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G protein-coupled receptors (GPCRs) have key roles in cell-
cell communication. Recent data suggest that these recep-
tors can form large complexes, a possibility expected to
expand the complexity of this regulatory system. Among
the brain GPCRs, the heterodimeric GABAg receptor is one
of the most abundant, being distributed in most brain
regions, on either pre- or post-synaptic elements. Here,
using specific antibodies labelled with time-resolved FRET
compatible fluorophores, we provide evidence that the
heterodimeric GABAg receptor can form higher-ordered
oligomers in the brain, as suggested by the close proximity
of the GABAg,; subunits. Destabilizing the oligomers using a
competitor or a GABAg; mutant revealed different G protein
coupling efficiencies depending on the oligomeric state of
the receptor. By examining, in heterologous system, the G
protein coupling properties of such GABAg receptor oligo-
mers composed of a wild-type and a non-functional mutant
heterodimer, we provide evidence for a negative functional
cooperativity between the GABAg heterodimers.
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Introduction

G protein-coupled receptors (GPCRs) have key roles in many
physiological processes, including cell-cell communication,
cell differentiation, metabolism or synaptic transmission.
Representing about 3% of encoding genes in mammals,
these receptors constitute a major target in drug development
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(Overington et al, 2006; Lim, 2007). Over the last 10 years,
numerous studies have suggested that these signalling pro-
teins display a high degree of complexity due to their ability
(i) to adopt several conformations each linked to specific
signalling cascades (Gay et al, 2004; Moniri et al, 2004;
Galandrin et al, 2007) and (ii) to form dimers or even larger
oligomeric complexes, offering new possible synergistic re-
ceptor responses (Terrillon and Bouvier, 2004; Carriba et al,
2008; Gonzalez-Maeso et al, 2008; Gurevich and Gurevich,
2008; Panetta and Greenwood, 2008). However, the existence
and the functional consequences of such receptor oligomers
in a physiological context remain elusive.

The main inhibitory neurotransmitter, y-aminobutyric acid
(GABA), acts on both ionotropic (GABA,) and G protein-
coupled (GABAg) receptors. The GABAg receptor modulates
both pre- and post-synaptic elements by regulating calcium or
potassium channels through the activation of Gi/o types of G
proteins (Bettler et al, 2004; Kornau, 2006; Ulrich and Bettler,
2007). Not surprisingly, this receptor represents an interest-
ing target for the treatment of various CNS diseases, inclu-
ding spasticity, anxiety, depression, drug addiction or pain
(Cryan et al, 2004; Marshall, 2005; Bowery, 2006). The
GABAg receptor was the first GPCR found to be an obligatory
heterodimer constituted of two subunits, GABAg; (GB1) that
binds agonists and GABAg, (GB2) responsible for G protein
activation (Jones et al, 1998; Kaupmann et al, 1998; White
et al, 1998; Galvez et al, 2001; Robbins et al, 2001; Duthey
et al, 2002). It was therefore considered as an excellent model
to study the functional significance of GPCR dimerization.

Recently, we have shown that the GABAg heterodimeric
receptor can spontaneously form dimers of heterodimers, or
possibly larger complexes in heterologous system via the
interaction of GB1 subunits (Maurel et al, 2008). In the rest
of the manuscript, we will refer to tetramers for simplicity,
and as this is the most likely possibility, as discussed later.
This newly described quaternary structure raised a number of
possibilities that may help to elucidate the various functional
and pharmacological properties reported for the GABAg
receptor in vivo (Bowery et al, 2002), that is a change in
oligomeric state may differently regulate the receptor proper-
ties. In addition, this concept could be generalized to other
receptors and thus would provide important information to
understanding the relevance of GPCR oligomerization.

Here, we bring additional data supporting our initial model of
GABAg oligomer and its organization in heterologous system.
Most importantly, we bring evidence for the existence of higher-
ordered GABAg oligomers in the brain using fluorescent anti-
bodies directed against the native receptors and compatible for
time-resolved FRET. This led us to decipher the functional
properties of the various oligomeric states of this receptor—
that is dimer versus tetramer. Our data revealed a lower G protein
coupling efficacy per GABAg heterodimer when assembled into
tetramers. We conclude on a negative allosteric coupling between
the heterodimeric functional units in the oligomer, thus reporting
a new example of allosteric GPCR oligomer.
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Results

New evidences for the assembly of GABAg receptors
into larger entities

To strengthen our FRET-based observation that GABAjg
receptor heterodimers spontaneously form larger complexes
at the cell surface (Maurel et al, 2008), we performed co-
immunoprecipitation of cell-surface proteins. Flag-GB1 was
found to efficiently co-immunoprecipitate HA-GB1 while
Flag-mGlus5 failed (GB2 being co-expressed in all conditions),
demonstrating the specificity and the stability of the
GB1-GBl1 interaction in transiently transfected COS-7 cells
(Figure 1A). Of note, unless stated otherwise, we used the
GBla isoform in the whole study.

To rule out overexpression-induced clustering artifact in
heterologous expression system, we optimized the trans-
fection condition to ensure a similar receptor density to
that measured in cortical neurons using the non-permeant
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tritiated GABAg antagonist [’H]-CGP54626A (Figure 1B). In
this condition, a large and significant TR-FRET signal was still
measured between Snap-tagged (ST) GB1 subunits expressed
in HEK-293 cells, confirming the detection of tetramers at
physiological density (Figure 1C). Of note, this signal was
comparable to that measured between GB1 and GB2 within
the heterodimer, consistent with a direct interaction between
the GB1 subunits from two GABAg heterodimers (Figure 1C).
In contrast, the signal recorded between two ST-GB2 was very
low, consistent with a tetrameric organization where the GB2
subunits are further apart at a distance not compatible with
efficient TR-FRET (Figure 1C) (Supplementary Figure S1).

