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Although many G protein-coupled
receptors (GPCRs) can form dimers, a
possible role of this phenomenon in their
activation remains elusive. A recent and
exciting proposal is that a dynamic inter-
subunit interplay may contribute to GPCR
activation. Here we examined this possibility
using a dimeric metabotropic glutamate
receptor (MGIUR). We first developed a
system to perfectly control their subunit
composition, and show that mGIluR dimers do
not form larger oligomers. We then examined
an mGIuR dimer containing one subunit in
which the extracellular agonist binding
domain is uncoupled from the G protein-
activating transmembrane domain (TMD).
Despite this uncoupling in one protomer,
agonist stimulation resulted in symmetric
activation of either TMD in the dimer with
the same efficiency. This, plus other data, can
only be explained by an inter-subunit
rearrangement as the activation mechanism.
Although well established for other types of
receptors such as tyrosine Kinase or guanylate
cyclase receptors, this is the first clear
demonstration that such a mechanism may
also apply to GPCRs.

INTRODUCTION

G protein-coupled receptors (GPCRs), the
largest family of mammalian genes (~ 1000
members), are involved in a vast variety of
physiological and pathological processes, and
represent the target of almost 50 % of all modern
drugs (1). The common structural feature of all
GPCRs is a transmembrane domain (TMD)
made of seven transmembrane segments (TM1 -
TMT). Despite the vast variety of ligands and the
low sequence similarity between GPCRs from
various classes, their activation results from
similar conformational changes in their TMDs
(2-4). In particular, a movement of TM6 likely

opens a crevice allowing interaction with the C-
terminus of the G protein o subunit, triggering
its activation (5).

Many GPCRs have been shown to form dimers,
but the functional role of this remains elusive (6-
8). Although a GPCR monomer is sufficient to
activate a G protein (8-12), it has been proposed
that GPCR dimerization may facilitate their
activation, i. e. that allosteric interactions
between the protomers, through changes at the
dimerization interface or a larger-scale
reorientation of the two subunits, may contribute
to stabilize the active conformation (13-15).

To further elucidate a possible role of an inter-
subunit rearrangement in the activation of a
dimeric GPCR, we chose a metabotropic
glutamate receptor (mGIuR) as a model. These
GPCRs are clearly established as constitutive
dimers, the two subunits being linked by a
disulfide bridge (16). Moreover, glutamate and
its analogues do not bind to the TMD of an
mGIuR, but to a distinct extracellular domain
called Venus Flytrap (VFT) (17). This
separation may help to dissect the relationship
between agonist binding and activation within
these GPCRs. Agonist binding stabilizes a
closed conformation of the VFT (Fig. 1) (18,19),
which is both necessary (20) and sufficient (21)
for the activation of a class C GPCR. How the
VFT closure is in turn transduced into TMD
activation, however, is yet unknown. Two
mechanisms, not necessarily exclusive, have
been proposed.

The first model (Fig. 2A) proposes that the
closed VFT directly stabilizes the active
conformation of the TMD of the same subunit
(22,23). But agonist binding may also induce a
relative reorientation of the two VFTs (Fig. 1)
(18), and a second model (Fig. 2B) thus
proposes that this may in turn yield an activating
rearrangement of the two TMDs (24,25). Recent
FRET studies are indeed consistent with a



glutamate-induced reorientation of the two
TMDs within an mGIuR dimer (26). However,
this could also simply be a "side effect" not
necessarily involved in the activation process.
Moreover, in contrast to mGlul, the relative
orientation of the VFTs of mGlu3 appears not to
be influenced by agonist binding (Fig. 1) (19),
further putting into question this second
proposal (Fig. 2B).

Importantly, only in the second (Fig. 2B), but
not in the first model (Fig. 2A), agonist binding
to one VFT will not only cis-activate the TMD
of the same, but also equally well trans-activate
the TMD of the other subunit. Using a new
system to control the subunit composition, and
thereby introduce different mutations
specifically  into  either  protomer, we
demonstrate here that both cis- and trans-
activation within an mGIuR dimer occur with
the same probability. We show moreover that
this trans-activation is not indirect via the other
VFT, via the other TMD, or by a domain "swap"
between the two subunits (see also Fig. 5). Our
data therefore demonstrate that an agonist-
induced inter-subunit rearrangement can indeed
be responsible for the activation of a dimeric
GPCR, a mechanism already well accepted for
tyrosine kinase and guanylate cyclase receptors
(27-30).

