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Abstract

GPCRs play critical roles in cell communication. Although GPCRs can form heteromers,
their role in signaling remains elusive. Here we used rat metabotropic glutamate (mGlu)
receptors as prototypical dimers to study the functional interaction between each subunit.
mGIuRs can form both constitutive homo- and heterodimers. Whereas both mGlu2 and
mGlu4 couple to G proteins, G protein activation is mediated by mGlu4 heptahelical domain
(HD) exclusively in mGlu2-4 heterodimers. Such asymmetric transduction results from the
action of both the dimeric extracellular domain, and an allosteric activation by the
partially-activated non-functional mGlu2 HD. G proteins activation by mGlu2 HD occurs if
either the mGlu2 HD is occupied by a positive allosteric modulator or if mGlu4 HD is
inhibited by a negative modulator. These data revealed an oriented asymmetry in mGlu
heterodimers that can be controlled with allosteric modulators. They provide new insight on

the allosteric interaction between subunits in a GPCR dimer.

One sentence summary
In mGlu heterodimers, an oriented asymmetrical activation revealed complex allosteric
interaction between subunits
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Introduction

Many cell surface receptors form multi-protein complexes for signaling integration (1-4).
Among them, G protein-coupled receptors (GPCRs) are the most abundant and constitute the
main targets in drug development (5). Although most GPCRs can signal in a monomeric form
(6-8), increasing studies revealed that they can associate into both homo and heteromeric
complexes (9-13). Interestingly, GPCR heteromers may generate original functional
pharmacological entities different from each of the homomers (10, 11, 14-17). Whether such
GPCR association is real in native tissue is still a matter of intense debate (18, 19).
Understanding how a receptor can control the activity of its partner (4, 13, 16, 20, 21) will
certainly help clarify this important issue, opening ways to control the function of GPCR

heteromers.

Metabotropic glutamate receptors (mGIuRs) are class C GPCRs and are well-recognized
constitutive homodimers (22, 23). These receptors are divided into three groups: group |
(mGluys), I (mGluys) and 11 (mGlugse7g), on the basis of sequence homology,
pharmacological profile and cellular signaling. Recently, mGIluRs were shown to also form
heterodimers with specific subunit composition (24, 25). Of note, whereas the different
mGIuRs were commonly described as having specific brain distribution supporting their
homodimeric nature, localization studies revealed subcellular co-localization of different
mGIuRs such as mGlul and 5 (26), mGlu2 and 4 (27), mGlu7 and 8 (28). Further studies
supported the existence of mGlu2-4 and 1-5 heterodimers in the brain (26, 27, 29). Being
identified very recently, not much is known about the possible clinical relevance of mGlu
heterodimers, but already homodimeric mGlu4, rather than heterodimeric mGlu2-4, were
proposed as a better target for Parkinson’s disease treatment (30). In contrast, mGlu2-4
heterodimers control synaptic activity at the level of the cortico-striatal terminals in the

striatum (27) and lateral perforant path terminals in the dendate gyrus (29).

The mGlu subunits are multidomain proteins composed of a Venus flytrap domain (VFT)
containing the orthosteric binding site, connected via a cysteine-rich domain (CRD) to a
heptahelical domain (HD) involved in G protein coupling (23, 31-34). In the case of mGlu

homodimers, structural and biophysical studies revealed a symmetrical conformational

3
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change during activation at the level of the VFTs (35-40). Indeed, while activating one VFT is
sufficient to partially activate the homodimers, activating both VFTs is required for full
activity both in homodimeric (41-43) and heterodimeric receptors (29). Surprisingly, this
symmetric activation of the VFT dimer leads to an asymmetric activation of the HD dimer,
only one HD being active at a time (44-46). Whether mGlu heterodimer activation is
symmetric or asymmetric, and whether either subunit can be involved in signaling remains
unknown. Such analysis will likely bring interesting observation for the understanding of the

allosteric coupling between GPCRs within hetero-complexes.

In this study, we choose mGlu2-4 heterodimer as a prototype heterodimer, as its existence
in the brain has been documented (27, 29). We show that whereas both mGlu2 and mGlu4
HDs are capable of activating G proteins, only mGlu4 HD does it in mGlu2-4 heterodimers.
Although a conformational change in the mGlu2 HD occurs that can be prevented by a mGlu2
negative allosteric modulator (NAM), it is not sufficient for a direct activation of G proteins,
but important for the G protein coupling by the associated mGlu4 HD. This further documents
the asymmetric activation of dimeric GPCRs. Furthermore, we demonstrated that
manipulating the conformation of either mGlu2 or mGlu4 HD with positive and negative
allosteric modulators can reorient the asymmetry towards mGlu2 activating G proteins. This
demonstrates a differential ability of mGlu2 and mGlu4 HD to reach a G protein activating
state. But most importantly, these data reveal strong allosteric interactions between two
GPCRs in a dimeric complex. Such allosteric coupling can be controlled with small molecules
allosteric modulators revealing a way to modulate heteromeric receptor activity, and
expanding the possibilities of using such small molecules to precisely control signaling events.
This illustrates how such hetero-complexes can control signals originating from various

GPCR ligands targeting a cell.
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Results

MGlu2-4 heterodimer activates G protein through mGlu4

The difficulty in studying GPCR heterodimers is that the co-expression of two different
receptors leads to three populations of dimers, both homodimers and the heterodimer, making
difficult the study of the specific properties of the heterodimeric entity. We then used a quality
control system that allows cell surface targeting of the heterodimer only (42). We engineered
chimeric mGlu2 and mGlu4 subunits containing complementary coiled-coil regions (C1 and
C2) derived from the GABAg receptor and intracellular retention signals (KKXX) (37, 41).
We constructed mGlu2 and mGlu4 mutants with either C1 or C2, such as "mGIu2cixixx
(2c1), "IMGIU2cokrxx (2c2), "*MGIudcikkxx (dei) and "¥mGludcokkxx (4c2). By combination
of C1 and C2 containing subunits, we can obtain the mGlu2-4 heterodimers specifically at the
cell surface, as well as the mGlu2 (2-2) and mGlu4 (4-4) homodimers as controls (Figure
1A,B).