Detection of GB1-GB1 proximity in native brain
membranes

The question whether GABAg tetramers exist in native tissue
remains unanswered mostly due to the lack of technical
solution. To address this issue, we took advantage of mono-
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Figure 1 GB1-GBI interaction in heterologous system. (A) GB1-GBl1 interaction detected by cell-surface co-immunoprecipitation. Anti-HA
(left) and anti-Flag (right) immunoblots performed on anti-Flag immunoprecipitate (top) and the corresponding lysate (bottom) obtained from
COS-7 cells transfected with the indicated constructs. Lane 4 corresponds to mock-transfected cells. The gels are representative of three
independent experiments. The bands at high molecular weight (over 250 kDa) represent the multimeric forms of the receptors. (B) GB1 cell-
surface expression assessed by binding of the GB1 selective non-permeant antagonist [*H]-CGP54626A either on COS-7 cells expressing GB1
and GB2 or on mouse cortical neurons (E15.5)—15 DIV expressed as pmol of bound ligand per mg of total amount of proteins. No [*H]-
CGP54626A binding could be detected on non-transfected COS-7 cells. Data are mean + s.e.m. of three individual experiments each performed
in triplicate. P>0.05 in a paired t-test. (C) FRET intensity measured on COS-7 cells between the indicated Snap-tag-labelled subunits. Data are
mean * s.e.m. of four individual experiments each performed in triplicate.
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Figure 2 Detection of GABAg tetramers on brain membrane. (A) FRET intensity measured using Lumi4-Tb (K) and d2-conjugated monoclonal
anti-sushi antibodies on COS-7 cells expressing increasing amounts of GBla and GB2 (black squares) or GB1b and GB2 (open squares). The
background signal was determined in the absence of d2-conjugated antibodies. Cell-surface expression was measured by binding assay.
(B) Specific K anti-sushi antibody labelling on brain membrane prepared from wild-type, and GB1/~, GBla~/~ or GB1b~/~ mice determined in
the presence of d2 anti-sushi antibodies with (white bars) or without (black bars) an excess of non-conjugated anti-sushi antibodies. The
specific antibody labelling for each condition tested is given by the difference between the black and the white bars. (C) FRET intensity between
K and d2-conjugated anti-sushi antibodies measured on brain membrane prepared from wild-type, GB1b™/~, GBla™’~ or GB1b™/~ mice or on
synaptosomes prepared from wild-type mice. The background signal was determined on samples labelled with K and an optimized amount of
non-conjugated antibodies to obtain the same donor emission as in the assay (data not shown). Data in (A-C) are mean *s.e.m. of three
individual experiments each performed in triplicates. *, ** and *** represent P<0.05, P<0.01 and P<0.001, respectively, in a paired t-test; in
(C) samples were compared with GB1~/~.

clonal antibodies (Tiao et al, 2008) directed against the sushi discriminate between the GB1-GB1 FRET originating from
domains present at the N-terminus of the native GBla iso- intracellular receptor pools, from those at the cell surface, we
form but not of GB1b (Kaupmann et al, 1997; Hawrot et al, repeated FRET experiments on preparations enriched in syna-
1998). The anti-sushi antibody was conjugated with TR-FRET ptosomes (purified neuron terminals). The FRET signal mea-
compatible fluorophores, either Lumi4-Tb (K, donor) or d2 sured was in a similar range to that measured on brain
(acceptor) as previously described (Brinkley, 1992). Optimal membranes (Figure 2C). A significant FRET signal was also
antibody concentrations for FRET measurements (Supple- obtained between the native GB1 on rat brain but not on rat
mentary Figure S2) and the signal specificity were deter- mammary gland membrane (assumed not to express GABAg
mined on HEK-293 cells, expressing GBla and GB2 compared receptors) proving that GB1-GB1 interaction is not restricted
with cells expressing GBlb and GB2 (negative control) to one species (Supplementary Figure S3B-D). Of note, we
(Figure 2A). Of note, the TR-FRET signal from cells expressing also checked that the FRET recorded did not result from a
GB1la and GB2 is linear over a large range of receptor density, non-specific collisional FRET or from artifactual aggregation
indicative for a constant FRET emission per cell-surface during membrane preparation or from antibody-induced
protein thus compatible with detection of proximity between aggregates (Supplementary Figure S3). Altogether, these re-
GB1la subunits at physiological density. sults revealed a close proximity of GBla subunits in native
We next used these antibodies to detect the possible brain membranes, consistent with the existence of GABAg
oligomerization of GABAg heterodimers on brain membrane tetramers in the brain.
prepared from wild-type (WT), GB1~/~, GBla~/~ or GB1b~/~ In order to analyse whether GABAg receptor tetrameriza-
mice (expressing no GB1 isoforms, GB1b only or GBla only, tion led to a functional crosstalk from one heterodimer to the
respectively) (Schuler et al, 2001; Vigot et al, 2006). After other, we used HEK-293 cells as a model system, as it allows
labelling with mixtures of donor- and acceptor-conjugated an easy characterization of various combinations of subunits,
antibodies, we first measured the donor emission as a read- either chimeric constructs, or subunits carrying specific
out for antibody binding. For the WTand GB1b /", the donor mutations.
emission was significantly decreased by addition of an excess
of non-conjugated antibodies, indicative for a specific binding GB1-VFTs are important for the GB1-GB1 interaction
of the conjugated antibodies although the non-specific signal To analyse whether specific functional interactions exist
was high (Figure 2B). By contrast, no significant specific between the GABAg dimers, one would need to disrupt the
binding was detected for GB1™/~ or GBla™/~, in agreement GB1-GBI1 interaction. We previously reported that a trun-
with the absence of the epitope recognized by the antibody cated GBI subunit corresponding to the isolated 7TM region
(Figure 2B). (7TM-GB1-ACT) could prevent to some extent the formation
On the same samples, we also measured the acceptor of GABAg tetramers (Maurel et al, 2008). However, to be
signal following excitation of the donor. A similar FRET signal efficient, it required a large amount of the competitor, and
was measured on membrane from WT and GB1b™/~ mice, very low expression of the WT GABAjg, suggesting that
while no significant FRET signal could be measured on regions other than the 7TM domain are involved in the
membranes from mice lacking GBla (GB1~/~ and GBla™/") GB1-GBI association. To test our hypothesis, we took advan-
(Figure 2C). Since using total brain membranes, we could not tage of the following chimeric constructs: GB2/1 bearing the
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Figure 3 Determination of the GB1 domains involved in the interaction between GABAg heterodimers. (A) FRET intensity using the
fluorescent BG substrates measured on COS-7 cells expressing wild-type or chimeric GABAg subunits bearing an ST or an HA tag. FRET
signals for the same amount of HA construct at the cell surface (see Supplementary Figure S4) are represented over the BG-K emission. GB1
domains are illustrated in blue and GB2 in red. Wild-type GABAg receptor was used as a positive control. (B) FRET intensity over the HA cell-
surface expression measured after fluorescent anti-HA antibodies labelling on the same transfected COS-7 cells than that used for the
experiment depicted in (A). For (A, B), data are representative of three independent experiments, each performed in triplicates. ** and ***
represent P<0.01 and P<0.001, respectively, in a t-test compared with Flag-ST-GB1 + HA-GB2. (C) Schematic representation of the different
favoured associations for each subunit combination used as suggested by the results of FRET experiments.