EXPERIMENTAL PROCEDURES

Plasmids for mGlu5 were either previously
described (31-34), or, based on plasmids
described in these references, newly constructed
by standard molecular biology techniques (PCR,
site-directed mutagenesis, subcloning), as
described (35). Compared to the previously
described -C2 constructs (31), in the -C2KKXX
constructs the last 120 amino acid residues are
replaced by the sequence KKTN, right after the
CC domain. Similarly, in some of the -C1
constructs we have also replaced the last 39
residues by the sequence KKTN, right after the
coiled coil (CC) domain. However, we found no
significant functional differences between the -
Cl and the -C1KKXX constructs (see
Supplemental Fig. B). Both types of constructs
are therefore collectively referred to as -C1
throughout this paper. The FLAG-V2 plasmid
was a generous gift from L. Albizu. CD4 cDNA
was a generous gift from B. Schwappach.

Cell culture & transfection of HEK293 cells
was performed as described (32). To avoid any
mMGIuUR activation due to ambient glutamate, a
plasmid encoding the high-affinity glutamate

transporter EAAC1 was always co-transfected,
and the cells were incubated in glutamate-free
medium during at least 4 h before the
experiments. All experiments were carried out
one day after transfection.

Intracellular Ca®* release was measured as
described (36). In brief, cells were pre-incubated
during 1 h with the Ca®*-sensitive Fluo-4 AM
(Invitrogen).  The  fluorescence  signals
(excitation at 485 nm, emission at 525 nm) were
then measured during 60 s (FlexStation,
Molecuar Devices). Quis (Tocris) was added
after the first 20 s. The Ca®* response is given as
the Quis-stimulated fluorescence increase.
Sigmoidal concentration - response curves were
fitted using GraphPad Prism.

FRET measurements were conducted as
described (37). In brief, cells were incubated
with Eu®* Cryptate PBP-labeled anti-HA (donor)
and  AlexaFluor  647-labeled anti-FLAG
(acceptor), or with the donor antibody only
(negative control). Following excitation at 337
nm, the emission at 665 nm is measured
(RubyStar, BMG). The FRET signal is
calculated as A665, i. e. the difference between
the emissions at 665 nm in presence or absence
of the acceptor. The fluorophore-labeled
antibodies were provided by CIS Bio
International (Bagnols sur Céze, France).
ELISAs anti-HA were performed as described
previously (35). The same protocol was applied
for ELISAs anti-FLAG, but using 1 pg/ml anti-
FLAG M2 (Sigma) and 0,5 pg/ml anti-mouse-
HRP (Amersham Biosciences) instead.

RESULTS

""Heterodimerization™ of an mGIuR

To study the inter-subunit interactions within a
dimeric receptor one first has to control its
subunit composition. To that aim, we have
previously transferred the "quality control”
system of the heterodimeric GABAg receptor
(35,38-40) to the homodimeric metabotropic
glutamate receptor 5 (mGlu5) (31). Replacing its
C-terminal tail by that of the GABAg1 subunit
(C1) (see also Supplemental Fig. A) generates a
chimeric mGIlu5-C1 that is retained inside the
cell, unless it forms a heterodimer with a
chimeric mGIlu5-C2 carrying the C-terminal tail
of the GABAg2 subunit (C2). In fact, the
intracellular retention signal (the sequence RSR)
of the C1 part becomes masked by the specific
interaction of the adjacent coiled coil (CC)



domain with the CC domain in the C2 part. The
mGIlu5-C2 chimera, however, not carrying a
retention signal, could still reach the cell surface
and function as a homodimer.

To solve this problem, we have now generated
an mGlu5-C2KKXX construct, in which we
have replaced the extreme C-terminal tail of the
C2 part by an intracellular retention signal
(KKXX), right after the coiled-coil (CC) domain
(see also Supplemental Fig. A). As a
consequence, now both, mGlu5-C1 and mGlu5-
C2KKXX, are retained inside the cell when
expressed alone (Fig. 3). However, both can
reach the cell surface when they are co-
expressed in the same cells, demonstrating that
the CC interaction results in efficient mutual
masking of the two retention signals within the
heterodimer. Importantly, this "heterodimerized"
mGlu5 is functional, since the Ca®* response
evoked by stimulation with the glutamate
analogue Quisqualate (Quis) was similar
between a wild-type mGlu5 and an mGIlu5-C1/-
C2KKXX heterodimer (Fig. 3C). Moreover, the
-C1/-C2KKXX parts did not affect the
symmetry within the dimer, since the Quis-
stimulated ca® response of such
"heterodimerized” receptors carrying the G
protein-uncoupling mutation F767S (31) in
either the -C1 or in the -C2KKXX subunit was
similar (Fig. 3D).

mGlub5
oligomer
At least some GPCRs may not only form
dimers, but higher-order oligomers (41,42). If
this occurred also for mGluRs, this would
substantially complicate our analysis of their
intra-molecular signal transduction. Our new
system to control the subunit composition of cell
surface-expressed mGIuR dimers (Fig. 3) now
permitted us to test this possibility.