Such receptor constructs retained their ability to activate G proteins (we used the chimeric
Gqi and Gqo proteins that enable coupling of these receptors to the PLC pathway (47, 48))
when at the cell surface, with the expected action of mGlu2 (DCG-1V) and mGlu4 (L-AP4)
selective agonists (Figure 1-figure supplement 1). When activated with glutamate, mGlu2 and
mGlu2-4 displayed a similar potency and efficacy, while glutamate had a lower efficacy at
mGlu4 (Figure 1C, Figure 1-source data file 1). Note that all these receptor combinations
were expressed at a similar level at the cell surface (Figure 1B).

Mutating the conserved Phe residue into Ser in the third intracellular loop of mGIuRs
abolished their ability to activate G proteins (41, 45). When introduced into the C1 and C2
constructs, neither mGlu2-F756S, nor mGlu4-F781S activated G proteins (Figure 1D,E).
When only one subunit carries the mutation, a larger decrease in glutamate efficacy was
observed in mGlu2 dimers than in mGlu4 dimers (Figure 1D,E, Figure 1-figure 1 source data
file 1). When such mutation was introduced in the mGlu2 subunit of the mGlu2-4 heterodimer,
a glutamate-mediated response similar to the control was observed (Figure 1D,F, Figure
1-source data file 1). In contrast, in the heterodimer containing the mutated mGlu4 subunit no

response could be observed (Figure 1F) despite a correct expression level at the cell surface
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(Figure 1-figure supplement 2). As a control, introducing the FS mutation in both subunits of
mGlu2-4 heterodimer abolished glutamate-induced G protein signaling (Figure 1-figure
supplement 3A). Even when the selective mGlu2 and mGlu4 agonists DCG-IV and L-AP4
were used, signal could be generated with the heterodimers mutated in the mGlu2 subunit, but
not in those mutated in the mGlu4 subunits (Figure 1-figure supplement 3B-D). Such data
strongly suggest that in the heterodimer, G protein activation is exclusively mediated by
mGlu4 HD. Of note, similar results were obtained with either mGlu2ci-4c, or 4ci-2c
heterodimers, indicating that the modified C terminal domains do not influence the

asymmetric activation (Figure 1C, F).

Asymmetric activation of mGlu2-4 HDs relies on the HDs only

In order to understand how a symmetric mGlu2-4 activation at the level of the VFT dimer
could control an asymmetric activation of the HD dimer, we examined whether this could
result from the specific association of one HD with its extracellular domain (ECD, composed
of the VFT and the CRD). We then generated various constructs leading to the surface
expression of receptor combinations composed of a 2-4 heterodimeric HD, but carrying either
two mGlu2 ECDs (2-25°P4"P: Figure 2A), two mGlu4 ECDs (4-45°°2"°: Figure 2B), or in
which the ECDs were swapped between the two subunits (25°P4"P-45°P2"P: Figure 2C).
Constructs leading to the receptor combinations containing two mGlu2 VFTs (Figure 2-figure
supplement 1A), two mGlu4 VFTs (Figure 2-figure supplement 1B), or in which the VFTs
were swapped between the two subunits (Figure 2-figure supplement 1C) were also generated.
For any of these combinations, we also analyzed the functional consequence of mutating
either the mGlu2 or mGlu4 HD (Figure 2 and Figure 2-figure supplement 1). Thanks to the
Cl1l C2 terminal tails, a correct and specific expression of any of the indicated dimer
combinations at the cell surface could be verified thanks to the HA or Flag N-terminal
epitopes (Figure 2-figure supplement 2 and 3).

When activated by glutamate, we found that any combination carrying a wild-type mGlu4
HD (with or without a mutated mGlu2 HD) generated Ca®* signals (Figure 2 and Figure
2-figure supplement 1). In contrast, none of those carrying a mutated mGlu4 HD were

functional (Figure 2 and Figure 2-figure supplement 1) despite their expression at the cell
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surface (Figure 2-figure supplement 2 and 3). Similarly, activating specifically the mGlu2
VFT with DCG-1V, or the mGlu4 VFT with L-AP4 led to G protein signaling of receptor
combinations carrying at least one mGlu2 VFT, or one mGlu4 VFT, respectively, as long as
the receptor contained a wild-type mGlu4 HD. No response could be generated with these
agonists in receptor combinations carrying a mutated mGlu4 HD (Figure 2 and Figure
2-figure supplement 1).

We then examined the functional consequence of locking the ECD dimer in its active
orientation. We previously reported that an inter-subunit disulfide bound between a Cys
introduced at position 521 of the mGlu2 CRD led to a fully active dimer (mGlu2°) (37).
Mutating the equivalent position in mGlu4 (His523Cys) also generated a fully active receptor
(mGlu4®) (Figure 3A), as revealed by the accumulation of inositol monophosphate after LiCl
addition. Note that the constitutive activation of phospholipase C cannot be quantified
through intracellular Ca®* measurements because Ca** concentrations return close to basal
values under constant PLC activity. When both mGlu2® and mGlu4® were co-expressed, an
inter-subunit DTT-sensitive covalent linkage could be demonstrated, providing the natural
inter-VFT disulfide bound is mutated (Figure 3B). Such a receptor combination also displayed
a full constitutive activity (Figure 3A). In that case again, the high constitutive or
glutamate-induced signaling could be observed in the heterodimer combinations containing a
wild-type mGlu4 HD but not in those in which the mGlu4 HD contained the FS mutation
(Figure 3A) despite a correct expression of all constructs (Figure 3-figure supplement 1)

Taken together, these results demonstrate that any ways the dimeric ECD of the mGlu2-4
heterodimer is activated the mGlu4 HD is always responsible for G protein activation. This
strongly suggests that the asymmetric activity of the mGlu2-4 HD dimer is an intrinsic

property of this membrane part of the receptor.