GB2-VFT and the GB1-TM; GB1/2 where GB1-VFT is linked to
the TM of GB2 (Galvez et al, 2001). Each subunit carried
either a Snap-tag or an HA epitope at their N-terminus
allowing their specific labelling at the cell surface with TR-
FRET compatible fluorophores using either antibodies or the
Snap-tag substrates. Of interest, the same set of transfected
cells were used to monitor by TR-FRET the proximity bet-
ween either Snap-tagged or HA-tagged subunits. All experi-
ments were conducted under conditions where all HA-tagged
constructs were expressed at the same density at the cell
surface, as determined by ELISA (Supplementary Figure S4).
When comparing TR-FRET data obtained with the ST-
GB1 + HA-GB2 and ST-GB2/1 + HA-GB2 combinations, the
absence of the GBI1-VFT in the later resulted in a large
decrease in the ST-ST FRET signal, suggesting that the
GB1-VFT has an important role in the GABAgp tetramer
assembly (Figure 3A). In contrast, HA-HA FRET was in-
creased, supporting a possible reorganization of the tetramers
that would bring the GB2-VFTs closer to each other
(Figure 3B). In the combination ST-GB1/2 + HA-GB2, where
the GB1-TM was replaced by that of GB2, both ST-ST and
HA-HA FRET signals were equivalent to that measured with
the combination of WT subunits. Altogether, these data
revealed that the VFTs of the GABAg subunits have a critical
role in determining the assembly mode between the hetero-
dimers, either because of a strong and favoured interaction
between the GB1-VFTs or because the GB2-VFTs cannot
interact with each other when associated with GB1 possibly
due to steric or ionic hindrance. In contrast, the GB1-TM does
not appear to have a critical role, giving an explanation on
the toughness to prevent the formation of the tetramer with
7TM-GB1-ACT (Maurel et al, 2008).

Dissociation of GABAg tetramers leads to an enhanced
G protein coupling efficacy

The above data indicate that the best competitor to prevent
GABAg receptor oligomerization should compete GB1-GB1

©2011 European Molecular Biology Organization

interaction at the VFT level. In agreement, we developed a
new competitor (GB1-AB-ACT) based on GB1 in which
(i) GABA binding was prevented by inserting two mutations
in the binding site: S246A and E465A (Galvez et al, 1999,
2000; Kniazeff et al, 2002) and (ii) the C-terminal tail was
deleted (ACT) to allow cell surface targeting. Indeed, the
C-terminal tail of GB1 contains an ER retention signal that is
masked upon coiled-coil interaction with GB2 C-terminus
(Kuner et al, 1999; Margeta-Mitrovic et al, 2000; Pagano
et al, 2001). In addition, an ER retention signal was inserted
at the C-terminal end of GB2 (GB2-KKXX) such that only GB1
with its intact C-terminus and not GB1-AB-ACT masks the
retention signal promoting the targeting of GB1-GB2-KKXX
dimers to the cell surface (Maurel et al, 2008). Hence, the
competitor should not disturb the GB1-GB2 heterodimers
(Figure 4A). Of note, neither ST on GBI, nor the KKXX
motif in GB2 modified the function of the receptor (Maurel
et al, 2008; data not shown).

To validate this approach, the competition efficiency was
first assessed using TR-FRET. When expressing the compe-
titor, a decrease in FRET signal between ST-GB1 subunits was
observed, while a FRET signal between the ST-GB1 and the
HA-tagged competitor appeared (Figure 4A). We also verified
that the heterodimer formation was not much affected by the
co-expression of the competitor as measured with FRET
between ST-GB1 and Flag-GB2 (Figure 4A).

To compare the G protein signalling properties of two
‘disrupted” GABAg heterodimers to that of one tetramer, we
expressed the WT subunits in the presence or absence of the
competitor together with the chimeric G protein Gqi9 that
allows the receptor to activate phospholipase C in HEK-293
cells. The amount of ST-GB1-GB2-KKXX heterodimers at the
cell surface was equivalent in both conditions (Supplemen-
tary Figure S5A), such that one tetramer corresponds to two
heterodimers (each associated with the competing subunit).
The maximal response measured in the presence of the
competitor was twice higher than that obtained in the ab-
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sence of it (Figure 4B). In comparison, when transfected at a
similar cell-surface expression, CD4 did not affect the GABAg
maximal response (Figure 4B). CD4 was chosen as control
because it does not perturb the GABAg tetramer (Maurel et al,
2008) and has the advantage of not affecting G protein
signalling.

The effect of the competitor on the native pertusis toxin-
sensitive Gi coupling was then directly assessed using a ‘prim-
ing’ approach, that is, recording Ca®*" responses induced
by stimulation of a Gi/o-coupled receptor following a pre-
activation of a Gg-coupled receptor (Figure 4C; Supple-
mentary Figure S6) (Park et al, 1993; Quitterer and Lohse,

1999; Rives et al, 2009). In agreement with the data obtained
using the chimeric Gqi9 protein (Figure 4B), competing with
the formation of WT tetramers using GB1-AB-ACT, resulted in
an increased Ca® ™ response for a similar amount of WT GABAg
heterodimers at the cell surface (Figure 4D). To measure more
directly G protein activation, we monitored G protein rearran-
gement upon activation by BRET between Goo and Gy2 fused
to RLuc and Venus-YFP, respectively (Gales et al, 2006; Ayoub
et al, 2007) (Figure 4E). BRET signal after GABA stimulation
was measured on cells expressing these G protein subunits
with either GABAg only or GABAg + GB1-AB-ACT. The change
in BRET signal was significantly higher (around two-fold) in the
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presence of the competitor, consistent with the activation of
twice as much G proteins in the presence of the competitor for
an equivalent amount of GB1—GB2-KKXX heterodimer
(Figure 4F; Supplementary Figure S5B). Of note, the use of
the competitor did not affect G protein activation Kkinetics
(112=0.59+0.18s and 0.61£0.19 for GB1+ GB2-KKXX and
GB1 + GB2-KKXX 4+ GB1-AB-ACT, respectively) (Figure 4G).
Altogether, these data indicate that G protein coupling efficacy
is regulated by the oligomeric state of the GABAg receptor.