We first used a fluorescence resonance energy
transfer (FRET) approach using donor- and
acceptor fluorophore-labeled anti-HA anti-
FLAG antibodies, respectively, to test a possible
physical interaction between two distinct mGlu5
dimers at the cell surface (37). We co-expressed
MGIu5-C1/-C2KKXX "heterodimers" with only
the -C2KKXX subunits carrying an HA or
FLAG tag at their extracellular N-termini (Fig.
4A, middle). To reach the cell surface and
become accessible to the antibodies, any tagged
-C2KKXX subunit must be in a dimer with an
untagged -C1 subunit (and not with another
tagged -C2KKXX subunit). Only a very low

is a dimer, not a higher-order

FRET signal was measured under these
conditions (Fig. 4A, middle), similar to that
obtained with the V2 vasopressin receptor as a
negative control (Fig. 4A, right). A large FRET
signal, however, was detected with the positive
control with both subunits (-C1 and -C2KKXX)
of the same dimer being tagged (Fig. 4A, left).
These differences in FRET were not due to
different cell surface expression levels, which
were controlled in parallel by ELISA. Similar
results were obtained with the inverse
combination of the -C1 and -C2KKXX subunits
(Supplemental Fig. D).

We next tested a possible functional
complementation between two non-functional
mGlu5 dimers. An mGlu5-C1/-C2KKXX dimer
with both TMDs carrying the mutation F767S
abolishing G protein activation (31) was
coexpressed with an mGlu5-YADA which is not
activated by glutamate or its analogues due to a
mutation in the VFT (31). To reach the cell
surface, the -C1 and -C2KKXX subunits, both
carrying the F767S mutation, must necessarily
be part of the same dimer. No functional
complementation was observed between this
dimer and the mGlu5-YADA (Fig. 4B, right),
despite the fact that, in line with our previous
findings (31), an mGIu5-F767S is principally
capable to trans-activate an mGlu5-YADA (Fig.
4B, middle). Again, these differences cannot be
accounted for by differences in the cell surface
expression levels, which were controlled in
parallel by ELISA. Thus, no functional
complementation can be observed between two
different mGlu5 dimers.

In conclusion, these data revealed that mGlu5
dimers neither physically nor functionally
associate into larger higher-order oligomers.

"Direct™ trans-activation?

The observed trans-activation between an
mGIu5-F767S and an mGlu5-YADA (Fig. 4B,
middle) is perfectly in line with the model of an
agonist-induced inter-subunit rearrangement as
the activating mechanism of an mGIuR dimer
(Fig. 2B). However, other possibilities also
exist. First, this trans-activation could be due to
a "swap" between the VFTs and the TMDs of
the two subunits (Fig. 5A). Second, this trans-
activation could be indirect via the other VFT, i.
e. the mutated VFT might nonetheless, through
interaction with the agonist-bound VFT, become
stabilized in an "active" (closed) conformation,
in turn activating its TMD (Fig. 5B). Third, the
observed trans-activation might also be indirect



via the other TMD (Fig. 5C). The aim of the
subsequent experiments was to test these
possibilities.

Trans-activation not by "'swap' between the
VFTs and TMDs within an mGIuR dimer

For several glycoprotein hormone GPCRs it has
been demonstrated that a receptor with an
inactivated exodomain (extracellular hormone
binding domain) can be trans-activated by a
hormone-bound exodomain devoid of the
receptor's endodomain (TMD + cytosolic tail)
(43). This suggests that the hormone-bound
"isolated” exodomain may "swap" with the
inactivated one to activate that subunit's
endodomain. Could such a "swap" also occur
between the VFTs and TMDs within an mGIuR
dimer (Fig. 5A)? To answer this question, we
now tested whether the VFT-mutated mGlu5-
YADA could also be trans-activated by an
mGIlu5(1-614), devoid of its TMD (34). In this
construct, only TM1 was left as a "membrane
anchor”, while TM2 - TM7 and the cytosolic tail
of are lacking. In contrast to the TMD-mutated
mGIu5-F767S, this TMD-deficient mGlu5(1-
614) did not trans-activate mGlu5-YADA (Fig.
6). This was not due to a lack of
heterodimerisation, as controlled by FRET (Fig.
6, bottom panel). Thus, in contrast to what has
been proposed for the exo- and endodomains of
a glycoprotein hormone receptor (43), there is
no "swap" between the two VFTs and TMDs
(Fig. 5A), and such a mechanism can therefore
not account for the observed trans-activation
within an mGIuR dimer.

Uncoupling a VFT from its TMD

To further clarify how agonist binding to a VFT
leads to activation of a TMD of an mGlu5
dimer, our idea was to introduce another
mutation, C240E, that functionally uncouples
the VFT from the TMD (33), into one of the two
subunits only. The combination with other
mutations should then permit to study the
functional interactions between the different
domains within such a dimer.

