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Seven-transmembrane domain (7TM) receptors have
important functions in cell-cell communication and can
assemble into dimers or oligomers. Such complexes may
allow specific functional cross-talk through trans-activa-
tion of interacting 7TMs, but this hypothesis requires
further validation. Herein, we used the GABAjy receptor,
which is composed of two distinct subunits, GABAg,,
which binds the agonist, and GABAg,, which activates G
proteins, as a model system. By using a novel orthogonal-
labelling approach compatible with time-resolved FRET
and based on ACP- and SNAP-tag technologies to verify the
heterodimerization of wild-type and mutated GABAg sub-
units, we demonstrate the existence of a direct allosteric
coupling between the 7TMs of GABAg heterodimers.
Indeed, a GABAg receptor, in which the GABAg, extracel-
lular domain was deleted, was still capable of activating G
proteins. Furthermore, synthetic ligands for the GABAg,
7TM could increase agonist affinity at the GABAg, subunit
in this mutated receptor. In addition to bringing new
information on GABAjg receptor activation, these data
clearly demonstrate the existence of direct trans-activation
between the 7TM of two interacting proteins.
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Introduction

G-protein-coupled receptors (GPCR) represent the largest
family of cell-surface receptors in mammals. They have
evolved to recognize a wide variety of ligands to achieve
different functions in cell-cell communication (Lagerstrom
and Schioth, 2008). In artificial systems such as heterologous
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cell lines, these seven-transmembrane domain (7TM) pro-
teins have the propensity to associate into dimers or oligo-
mers (Terrillon and Bouvier, 2004; Ferre et al, 2009).
Moreover, the potential existence of such complexes also in
native tissues (Albizu et al, 2010) could constitute a new level
of complexity and influence the development of future drugs
(Ambrosio and Lohse, 2010).

A key element for understanding the functional conse-
quences of GPCR oligomerization is to elucidate the possible
trans-conformational changes that may occur within receptor
complexes (Springael et al, 2007; Han et al, 2009). However,
despite intense research, direct trans-activation between
7TMs remains uncertain (Ji et al, 2002; Urizar et al, 2005;
Neri et al, 2010), whereas several studies have suggested the
existence of trans-inhibition, that is the activation of one
partner leads to the inhibition of the other (Kostenis et al,
2005; Sohy et al, 2007; Vilardaga et al, 2008). However, what
has been previously interpreted as trans-inhibition may
reflect a simple steric hindrance by the second 7TM, which
is unnecessary for G-protein coupling (Bayburt et al, 2007;
White et al, 2007; Banerjee et al, 2008).

GABA, the main inhibitory neurotransmitter, mediates part
of its effects through the metabotropic receptor GABAg. This
GPCR is a clear example of trans-activation between two
associated subunits, whereby the GABAg; (GB1) subunit
binds agonists, and the GABAg, (GB2) subunit is responsible
for G-protein activation (Galvez et al, 2001). However, studies
aimed at identifying the structural basis of this trans-activa-
tion mechanism suggest that the extracellular domains of
these subunits are responsible for this process (Pin et al,
2005), rather than direct coupling between their 7TMs.

In the light of the structural homology between GABAg and
the metabotropic glutamate receptors (mGlu), the current
model for GABAg receptor activation is based on the structure
of mGlu extracellular Venus Flytrap (VFT) domain dimers,
which have been solved in the inactive and active conforma-
tions (Kunishima et al, 2000; Muto et al, 2007). Specifically, it
is hypothesized that a change in the relative position of the
GABAg receptor VFT domains subsequent to the closure of
the GB1 VFT should lead to activation of the 7TM of GB2.
Consistent with this hypothesis, preventing the positional
change of the VFT domain with a ‘glycan wedge’ suppresses
GABAg, receptor activation by orthosteric agonists (Rondard
et al, 2008). However, the role of direct allosteric coupling
between the 7TM of GB1 and GB2 in GABAg receptor activa-
tion has never been evaluated.

In this study, we examined whether direct coupling be-
tween the 7TMs of the two subunits of the GABAg receptor
occurs during receptor activation. To verify the correct
assembly of the GABAgy subunits at the cell surface, we
have developed a new orthogonal-labelling approach to
covalently label each subunit with time-resolved (TR) FRET
donors and acceptors. This allowed us to examine the
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functional properties of a GABAg receptor heterodimer in
which the VFT of GB2 had been removed. Surprisingly, we
found that this truncated heterodimer could be activated by
GABA and obtained evidence of direct coupling between the
7TM of GB1 and GB2. Our study thus provides a clear
demonstration that trans-activation between 7TM proteins
is possible.

Results

GB2 VFT is not required for the formation of GB1-GB2
heterodimers

Although the 7TM of GB2 is recognized to be the G-protein-
activating domain, a GABAg receptor dimer in which both
7TMs are of the GB2 type displays much lower coupling
efficacy than the wild-type receptor, indicating that also the
7TM of GBIl is required for efficient G-protein coupling
(Galvez et al, 2001; Margeta-Mitrovic et al, 2001). These
observations led us to question whether the GB1 7TM
could stabilize the active form of GB2 7TM. We thus exam-
ined whether the GB1 subunit could directly activate GB2
7TM by co-expressing in HEK-293 cells the wild-type GB1
subunit and a mutated GB2 subunit in which the VFT domain
had been deleted (AVGB2).