Mutation destabilizing the tetramer enhances G protein
coupling efficacy

In an attempt to destabilize the tetramer formation by muta-
genesis, we used the glycan wedge approach that has been
used previously to destabilize the GB1-GB2 interaction
(Rondard et al, 2008). It consists of inserting N-linked glyco-
sylation consensus sites (NxS/T) that will link large carbohy-
drates during maturation, hence generating steric hindrance
to disturb protein-protein interaction. Here, we inserted such
consensus sites at different area of GB1-VFT based on a 3D
molecular model. In a first set of mutants, consensus sites
were introduced opposite to the GB1-GB2 heterodimeri-
zation interface (Supplementary Figure S7), but none of
the expressed mutants appeared to affect the GB1-GB1
interaction as measured by FRET using the ST (data not
shown). We also combined these mutants in order to further
increase the steric hindrance, but again, none of the double
mutants destabilize the GB1-GB1 interaction as indicated
by similar FRET signals between the WT and mutants
(Supplementary Figure S7).

A crystal structure of a VFT tetramer has been recently
published with the determination of the full-length tetrameric
GluR2 AMPA receptor structure at 3.6 A (Sobolevsky et al,
2009). It is organized as a loose dimer of tight dimers
(Figure 5A). One could easily imagine that this organization
is well transposable to loose dimer of tight GB1-GB2 hetero-
dimers (Figure 5A). Of note, the structural elements at the
interface of the tight AMPA-VFT dimer are similar to those
identified at the GB1-GB2 interface (Rondard et al, 2008; Jin
et al, 2009; Sobolevsky et al, 2009). Based on these observa-
tions, we hypothesized the GB1-GB1 contact area may
correspond, at least in part, to the small area defined in the
crystal structure (Figure SB).

Tetrameric GABAg receptor signalling
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In order to disturb this potential GB1-GB1 interface, we
generated HA-ST-GB1-N380 in which Glu380 and Leu382
were mutated into Asn and Thr, respectively. When transfect-
ing HEK-293 cells with HA-ST-GB1 WT or N380 together with
GB2, the specific FRET signal measured between ST-GB1 was
significantly lower (about 35% of WT) for an equivalent cell-
surface expression (Figure 5C; Supplementary Figure S7E).
This indicates that this mutant affects the GABAg receptor
oligomerization.

Measurements of Ca*" release was measured upon GABA
addition on HEK cells co-transfected with Gqi9 showed that
N380 containing GABAg receptors were more efficient in G
protein stimulation. Indeed, for a smaller cell-surface expres-
sion (60% of WT; Supplementary Figure S7F), HA-ST-GB1-
N380 led to a larger response (170% of WT), as illustrated in
Figure 5D. This is in agreement with the previous experi-
ments using the competitor.

Binding of a single agonist in the tetramer leads
to the maximal response
The data reported above indicate that a heterodimer disso-
ciated from a tetramer leads to a maximal G protein coupling
efficacy. This gives rise to questioning the stoichiometry of
active units in a tetramer. A first issue is to assess whether
one agonist binding site per tetramer is sufficient to induce
the maximal response.

Our aim was to substitute in the tetramer, one WT GB1 by
a mutant unable to bind GABA (with the two mutations
S246A and E465A: GB1-AB) with its intact C-terminal tail
such that it interacts with GB2-KKXX. In that way, we expect
to have only one functional heterodimer per tetramer. We co-
expressed ST-GB1 + Myc-GB2-KKXX in the presence or ab-
sence of HA-GB1-AB, in HEK-293 cells (Figure 6). We ensured
that, in our conditions, the amount of ST-GB1 at the cell
surface was equivalent in both cases (Supplementary Figure
S8A). Upon expression of HA-GB1-AB, the FRET signal be-
tween ST-GB1 was decreased whereas a FRET signal between
HA-GB1-AB and either ST-GB1 or Myc-GB2-KKXX appeared.
Moreover, the FRET signal between WT heterodimers was
two-fold decreased (Figure 6A). These data confirmed that
when HA-GB1-AB was co-transfected: (i) the mutant could
dimerize with Myc-GB2-KKXX and oligomerize with ST-GB1;
(ii) the interaction between two ST-GB1 was decreased and

Figure 4 Functional implication of the GABAg higher-ordered oligomers formation assessed using a competitor of the GB1-GB1 interaction.
(A) Dissociation of the GABAg tetramers using as a competitor HA-GB1-AB-ACT: a GB1 unable to bind GABA and deleted of its C-terminal tail
as illustrated in the top scheme. Only the combinations reaching the cell surface are represented. ST-GB1 is represented in blue and Flag-GB2-
KKXX in red. FRET intensity over the wild-type GABAg cell-surface expression (ELISA) measured on cells expressing either ST-GB1 and Myc-
GB2-KKXX (control) (black bars) or control with GB1-AB-ACT (white bars), (a) between ST-GB1 subunits labelled with BG-K and BG-d2, (b)
between ST-GB1 and HA-GB1-AB-ACT labelled with BG-d2 and K anti-HA antibody and (c) between ST-GB1 and Myc-GB2-KKXX labelled with
BG-d2 and K anti-Flag antibody. ** and *** represent P<0.01 and P<0.001, respectively, in a t-test. (B) Calcium signal measured upon
stimulation of the chimeric G protein Gqi9 by increasing concentration of GABA in HEK-293 cells transfected with GB1 and GB2 (control)
(black-filled circles), or co-expressed with CD4 (negative control) (black triangles) or with GB1-AB-ACT (grey open squares). (C) Calcium
release kinetics on cells expressing the GABAg receptor recorded for a period of 3005, including the addition of 1077 M AVP and 10~* M GABA at
20 and 240s, respectively (see also Supplementary Figure S6). (D) Measurement of GABAg signalling through native Gi/o coupling upon
application of increasing concentration of GABA in a calcium assay after pre-stimulation of an endogenous Gg-coupled receptor. Experiments
were conducted as in (B). (E) Schematic representation of the BRET assay with Go fused to Rluc and Gy, to Venus leading to a BRET signal that
is decreased upon activation of the G protein. (F) Variation of BRET signal between Go-Rluc and Venus-Gy, measured on HEK-293 cells also
expressing GB1 and GB2-KKXX (black bar) or GB1, GB2-KKXX and the competitor GB1-AB-ACT (white bar). The results are shown as the
difference between the ABRET ratio recorded with PBS (basal) minus the ABRET ratio recorded with 1 mM GABA (stimulated). **P<0.01 in a
paired t-test. (G) BRET variation kinetics determined on HEK-293 cells co-transfected with the same constructs as described in (F). GABA
(1 mM) was added at 150s of reading. The kinetics recorded for the control is in black and the kinetics measured on cells overexpressing the
competitor GB1-AB-ACT is in grey. For (A, D, G), data are representative of three to six independent experiments. For (B, F), data are
mean * s.e.m. of three to four independent experiments each performed in triplicates.
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Figure 5 Mutation at the GB1-GB1 contact area destabilizes the tetramer and increase G protein coupling efficacy. (A) Crystal structure (left,
pdb code 3KG2) and schematic representation (centre) of GluR2 N-terminal domain tetramer, illustrating the assembly of the four VFTs into a
loose dimer of tight dimers. Putative organization of GABAg tetramer (right). (B) Illustration of contact area of GluR2 N-terminal domain (left),
3D model of the corresponding GB1-VFT (right). The identified contact area in GluR2 is highlighted in orange and the position 380 in GB1 in
red. (C) FRET intensity measured on HEK-293 cells between the indicated ST-labelled subunits. ** represents P<0.01 in a t-test. (D) Calcium
signal measured upon stimulation of the chimeric G protein Gqi9 by increasing concentration of GABA in HEK-293 cells transfected with wild-
type (black-filled circles) or N380 (open squares) GB1 together with GB2. For (C, D) data are representative of four independent experiments.