mGIlu2 HD is involved in the activation of mGlu4 HD

Although mGlu2 HD is not directly responsible for G protein activation in the mGlu2-4
heterodimer, it may still play a role in the activation process. We then used MNI137, an
mGlu2 NAM (49) known to stabilize the mGlu2 HD in its inactive conformation. We found

that MNI1137 partially inhibited mGlu2-4 heterodimer while it largely inhibited the response
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of the mGIlu2 homodimer, whether the dimer was activated by glutamate (Figure 4A, Figure
4-source data file 1) or was constitutively active through the inter-CRD disulfide bridge
(Figure 4B, Figure 4-source data file 2). Of note, similar data were obtained in a receptor
combination in which the mGIlu2 subunit is incapable of G protein coupling. This revealed
that a conformational change in the mGlu2 HD prevented by MNI137 binding is required to
fully activate the mGlu4 HD.

To clarify how mGlu2 HD in the heterodimer controls mGlu4 HD activation, we activated
the heterodimer with specific agonist of either mGlu2 or mGlu4. Interestingly, we found that
MNI137 blocked mGlu2-4 heterodimer signaling induced by either DCG-IV or L-AP4
respectively whereas MNI137 inhibited only partially signaling induced by the combination
of DCG IV and L-AP4 as observed with glutamate (Figure 4A,C, Figure 4-source data file 3).
These data revealed the prominent role of mGlu2 HD in activating mGlu4 HD when only one
VFT is activated. Consistent with this conclusion, activation of both VFTs with DCG-IV in
receptor combinations containing two mGlu2 VFTs is only partially inhibited by MNI137,
with a smaller inhibition (39.2 £+ 4.7%, n=3) when both CRDs are from mGlu2, compared to
the situation where the mGlu4 HD is associated with the mGlu4 CRD (64.3 £ 3.8 % inhibition,

n=3, p<0.05) (Figure 4D).

Allosteric control of the asymmetric activation of mGlu2-4 HDs

We then examined why mGlu2 HD could not mediate G protein activation within the
mGlu2-4 heterodimer. We first analyzed the effect of an mGlu4 NAM (OptoGIuUNAMA4.1) that
we recently reported to prevent mGlu4 HD activation (50). Surprisingly, this compound,
while inhibiting agonist-mediated mGlu4 activity (50), had no effect on the mGlu2-4
heterodimer (Figure 5A). Most interestingly, when using an mGlu2-4 combination in which
the mGlu4 HD is unable to activate G protein, then a heterodimer unable to activate G
proteins, the addition of OptoGIuUNAMA4.1 allowed glutamate to generate a signal (Figure 5A,
Figure 5-source data file 1). This suggests that, by preventing mGlu4 HD to reach its active
state, mGlu2 HD can take over for G protein activation in the heterodimer.

Such a proposal is supported by a second set of experiments, in which we favored mGlu2

HD activation in the mGlu2-4 heterodimer using the mGlu2 PAM LY487379. This compound
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had no significant effect on the mGlu2-4 heterodimer signaling capacity (Figure 5B, Figure
5-source data file 1) or on the mGlu2-4 heterodimer mutated in mGlu2 HD (Figure 5-source
data file 1). However, on the non-functional mGlu2-4 combination where the mGlu4 HD is
mutated, the mGlu2 PAM LY487379 allowed glutamate to activate G proteins, therefore
revealing a possible coupling of the mGlu2 HD in this heterodimer.

Taken together, these data revealed that under normal conditions, the coupling of mGlu2-4
is mediated by mGlu4 HD, but the mGlu2 HD can still generate signaling providing its

activation is facilitated by a PAM, or by the inhibition of mGlu4 HD with a NAM (Figure 5).

Asymmetric transduction of mGlu heterodimers

The above data were generated using mGlu2 and mGlu4 subunits carrying a modified
C-terminal tail containing a quality control system. We then used another approach to validate
our observation not only with mGlu2 and mGlu4 subunits with unmodified C-terminal tails,
but also with other possible combinations of mGlu heterodimers (Figure 6). To that aim, we
co-expressed two subunits, with one carrying the mutation preventing G protein activation.
By specifically activating this mutated subunit, a functional response may only be generated
with the heterodimer containing the wild-type subunit, providing the latter can be responsible
for G protein activation in the heterodimer.

Using the non-functional mGIlu4FS, co-expressed with mGlu2, no signal could be
generated upon activation with the mGlu4 agonist L-AP4, in agreement with mGlu4 HD
being the G protein-coupling domain in the mGlu2-4 heterodimer (Figure 6A). Consistent
with this, activating an mGIlu2FS mutant with DCG-IV generated a signal providing this
subunit is co-expressed with mGlu4 (Figure 6A). Note that under these experimental
conditions, cells expressed three types of dimers, the mGlu2 and mGlu4 homodimers and the
mGlu2-4 heterodimer. Accordingly, if mGlu4 was the FS mutated subunit, L-AP4 had no
effect, while DCG-1V could generate a signal through mGlu2 homodimers. In contrast, if
mGIlu2FS mutant was used, DCG-1V could generate a signal through the 2-4 heterodimer, and
L-AP4 through the mGlu4 homodimers. Correct expression and function of all constructs was
verified (Figure 6-figure supplement 1). These data confirmed that the asymmetric activation

of the mGlu2-4 HDs is not the consequence of the presence of the C1-C2 intracellular
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domains.

The same approach was conducted with all possible heterodimeric receptors made of
mGlu2 or mGlu3 associated with any of the group-l1ll mGIluRs: mGlu4, 6, 7 and 8. As
depicted in Figure 6C-F and Figure 6-figure supplement 2, similar data were obtained with
any of these 4 types of heterodimers for mGlu2 and for mGlu3. These data indicate that in all
these cases, the group-111 subunit is responsible for G protein activation in these heterodimers.
As observed with the mGlu2-4 heterodimer (Figure 4), the mGlu2 NAM, MNI137, inhibited
signaling of all these heterodimers (Figure 6C-F). This is consistent with the mGlu2 HD,
though not directly involved in G protein coupling, being important to allow the group-Ili

subunit to signal in these heterodimeric receptors.