To verify that AVGB2 still formed a complex with GBI at
the surface of living cells, we have developed a new method
for orthogonal labelling of protein complexes by fluorophores
compatible with TR FRET, using the SNAP-tag (Maurel et al,
2008) and ACP-tag technologies (George et al, 2004)
(Figure 1A). The SNAP tag (20kDa) can be covalently
labelled with fluorescent non-cell permeable benzyl-guanine
derivatives and the smaller ACP tag (8.7 kDa) is covalently
labelled with fluorescent coenzyme A derivatives by a phos-
phopantetheinyl transferase (Supplementary Figure 1). With
our new cell-surface-labelling approach, we first showed that
SNAPAVGB2 and wild-type SN*PGB2 could similarly target
ACPGBI to the plasma membrane through measurement of
the fluorescence produced by CoA-DY647-labelled ““°GB1
(Figure 1B). Moreover, the different GABAg receptor hetero-
dimers could be detected at the cell surface due to a strong
TR-FRET signal caused by the interaction of ““GB1 with
SNAPGB2 or SNAPAVGB2 (Figure 1B), but not with SNmGlu3.
The intensity of the TR-FRET signal was proportional to the
amount of receptors at the cell surface (Figure 1C) and was
similar for both GB1 + GB2 and GB1 + AVGB2 heterodimers.
Interestingly, while the SNAP tag could only be tolerated at
the terminal ends of the subunits (data not shown), the ACP
tag provided similar FRET signals when fused to the
N-terminus or inserted into loops of GB1 VFT (Supple-
mentary Figure 1).

Functional properties of GABAg heterodimers in which
GB2 VFT has been deleted

GABAg receptor-mediated activation of G proteins was as-
sessed by co-expression of the different GABAg subunits with
the chimeric G-protein Gaqi9 (a Gaq protein in which the last
nine C-terminal residues have been replaced by those from
Gai2), which facilitates the coupling of Gi-coupled receptors
to the phospholipase C signalling pathway (Galvez et al,
2001) (Figure 2A). In cells that expressed the truncated
GABAg receptor (GBI + AVGB2), GABA could produce
a Ca’*-mobilization response; however, the potency was
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Figure 1 GB2 VFT is not required for the formation of GB1 + GB2
heterodimers at the cell surface. (A) Schematic representation of
the orthogonal labelling using the SNAP- and ACP-tag technologies
to monitor heterodimer formation at the cell surface with donors
and acceptors of fluorescence compatible with TR-FRET. (B) CoA-
DY647 labelling (open bars) and TR-FRET signal (closed bars) of
cells that express ACP-tagged GB1 alone or with the indicated
SNAP-tagged constructs labelled with Lumi4-Tb, a fluorescence
donor. (C) FRET signal intensity as a function of the amount of
HA-tagged ““’GB1 subunit targeted to the cell surface by SNFGB2 or
SNAPAVGB2. Higher HA-GB1 expression at the cell surface was
obtained by transfecting increasing concentrations of plasmids.
Data are the mean + s.e.m. of triplicates from a typical experiment.

100-fold lower and the efficacy slightly lower than in cells
that expressed the wild-type receptor (GB1+ GB2). This
lower potency was not due to a difference in the cell-surface
expression level of the truncated receptor heterodimer com-
pared with the wild-type receptor (Supplementary Figure 2).

The GABA-mediated response in cells expressing the trun-
cated GABAg receptor was clearly due to G-protein activation
by AVGB2, given the introduction of a point mutation known
to prevent G-protein activation (L686P), in the i3 loop of
AVGB2 (Duthey et al, 2002) suppressed this response
(Figure 2A), even though the mutated heterodimer
(GB1 + AVGB2-L686P) was expressed at the cell surface
(Supplementary Figure 2). In addition, the activity of both
GB1+GB2 and GB1+ AVGB2 receptor heterodimers was
completely abolished by incubation with CGP54626, a com-
petitive antagonist for the GABA-binding site on GB1 VFT,
indicating that the response was due to GABA binding to GB1
(Supplementary Figure 2).