(iii) the amount of functional heterodimers at the cell surface
remained constant. That allowed us to compare GABA re-
sponses from cells expressing WT tetramers with those
obtained in cells expressing twice as many tetramers most
having a single site able to bind the agonist. Although other
combinations may exist at the cell surface (Supplementary
Figure S9), we used conditions where the predominant func-
tional tetramer is composed of one WT heterodimer and a
mutant heterodimer (Figure 6A).

The GABA-mediated Ca® " response was analysed in both
conditions. In cells expressing HA-GB1-AB, the functional
response efficacy was higher than that obtained with WT
receptor only (200+20% of the WT) (Figure 6B). As ex-
pected, no Ca?" release could be detected when the mutant
heterodimer was expressed alone (GB1-AB -+ GB2-KKXX)
(Figure 6B). These data indicate that the Ca®" response
generated per functional GABAg receptor heterodimer is
higher when they are associated with a non-functional het-
erodimer, consistent with one GABA-binding site per tetramer
being sufficient to induce maximal G protein activation.

In addition, GABA affinity on GB1 was measured by
displacement of 1.4nM of [*H]-CGP54626A (corresponding

The EMBO Journal VOL 30 | NO 12 ] 2011

to the K4 of the antagonist) on cells expressing the WT
tetramer or the tetramer with a single GABA-binding site.
We could not see any difference in GABA (K; =2.02 uM (1.02-
3.96uM) and 2.78 uM (1.51-5.10 uM) for WT and WT +GB1-
AB, respectively) (Figure 6C) or in cold CGP54626A affinity
(K;=1.80nM (1.43-2.26nM) and 2.33nM (1.93-2.80nM))
for WT and WT + GB1-AB, respectively).

Dimerization of GABAg heterodimers regulates

G protein coupling efficacy

Next, we tried to assess the stoichiometry for G protein
coupling in the tetramer. To that aim, we chose to substitute
one WT GB2 subunit by a mutant that cannot activate
G proteins (GB2(L686P)-KKXX) (Havlickova et al, 2002).
The G protein coupling being dependant on WT GB2, the
conditions of transfection were optimized to have the same
HA-GB2-KKXX expression level whether the mutant is present
or not (Supplementary Figure S8B). Accordingly, when Flag-
GB2(L686P)-KKXX is co-expressed, the amount of Myc-GB1
at the cell surface increased and the FRET signal between
Myc-GB1 subunits is higher (Figure 7A). Moreover, the
formation of heterodimers between Myc-GB1 and Flag-
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Figure 6 One binding site per tetramer is sufficient to induce the maximal agonist response. (A) Schematic representation of the oligomeric
GABAg receptor in the absence (left) or in the presence of a GB1 unable to bind the GABA (GB1-AB), which can substitute one wild-type GB1 to
form tetramers with a single functional heterodimer per tetramer (right). FRET intensity measured on cells expressing either ST-GB1 and Myc-
GB2-KKXX (control) (black bars) or control with an optimized amount of GB1-AB (white bars), (a) between ST-GB1 subunits labelled with
BG-K and BG-d2, (b) between ST-GB1 and HA-GB1-AB labelled with BG-d2 and K anti-HA antibody, (c) between ST-GB1 and Myc-GB2-KKXX
labelled with BG-d2 and K anti-Myc antibody and (d) between HA-GB1-AB and Myc-GB2-KKXX labelled with K anti-HA and d2 anti-Myc
antibodies. Data are mean * s.e.m. of three independent experiments each performed in triplicate. ** and *** represent P<0.01 and P<0.001,
respectively, in a paired t-test. (B) Intracellular calcium response curve mediated by GABA on cells expressing GB1 and GB2-KKXX (control)
(black-filled circles), GB1-AB and GB2-KKXX (negative control) (black triangles) and control and GB1-AB (grey open squares) in the presence
of a chimeric Ggi9. Data are representative of four independent experiments each performed in triplicate. (C) Displacement of [*H]-CGP54626A
binding by GABA on wild-type GB1 measured on cells expressing GB1 and GB2-KKXX (control) (black-filled circles), and control with GB1-AB
(grey open squares). Data are representative of three independent experiments, each performed in triplicates.

GB2(L686P)-KKXX was confirmed (Figure 7A). Note that the give rise to Ca®> " release (Figure 7B). To eliminate any artifact
FRET between Myc-GB1 and HA-GB2-KKXX remained con- coming from the use of a chimeric G protein, we successfully
stant. This is in agreement with the expected reorganization reproduced these results by activation of native Gi proteins
(Figure 7A). As indicated above, although additional combi- in the ‘priming’ assay (213+42% of the WT) (Figure 7C).
nations exist at the cell surface, the conditions are such that The extent of G protein activation when a single GB2 in the
the complexes composed of a WT and a mutated heterodimer tetramer can couple suggests that only a single G protein can
are predominant (Supplementary Figure S9). be activated by the GABAg tetramer.