10



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

Discussion

Our data revealed important information on how two G protein-activating units
communicate within a heterodimeric complex. We found that in the mGlu2-4 heterodimer,
only the mGlu4 subunit activates G proteins, and we revealed a complex allosteric interaction
between the two HDs. Indeed, the mGlu2 subunit retains its ability to signal providing its
activation is favored using mGlu2 PAMs, or preventing the activation of mGlu4 HD with a
NAM. Such findings, schematized in Figure 7, will certainly help elucidate the functional
control of one GPCR by another, and how this can be modulated, then providing novel

opportunities to decipher the role of possible GPCR heterodimers.

The key information reported here is that, even though both HDs in the mGlu2-4
heterodimer are capable of activating G proteins, only that of mGlu4 does it (Figure 7, State
2). This is not only observed with the mGlu2-4 but with any other heterodimers made of
mGlu2 and a group-l1l mGlu subunits, where the group-1ll HD is always responsible for
coupling. Such asymmetric activation of a GPCR dimer has often been observed (20, 21,
51-54). Even in the mGlu homodimers, only one subunit is active at a time, although in that
case, each subunit has the same probability of being active (44-46). For the well-characterized
heterodimeric GPCRs, such as the GABAg and the T1R taste receptors, also one subunit only
is responsible for G protein activation (51, 52, 54), although this was assumed to result from
the inability of the other subunit to signal. Our data suggest that instead, the inability of
signaling of one subunit may result from an inhibitory effect of the other subunit while in its
fully active state. This is indeed likely the case for the GABAg receptor for which the
GABAGg; subunit, not involved in coupling in the heterodimer, has been reported to signal
when expressed alone (55, 56). Similar asymmetric coupling has also been reported for class
A GPCR heterodimers, where the activation of one receptor prevents the activation of the
other (20, 21, 53). These observations reinforce the idea of a strong negative cooperativity
between the HDs in a dimeric GPCR complex, where the activation of one subunit suppresses
the ability of the other to signal. This conclusion is further supported by numerous studies

reporting negative cooperativity in agonist binding on dimeric GPCRs (13, 57).

While mGlu4 homodimer coupling efficacy measured is lower than that of mGlu2, it is

11
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interesting to note that the coupling efficacy of mGlu2-4 heterodimer is similar to that of
mGlu2 receptors. Because in both mGlu4 and mGlu2-4, the G protein activation is mediated
by the mGlu4 HD, this means that the mGlu2 subunit potentiates mGlu4 efficacy. Such a low
coupling efficacy of mGlu4 homodimers may well be the consequence of a weaker action of
the mGlu4 ECD dimer on the HDs, consistent with the weaker coupling of heterodimers
containing two mGlu4 ECDs (Figure 2). It may also possibly result in part from another level
of interaction between the HDs within a dimeric receptor. Even though the mGlu2 HD does
not directly activate the G protein in the heterodimer, it is important for the full activation of
the mGlu4 HD (Figure 7). Indeed, the mGlu2 HD likely changes its conformation to exert this
positive effect, even though this conformation is not sufficient for G protein coupling (Figure
7). This is well demonstrated by the partial inhibition of the mGlu2-4 activity (mediated by
the mGlu4 HD) by a specific mGlu2 NAM known to stabilize the mGlu2 HD in its inactive
state (49) (Figure 7, State 3a). Such an action of the mGlu2 HD is even more prominent if the
VFT dimer is asymmetrically activated, with only one VFT occupied by an agonist (Figure 7,
States 3b, 3c). Such data revealed important allosteric interaction between two HDs in a
GPCR dimer, not expected so far. They are however perfectly in line with the role of the
GABAg; HD in the activation process of the heterodimeric GABAg receptor, the latter being
involved in a direct activation of the GABAg, HD through an intra-molecular conformational

change (58).

Our data then further strengthen the multiple allosteric interactions between class C GPCR
domains in the activation process, with the activation of one HD within the dimer being
controlled in two ways. The first one is by the reorientation of the VFTs with an efficient
coupling when the reorientation is symmetric (both VFTs activated), and a less efficient
coupling in case only one VFT is activated (29, 41). Of note, the sequence of the CRDs that
link the VFTs to the HDs also plays a role, as indicated here by the differential coupling
efficacies of receptor combinations containing either the mGlu2 CRD or the mGlu4 CRD
(Figure 2, Figure 2-figure supplement 1, Figure 4D). The second pathway comes from a
conformational change in the associated HD likely through a direct interaction between the

two HDs in the dimer, consistent with our previous data with the heterodimeric GABAg

12
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receptor (58). The second component is higher when the first, VFT mediated, is weak, due
either to the activation of only one VFT (Figure 4), or to specific combinations of the CRDs

(Figure 2, Figure 4D).

Such allosteric interaction most likely results from a contact between the two HDs via an
interface that can communicate information from one HD to the other. This can be achieved if
the interface involves component of the HD that changes conformation depending on the state
of the subunit. Recently, we reported that, even though both HDs in a class C GPCR contact
each other through TM4 and 5 in the basal state, as also reported for many class A GPCR
dimers (59, 60), we surprisingly identified TM6 as being involved in the dimer interface of
the active receptor dimer (38). TM6 is the TM that moves the most during class A GPCR
activation (61, 62), also likely in class C GPCRs (23) for which the allosteric coupling
between both HDs in a GPCR dimer is of fundamental mechanistic importance. More work is

obviously needed to analyze the TM rearrangement in class C GPCR activation.