The EMBO Journal VOL 30 | NO 1| 2011

33



34 The EMBO Journal

Trans-activation between 7TM of GABAg receptor
C Monnier et al

A B GB1 + GB2 B
& ab1 + avBa-LassP ey
+ i
10 Rluc
%«g 8 Rluc @ CcAMP_g
ey
& 4
8% 2]y
; > e
I'" L T Ll T T T T
—~ -8 -7 -6 -5 -4 -3
GABA Log[M]
C O D O
GB1 + GB2 GB1 +AVGB2
BCll eiso+GABA mCtl  eiso+GABA xx
O GABAA iso e O GABA A iso M
m ; 4 o ; 4
2 8 sz 2 8 £5
2 _ 3E 3 _ TE,
e 4 ‘moA® 3% ."5 mOA®
o X I X
=) PY o =) .Wm
% = 4 A% ..00 Ak “AAAMAAAAA % 5 .. ..o'.::AA AAAAAAA“AAAAAAA
A
% 3 . e % £ L
S 2 I 2
0 200 400 600 0 200 400 600
Time (s) Time (s)

Figure 2 GB2 VFT is dispensable for GABAg receptor activation. (A) Intracellular Ca** response following activation by GABA of the
HA-tagged GB1 subunit co-expressed with the indicated GB2 constructs. Data are the mean * s.e.m. of triplicates from a typical experiment.
(B) Schematic description of the intramolecular rearrangement of the Epac BRET sensor upon cAMP binding. (C, D) Time course of the cAMP
response measured with the BRET sensor in cells that express the indicated receptor combination stimulated or not (control) with GABA and/or
isoproterenol. The BRET signals obtained after stimulation with isoproterenol (1 uM iso) alone or with GABA (iso+1mM GABA) were
statistically different both in cells expressing wild-type (C) or truncated receptors (D). Inset, values measured at 200s for each condition

(Student’s t-test; ***P<0.0001 and **P=0.0014).

Coupling of the GB1 + AVGB2 receptor heterodimer to its
natural and endogenous Gi protein was validated by demon-
strating that it could inhibit isoproterenol-induced cAMP
formation by use of an intracellular cAMP sensor based on
exchange protein directly activated by cAMP (Epac) and
bioluminescence resonance energy transfer (BRET) (Jiang
et al, 2007) (Figure 2B). Indeed, upon activation of the
endogenous P-adrenergic receptors by isoproterenol, the
BRET signal decreased, as expected, due to increased cAMP
formation. The effect of isoproterenol was significantly di-
minished following co-incubation with GABA in cells expres-
sing the wild-type receptor heterodimer (GB1+ GB2)
(Figure 2C) and, to a lesser extent, also in cells expressing
the GB1+ AVGB2 heterodimer (Figure 2D). In both cases,
similar receptor expression was detected at the cell surface.

GB2 VFT is necessary for high-affinity agonist binding
and high G-protein-coupling efficacy

The lower maximal response and higher agonist ECsq
observed with the truncated receptor complex suggested
that deletion of the VFT of GB2 could decrease agonist affinity
and/or G-protein-coupling efficacy. The potential decrease in
GABA affinity observed with the GB1 + AVGB2 heterodimer
compared with the wild-type GB1+ GB2 receptor was
confirmed by binding studies, in which the GB1+ AVGB2
heterodimer and GB1 alone showed similar agonist affinity

VOL 30 | NO 1| 2011

(Figure 3A). These binding experiments were performed in
intact cells and with a GB1 subunit, in which the endoplasmic
reticulum (ER) retention signal sequence had been mutated to
ASA (GB1-ASA) to allow its efficient transport to the cell
surface (Pagano et al, 2001). This result confirmed that GB2
VFT is needed to increase GB1 agonist affinity (Liu et al, 2004).

However, the difference in affinity (five-fold) was less
robust than the shift in agonist potency (100-fold), suggesting
that in addition to lower agonist affinity at the GB1 + AVGB2
heterodimer, the truncated heterodimer may also display
decreased G-protein-coupling efficacy. This is consistent
with the lower maximal effect that was observed when cells
that express the GB1+ AVGB2 receptor heterodimer were
used in Ca** mobilization (Figure 2A) and in cAMP inhibi-
tion assays (Figure 2C and D). This hypothesis was further
supported by the lower constitutive activity of the truncated
GB1+ AVGB2 heterodimer, compared with the wild-type
GB1+GB2 GABAg receptor, determined by measuring
GABA-induced accumulation of inositol phosphate (IP)
(Figure 3B). Moreover, the differences in activity were not
due to variations in the amount of the different receptor
complexes at the cell surface (Supplementary Figure 3).
Finally, the lower G-protein-coupling efficacy of the GB1+
AVGB2 heterodimer was also supported by the absence of
effect of CGP35348, a partial agonist of the wild-type receptor
(Olpe et al, 1990), on the GB1-AVGB2 complex (Figure 3D),
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Figure 3 GB2 VFT is required for high agonist affinity and G-protein-coupling efficacy. (A) Displacement of the non-permeant antagonist ['2°I]CGP64213
by GABA from the indicated GABAg subunits, expressed alone or in combination. Data are the mean *s.e.m. of triplicates from a typical
experiment. The displacement curve for the wild-type GABAgp heterodimer (GB1 + GB2) was statistically different from the curve for the
truncated receptor heterodimer (GB1 + AVGB2) or for the GB1-ASA subunit alone (Student’s t-test; P<0.0001 and P=0.0041, respectively).
(B) Inositol-phosphate (IP) accumulation in cells that express the indicated GABAg subunits without (basal) or after stimulation with 1 mM
GABA, in the presence of the chimeric Gqi9 protein. (C, D) Effect of CGP35348, a GABAg receptor partial agonist, on Ca*>" release in cells

expressing GB1 + GB2 (C) or GB1 + AVGB2 (D).

at least at the concentration range which is effective for the
GB1 + GB2 receptor heterodimer (Figure 3C). The lack of effect
of CGP35348 on the truncated receptor complex was not due
to a binding defect, as CGP35348 could bind to the GB1
domain of wild-type and truncated receptor complexes with
similar affinities (Supplementary Figure 4).