We first verified that an mGIlu5-C1/-C2KKXX
dimer carrying the C240E mutation in only one
subunit is still functional (Fig. 7). Indeed, such a
receptor was still activated by Quis, although
with a reduced maximal response as compared
to the receptor not carrying this mutation at
similar cell surface expression. Since at the
expression levels used in this study the maximal
Ca” response is directly proportional to the

amount of mGlu5 at the cell surface (see
Supplemental Fig. C), this reduced maximal
response (at similar cell surface expression) of
an mGlu5 with one "uncoupled" VFT therefore
indicates a reduced maximal activity. Two
different explanations can be proposed. The
observed resting activity may simply reflect the
activity of the subunit not carrying the C240E
mutation, resulting from an intra-subunit
transduction  (Fig. 2A). Alternatively, the
decreased maximal response could also reflect
that the disulfide bond involving C240 (33) is
important for transmitting the relative movement
of the two VFTs to the TMDs (Fig. 2B), which
may be less efficient when one disulfide bond is
missing. Most importantly, however, the fact
that this disulfide bond is not mandatory in both
subunits opens the possibility to experimentally
refine the route of the intra-molecular signal
transduction within an mGIuR dimer.

Trans-activation not via the other VFT
Accordingly, we next tested a possible trans-
activation between an mGlu5-F767S and an
mGIlu5-C240E. Indeed, Quis stimulation of an
mGIlu5 dimer composed of these two subunits
still elicits a Ca®* response (Fig. 8). This
demonstrates a trans-activation of one TMD (of
the C240E mutant) by the VFT of the other
subunit (the F767S mutant), in a way not
involving an indirect activation via the other
VFT (of the C240E mutant) (Fig. 5B). The
maximal response obtained with this
combination being lower than that with the
heterodimer carrying only the C240E mutation
in one subunit is also consistent with the notion
that one VFT can both cis-activate the TMD of
the same, or trans-activate that of the other
subunit, since the cis-activation of the F767S-
mutated TMD does not yield any G protein
activation.

Trans-activation not via the other TMD

The results presented so far do not exclude the
theoretical possibility of an indirect activation
via the other TMD (Fig. 5C). The VFT of the
F767S subunit could first activate the TMD of
the same subunit (though incapable of G protein
activation), in turn trans-activating the TMD of
the other subunit. This pathway, anyway, would
also imply an inter-subunit re-arrangement,
namely changes at the interface of the two
TMDs.

This scenario, however, would be in contrast to
recent reports indicating that only one TMD



within a GPCR dimer can reach the active state
at a time (12,32,44). We nevertheless verified
whether this was also true for mGlu5, in
particular with one subunit carrying the C240E
mutation, as used in our trans-activation
experiment in Fig. 8. To that aim, we now used
an mGlu5 subunit with a TMD that, thanks to a
triple mutation ("3Ro": P654S, S657C, L743V),
can be specifically blocked in its active
conformation by the drug Ro01-6128 (45), but
without triggering any G protein activation, due
to an additional F767S mutation.

Indeed, pretreatment with this drug completely
abolished the Quis-stimulated Ca®* response
mediated by an mGlu5 carrying these mutations
("3R0" + F767S) in one of the two subunits (Fig.
9). This demonstrates that indeed, once the
"3Ro"-mutated TMD is in the active state (but
without triggering G protein activation due to
the F767S mutation) the second TMD cannot
reach the active state any more. Thus, also in an
mGIu5 dimer, only one TMD can reach the
active state at a time. Of note, the effect was
independent of the absence or presence of the
C240E mutation in the other subunit. Thus, the
observed trans-activation of one TMD by the
VFT of the other subunit within an mGIuR
dimer (Fig. 8) cannot be indirect via activation
of the second TMD (Fig. 5C).

No preferential intra-subunit transduction

As stated above, the two models of intra-
molecular signal transduction from the VFTs to
the TMDs of an mGIuR dimer (Fig. 2A vs. 2B)
are not mutually exclusive. Thus, the above
demonstration that the agonist-induced inter-
subunit re-arrangement is indeed activating the
receptor does not yet exclude that, additionally,
the agonist-bound VFT could also activate its
associated TMD through an intra-subunit
transduction. This can be tested by comparing
the cis- and trans-activation within the dimer.
The inter-subunit rearrangement induced by
agonist binding to one VFT should always cis-
and trans-activate equally well both TMDs in
the dimer. In contrast, in case of an additional
intra-subunit transduction, the cis-activation
should be more efficient than the trans-
activation. This is not the case, since there is no
significant  difference between the Quis-
stimulated Ca®* responses mediated by an
mGIu5 carrying the C240E and the F767S
mutations in the same subunit (only cis-
activation can generate a response), or either one
of these mutations in each subunit (only trans-

activation) (Fig. 10). This demonstrates that the
agonist-induced inter-subunit rearrangement is
the only mechanism of intra-molecular signal
transduction and activation of a dimeric mGIuR,
and there is no additional intra-subunit
transduction from the VFT to the TMD of the
same subunit.