Another major observation is that it is possible, using small molecules to reorient the G
protein coupling from one subunit to the other — i.e. from the mGlu4 HD to the mGlu2 HD in
the mGlu2-4 heterodimer (Figure 7, States 4a, 4b). Indeed, by either preventing the activation
of the mGlu4 HD with an mGlu4 specific NAM (Figure 7, States 4b), or by stabilizing the
mGlu2 HD in its active conformation with a specific mGlu2 PAM (Figure 7, States 4b), the G
protein coupling is transferred from the mGlu4 to the mGlu2 subunit. This observation
suggests that the mGlu4 HD is likely more prone to reach a G protein activating state than the
mGlu2 HD, and the fully active form of mGlu4 HD prevents the mGlu2 HD from reaching a
G protein activating state. Such observation opens interesting possibilities to decipher the
specific role of each subunit in this mGlu2-4 heterodimer, especially in specific brain area

where it is expressed.

There is much interest in the development of allosteric modulators, since these are expected
to have less side effects for several reasons (63-66). Such small molecules target a site that is
under less pressure during evolution, such that it is possible to identify subtype selective
molecules, in contrast to compound acting in the orthosteric binding site highly conserved

between homologous receptors. In addition, PAMs do not constantly activate the receptor,
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then do not favor receptor desensitization and internalization. Moreover, because they
enhance the action of endogenous ligands, they increase the response when and where needed
for an improved physiological response. Here we reveal a novel property of such small

molecules: their ability to control the asymmetric activation of a GPCR dimer.

Taken together, the present study illustrates the complex allosteric interaction occurring
between two associated G protein-activating units, with both positive and negative
interactions. Indeed, a conformational change in one subunit is needed for a full G protein
activation by its associated subunit, although the interaction also prevents the first subunit
from activating G proteins. Because more and more data are consistent with the existence of
GPCR heteromers, our finding will certainly bring much interest in elucidating their possible

roles in integrating signals targeting either subunit.
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Materials and methods
Materials

L-glutamate was purchased from Sigma. DCG-1V, L-AP4, MNI137 and LY 487379 were from
Tocris Bioscience. LSP4-2022 was a provided by Dr. F. Acher (Paris, France).
Glutamate-pyruvate transaminase (GPT) was purchased from Roche. Lipofectamine 2000 and

Fluo-4-AM were from Life Technologies. SNAP-Green was from NEN Biolabs.
Plasmids and transfection

The pRKS5 plasmids encoding the HA-tagged wild-type mGIuR2-3-4-6-7-8 from rat were
described previously (37). The site-directed mutations in the pRK5 plasmid were generated
using QuikChange mutagenesis protocol (Agilent Technologies). The sequence coding C1
(the 47-residue coiled-coil sequence of the C-terminal of GABAg;), or C2 (the 49-residue
coiled-coil region of GABAg,), followed by the endoplasmic reticulum retention signal
KKTN. "mGIuR2cikkxx (2c1) and ™mGIuR2cokkxx (2c2) (with and without a N-terminal
SNAP tag) have been reported previously (38). Using the same strategy, the last 38 residues in
mGIuR4 C terminus (HA, flag and SNAP-tagged versions of mGlu4 were used) were
replaced by C1KKXX or C2KKXX to obtained "mGIuR4cikkxx (4ct), "mMGIUR4cokkxx
(4cy). The chimeras (2VF74"P, 4¥FT2MP) were obtained by introducing a Bgl 11 restriction site in
both mGlu2 and mGlu4 subunits, Ala497Arg mutation in mGIuR2 and same sense mutations
at Arg517Ser518 in mGIuR4 were induced to make the restriction site. Chimeras (254",
45°P2MP) \were obtained by exchanging the ECD domain before the Pro557 in mGIluR2 and

Pro577 in mGIluR4.

HEK-293 cells (ATCC, CRL-1573, lot: 3449904) were cultured in DMEM supplemented
with 10% FBS and transfected by electroporation as described elsewhere. Absence of
mycoplasma was routinely checked using the MycoAlert Mycoplasma detection Kit
(LTO7-318 (Lonza, Amboise, France), according to the manufacturer protocol. Ten
millions cells were transfected with 2pg of each plasmid of indicated and completed to a total
amount of 10pg with the plasmid encoding the pRKS empty vector. To allow efficient

coupling of the receptor to the phospholipase C pathway, cells were also transfected with the
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chimeric G protein Gagi9 (1pg) or Gaqo (1pg), and the glutamate transporter EAAC1 (1pg).
For cell-surface expression and functional assays of indicated subunits, experiments were

performed after incubation for 36h (12h at 37°C, 5% CO,and then 24h at 30°C, 5% CO,).
SNAP fluorescent-labeled blot experiments

Cells after electroporation, adherent HEK293 cells plated in 12-well plates were labeled with
300 nM SNAP-Green in culture medium at 37 °C for 1 h. Cells were lysed with lysis buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1%SDS and protease inhibitors) at 4 °C for 1.5 h. After centrifugation at 12,000g for 30 min,
supernatants were added with loading buffer (NUPAGE LDSsample buffer 4, Invitrogen) for
10 min. Electrophoresis was performed using precast NUPAGE Novex 8% Tris-acetate gels
(Life Technologies) and blotted onto nitrocellulose membranes. Membranes were imaged on
an Odyssey infrared scanner (LI-COR Biosciences, Lincoln, NE, USA) at 800 nm for

SNAP-Green (38).
Cell surface quantification by ELISA

Cell surface expression of the indicated subunits was detected by ELISA. HA- and
Flag-tagged subunits were co-transfected into HEK293 cells seeded into 96-well microplates.
Cell surface expression and total expression (treated with 0.05% triton) was detected with a
monoclonal rat anti-HA antibody (3F10, Roche) or rat anti-Flag (F1804, Sigma) and a goat
anti-rat second antibody coupled to HRP (Jackson Immunoresearch, West Grove, PA) as
previously described (58). Bound antibody was detected by chemoluminescence using
SuperSignal substrate (Pierce) and a 2103 EnVision™ Multilabel Plate Reader (Perkin Elmer,

Wialtham, MA, USA).
Intracellular calcium release and inositol phosphate measurement

Intracellular Ca®* release was measured as described (45). In brief, cells were pre-incubated
for 1 h with the Ca ?* -sensitive Fluo-4 acetoxymethyl ester (Invitrogen). The fluorescence
signals (excitation at 485 nm and emission at 525 nm) were then measured for 60 s
(Flex-Station, Molecular Devices). Agonist was added after the first 20 s. The Ca®* response

is given as the agonist-stimulated fluorescence increase. Concentration response curves were

16



412

413

414

415

416

417

418

419

420

421

422

423
424

fitted using Graph Pad Prism.