GB2 VFT largely limits the agonist activity of positive
allosteric modulators

The GABAg receptor positive allosteric modulators (PAMs)
CGP7930 and GS39783, which interact with the 7TM of GB2
(Urwyler et al, 2001, 2003; Binet et al, 2004), increased
agonist potency, but lacked (GS39783) or had minimal
(CGP7930) agonist efficacy at the wild-type GB1 + GB2 re-
ceptor complex in the absence of GABA (Figure 4A). In
contrast, both compounds showed more robust agonist effi-
cacy in the absence of GABA at the truncated GB1 + AVGB2
receptor heterodimer (Figure 4B), demonstrating that GB2
VFT is needed to limit direct activation of the GB2 7TM by
these PAMs.

These PAMs are known to increase the affinity of orthos-
teric agonists at the wild-type receptor (Figure 4C). This effect
was still observed, although to a lower extent, in the presence
of truncated receptor heterodimers, further demonstrating
that allosteric coupling between the 7TM domain of GB2
and the VFT of GB1 could still occur in the absence of GB2
VFT (Figure 4D).

Selective coupling between GB1 and GB2 7TM
We then analysed whether allosteric coupling could occur

between GB1 7TM and another 7TM protein, especially

©2011 European Molecular Biology Organization

one from the class C GPCRs with which GB1 7TM share
high sequence homology. To this aim, we co-expressed the
GB1 subunit with AVmGIul-C2, in which the VFT domain
of mGlul was deleted and replaced by an SNAP tag and the
C-terminal tail was replaced by the tail of GB2 to mask the
GB1 ER retention signal after formation of the heterodimer
(Goudet et al, 2005) and to stabilize the formed heterodimers
at the cell surface. The presence of the SNAP tag in AVmGlul-
C2 and of the ACP tag fused to GB1 allowed us to demonstrate
that truncated mGlul targeted GB1 to the cell surface
(Figure 5A) and that these two proteins remained associated
at the cell surface as revealed by the comparable TR-FRET
signals obtained in cells that expressed GB1+ AVGB2 or
GB1+ AVmGIul-C2 (Figure 5B). This indicates that
AVmGIul-C2 can form heterodimers with GB1 at the cell
surface similarly to AVGB2.

However, there was a lack of allosteric coupling between
the VFT of GBl and the 7TM of AVmGlul-C2, which
was revealed by the absence of Gq activation induced
by GABA (Figure 5C) and by the inability of the PAM
Ro 01-6128 (Knoflach et al, 2001) that directly activates
mGlul 7TM (Supplementary Figure 5) to increase the
agonist affinity at the GB1 subunit (Figure 5D). This clearly
illustrates an absence of allosteric coupling between the
GB1 agonist-binding site and the G-protein-coupling site of
mGlul.

Direct trans-activation between the 7TMs of GB1

and GB2

Our results indicate that allosteric coupling between GB1 VFT
and GB2 7TM can occur in the absence of the VFT of GB2.
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This may be the result of either a direct interaction of GB1
VFT with GB2 7TM, or an indirect effect involving the 7TM of
GB1. The latter implies that the closed form of GB1 VFT could
induce a conformational change in GB1 7TM that would lead
to activation of the 7TM domain of GB2.

To discriminate between these two hypotheses, we per-
formed three different types of experiments. First, we tested
whether GB1 VFT could directly activate the 7TM of GB2 by
measuring the intracellular calcium response of a chimeric
protein made of GB1 VFT and the 7TM of GB2 (GB1/2
chimera) (Galvez et al, 2001). The lack of calcium response
in cells that expressed the GB1/2 chimera alone or in combi-
nation with GB2 7TM (AVGB2) indicates that GB1 VFT does
not directly activate the 7TM of GB2 and implies that GB1
7TM 1is necessary for the activation of the GBI+ AVGB2
truncated receptor (Figure 6A; Supplementary Figure 7A
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Figure 6 (A) The GB1 7TM domain is important for the activation
of GB2. Intracellular Ca®" response mediated by the wild-type
(GB1+GB2) or the chimeric GB1/2 subunit (GB1 VFT fused to
GB2 7TM) expressed alone or in combination with the wild-type or
truncated GB2 subunit. (B) Steric hindrance on top of truncated
GB2 does not prevent signal transmission. Intracellular Ca*™"
response mediated by GB1 co-expressed with truncated GB2,
fused or not to the SNAP tag or the ACP tag at the N-terminus or
in the second extracellular loop (e2).
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and 8). Furthermore, co-expression of AVGB2 and of a
truncated GB1 subunit, in which the VFT domain was
anchored to the cell surface via the transmembrane helix
TM7 and the C-terminal region of GB1 (GB1-TM7), was not
functional (Figure 7A, left panel), despite there being suffi-
cient cell-surface expression and association of the two
subunits, as demonstrated by ELISA and TR-FRET, respec-
tively (Supplementary Figure 7B).