DISCUSSION

In the present study, we examined a possible
role of an inter-subunit rearrangement in the
activation of a dimeric mGIuR. Two models, not
mutually exclusive, have been proposed to
explain how agonist binding in the VFT leads to
activation of the TMD of these receptors. The
first model proposes an intra-subunit activation
in which the VFT directly activates the TMD of
the same subunit (Fig. 2A) (22,23). The second
model proposes that the TMD activation may
result from an agonist-induced inter-subunit
rearrangement  (Fig. 2B) (24,25). To
experimentally test these models, we first
developed a system to perfectly control the
composition of an mGIuR dimer of two defined
protomers each carrying or not different
mutations. In particular, we took advantage of a
point mutation that functionally disconnects the
VFT from its TMD (33). Our data show that in
an mGIuR dimer carrying this mutation in a
single subunit, agonist binding in one subunit
activates equally well either of the two TMDs.
This is only compatible with the second, but not
the first model. Thus, an inter-subunit
rearrangement indeed plays a role, and is even
crucial for the activation of an mGIuR.

Intra-molecular signal transduction within an
MGIuUR dimer

For most GPCRs, agonists bind directly to their
TMD, thereby stabilizing its active conformation
(23). For class C GPCRs such as the mGluRs
where agonists bind to an extracellular domain,
it has been proposed that this domain in its
agonist-bound conformation could in turn
interact with the TMD in a way stabilizing its
active conformation (Fig. 2A) (22,46). In line
with this proposal, we have recently reported
that a disulfide bridge linking the VFT of an
mGIuR to the rest of the receptor is crucial for
the intra-molecular signal transduction (33).
However, we now demonstrate that there is no
intra-subunit signal transduction within an
mGIuUR dimer, since agonist stimulation results



in the activation of either TMD with the same
efficiency, even when only one of the two
subunits has this disulfide bond. These data can
only be explained by an agonist-induced inter-
subunit rearrangement as the mechanism
transducing agonist binding to a VFT into
activation of a TMD (Fig. 2B).

The role of the crucial disulfide bond linking the
VFT to the rest of the receptor (33) is therefore
not to ensure an intra-subunit signal
transduction, but to allow the transmission of the
agonist-induced rearrangement of the VFTs to
the TMDs. The reduced maximal activity of an
mGIuR dimer lacking this disulfide bond in one
of the two protomers therefore rather reflects a
reduced efficiency of this transmission, i. e.
either the relative movement is different, or the
active orientation is less well stabilized.

In line with our results, the crystal structure of
the mGlul VFT dimer revealed that agonist
binding indeed induces a relative orientation of
the two VFTs (18). When taking into account
the positions of the cysteine implicated in the
above-mentioned disulfide bond as well as the
C-terminus of the VFT that both connect this
domain to the rest of the subunit, this agonist-
induced reorientation of the two VFTs is indeed
expected to induce also a relative movement of
the two TMDs within the dimer (18,33). This is
also consistent with the observed glutamate-
induced changes of the FRET between the CFP-
and YFP-labeled TMDs of an mGlul dimer,
suggesting indeed an agonist-induced
rearrangement of the two TMDs (26). However,
since the GFP labeling impaired receptor
function (G protein activation), these observed
FRET changes may not necessarily reflect the
"natural™ rearrangements within the receptor.
Moreover, none of these previous studies has
addressed the question whether the agonist-
induced inter-subunit rearrangement indeed
plays an active role in, or whether it is simply a
"side effect" of the mGIuR activation. We now
demonstrate that the inter-subunit rearrangement
does indeed play an "active" role in, and is even
crucial for mGIuR activation.

However, in contrast to what has previously
been reported for mGlul (18), it has very
recently been reported that the relative
orientation of the two VFTs in the crystallized
extracellular domains of mGlu3 is not altered by
five different agonists (although they do induce
the VFT closure) (Fig. 1) (19). This is not
consistent with our data. We speculate that the
crystallization conditions or the absence of the

TMDs may have prevented the mGIlu3 VFT
dimer to adopt the correct active orientation.

