ 24 1.24 +0.09 1516 £89.0 0.82
4)
B.
B2 subunit [ ECso (uM) * ny + SEM “Imax (nA) = SEM ECso (Mutant)/
ECso (WT)
SEM
WT 7.1+%1.0 1.32+0.22 900 + 259 1.00
(3)
Y62F 19.9 + 3.8%* 1.21 £0.06 1753 + 682 2.82
3)
Y62S 48.9 £+ 0.6** 1.20 +£0.40 616 £250 6.94
3
Y74F 47+03 0.91 +£0.16 127 + 34 0.66
3)
Y74S 5.7+ 1.8 0.92 £0.02 1160 £218 0.80
(3)
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CHAPTER 3!

A Ciritical Element Of The High Affinity Agonist-Binding Domain
Stabilizes the Desensitized State of GABA, Receptors

' A version of this chapter has been submitted for publication. NEWELL, J.G. AND DUNN, SM.J. J.
Neurosci.
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INTRODUCTION

Desensitization is an intrinsic biophysical characteristic of ligand-gated ion
channels, which facilitates neurobiological adaptation to prolonged or repeated exposure
to agonist. The molecular mechanisms by which this occurs have been subject to intense
investigation but remain poorly understood (Edmonds er al., 1995). The general
consensus is that agonist-induced conformational changes of the receptor mediate the
initial, if not all, phases of the process (Ochoa et al., 1989; Lohse, 1993). Although not
dependent on phosphorylation (Edmonds et al., 1995), desensitization can be modulated
by phosphorylation of intracellular amino acid residues by protein kinase A, protein
kinase C and tyrosine kinases (Huganir et al., 1990). The y-aminobutyric acid type A
receptors (GABAsRs) are members of a receptor gene family to which nicotinic
acetylcholine receptors (nAChRs), glycine receptors (GlyRs), and the serotonin type 3
receptors (5SHT3Rs) belong (Barnard er al., 1998). GABAARs are large pentameric
protein complexes composed of subunit isoforms from a number of classes (a1-6, $1-3,
y1-3, pl-3, §, €, m, 0). Each subunit contains a large hydrophilic amino terminus, four
putative membrane spanning domains (TM1-TM4), with a large intracellular loop
between TM3 and TM4 that contains consensus sequences for phosphorylation
(Schofield ez al., 1987).

Radioligand binding studies have revealed the existence of (at least) two classes
of agonist recognition sites on a single receptor molecule (Newell ef al., 2000a), which
differ in affinity for GABA or muscimol by more than one order of magnitude (Olsen et
al., 1981; Yang and Olsen, 1987; Agey and Dunn, 1989). The functional consequences of
agonist occupancy of these different sites remain to be clarified but it is generally
assumed that the high affinity binding that is measured under equilibrium conditions
reflects binding to a desensitized conformation(s) of the receptor.

Evidence that distinct high and low affinity sites may play different roles in
receptor function was first suggested by biochemical studies of the prototypical Torpedo
nAChR. This receptor is known to carry two high affinity sites, but additional low
affinity sites were detected using fluorescence techniques (Dunn and Raftery, 1982).
Protection of the high affinity binding sites by covalent labelling with

[*H]bromoacetylcholine did not prevent the receptor conformational changes associated
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with low affinity binding. This led to an early model in which receptor activation and
desensitization are parallel receptor processes mediated by binding to distinct low and
high affinity agonist sites, respectively (Raftery et al., 1983). Support for the possible
generality of this model came from chloride flux studies of GABAA receptors in brain
homogenates, the results of which led to the suggestion that the GABA binding sites
which mediate channel activation are of low affinity and distinct from higher affinity
sites which may be responsible for desensitization (Cash and Subbarao, 1987a,b).
However, direct tests of this model have proved difficult.

We have recently identified an amino acid residue (Y62) of the B2 subunit of the
GABAAR that is important for high affinity agonist binding (Newell ez al., 2000a).
Mutation of this residue to a phenylalanine caused a significant decrease in agonist
affinity and mutation to a serine led to a loss of measurable high affinity binding sites.
The mutant receptors remained functional but the ECsy for both GABA and muscimol-
induced activation were increased by 2-fold (Y62F) and 6-fold (Y62S) compared to the
wild-type receptor. These mutations thus provide the opportunity to investigate further
the roles of agonist binding sites in GABA 4 receptor function.