Second, to prevent the potential action of GB1 VFT directly
on GB2 7TM, we created a region of steric hindrance on the
extracellular surface of AVGB2 by introducing an SNAP tag or
an ACP tag at the N-terminus or in the second extracellular
loop (e2). All these AVGB2 variants formed complexes with
GB1 and were activated by GABA in a similar manner to the
untagged AVGB2 (Figure 6B; Supplementary Figure 6). This
suggests that GB1 VFT could still activate GB2 7TM despite
the steric hindrance on the GB2 7TM extracellular surface.

Third, in order to perturb or prevent potential conforma-
tional changes in GB1 7TM, which might lead to GB2 7TM
activation according to our second hypothesis, we introduced
a pair of cysteine residues at various positions of GB1 7TM
that are expected to form disulfide bridges according to a 3D
homology model of this domain based on the rhodopsin
structure. We found that one mutant, in which D649 and
R665 were replaced by cysteines (GB1-DCRC), possibly link-
ing the extracellular parts of TM2 and of TM3, was able to
generate a functional receptor, but only when assembled with
wild-type GB2 but not with AVGB2 (Figure 7A, right panel).
The lack of activity of the GB1-DCRC + AVGB2 combination
was not due to the absence of properly assembled subunits at
the cell surface, as shown by cell-surface labelling and TR-
FRET data (Supplementary Figure 7C), nor to modification of
the GB1-DCRC-binding properties (Figure 7C), nor to inability
of AVGB2 to activate G proteins in these conditions, as
demonstrated through the maintenance of agonist activity
of the PAM CGP7930 (Figure 7B).

Taken together, these data validate the hypothesis of a
direct trans-activation between the 7TMs of the GABAg
heterodimer.

Discussion

Several years ago, the hypothesis of possible direct trans-
activation between 7TMs was proposed, but never firmly
demonstrated. In this study, we show that such trans-activa-
tion occurs in the GABAg receptor. The best evidence comes
from a GABAg receptor lacking GB2 VFT in which the GB2
7TM is directly activated by the 7TM of GB1.

Allosteric coupling between the VFT and the 7TM domains
in the GABAg receptor is expected to result from a change in
the relative position of the VFTs, according to the solved
structures of the dimeric mGlul VFT domains in their in-
active and active forms (Kunishima et al, 2000; Muto et al,
2007). This was confirmed by the observation in our labora-
tory that agonist activation of one of the two VFTs in an mGlu
dimer is equally capable of activating either of the 7TM
domains (Brock et al, 2007). In the case of the GABAg
receptor, introduction of an N-glycan wedge at the interface
between the GB1 and GB2 VFTs, at a position that should
prevent the relative movement associated with dimer activa-
tion, resulted in a non-functional receptor (Rondard et al,
2008). Herein, we show that although required for the
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Figure 7 Direct trans-activation between the 7TM domains of GB1 and GB2. Intracellular Ca®*

response mediated by wild-type GB1 or the

indicated GB1 mutants (GB1-TM7, in which GB1 VFT is anchored to the membrane through the seventh TM of GB1; or GB1-DCRC, in which
D649 and R665, two residues of GB1 7TM, were mutated to cysteines) co-expressed with full-length or truncated GB2, after stimulation with
increasing concentrations of GABA (A) or 100 uM CGP7930 (B). Data are the mean * s.e.m. of three independent experiments performed in
triplicates. (C) Displacement of CGP54626-DY647 by GABA at the cell surface. The difference between the binding curves obtained with cells
that express wild-type GB1 and cells that express the GB1-DCRC mutant was not significant (NS, Student’s t-test).

activation of the full-length GABAg receptor, the relative
movement of the two VFTs is not the only conformational
change required for G-protein activation. Indeed, our data
with AVGB2 revealed that the closed state of GB1 can activate
GB2 7TM, an allosteric coupling that can only occur when
associated with the change in the relative position of the VFTs
in the full-length receptor. These data suggest for the first
time that the activation mechanisms of mGlu and GABAg
receptors might be different. Indeed, the direct allosteric
coupling observed here between the VFT and the 7TM
domains of GB1 does not seem to occur in mGlu receptors,
possibly due to the presence of a 45A long cysteine-rich
domain between the VFT and the 7TM of the mGlu receptors.