Absence of higher-order oligomerization
Another intriguing observation with the crystals
of the mGlu3 extracellular domains is that the
dimers may associate into larger oligomers (19).
If this is also the case in the full-length mGIuR
at the cell surface, this could lead to an
alternative, may be more complex, activation
mechanism. Indeed, higher-order oligomers
have recently been observed for rhodopsin (41)
and for o-adrenergic receptors (42). Here, using
fluorophore-labeled antibodies, we show that no
significant FRET can be measured between
mGIuR dimers, whereas a high FRET signal is
measured between the subunits within a dimer.
Because the antibodies used are labeled with 3
to 6 fluorophores, the absence of FRET is very
unlikely due to an orthogonal orientation of the
donor and acceptor fluorophores. Moreover,
absence of FRET due to a too large distance of
the fluorophores within the oligomers is also
very unlikely. Indeed, the R, being 65 A,
absence of FRET would mean a distance larger
than 100 A, incompatible with a direct
association between the dimers, especially when
considering the size of the antibodies. Thus,
mGIuR dimers are not in contact with each other
at the surface of HEK293 cells. Moreover, we
did not observe any trans-activation between
two non-functional dimers. Thus, if larger
mGIuR oligomers can form, these likely require
other partners than just the receptor subunits
themselves, such as intracellular scaffolding
proteins, and these are not required for the
correct activation of the receptor. This makes the
mGIuR dimers the functional unit.

Role of an inter-subunit rearrangement in the
activation of other GPCRs?

The activation by inter-subunit rearrangement
described here could represent a particularity of
class C GPCRs, where this mechanism could
primarily represent a means to intra-molecularly
transmit the signal from the VFT to the TMD
level. Indeed, dimerization appears at least not
generally required for GPCR function, since at
least some GPCRs can also function as
monomers (8-12). Nonetheless, it has been
speculated that the dynamic interplay between
the two subunits of a GPCR dimer, through
changes at the dimerization interface or a larger-
scale reorientation of the two protomers relative
to each other, could at least contribute to



stabilize the active conformation (13,15).
Excitingly, a recent study has nicely
demonstrated that activation of the homodimeric
D2 dopamine receptor alters its dimerization
interface, and, conversely, stabilization of this
altered interface by chemical cross-linking
results in activation of the receptor even in
absence of agonist (14,47). This demonstrates
that also a class A GPCR dimer can indeed be
activated by an inter-subunit rearrangement. The
artificial cross-linking approach used in that
study, however, did not permit to conclude
whether this may indeed also play a role in the

natural activation of this receptor. Our study
now brings the first demonstration that an
agonist-induced rearrangement may indeed play
an important role also in the natural activation
mechanism of a dimeric GPCR.

Of note, activation by agonist-induced inter-
subunit rearrangement is a mechanism widely
used by other types of transmembrane receptors,
namely receptors with associated or intrinsic
intracellular tyrosine kinase or guanylate cyclase
activity (27-30).
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FIGURE LEGENDS

Fig. 1: Different conformations of an mGIluR VFT dimer determined by X-ray crystallography.
The conformations observed under various crystallization conditions are represented in the same
orientation: lobes | of both protomers on top and lobes Il on bottom. Chain A (yellow) is in front and
chain B (blue) is in back. Agonist binding stabilizes a closed conformation of the VFT. In case of the
mGlul VFT dimer, it also induces a relative re-orientation of the two VFTs, bringing their lobes Il
closer together. No such re-orientation is observed in the crystal structure of the extracellular domain
of mGlu3. PDB entries: 1LEWT, 1EWK, 1ISR, 2E4U.

Fig. 2: Inter-subunit rearrangement and activation of a dimeric mGIuR. A: The VFT in its
agonist-bound conformation could directly stabilize the activate conformation of its associated TMD
(intra-subunit transduction). The observed agonist-induced inter-subunit rearrangement could be a
simple “side effect” of these conformational changes. B: The agonist-induced inter-subunit
rearrangement could represent the mechanism how agonist binding to a VFT is transduced into TMD
activation. In this case, agonist binding to one VFT should not only activate the TMD of the same (cis-
), but also that of the other subunit (trans-activation).

Fig. 3: Controlling the subunit composition of a dimeric mGIuR. A: Schematic representation:
Part of the C-terminal tail of mGIu5 is replaced by parts of the C-terminal tails of either subunit of the
heterodimeric GABAg receptor, containing notably their coiled coil (CC) domains, followed each by
an intracellular retention signal (RSR or KKXX). Heterodimerization of the two constructs permits
specific interaction of the two CCs, which masks the adjacent retention signals. Thus, monomeric or
homodimeric mGIu5-C1 or -C2KKXX are retained inside the cell, and only the heterodimer reaches
the cell surface. B: Cell surface expression of the different constructs: ELISA anti-HA on intact
(non-permeabilized) cells expressing the different mGIlu5 constructs, each carrying an HA tag at their
extracelluar N-terminus. Mcps, million counts per second. C: The "heterodimerized™ mGlu5 is
functional: Cells from the same transfections as in B were stimulated with various concentrations of
the glutamate analogue quisqualate (Quis), and the resulting Ca®* response was measured as
fluorescence increase of the Ca’'-sensitive dye Fluo-4. D: The “heterodimerized" mGlu5 is
symmetric: Quis-stimulated Ca®* response of an mGlu5-C1/-C2KKXX heterodimer carrying the G
protein-uncoupling mutation F767S (x) in both subunits (open circles), only in the -C1 subunit (open
triangles), or only in the -C2KKXX subunit (filled triangles). All constructs carry an HA tag at their
extracellular N-termini, and similar cell surface expression was verified by ELISA on cells from the
same transfection. HA ELISA signals were within in a range of £ max. 15 % around 2.2 Mcps.