In this study, we have expressed wild-type and mutant recombinant receptors in
Xenopus oocytes and have investigated the effects of mutations of Y62 of the $2 subunit
on agonist-induced receptor desensitization. We have employed a modified version of a
method that has been widely used to examine the consequences of ligand binding to the
desensitized state (Edelstein et al, 1996). We report that mutations of Y62 to
phenylalanine and serine increase the concentration-dependence of desensitization.
Further, a1B2(Y62S)y2L receptors, which display no detectable high affinity agonist
binding sites (Newell et al., 2000a), did not remain in the desensitized state despite the
continued presence of agonist. We propose that the major role of the high affinity
binding site(s) is to mediate receptor conformational changes which stabilize the
desensitized state by virtue of a “locking” mechanism. This is consistent with models of
receptor activation and desensitization which suggest that recovery from slow
desensitization is a function of agonist dissociation from the high affinity equilibrium

state of the receptor (see Ochoa et al., 1989). In light of this evidence, we propose a
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model for receptor activation and desensitization that is consistent with the presence of

multiple classes of agonist binding sites on a single GABAAR molecule.
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MATERIALS AND METHODS

Site-Directed Mutagenesis

GABAAR B2 subunit mutants were engineered using the Altered Sites II® in vitro
Mutagenesis System (Promega, Madison, WI) as previously described (Newell et al.,
20004, b).

cRNA Transcript and Oocyte Preparation

Xenopus oocytes were prepared as described (Belelli et al., 1996). Capped cRNA
transcripts for GABAAR subunits were prepared from cDNA constructs that were
generous gifts from Dr. David Weiss. Oocytes were injected with a1, B2 (or 32 mutants)
and y2 subunit cRNA (1 pg/pl total RNA) in a 1:1:1 ratio in a total volume of 50 nl.
Individual oocytes were maintained in 96 well plates at 14°C in modified Barth’s
medium (88 mM NaCl, 1 mM KCl, 0.5 mM CaCl,2H,0, 0.5 mM Ca(NOs),4H,0, 2.5
mM sodium pyruvate, | mM MgS04.7H,0, 2.4 mM NaHCOs;, 15 mM HEPES, pH 7.4)

that was supplemented with 100 pg/ml gentamicin.

Two-Electrode Voltage Clamp

Electrophysiological experiments were performed 2 to 7 days following oocyte
injection. Standard two-electrode voltage clamp techniques were carried out using a
GeneClamp 500B Amplifier (Axon Instruments Inc.) at a holding potential of —60 mV.
The microelectrodes were filled with 3 M KCl and had resistances of 0.5-2.0 mQ in frog
Ringer’s medium (120 mM NaCl, 1.8 mM CaCl,, 2 mM KCI, and S mM HEPES, pH
7.4). For experimental procedures, oocytes were continuously bathed in frog Ringer’s via
a gravity perfusion system at a flow rate of approximately 5 ml/min. GABA (Sigma, St.

Louis, MI) or muscimol (Sigma, St. Louis, MI) were dissolved in the same medium.
Pre-perfusion Protocols

The current amplitude elicited by a saturating concentration of GABA (1 mM)

was stabilized prior to experimentation such that a maximum variation of 5% was
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observed over three successive applications. For agonist-induced desensitization
experiments, oocytes were successively challenged with a 30 sec application of a
concentration of GABA (1 mM) or muscimol (2 mM) that elicited a maximal response in
all recombinant receptors. Pre-perfusion with lower concentrations of agonist was started
after recovery of receptors from the desensitization induced by the challenge dose. The
relative current amplitude used in determination of ICsy values for desensitization was
defined by the steady state current that was achieved in the presence of the indicated
agonist concentration in the pre-perfusate (see example in Fig. 3-1). The currents used to
determine the stabilized desensitized state met the same criterion of stability as above
before proceeding to the next concentration. Data were analyzed by iterative curve fitting
using the following equation (GraphPad Prism Software):
_ LIl
CEC," +[L]"

where / is the measured amplitude of the current, [L] is the agonist concentration, £Cs, is
the agonist concentration producing 50% of the maximal response (/,..x) and #n is the Hill
coefficient. In each experiment, the current (/) was normalized to the [, and the
normalized data were presented as % control to construct concentration-response curves

For experiments to measure the effects of frequency of challenge and duration of
pre-perfusion on current amplitude, desensitizing GABA concentrations equivalent to
their ICso values were used in the pre-perfusion. Control currents to GABA were
measured in the absence (control) and presence of GABA in the pre-perfusate to
demonstrate that desensitization was a function of agonist in the bathing medium and not
of current rundown. Unlike the methods described above, pre-perfusion was started
immediately during the recovery phase from the previous agonist challenge. The
maximum depression of current amplitude that was attained using either pre-perfusion
protocol was not different. Experiments demonstrating recovery from agonist application
were carried out using a challenge concentration of GABA that was equivalent to its ECs
for receptor activation. Recovery from the desensitized state was measured as a function

of time (0-80 min).
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Statisitical Analyses