How does the ligand-bound closed form of GB1 VFT
activate the 7TM domain of GB2 in the absence of GB2
VFT? One possibility is that the active, closed form of GB1

VOL 30 | NO 1| 2011

VFT directly interacts with and activates the 7TM domain of
GB2. Such a process has been shown for the glycoprotein
receptor, whereby the agonist bound to the extracellular
domain of one protomer acts directly on the second protomer
(Ji et al, 2002; Urizar et al, 2005; Rivero-Miiller et al, 2010).
However, this is unlikely to be the case for the GABAg
receptor as (i) the chimeric subunit made of the VFT of GB1
and the 7TM of GB2 is non-functional, (ii) steric hindrance on
the external surface of AVGB2 does not prevent its activation
by GB1 and (iii) no trans-activation could be measured
between the GB1-TM7 subunit (that is the isolated GBI
VFT domain, anchored to the plasma membrane via TM7)
and AVGB2 despite their correct assembly at the cell surface.
We, therefore, propose that closure of GB1 VFT results in a
conformational change of GB1 7TM that is sufficient to
activate the associated GB2 7TM.

©2011 European Molecular Biology Organization



In support of this model, the insertion in the 7TM of GB1 of
two cysteines expected to cross-link the extracellular part of
TM2 and TM3 (GB1-DCRC mutant) prevented the activation
of AVGB2 by GBI, further indicating that a conformational
change in the 7TM domain of GBI is required to activate
AVGB2. We also hoped that the GB1-DCRC mutant would
allow us to estimate the relative importance of 7TM trans-
activation in the activity of the full-length receptor.
Surprisingly, these mutations did not decrease the full-length
GABAg receptor-coupling efficacy, but rather increased it by
25%. This finding could suggest that trans-activation be-
tween 7TM domains does not have a function in the activa-
tion process of the wild-type receptor. We believe that this is
unlikely for several reasons. First, such allosteric coupling
between these two 7TM proteins is expected to require a tight
and very precise association between both proteins, con-
served during evolution. Accordingly, no trans-activation
between the 7TMs of GB1 and mGlul or between two GB2
7TMs was observed. The existence of such a precise allosteric
coupling leads us to believe that this mechanism is not
exclusive to the GABAg receptor with GB2 VFT deleted, but
also to the full-length receptor. In agreement with this
hypothesis, the replacement of the 7TM of GB1 by the 7TM
of GB2 (as in the GB1/2-GB2 combination; Galvez et al, 2001;
Margeta-Mitrovic et al, 2001), or the deletion of the 7TM of
GB1 largely decreased coupling efficacy. These results are
consistent with GB1 7TM having a positive function in the
activation process, possibly through trans-activation of GB2
7TM as this domain is sufficient for G-protein activation
(Binet et al, 2004). But then, how can the GB1-DCRC + GB2
receptor heterodimer be still perfectly active when the two
substitutions in GB1 7TM should perturb the 7TM conforma-
tional change? Based on our results and on all the previous
data on the crucial importance of the relative movement
between VFTs for GABAg receptor activation, we suggest
that the VFTs change in position might lead to GB2 7TM
activation through two allosteric pathways: (1) one direct
from the GB2 VFT to the GB2 7TM and (2) a second one that
interconnects GB1 VFT to GB1 7TM, which, in turn, trans-
activates GB2 7TM (Figure 8). Our results indicate that
coupling between GB1 VFT and GB1 7TM can result from
GB1 VFT closure (which is likely to occur in the GB1-AVGB2
combination) and from the relative movement between VFTs.
Accordingly, only one allosteric pathway leading to the
activation of GB1 7TM remains in the GB1-AVGB2 combina-
tion (from GB1 VFT to GB1 7TM and finally to GB2 7TM),
explaining why this receptor heterodimer displays lower

Relative movement
1

2 4
VFT-7TM VFT-7TM
coupling ) coupling
3

Transactivation

Trans-activation between 7TM of GABAg receptor
C Monnier et al

coupling efficacy than the wild-type GB1+ GB2 receptor.
This reduction in coupling options also explains why the
transduction process is blocked in the GB1-DCRC + AVGB2
heterodimer. In contrast, in the wild-type full-length receptor,
the GB1 7TM domain is stabilized in its active form by (1) the
closed GB1 VFT, (2) the new position of GB1 VFT and (3) the
active form of GB2 7TM. These different pathways should be
sufficient to overcome the energy barrier brought about by
the mutations in GB1-DCRC and, therefore, they explain how
the GB1-DCRC + GB2 heterodimer can still be fully activated
by agonists. Moreover, the gain in coupling efficacy in this
receptor heterodimer in comparison with the wild-type re-
ceptor may result from more stable active GB1 due to the
mutations. We think that this hypothesis about the presence
of two allosteric pathways can explain our results; however,
other explanations may exist and further work is necessary to
clarify this issue.