Inositol phosphate (IP) accumulation in HEK293 cells co-transfected with indicated subunits
was measured after stimulation with agonist for 30 min in 96-well microplates as previously
described (45). After incubation in the presence of LiCl (10 mM, 30 min) and termination of
the reaction with 0.1 M formic acid, the supernatant was recovered and purified by ion
exchange chromatography using DOWEX resin. Radioactivity was measured using a
Wallac1450 MicroBeta microplate liquid scintillation counter (Perkin Elmer, Waltham, MA,

USA).

Statistical analysis
Statistical analyses were performed on at least three individual data sets analyzed by

Graphpad prism using unpaired t-tests.
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Figure Legends

Figure 1. mGlu4 activates G protein in the mGlu2-4 heterodimer.

A) Cartoons illustrating mGlu2 (2-2) and mGlu4 (4-4) homodimers, and mGlu2-4 (2-4 or 4-2)
heterodimers with each subunit carrying the quality control C1 or C2 system as C terminal
tails, and the indicated HA or Flag tag at their N terminus. B) Quantification of cell surface
expressed HA-tagged or Flag-tagged constructs by ELISA on intact cells transfected with the
indicated subunits (2¢1, 2c2, 4c1, 4c2) alone or together. Data are expressed as means = SEM
(n>3). **p<0.01, ***p<0.001 (unpaired t test). C, D, E, F) Intracellular Ca?" responses
mediated by the indicated subunits upon stimulation with increasing concentrations of
glutamate, in the presence of the chimeric Gqi9, with the control subunits (C), the mGlu2
homodimer with no, one or both subunits mutated (D), same with mGlu4 homodimer (E) or
mGlu2-4 heterodimer (F). The red cross indicates the subunit carries the FS mutation that
prevents G protein activation. Data are expressed as means = SEM of triplicates from a

typical experiment repeated at least three times.

Figure 2. Asymmetric transduction results from the HDs in the mGlu2-4 heterodimer.

In A), B) and C) cartoons illustrating the heterodimer combinations used with one or both
subunits carrying the FS mutation (red cross) that prevents G protein activation are indicated
on the top. For each subunit, white domains are from mGlu2, while the grey domains are from
mGlu4. The chimeric protein made of mGlu2 ECD and mGlu4 HD is named 25°P4"° and the
reverse chimera named 45°°2"°. The intracellular Ca*" responses mediated by the indicated
subunit compositions (color coded, as indicated on top of the cartoons) upon stimulation with
DCG-1V (30« M), L-AP4 (30 ¢ M) or glutamate (ImM) shown at the bottom. A) Data
obtained with heterodimers containing both ECDs (VFT and CRD) from mGlu2. B) Data
obtained with heterodimers containing both ECDs from mGlu4. C) Data obtained with
heterodimers in which the ECDs were swapped between the two subunits. Data are means =

SEM (n23). **p<0.01, ***p<0.001 (unpaired t test).
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Figure 3. Constitutive activity of disulfide-tethered mGlu2-4 heterodimer is mediated by
the mGlu4 subunit.

A) Cartoons illustrating the heterodimer combinations used with mGlu2 or mGlu4 subunits
carrying the FS mutation (red cross) that prevents G protein activation (top). The red line
linking both CRDs indicates the disulfide bridge that constrains the dimer into an active state.
Inositol phosphate (IP) accumulation in cells expressing the dimer combinations after
incubation with or without glutamate (1mM). Data are means &= SEM (n23). ***p<0.001
(unpaired t test). B) On the top, the cartoons indicate the heterodimeric combinations
analyzed by western blots (bottom) with or without DTT treatment. The natural inter-subunit
disulfide bridge in the control dimer (wt) is indicated in (a), leading to the lack of monomers
in the non-reducing conditions. When mutating both Cys involved in this natural crosslink
(C121A in mGlu2 and C136A in mGlu4), both subunits can dissociate into monomers even in
the absence of DTT (b). Adding a new disulfide bridge in the CRD (L521C in mGlu2 and
H523C in mGlu4) (c) restores the subunit cross-linking. By using SNAP-tag labeling with a
cell-impermeant fluorescein substrate, only the cell surface subunits are labeled, and then

detected on the blot. Data are from a typical experiment repeated three times.

Figure 4. Allosteric regulation of mGlu4-induced signaling by mGIlu2 HD.

In each panel, cartoons (color coded) illustrating the dimer compositions used are indicated on
the top, and intracellular Ca®* responses mediated by indicated dimer combinations upon
stimulation with glutamate (1mM) and increasing concentration of the mGlu2 NAM, MNI1137
(purple square). The inactivating FS mutation is shown as a red cross. A) Effect of MNI137
on homodimeric mGlu2 and mGlu4 receptors, and on the mGlu2-4 heterodimer carrying or
not the FS mutation in the mGlu4 subunit activated by glutamate (blue arrow). B) Effect of
MNI137 on the constitutively active dimers resulting from the CRD disulfide cross-linking. C)
Effect of increasing concentrations of MNI137 on the mGlu2-4 heterodimer activated by the
mGlu2 agonist DCG-IV (30 4 M, green arrow), L-AP4 (30 # M, red arrow) or both. D)
Intracellular Ca?* response under control condition, or after stimulation with DCG-1V (30 u M,
green arrow) with or without MNI137 (10 4 M) with the indicated dimer combinations. Data

are means = SEM of triplicates from a typical experiment repeated at least three times (A,
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B, C), or from three independent experiments (D). ***p<0.001 (unpaired t test).