Data were analyzed by a one-way analysis of variance (ANOVA) followed by
either a post-hoc Dunnett’s test or Newman-Keuls to determine levels of significance.
The data for GABA-mediated chloride conductance (Figs. 3-2A, 3-3A,B) were analyzed
by a one-way repeated measures ANOVA to compare the current before and after pre-
perfusion of a concentration of GABA equivalent to the ICso value for agonist-induced

desensitization.
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RESULTS

Agonist-Induced Desensitization

Representative two-electrode voltage clamp wmecordings from olB2y2p
recombinant receptors expressed in Xenopus oocytes show what repeated application of a
maximally effective concentration of GABA (I mM) at 1.2-min intervals (see below)
elicits a rapidly desensitizing current (Fig. 3-1). We have previously reported that the
ECsp for GABA-activated currents in this receptor subtype ds 32.8 £ 2.5 uM with a Hill
coefficient of 1.33 + 0.11 (Newell ez al.,, 2000a). Fig. 3-1 A shows the effects of bath
perfusion with 10 pM GABA i.e., a concentration which utself evokes a small current
response (~15% of maximum). After perfusion for 12 min, the amplitude of the current
induced by the challenge dose was reduced. In the contimued presence of the lower
GABA concentration, the currents declined to a steady statte level but recovered to the
original level when GABA was removed from the perfusioen medium. We interpret the
observed reduction in current as receptor desensitization induced by GABA in the
perfusion medium (see below).

Fig. 3-1B shows the effects of bath perfusion of a lo-wer concentration of GABA
(1 uM) which by itself induces only a minimal chloride cond uctance (<2% of maximum).
In contrast to the results in Fig. 3-1A, there was no diminution of the response to the first
GABA challenge; rather a small, but reproducible, increase @n the current amplitude was
observed under these circumstances. However, upon repeated challenges, the current
again declined to a steady state level and this was fully reversible upon removal of
GABA from the bath perfusion. These data suggest that, at low agonist concentrations,
the extent of desensitization depends on the number of resceptor activations (see also
Bartrup and Newberry, 1996).
Optimization of the Experimental Conditions to Investiga-te Desensitization

The experimental protocol used here to study GABBA 4 receptor desensitization
was adapted from that of Bartrup and Newberry (1996) who rused whole cell patch clamp
techniques to study agonist-induced desensitization of the SHT; receptor in NG108-15
cells. Since GABA, receptor desensitization has not previously been quantified using the
Xenopus oocyte system, we have optimized the experimental procedures to ensure that

any desensitization observed was due to the presence of agonist in the perfusate and was
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not a function of either current rundown or the frequency of agonist challenge. Fig. 3-2A
shows the effects of changing the time interval between challenges. As in Fig. 3-1,
currents to a maximally effective GABA concentration (1 mM) were recorded at regular
time intervals but, in these experiments, this interval was varied between 3 and 12 min as
indicated. After the third challenge, the oocyte was perfused with 3 uM GABA, a
concentration that approximates its ICso for desensitization (see below). Responses to
subsequent regular challenges were then recorded prior to removal of the GABA from the
perfusion medium. Using a 9-min or 12-min interval, the control responses were
reproducible in amplitude and there was no difference in the magnitude of the depression
observed during agonist perfusion or in the rate or extent of recovery upon washout. A 3-
min interval is clearly not suitable for measuring desensitization (Fig. 3-2A), since the
receptor is unable to recover from the desensitization induced by the challenge itself.
Using a 6-min interval, there were obvious frequency-dependent effects on washout i.e.,
the current did not immediately return to control levels. Similar control experiments have
been carried out using muscimol (data not shown). In all cases, a 12-min interval between
challenges gave rise to reproducible effects in which the apparent desensitization
depended only on the presence of agonist in the perfusion medium and on the number (as
noted above) but not the frequency of channel activations.

The effects of the time of pre-perfusion were also investigated. Fig.3-2B shows
representative experiments using wild-type receptors. In these experiments, responses to
1 mM GABA were first stabilized and, after a 12-min washout period, the oocytes were
perfused with a 3uM desensitizing concentration for different times prior to challenge.
Increasing the pre-perfusion time from 1 min to 12 min showed that the extent of current
depression was dependent upon perfusion time but there were no significant differences
between 9-min and 12-min intervals between agonist application, suggesting that
desensitization reaches a steady state within about 9 min. This also illustrates that unlike
rapid application techniques (Jones et al., 1995), gravity perfusion requires longer periods
of equilibration to achieve a stabilized desensitized state, which is in good agreement

with theoretical considerations of Edelstein ez al. (1996).
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Desensitization of GABA,. Receptors Carrying Mutations Of Y62 Of The
B2 Subunit.