When GPCR dimers/oligomers were first proposed, their
evidence was based on binding cooperativity phenomena
(Mattera et al, 1985; Hirschberg and Schimerlik, 1994;
Wreggett and Wells, 1995; Armstrong and Strange, 2001;
Christopoulos and Kenakin, 2002; Albizu et al, 2006;
Springael et al, 2007), on photoaffinity labelling (Avissar
et al, 1983) and co-immunoprecipitation (Hebert et al,
1996) experiments, and on complementation studies, such
as co-expression of two loss-of-function mutants (Ji et al,
2002; Urizar et al, 2005; Rivero-Miiller et al, 2010). Their
association was suggested to allow specific functional
cross-talk. Although few examples of trans-activation have
been reported (Ji et al, 2002; Urizar et al, 2005; Haack et al,
2010; Neri et al, 2010), these data were usually interpreted
as domain swapping or domain exchange between two
non-functional receptors leading to the reconstitution of a
functional 7TM protein, rather than as a clear trans-confor-
mational effect (Maggio et al, 1993; Chinault et al, 2004;
Rivero-Miiller et al, 2010). Co-expression of two receptor-G-
protein fusions, one with a loss-of-function receptor mutant
and the other with a mutated G protein was also used in an
attempt to validate trans-activation between GPCRs (Carrillo
et al, 2003). However, the activation of the G protein may also
be the result of a direct interaction between wild-type part-
ners rather than of a trans-activation between receptors
(Snook et al, 2006).

In contrast, recent experiments are more consistent with
the notion that agonist activation of one receptor prevents
activation of its associated receptor, as illustrated by the
negative agonist-binding cooperativity reported for several

=

P

Q)

GB1 GB2 Pathways
wt wt 1+2+3+4
wt AVGB2 2°+3

T™7 wt 1+4

T™7 AVGB2 -

DCRC wt 1+2+3+4
DCRC AVGB2 -

Figure 8 Model of the mechanism of GABAg receptor activation. Schematic diagrams representing the heterodimeric GABAg receptor in which
the direct allosteric coupling between the four different domains are highlighted with double head arrows. The table summarizes the different
combinations of GB1 and GB2 constructs that were co-expressed and the intramolecular signalling pathways that occur in these receptors. In
the absence of the VFT of GB2, the allosteric coupling between VFT and 7TM domains of GB1 (2), resulting from the GB1 VFT closure only, is

reduced and, therefore, called 2*.
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homo- and heterodimeric receptors (Albizu et al, 2006, 2010;
Springael et al, 2007). In addition, biophysical analysis of the
conformational status of one receptor in a complex by
intramolecular FRET (Vilardaga et al, 2008) and of purified
and reconstituted receptor dimers (Mesnier and Baneres,
2004; Damian et al, 2008) revealed that activation of one
protomer can induce a conformational change in the asso-
ciated subunit, but does not promote G-protein activation,
which is consistent with the conformational change being
different compared with the conformation of the subunit in
an agonist-bound state.

Taken together, the present data are the first to demon-
strate that agonist occupancy in one protomer of a GPCR
dimer might lead to activation of the associated protomer
through direct trans-activation between 7TMs. Although such
a process could be specific for this obligatory GPCR hetero-
dimer, it may also occur in other 7TM protein pairs including
those with an orphan 7TM protein.

Materials and methods

Materials

GABA was obtained from Sigma (St Louis, MO). CGP54626,
CGP35348, CGP7930 and GS39783 were purchased from Tocris
(Fisher Scientific BioBlock, Illkirch, France). Diphenylacetylcarba-
mic acid ethyl ester (Ro 01-6128) was synthesized by the in-house
facility. ['2°I)CGP64213 was purchased from Anawa (Zurich,
Switzerland). SNAP-Lumi4-Tb™ and CGP54626-DY647 are from
Cisbio Bioassays. Foetal bovine serum, culture medium and other
solutions used for cell culture were from Invitrogen (Carlsbad, CA).

CoA-DY647 synthesis

A total of 3 umol of coenzyme A (Fluka, Sigma) in 50 mM PIPES
buffer pH 6.5 (400 pl) were mixed with 3 umol of DY647-maleimide
(Dyomics, Jena, Germany) in dry DMSO (300ul), at room
temperature for 2 h. After purification by HPLC using water/0.2%
trifluoroacetic acid as eluent with acetonitrile gradient, 1.8 pmol of
product were obtained and analysed by electrospray ionization on a
Waters Micromass ZQ™ 2000 (m/z=1532.2 M+H™)).

Plasmids and transfection

PRKS plasmids encoding wild-type rat GBla, GB1sa, GB2 (Rondard
et al, 2008), AVGB2 (Binet et al, 2004) and rat mGlu3 (Brabet et al,
1998), tagged or un-tagged with a haemagglutinin (HA) epitope at
their N-terminal end and under the control of a cytomegalovirus
promoter, were described previously. AVGB2-L686P was obtained
by subcloning the fragment containing the mutation GB2-L686P
(Duthey et al, 2002) into AVGB2. The AVmGIul-C2 construct was
obtained from the mGlul-C2 chimera previously described (Goudet
et al, 2005) by deletion of the VFT and cysteine-rich domain. ACP-
and SNAP-tag sequences (New England Biolabs) were subcloned
upstream of the ¢cDNA of GABAg or mGlu subunits after the
N-terminal HA tag, unless mentioned. The ACP tag was inserted in
GB1 VFT after residue Arg4S5 by creating an Nhel restriction site
and subcloning of the Nhel-Nhel fragment that encodes the ACP
tag. The resulting construct includes an ASGG linker between
Arg455 of GB1 and the N-terminal residue of ACP, and a GGAS
linker between the C-terminal residue of ACP and His456 of GB1.
The GB1-TM7 construct was generated by removing a fragment
between two PshAl restriction sites, one at the end of the sequence
coding for the VFT and the other that have been created just before
the seventh TM (TM?7) by site-directed mutagenesis. The GB1-DCRC
construct was obtained by site-directed mutagenesis that introduced
two point mutations, one in TM2 (D649C) and one in TM3 (R665C).
The Epacl cDNA was obtained from Dr Lily Jiang (University of
Texas Southwestern, Dallas).