Figure 5. Switching of the G protein coupling subunit in the mGlu2-4 heterodimer by
mGlu2 PAM and mGlu4 NAM.

Intracellular Ca®* response mediated by the indicated subunits upon stimulation with
increasing concentration of glutamate with/without a mGlu4 NAM (optoGIuUNAMA4.1, green
square, 30 4 M) or a mGlu2 PAM (LY487379, yellow triangle, 10 4 M). A) The mGlu4 NAM
allows mGlu2 HD coupling to G proteins in the heterodimer. B) The mGlu2 PAM allows
mGlu2 HD coupling to G proteins. Data are means = SEM of triplicates from a typical

experiment repeated at least three times.

Figure 6. Asymmetric transduction by mGlu2-grouplll heterodimers.

A-B) schemes illustrating the method used to study the coupling properties of mGlu
heterodimers composed of mGlu2 (group-Il) and a group-lll subunit with the wild-type
C-terminal tails. In A), activating specifically the mGlu2 subunit unable to activate G protein
(F756S, red cross) can generate a signal only if associated with a functional group-I11 subunit.
B) Same as in A) with the inactive group-lll subunit (F781S, F773S, F784S, F777S in
mGlu4-6-7-8, respectively) and a specific group-I11 agonist. C-F) functional coupling of the
indicated subunits under the condition indicated on the top (black, control; green, group-II
agonist (DCG-1V, 30 u M); blue, group-1l agonist with mGlu2 NAM (DCG-IV, 30 u M and
MNI137 10 ¢ M); red, group-111 agonist (L-AP4, 30 4 M for mGlu4-6-8, LSP4-2022, 300 4 M
for mGlu7). C) Data obtained with cells expressing both mGlu2 and mGlu4, with either the
inactive mGlu2 (2%) or the inactive mGlu4 (4%). D, E and F), same as in C using mGlus,
mGlu7 or mGlu8 constructs, respectively. Data are means = SEM (n23). **p<0.01,

***n<0.001 (unpaired t test).

Figure 7. Scheme illustrating the activation mechanism and allosteric control of
mMGlu2-4 heterodimer. State 1: the inactive heterodimer in its basal state. State 2: Glutamate
(blue disk) activation of both subunits leads to G protein activation by mGlu4 HD, also

involving a conformational change in the mGlu2 HD. State 3: the addition of mGlu2 NAM
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(purple square) largely decreases coupling efficacy of the mGlu2-4 heterodimer activated by

glutamate (3a), or suppress detectable coupling if either the mGlu2 (3b) or mGlu4 (3c) is

specifically activated. State 4: heterodimeric mGlu2-4 coupling through the mGlu2 HD

thanks to the addition of a mGlu4 NAM (green square, 4a), or a mGlu2 PAM (yellow triangle,

4b).
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Legends to Figure supplements

Figure 1 — figure supplement 1. G protein coupling of the mGlu subunits with C1
or C2 tail.

Intracellular Ca** response mediated by indicated subunits co-expressed with the
chimeric Gqi9 upon stimulation with DCG-IV (30 4 M, green), L-AP4 (30 « M, red)
or glutamate (ImM, blue). Data are means = SEM of triplicates from a typical

experiment repeated at least three times.

Figure 1 — figure supplement 2. Cell surface and total expression of various mGlu

dimer combination

Quantification of cell surface-total expression of HA-tagged or Flag-tagged constructs
(as indicated in Fig 1) by ELISA on intact cells transfected with indicated subunits.
Data were obtained from a same cells used for with Fig 1D, E, F and expressed as

means = SEM of triplicates from a typical experiment repeated at least three times.

Figure 1 — figure supplement 3. mGlu4 is responsible for G protein coupling in

the mGlu2-4 heterodimer.

(A) Intracellular Ca?* responses mediated by indicated subunits upon stimulation with
increasing concentration of glutamate, in the presence of the chimeric Gqi9. B)
Cartoons illustrating the receptor combinations used in panels C and D. C)
Intracellular Ca*" response mediated by indicated subunits co-expressed with Gqi9
upon stimulation with DCG-IV (30uM), L-AP4 (30uM), or DCG-IV + L-AP4. D)
Same as in C with Ggo. Data are means £ SEM of triplicates from a typical

experiment repeated at least three times.
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Figure 2 — figure supplement 1. Asymmetric transduction results from the HDs in the
mGIlu2-4 heterodimer.

Same as Fig 2 excepted that only the VFT is swapped, and not the entire CRD. In A), B) and
C) cartoons illustrating the heterodimer combinations used with one or both subunits carrying
the FS mutation (red cross) that prevents G protein activation are indicated on the top. For
each subunit, white domains are from mGlu2, while the grey domains are from mGlu4. The
chimeric protein made of mGlu2 VFT and mGlu4 CRD+HD is named 274" and the reverse
chimera named 4F72"°. The intracellular Ca?* responses mediated by the indicated subunit
compositions (color coded, as indicated on top of the cartoons) upon stimulation with
DCG-IV (30 4 M), L-AP4 (30 # M) or glutamate (ImM) shown at the bottom. A) Data
obtained with heterodimers containing both VFT from mGlu2. B) Data obtained with
heterodimers containing both VFTs from mGlu4. C) Data obtained with heterodimers in
which the VFTs were swapped between the two subunits. Data are means = SEM (n23).

**p<0.01, ***p<0.001 (unpaired t test).

Figure 2 — figure supplement 2. Cell surface and total expression of various mGlu

dimer combination

Quantification of cell surface-total expression of HA-tagged or Flag-tagged constructs
by ELISA on intact cells transfected with the indicated subunits as in Fig. 2. Data
were generated from the same cells used in Fig 2 and are means £ SEM of triplicates

from a typical experiment repeated at least three times.