Fig. 4: mGIuRs are dimers, not higher-order oligomers. A: FRET between donor- and acceptor
fluorophore-labeled antibodies directed against HA and FLAG tags, respectively, placed at the
extracellular N-termini of different receptor constructs. Left: The two tags are placed on the two
subunits within the same mGlu5-C1/-C2KKXX dimer. Right: One tag is placed on one of the mGlu5
dimer subunits, the other one on a V2 vasopressin receptor (dashed). Middle: The two tags are placed
on each one subunit of two different mGlu5 dimers. They cannot be within the same dimer, since these
two subunits carry the same CC domain, and therefore cannot mutually mask their retention signals.
To reach the cell surface (and be recognized by the antibodies), either HA- or FLAG-tagged mGlu5-
C2KKXX construct must dimerize with an untagged mGIlu5-C1. Similar cell surface expression of the
different constructs was verified in parallel by anti-HA and anti-FLAG ELISAs on cells from the same
transfections. HA ELISA signals were in a range of £ max. 17 % around 2.7 Mcps; FLAG ELISA
signals were in a range of + max. 29 % around 2.4 Mcps. B: Functional complementation between
an mGlu5 mutant not activated by glutamate and its analogues (mGlu5-YADA) and an mGIlu5 mutant
incapable of G protein activation (mGIlu5-F767S). Coexpression of the two mutants restores a Quis-
stimulated Ca®* response (middle), indicating the formation of functional heterodimers. No such
functional complementation is observed upon coexpression of mGlu5-YADA with an mGlu5 dimer in
which both subunits carry the F767S mutation (right). All mGlu5-F767S constructs carry an HA tag,
and mGlu5-YADA carries a FLAG tag at their extracellular N-termini, and similar cell surface
expression levels were verified by ELISAs on cells from the same transfections. HA ELISA signals



were within a range of + max. 8 % around 4.2 Mcps; FLAG ELISA signals were within a range of +
max. 22 % around 1.4 Mcps.

Fig. 5: Possible mechanisms for trans-activation within an mGIuR dimer. The hypothetical
mechanisms in A - C are consistent with the model in Fig. 2A. Only when excluding these three
possibilities, trans-activation within an mGIuR dimer can stand as a proof for the inter-subunit
rearrangement as the activation mechanism as presented in Fig. 2B.

Fig. 6: Trans-activation not by domain "swap"'. Quis-stimulated Ca?* response (middle panel) upon
coexpression of mGIlu5-YADA (not activated by glutamate or Quis) either with mGIlu5-F767S
(incapable of G protein activation) or with mGlu5(1-614) (devoid of its TMD). mGlu5-YADA carries
an N-terminal FLAG tag, the two other constructs carry an N-terminal HA tag, and efficient
heterodimerisation was verified by FRET on intact cells from the same transfections (bottom panel;
negative control: FLAG-mGIu5-YADA + HA-CD4: A665 = 674 + 42). Similar cell surface expression
levels were verified by ELISAs on cells from the same transfections. HA ELISA signals were within a
range of + max. 13 % around 4.2 Mcps; FLAG ELISA signals were within a range of + max. 21 %
around 0.9 Mcps.

Fig. 7: Uncoupling of one VFT from its TMD within an mGIuR dimer does not prevent its
activation. Activation of an mGlu5-C1/-C2KKXX dimer carrying the mutation C240E (x)
(functionally uncoupling the VFT from the TMD) in both (open circles), in none (filled circles), or in
only one of the two subunits (open triangles: mGlu5-C240E-C1 + mGlu5-C2KKXX; filled triangles:
mGIu5-C1 + mGIlu5-C240E-C2KKXX), as measured by the Quis-stimulated Ca®* response. All
constructs carry an HA tag at their extracellular N-termini, and similar cell surface expression was
verified by ELISA on cells from the same transfections. HA ELISA signals were within a range of +
max. 25 % around 1.8 Mcps.