HEK-293 and COS-7 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS and transfected by
electroporation as described elsewhere (Liu et al, 2004). Ten
millions cells were transfected with 2 pg of each plasmid of interest
and completed to a total amount of 10 pg with the plasmid encoding
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the pRKS empty vector. To allow efficient coupling of the receptor to
the phospholipase C pathway, cells were also transfected with the
chimeric G-protein Gaqi9 (2 pg) (Galvez et al, 2001). For cell-surface
expression and functional assays of GB1-TM7 or GB1-DCRC co-
expressed with full-length or truncated GB2 subunits, experiments
were performed after incubation for 24h (37°C, 5% CO,) or 48h
(24h at 37°C, 5% CO, and then 24 h at 30°C, 5% CO,).

Cell-surface quantification by ELISA, ligand-binding assay,
intracellular calcium rel, and IP measurements

Detection of the HA-tagged constructs at the cell surface by ELISA,
liféand»binding assay on intact HEK-293 cells using 0.1nM
['*I]CGP64213 and measurements of the calcium signal in HEK-
293 cells were performed as previously described (Liu et al, 2004;
Rondard et al, 2008). For ligand-binding assay with the non-
permeant fluorescent antagonist CGP54626-DY647, HEK-293 cells
(100000) were co-transfected by Lipofectamine 2000 (Invitrogen)
with pRKS5 plasmids encoding wild-type GB1 (50ng), GB1-TM7
(50ng) or GB1-DCRC (50ng) and pRKS plasmids encoding for GB2
(50ng) or AVGB2 (50ng) and complete to a total amount of 200 ng
of plasmid DNA with the pRKS empty vector. Forty-eight hours later
(24h at 37°C, 5% CO, and then 24 h at 30°C, 5% CO,), intact cells
were washed once in Tris-Krebs buffer (20mM Tris-Cl, pH 7.4,
118 mM NaCl, 5.6mM glucose, 1.2mM KH,PO,4, 1.2mM MgSO,,
4.7mM KCl, 1.8mM CaCl,) and incubated with both 5nM
CGP54626-DY647 (Cisbio Bioassays) and increasing concentrations
of GABA for 3 h at 4°C. After three washes with Tris-KREBS buffer,
fluorescence was measured as the specific DY647 emission spectrum
(665 nm) with an Infinite@®F500 reader (Tecan, Switzerland). Measure-
ments of IP accumulation were performed using the IP-One Tb kit
(Cisbio Bioassays).

Orthogonal labelling of the cell-surface proteins and TR FRET
measurements

Twenty hours after transfection, COS-7 cells were first incubated
with a mix composed of 10 mM MgCl,, 1 mM DTT, 5 uM CoA-DY647
and 1 pM Sfp synthase (New England Biolabs) in PBS at room
temperature for 1h. After three washes with PBS, the total
fluorescence emitted at 682nm after excitation at 640nm was
measured using the Analyst AD System (Molecular Devices). Then,
SNAP-tag labelling was performed with 200nM Lumi4-Tb™ in
DMEM/10% foetal bovine serum at 37°C in 5% CO, for 1h, as
previously described (Maurel et al, 2008). After three washes with
PBS, FRET was measured as the specific DY647 emission spectrum
(665nm) after excitation of Lumi4-Tb™ at 337nm minus the
background signal measured in the absence of DY647, and the
fluorescence emission of Lumi4-Tb was monitored at 620 nm with a
RUBYstar reader (BMG Labtech, Offenfurg, Germany).

cAMP BRET sensor in living cells

HEK-293 cells (10 millions) were transfected with the Epacl (1 pg),
GB1 (1 pg) and GB2 (1 pg) constructs. Twenty hours later, cells were
washed twice and incubated in PBS containing 5 pM coelenterazine
with or without 1 mM GABA and 1uM isoproterenol to stimulate
endogenous f,-adrenergic receptors. The BRET signal was calcu-
lated as the difference of emission at 535/485nm detected by a
Mithras reader (Berthold, Germany) (Jiang et al, 2007).

Statistical analysis

For each individual experiment, to assess whether the differences
between the relevant samples are statistically significant, an
unpaired Student’s t-test was computed based on the curve fitting
of data or on means using Prism 2 (GraphPad Software). P<0.05
was considered significant.

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