Figure 2 — figure supplement 3. Cell surface and total expression of various mGlu

dimer combination

Quantification of cell surface-total expression of HA-tagged or Flag-tagged constructs
by ELISA on intact cells transfected with the indicated subunits as in Sup Fig. 4. Data
were generated from the same cells used in Sup Fig 4 and are means £+ SEM of

triplicates from a typical experiment repeated at least three times.
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Figure 3 — figure supplement 1. Cell surface and total expression of various mGlu

dimer combination

Quantification of cell surface-total expression of HA-tagged or Flag-tagged constructs
by ELISA on intact cells transfected with the indicated subunits as in Fig. 3A. Data
were generated from the same cells used in Fig 3A and are means = SEM of triplicates

from a typical experiment repeated at least three times.

Figure 6 — figure supplement 1. Expression and function of the indicated
subunits. (A) Quantification of cell expression of HA-tagged constructs by ELISA on
cells transfected with the indicated subunits. (B) Intracellular Ca** response mediated
by the indicated subunits upon stimulation with DCG-IV (30uM) for mGluR2-3,
L-AP4 (30uM) for mGluR4-6-8, LSP4-2022 (300uM) for mGluR7 or glutamate
(ImM). Data in A and B were generated from the same transfected cells, and are

means = SEM of triplicates from a typical experiment repeated at least three times.

Figure 6 — figure supplement 2. Asymmetric transduction by mGlu2-grouplll
heterodimers.

Same as Fig 7, except mGlu3 was used instead of mGlu2. A) and B) schemes illustrating the
method used to study the coupling properties of mGlu heterodimers composed of mGIlu3
(group-11) and a group-I11 subunit. In A), activating specifically the mGlu3 subunit unables to
activate G protein (F765S, red cross) can generate a signal only if associated with a functional
group-I11 subunit. B) Same as in A) with the inactive group-111 subunit (F781S, F773S, F784S,
F777S in mGlu4-6-7-8, respectively) and a specific group-l1ll1 agonist. C-D) functional
coupling of the indicated subunits under the condition indicated on the top (black, control;
green, group-ll agonist (DCG-1V, 30 4 M); blue, group-1l agonist with mGlu2/3 NAM
(DCG-IV, 30 4 M and MNI137 10 ¢ M); red, group-Ill agonist (L-AP4, 30 4 M for
mGlu4-6-8, LSP4-2022, 300 4 M for mGlu7). C) Data obtained with cells expressing both

mGlu3 and mGlu4, with either the inactive mGlu3 (3%) or the inactive mGlu4 (4%). D, E and
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F) same as in C using mGlu6, mGlu7 or mGIlu8 constructs, respectively. Data are means

SEM (n23). **p<0.01, ***p<0.001 (unpaired t test).
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624 Legends to Source data files

625

626  Figure 1-source data file 1: Glutamate potency at the indicated heterodimers

627 Intracellular Ca?* responses mediated by the indicated subunits upon stimulation with

628  increasing concentrations of glutamate. 2 and 4* indicated subunits carrying the F756S
629  (MGIlu2) or F781S (mGlu4) mutation preventing G protein activation. Data represent the
630  means = SEM of (n) independent experiments. N.D., not determined.

631

632  Figure 4-source data file 1: MNI137 potency at the indicated mGlu dimers.

633  Intracellular Ca?* response mediated by indicated subunits upon stimulation with glutamate
634  (1mM) and inhibited by increasing concentration of MNI137. Data represent the means =
635  SEM of (n) independent experiments. N.D., not determined.

636

637  Figure 4-source data file 2: MNI137 potency at the indicated mGlu dimers.

638  Inositol phosphate (IP) accumulation in cells expressed indicated subunits, which have

639  constitutive activation, upon inhibition with increasing concentration of MN137. Data

640  represent the means = SEM of (n) independent experiments. N.D., not determined.

641

642  Figure 4-source data file 3: MNI137 potency at the indicated heterodimers

643  Intracellular Ca®* response mediated by indicated heterodimer upon stimulation with DCG-1V
644  (30uM), L-AP4 (30uM) or DCG-IV (30uM) + L-AP4 (30uM) and inhibited by increasing
645  concentration of MNI137. Data represent the means = SEM of (n) independent experiments.
646  N.D., not determined.

647

648  Figure 5-source data file 1: Glutamate potency at the indicated heterodimers and in the
649  presence or absence of the indicated allosteric modulators.

650 Intracellular Ca** response mediated by indicated subunits upon stimulation with increasing
651  concentration of glutamate with/without optoGIuUNAMA4.1 (30 1 M) or LY487379 (10 u M).

652  Data represent the means = SEM of (n) independent experiments. N.D., not determined.
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Figure 1- figure supplement 1
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Figure 1- figure supplement 2
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Figure 1- figure supplement 3
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Figure 2- figure supplement 1
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Figure 2- figure supplement 2
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Figure 3 - figure supplement 1
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Figure 6- figure supplement 1

(]
AN
o
N
i 00N
& o x8
5 8 8
M 8 xL
< nlw i
— X@
(] | ﬂ
s w v
m O xm
oA ¢
1] e
e
D O B O 1 O
(q\] [q\] <~ ~
(0001 xNY ©ousasaionyy)
m osesjal , BD

HA W%

o o o o o
< ™ 9\ ~

(300 Jo pIoy)
< uoissaidxe aoepns |99




mm ago lll
mGlu3+6
ns
3+6%
mGlu3+8

3%+6

3+8%

3%+8

N < M N «— O
(000LxNY @2ousasalonyy)

(000LxNY @ouUd2saion|y)
ases|el ,,e0

mm ago2+ NAM2

3+4%

BN ago2

mGlu3+4
mGlu3+7

3%+4

oses|al +NmO

ns
3+7X

|
!

N~
5
™

mm Control

Ot O N «— O
(000LxNY @2usdsalonyy)

(0001 xNYV @2usasalonyy)
oses|al ,,BD

Figure 6- figure supplement 2
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