In those conditions and using Gqi9, we observed that the
Ca® ™ release induced by GABA was enhanced compared with

the WT in the presence of Flag-GB2(L686P)-KKXX (152 + Discussion

14% of the WT %) (Figure 7B). To exclude any contamination Oligomerization of GPCRs has been proposed to offer addi-
of the signal by putative Myc-GB1/Flag-GB2(L686P)-KKXX tional possibilities to regulate their function, especially in the
heterodimers, we checked that these heterodimers did not brain (Carriba et al, 2008; Gonzalez-Maeso et al, 2008;
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Figure 7 Regulation of G protein coupling depends on the dimerization of the GABAg heterodimers. (A) Schematic representation of the
oligomeric GABAg receptor in the absence (left) or in the presence (right) of a GB2 subunit unable to activate the G protein and carrying a KKXX
retention signal motif (GB2(L686P)-KKXX), which can substitute one wild-type GB2 to form tetramers with a single functional heterodimer
per tetramer (right). FRET intensity measured on COS-7 cells expressing the indicated constructs: control (black bars) and control with
GB2(L686P)-KKXX (white bars) (a) between the Myc-GB1 subunits after labelling with a mixture of K and d2 anti-Myc antibodies, (b) between
Myc-GB1 and HA-GB2-KKXX after labelling with K anti-HA and d2 anti-Myc antibodies and finally (c) between Flag-GB2(L686P)-KKXX and
Myc-GB1 labelled with K anti-Flag and d2 anti-Myc antibodies. Data are mean + s.e.m. of three independent experiments each performed in
triplicates. ** and *** represent P<0.01 and P<0.001, respectively, in a t-test. (B) Calcium dose-response recorded after stimulation by the
GABA on cells expressing GB1 and GB2-KKXX (control) (black-filled circles), GB1 and GB2(L686P)-KKXX (negative control) (black triangles)
and control with GB2(L686P)-KKXX (grey open squares) in the presence of a Gqi9 chimeric protein. (C) GABA-induced response of the native
Gi/o protein by measurement of the calcium formation after pre-stimulation of an endogenous Gq-coupled receptor. For (B, C), representative
of three to four independent experiments, each performed in triplicates.
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van Rijn et al, 2010). However, the existence of such oligo-
mers is still a matter of intense debate (Park et al, 2004;
Chabre et al, 2009). Among the large GPCR family, the
GABAg receptor is well recognized as being an obligatory
heterodimer, and recent data suggest that it may even form
larger complexes composed of at least two heterodimers
(Maurel et al, 2008). In the present study, we first bring
further evidence supporting this phenomenon: (i) we showed
that the tetramers are stable enough to resist to solubiliza-
tion, as demonstrated by co-immunoprecipitation experi-
ments; (ii) the interaction between heterodimers does not

VOL 30 | NO 12 | 2011

result from overexpression since these are detected at an
expression level similar to that measured in cultured neurons
and (iii) most importantly, our data support the existence of
such tetramers in the brain. Second, by comparing the
functional properties of the GABAg heterodimers and tetra-
mers, we show here that there is a negative cooperativity in
terms of G protein coupling between heterodimers in the
tetramers.

The detection of GABAg tetramers was achieved using the
TR-FRET technology that has several advantages compared
with conventional FRET: (i) a 100-fold better signal-to-noise
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ratio and (ii) an absence of dipole orientation constraint of
the fluorophores, such that the signal depends only on the
distance between the fluorophores (Bazin et al, 2002; Selvin,
2002). Thanks to the use of antibodies directed against the
native GB1a protein (Tiao et al, 2008), we could use TR-FRET
to detect oligomers in native tissues. Our data revealed a
close proximity between GBla subunits both in membranes
from COS-7 cells expressing the GBla and GB2 subunits, as
well as in brain membrane of WT mice and rats and in mice
synaptosomes. This does not result from random clustering
of the GABAg receptors in specific microdomains, since no
close proximity could be detected between GB2 subunits
(see also Maurel et al, 2008). Although this could not be
directly demonstrated with the native receptors due to the
lack of specific antibodies recognizing the GB2 extracellular
domain, no TR-FRET between GB2 subunits was detected in
membranes prepared from COS-7 cells transfected with
HA-GB2 and GB1. This is consistent with an interaction of
two heterodimers via the GB1 subunits, while the GB2-VFTs
are further apart. Even though we used membranes to
measure the TR-FRET signal between native GBla, we are
convinced that it does not simply result from intracellular
homomeric GB1 not assembled with GB2. Actually, GB1-GB1
interaction was also detected in synaptosomes preparations
and a dramatic decrease in GB1 expression observed in the
GB27/~ mice (Gassmann et al, 2004) suggests that most GB1
is associated with GB2 in WT brain. Thus, this represents a
first direct evidence for large GPCR complexes in the brain.

The exact stoichiometry of GABAg receptor oligomers
remains unknown; however, there are several pieces of
argument in favour of a tetrameric assembly: (i) the absence
of measurable FRET between GB2-VFTs implies that the
distance between two GB2 is over 77 A (according to the Ro
(58 A) of the FRET pair used in this study), which is not
compatible with most of the possible arrangements (Supple-
mentary Figure S1); (ii) our data indicate that the GB1-GB1
contact area is likely to be similar with the tetramerization
interface in the GIuR2 VFT tetramer, which supports a
symmetrical interaction of two VFT limiting at four the
total number of subunits and (iii) size analysis of native
GABAg receptor complexes from mouse brain on native gels
indicates that the complex is likely limited to two GABAg
heterodimers (i.e. a tetramer) each associated with accessory
proteins KCTD (Schwenk et al, 2010).