Fig. 8: Trans-activation not via the other VFT. Quis-stimulated Ca?* response mediated by mGIlu5-
C1/-C2KKXX dimers composed of one subunit carrying the C240E mutation (functionally uncoupling
the VFT from its TMD) (mGIlu5-C240E-C1) and one subunit carrying the same mutation (open
circles), or the F767S mutation (uncoupling the TMD from the G protein; filled triangles), or none of
these two mutations (open triangles). All constructs carry an HA tag at their extracellular N-termini,
and similar cell surface expression was verified by ELISA on cells from the same transfections. HA
ELISA signals were within a range of + max. 10 % around 1.8 Mcps.

Fig. 9: Trans-activation not via the other TMD: Only one TMD reaches the active state at a time.
Quis-stimulated Ca*" response mediated by mGlu5-C1/-C2KKXX dimers composed of one subunit
carrying the F767S mutation uncoupling its TMD from the G protein and the "3Ro" triple mutation
rendering it sensitive to the drug Ro01-6128 (mGlu5-3Ro-F767S-C2KKXX), and one subunit
carrying (triangles) or not (circles) the C240E mutation (uncoupling the VFT from the TMD), in
absence (continued lines, filled symbols) or presence (dashed lines, open symbols) of 100 uM Ro01-
6128. R001-6128 directly stabilizes the active conformation of the TMD of the mGlu5-3Ro-F767S-
C2KKXX subunit, but, due to the F767S mutation, without triggering G protein activation.
Accordingly, Ro01-6128 alone had no effect (not shown). Preincubation with Ro01-6128 abolishes
the Quis-stimulated Ca®* response mediated by both mGlu5 dimers, demonstrating that the second
TMD cannot reach the active state at the same time as the Ro01-6128-bound TMD. All constructs
carry an HA tag at their extracellular N-termini, and similar cell surface expression was verified by
ELISA on cells from the same transfections. HA ELISA signals were within a range of + max. 1 %
around 2.7 Mcps.

Fig. 10: Equal cis- and trans-activation of a TMD by either VFT within an mGIuR dimer. Quis-
stimulated Ca®* response mediated by mGIu5-C1/-C2KKXX dimers carrying the G protein-
uncoupling mutation F767S in one subunit (mMGIu5-F767S-C2KKXX), and the mutation C240E
(functionally uncoupling the VFT from the TMD) in the same (open triangles), in the other (filled
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triangles), or in neither of the two subunits (circles). All constructs carry an HA tag at their
extracellular N-termini, and similar cell surface expression was verified by ELISA on cells from the
same transfections. HA ELISA signals were within a range of + max. 10 % around 3.2 Mcps.

Supplemental Fig. A: Complete sequences of the -C1 and -C2KKXX parts. C1 is the cytosolic C-
terminal tail of the GABAg1 subunit of the heterodimeric GABAg receptor, comprising notably a
coiled coil (CC) domain, directly followed by the sequence RSR, an RXR type intracellular retention
signal. C2KKXX is derived from the cytosolic C-terminal tail of the GABAg2 subunit of the
heterodimeric GABAg receptor, by replacing its extreme C-terminus by the sequence KKTN, a
KKXX type intracellular retention signal, right after the coiled coil (CC) domain. Specific interaction
between the -C1 and -C2KKXX coiled coil domains results in mutual masking of the two adjacent
retention signals.

Supplemental Fig. B: No difference between mGIlu5-C1 and -C1KKXX constructs. Similar
experiment as in Fig. 3D: Quis-stimulated Ca®* response of an mGlu5-C1/-C2KKXX heterodimer
(circles) or an mGlu5-C1KKXX/-C2KKXX heterodimer (triangles) carrying the G protein-uncoupling
mutation F767S (x) only in the -C1(KKXX) subunit (filled symbols) or only in the -C2KKXX subunit
(open symbols). All constructs carry an HA tag at their extracellular N-termini, and similar cell
surface expression was verified by ELISA on cells from the same transfection. HA ELISA signals
were within in a range of + max. 14 % around 1.6 Mcps.

Supplemental Fig. C: Linear relationship between cell surface expression and Ca®* response.
Cells were transfected with different quantities of an HA-mGIu5 plasmid. Cell surface expression was
quantified by ELISA anti-HA on intact (non-permeabilized) cells, and the Ca** response evoked by 10"
> M Quis (filled circles) (negative control: buffer, open circles) was assayed in parallel on cells from
the same transfections.

Supplemental Fig. D: Absence of higher-order oligomerization. Similar experiment as in Fig. 4A,
but with the inverse combination of -C1 and -C2KKXX. Similar cell surface expression of the
different constructs was verified in parallel by anti-HA and anti-FLAG ELISAs on cells from the same
transfections. HA ELISA signals were in a range of £ max. 16 % around 3.0 Mcps; FLAG ELISA
signals were in a range of £ max. 34 % around 2.3 Mcps.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 10
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Supplemental Figure A
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Supplemental Figure B
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Supplemental Figure C
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Supplemental Figure D
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