In receptors carrying the [(2-subunit Y62F mutation, the desensitization
characteristics measured in control experiments (Fig. 3-3A) were very similar to those of
wild-type. However, notable differences were observed using the Y62S mutant receptor
(Fig. 3-3B). For this receptor, no frequency-dependent effects were apparent using
intervals between challenges of 3 to 12min, implying that this receptor recovers from
desensitization more rapidly than wild-type.

Effect Of Agonist Concentration On Receptor Desensitization

Experiments similar to those illustrated in Fig. 3-1 were carried out to investigate
the effects of agonist concentration on the steady state level of desensitization. Fig. 3-4A
shows the concentration dependence of both GABA- and muscimol-induced
desensitization of the wild-type receptor. The apparent ICsq values were 3.3 and 0.7 uM,
respectively (see Table 3-1). In direct binding studies using [*H]muscimol, we have
reported that the WT receptor expressed in tsA201 cells has (at least) two classes of
binding sites with affinities of 8.9 nM and 0.43 uM respectively (Newell et al., 2000a).
Although the latter value is subject to large error due to rapid ligand dissociation during
binding assays (see Agey and Dunn, 1989), this apparent Kp correlates well with the ICs
value for muscimol-induced desensitization. This suggests that it is the binding of
muscimol to its lower affinity sites measured in radioligand binding studies that may
mediate the desensitization process.

The Y62F (Fig. 3-4B) and Y62S (Fig. 3-4C) mutations altered the concentration
dependence for both GABA and muscimol-induced desensitization, the effects being
greater in the case of the Y62S substitution (Table 3-1). In both cases, muscimol was
more potent than GABA in inducing desensitization, and is also more potent in activation
of these mutant receptors (Newell et al., 2000a).

Receptors Carrying The (2 Subunit Y62S Mutation Do Not Maintain The
Desensitized State.

During the course of the above experiments, we observed a curious property of

the Y62S mutant receptor. Although this receptor still activates and desensitizes, it

recovers from desensitization even in the continued presence of the desensitizing
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concentration of agonist. The representative traces in Fig. 3-5 illustrate this phenomenon
that was reproducible in 4 independent experiments. In these experiments, the wild-type
(Fig. 3-5A) or Y62S (Fig. 3-5B) receptors were challenged successively with
concentrations of GABA equivalent to their ECso values for activation. When the wild-
type receptor was perfused with 3 pM GABA the currents, as expected from the previous
results, declined to a steady state level and returned to control values upon washout. In
contrast, the Y62S mutant receptor showed desensitization during the pre-perfusion but,
rather than reaching a steady state residual current, the currents began to grow again even
in the continued presence of 3 uM GABA in the pre-perfusate. Thus this receptor, which
[ have shown previously to lack measurable high affinity binding sites (Newell ef al.,
2000a), appears unable to maintain the desensitized state. This phenomenon is
concentration dependent and although it is obvious at low agonist concentrations e.g. 3

1M as in Fig. 3-5B, it is not obvious at higher concentrations e.g. 25 uM as in Fig. 3-3B.
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DISCUSSION

The identification of molecular domains that contribute to receptor activation and
desensitization is a primary goal in structural studies of GABAsR. The number of agonist
binding sites on a single GABAAR has not been unequivocally defined, owing in large
part to complexities arising from the variety of methodologies and receptor preparations
that have been used in studies of this nature. Radioligand binding studies of single
GABAAR subtypes suggest that there are at least two classes of binding sites of high (Kp
= 10-30 nM) and low nanomolar (Kp = 0.1-1.0 pM) affinity for agonists (Agey and
Dunn, 1989). Although some investigators propose that these differences in affinity
represent multiple interconvertible receptor states, recent evidence has clearly shown that
both exist under equilibrium conditions (Davies et al., 1994; Newell er al. 2000). In
addition to these sites, many investigators have speculated (see Olsen et al.., 1981) that
there may be additional "ultralow" affinity sites (Kp > 10 pM) to explain the micromolar
concentrations of GABA that are required to activate the GABAAR ion channel. Sites of
such intrinsically low affinity are almost impossible to resolve in equilibrium binding
assays (Shank et al., 1990) and thus their existence remains in question. Irrespective of
the true number of agonist binding sites carried by each receptor, it is clear that the
functional roles of the multiple classes of sites have not been adequately addressed. We
now report that low affinity binding sites (measured