The study of the GABAjg tetramer signalling properties
provides new insights on the functional consequences of
GPCR oligomerization and mainly the allosteric phenomena
involved. Actually, we showed that, for a similar amount of
WT receptors at the cell surface, the tetramers exhibit a lower
G protein coupling efficacy than two disrupted heterodimers
as revealed by using competitors of the GB1-GB1 interaction
or a destabilized one through mutation at the contact area
(Figures 4 and 5; see also Maurel et al, 2008). This could be
the result either of a less efficient activation of G proteins by
each heterodimers within the tetramer, or of the inability of
the tetramer to activate two G proteins at a time. Such
hypotheses are reminiscent to what has been proposed for
class A GPCR dimers, where a single G protein is likely
interacting with a dimer (Baneres and Parello, 2003;
Bayburt et al, 2007; Whorton et al, 2007; Kuszak et al,
2009). Nevertheless, it appears that a class A GPCR dimer
activates a G protein equally well as a monomer, such that a
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pair of (non-interacting) monomers can activate twice as
much G proteins than a dimer (White et al, 2007;
Arcemisbehere et al, 2010). In the GABAg receptor context,
the heterodimer GB1-GB2 could be compared with a mono-
meric class A receptor. However, in the case of class A GPCRs,
steric hindrance is assumed to prevent two G proteins to
interact simultaneously with a dimer (one per protomer).
This appears unlikely to be the case for the GABAg receptor
since the GB2 subunits that are responsible for G protein
activation, are at a large distance within the tetramer (over
77 A according to our FRET data), thus giving theoretically
enough space for each GB2 subunit to contact and activate a
G protein in the tetramer. We also confirmed that in a
tetramer where a single heterodimer was able to signal (the
second one being invalidated for either ligand binding or
G protein activation) the response was roughly equivalent to
that of the WT tetramer. This could be interpreted as a single
heterodimer per tetramer being able to adopt an active
conformation at a time. Altogether, our data imply that a
negative cooperativity exists between the two assembled
GABAg receptors, such that only one functions at a time.
Even if the receptors formed higher-ordered oligomers, the
functional analysis of the GABAg complex would still be
valid. Indeed, in the competition experiment, the size of the
oligomers would decrease, such that the larger functional
response observed still supports a negative cooperativity
between GABAg heterodimers. This reasoning is also true
for the replacement experiments, where the number of func-
tional subunits per oligomer is decreased, then limiting
negative cooperativity between functional heterodimers.
What would be the physiological significance of the tetra-
meric organization of the GABAg receptor? A key issue to
answer this question will be to know whether all GABAg
receptors are tetramers, or whether an equilibrium can exist
between dimeric and tetrameric entities. If such equilibrium
exists, it is tempting to speculate that this offers new possible
ways to regulate the GABAg receptor function, such as limit-
ing GABAg-mediated G protein responses through oligomer-
ization, depending on the activity of the receptor, or its
specific location in particular subcellular compartments.
One would easily imagine tetramers to constitute receptor
stores, as proposed for rhodopsin oligomers (Govardovskii
et al, 2009), that associate or dissociate depending on various
signals like the basal GABA concentration, interacting pro-
teins, ligands etc. Of interest, some class A GPCRs have been
shown to undergo such association-dissociation events
(Dorsch et al, 2009; Ilien et al, 2009; Hern et al, 2010). In
contrast, if all GABAg receptors are tetrameric in vivo, it is
quite surprising that such organization appears to limit G
protein-mediated signalling. However, several points must be
considered: (i) the GABAg receptor assembly into tetramers
may be beneficial for other GABAg receptor properties that
need to be identified, such as receptor stability, trafficking,
turnover, desensitization or internalization; (ii) the assembly
into tetramers indeed offers larger possibilities for interacting
proteins to regulate GABAg receptor activity and (iii) it is
possible that non-G protein-mediated responses may be
activated preferentially by the tetrameric state of the receptor.
Furthermore, if GB1a is part of GABAg tetramers, we have yet
no direct evidence that GB1b forms tetramers in vivo due to
the lack of GB1b-specific antibody. Although GB1b contain-
ing tetramers have been observed in heterologous system
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(Maurel et al, 2008), it is still possible that the oligomeric
state of GBla and GB1b containing GABAg receptors might be
different in the brain. This would offer alternatives in the
strength of signalling of pre- versus post-synaptic receptors as
GBla and GBlb are segregated in these synaptic compart-
ments, respectively (Vigot et al, 2006; Biermann et al, 2010).

Materials and methods

Chemicals and reagents
Unless stated otherwise, the compounds were purchased from
Sigma.

Plasmids and site-directed mutagenesis

Plasmids encoding the WT GABAg;, or GABAg;, and GABAg,
subunits bearing an HA, Flag or ST epitope at their N-terminus were
described previously (Kniazeff et al, 2004; Maurel et al, 2008).

The HA-GB1(S246AE465A)-ACT was generated by subclonings
of the S246A or the E465A mutations previously described (Galvez
et al, 1999, 2000; Kniazeff et al, 2002) and by adding a stop codon at
position 875 using a Quick-Change® strategy (Stratagene). The
N-glycosylation mutants were generated using a Quick-Change
strategy. The final constructs were verified by sequencing (Genome
express, Meylan, France).

The ST chimeric GABAg constructs were generated by inserting
the ST sequence in the chimeras previously described (Galvez et al,
2001).

The Go-Rluc fusion protein used for BRET assay was previously
described (Ayoub et al, 2007, 2009). The Venus-tagged Gy, subunit
was provided by Dr C Galés (INSERM U858, Toulouse, France)
(Gales et al, 2006).

Cell culture and transfection

HEK-293 and COS-7 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS. Culture medium, FCS
and other products used for cell culture were purchased from
GIBCO/BRL/Life Technologies (Cergy Pontoise, France). Cells were
transiently transfected either by lipofection with the Lipofectamine
2000 following the manufacturer’s protocol (Invitrogen Life
Technologies, Gaithersburg, MD) or by electroporation (Maurel
et al, 2004).

Cell-surface Co-IP

The method is thoroughly detailed in Supplementary data. Briefly,
after incubation with mouse Flag-M2 Ab and N-ethyl-maleimide
treatment, cells were lysed with RIPA lysis buffer. After centrifuga-
tion of the soluble fraction, the supernatant was applied on Protein
A/G beads and incubated for 3 h at 4°C. The precipitate was then
loaded on a 7.5% SDS-PAGE.

For the western blot, primary antibodies used were rabbit anti-
HA Ab (71-5500; Zymed) and mouse anti-Flag Ab (F3165; Sigma).
The secondary antibodies used were Alexa Fluor™ 680 goat anti-
rabbit IgG (A-21076; Molecular Probes) and DyLight® 800-con-
jugated anti-mouse IgG (610-145-121; Rockland). The fluorescence
signals were recorded by the Odyssey® (LI-COR Biosciences).

ELISA for quantification of cell-surface expression

ELISA on intact cells was performed as previously described
(Maurel et al, 2008) using the anti-HA monoclonal antibody (clone
3F10; Roche Bioscience, Basel, Switzerland) or the anti-Flag-M2
monoclonal antibody (Sigma-Aldrich, St Louis, MO, USA), both
conjugated with horseradish peroxidase.

Intracellular calcium measurements

HEK-293 cells were transfected with plasmids encoding the
indicated GABAg subunits and a chimeric protein Gqi9 and seeded
out in a 96-well plate at 200000 cells/well. Intracellular calcium
measurements were performed as previously described (Maurel
et al, 2008) after addition of various concentrations of GABA.

For ‘priming’ experiments, HEK-293 cells were transfected only
with plasmids encoding the GABAg subunits without Ggi9. The
cells were treated in the same way, besides 50ul of 2X-AVP
(vasopressin 2.10~7 uM) was added after 20 s reading and then 50 ul
of 3X-GABA solution at various concentrations after 240's.
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Binding assay on intact cells

Cells were incubated with 10nM of [*H]-CGP54626, for 4h at 4°C.
Non-specific binding was determined by addition of GABA (1 mM).
After incubation, cells were washed with ice-cold Tris-KREBS buffer
(20mM Tris pH 7.4, 118 mM NaCl, 5.6mM glucose, 1.2mM
KH,PO,4, 1.2mM MgSO,, 4.7mM KCl, 1.8 mM CacCl,) in order to
eliminate the excess of free radioactive ligand. Cells were then lysed
using NaOH at 0.1 M for 10 min and transferred in flasks containing
scintillant (OptiPhase Supermix, Perkin-Elmer). Radioactivity was
counted on a Beta counter Cobra (Hewlett Packard). The bound
radioactivity was determined considering the specific activity of the
[*H]-CGP54626 and the volume per well.

IC5¢ determination

Cells were incubated with a concentration corresponding to the Kq
of the [*H]-CGP54626 (1.4nM) and increasing concentrations of the
competitor cold ligand, either CGP54626 (10 pM to 1 uM) or GABA
(0.1 uM to 1 mM) for 4 h at 4°C. Then, the cells were treated as in
the binding assay.

TR-FRET between two Snap-tags or between Snap-tags and
labelled antibodies

TR-FRET experiments were performed in 96-well plates (Greiner
CellStar) as previously described (Maurel et al, 2008). Note that the
donor-conjugated benzyl guanine (BG) used was the BG-Lumi4-Tb
bearing a terbium cryptate known as a Tag-Lite substrate (Cisbio,
Bagnols/Céze, France). The specific FRET signal is calculated as
indicated in Supplementary data.

Mice brain membrane preparation

Brains from WT, GB1™/~, GBla~/~ or GBlb™/~ mice were
homogenized in 20 vol of ice-cold sucrose (0.32 M) using a potter.
The homogenate was centrifuged at 1000 g for 10 min at 4°C. The
supernatant was centrifuged at 17000 g for 20 min at 4°C. Then, the
pellet (P2) was lysed in 40 vol. of ice-cold distilled water for 45 min.
After a centrifugation at 20000g for 35min at 4°C, the pellet
was washed three times in 40vol. of ice-cold distilled water. The
final pellet was resuspended in 50 mM Tris-citrate buffer, pH 7.4
(Pin et al, 1984).

Mice brain synaptosomes preparation

We proceeded as previously described (Karten et al, 2006). Briefly,
after brain homogeneization and cell debris removal, the total
brain membrane fraction was loaded on a percoll gradient (3, 10
and 23%) and set for ultracentrifugation (100000g, 14 min). The
synaptosomes fraction was collected and resuspended after
centrifugation in 0.32 M sucrose, 10 mM hepes pH 7.4.

TR-FRET using anti-sushi antibodies on brain membrane

A measure of 200 pg of brain membrane diluted in 50mM Tris-
citrate ice-cold buffer were incubated overnight at 4°C under
rotation with the monoclonal anti-sushi antibodies (Tiao et al,
2008). Three conditions were tested, each in triplicate: (i) Lumi4-Tb
Ab (16.7 nM) + cold Ab (1.35nM); (ii) Lumi4-Tb Ab (16.7 nM) + d2
Ab (8.3nM) and (iii) Lumi4-Tb Ab (16.7nM) +d2 Ab (8.3nM) +
cold Ab in large excess (1 uM). The indicated concentrations were
optimized (Supplementary Figure S2) in order to ensure the highest
FRET signal. Then, samples were centrifuged at 17000 g for 15 min
at 4°C and the resultant pellet was washed twice with 1ml
of 50mM Tris-citrate buffer. The final pellet was resuspended in
100 pul of the same buffer and distributed in a 96-well plate Greiner
CellStar. The FRET signal was recorded at 665 nm between 50 and
450 ps after laser excitation at 337nm using a time-resolved
fluorimeter (RubyStar, BMG Labtechnologies, Champigny-sur-
Marne, France). FRET intensity was expressed as the A665 = (total
signal recorded at 665nm)—(background at 665nm given by the
Lumi4-Tb Ab + cold Ab). The non-specific FRET signal given by the
membranes labelled with Lumi4-Tb+ d2 +an excess of cold Ab
was also subtracted.

BRET measurements

BRET measurements were recorded after 1 mM GABA stimulation
on the Mithras LB 940 plate reader (Berthold Biotechnologies, Bad
Wildbad, Germany) as previously described (Ayoub et al, 2007). For
BRET kinetics, 1 mM GABA was added using the injection system at
150 s of reading and the BRET signal was recorded for a total time of

©2011 European Molecular Biology Organization



250s at 0.1s intervals, each channels being alternatively recorded
every 0.05s.

Animals

The generation of GB17/~, GBla/~, GB1b™/~ mice has been
previously described (Schuler et al, 2001; Vigot et al, 2006). The
mice were kept in the BALB/c inbred background. Animal
experiments were subjected to institutional review, conducted in
accordance with Swiss guidelines and approved by the veterinary
office of Basel-Stadt.

Data analysis

Data were analysed using the GraphPad software, San Diego, CA,
USA. For calcium measurements, binding experiments and BRET
assays, the fitting equations used are indicated in Supplementary
data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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