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There is growing interest in developing biologics due to their high
target selectivity. The G protein–coupled homo- and heterodimeric
metabotropic glutamate (mGlu) receptors regulate many synapses
and are promising targets for the treatment of numerous brain dis-
eases. Although subtype-selective allosteric small molecules have
been reported, their effects on the recently discovered heterodi-
meric receptors are often not known. Here, we describe a nanobody
that specifically and fully activates homodimeric human mGlu4 re-
ceptors. Molecular modeling and mutagenesis studies revealed that
the nanobody acts by stabilizing the closed active state of the glu-
tamate binding domain by interacting with both lobes. In contrast,
this nanobody does not activate the heterodimeric mGlu2-4 but acts
as a pure positive allosteric modulator. These data further reveal
how an antibody can fully activate a class C receptor and bring
further evidence that nanobodies represent an alternative way to
specifically control mGlu receptor subtypes.

G protein–coupled receptor | single-domain antibody | activation
mechanism | agonist

There is more and more interest in developing antibodies as
possible pharmacological and even therapeutic agents (1, 2).

The single-domain antibodies, also named nanobodies, are prone
for such activities, as their short variable loops can interact in
surface cavities that can vary between the conformational states of
a protein (1). As such, nanobodies regulating drug targets have
already been reported (3, 4). Among the main drug targets are the
G protein–coupled receptors (GPCRs) that play important roles
in cell–cell communication (5).
Among the large GPCR family, class C receptors are those

activated by the main neurotransmitters, glutamate and γ-amino
butyric acid (GABA), as well as by Ca2+ ions, sweet and umami
compounds (6). There are eight genes encoding metabotropic
glutamate (mGlu) receptor subunits. Although only considered as
disulfide-linked homodimers, the complexity of the mGlu receptor
family increased with the description of heterodimeric entities
made of two different mGlu subunits (7). Indeed, the postsynaptic
mGlu1 and -5 on one side and presynaptic mGlu2, -3, -4, -7, and -8
subunits on another side can form heterodimeric entities in
recombinant cells, leading to the possible existence of 16 additional
mGlu subtypes (7, 8). Among these, the mGlu2-4 heterodimer
retained much attention. It was found to display a specific phar-
macological profile and was identified in transfected neurons as
well as in both cortico-striatal (9) and lateral perforant path (10)
terminals. Identifying the various heterodimeric mGlu receptors in
the brain and their possible roles is essential.
We recently reported nanobodies acting as positive allosteric

modulators (PAMs) specific to the mGlu2 homodimer (11). Among
the mGlu subtypes, the mGlu4 containing receptors, and especially
mGlu4 homodimers, are of interest for the treatment of Parkinson’s
disease (12–14) and pain (15, 16). In the present study, we report

the identification of DN45, a nanobody that specifically and fully
activates human mGlu4 homodimers. We show that this nanobody
acts by stabilizing the closed active state of the glutamate binding
Venus flytrap domain (VFT). However, this nanobody was unable
to directly activate the mGlu2-4 heterodimer, acting instead as a
pure PAM. These data reveal a way a nanobody can activate a
class C GPCR and confirm the potential of using nanobodies to
discriminate between homo- and heterodimeric receptors.

Results
DN45 Is Specific to the Human mGlu4 Receptor. To identify nanobodies
targeting mGlu4, HEK293 cells transiently expressing either the
human or the rat mGlu4 receptor were injected into a llama. Genes
encoding VHH domains were amplified by RT-PCR from the total
RNA of peripheral blood mononuclear cells and used to create a
phage display library. This library was depleted on controlled
Human Embryonic Kidney (HEK293) cells and enriched by two
cycles of positive selection on human mGlu4 transfected cells
in the presence of an excess of anti-HEK293 nanobodies (17).
Nanobody containing Escherichia coli supernatants were screened
by flow cytometry.

Significance

Biologics, and especially antibodies, are promising therapeutics.
Antibodies are expected to show higher subtype selectivity and
less off-target activity than small molecules. G protein–coupled
receptors (GPCRs) being the main drug targets, there is a need
for antibodies modulating these receptors. Here, we describe
the first single-domain antibody fully activating a GPCR. This
nanobody activates the homodimeric metabotropic glutamate
receptor type 4 (mGlu4), an interesting target for the treatment
of Parkinson’s disease or pain. Using modeling tools, we show
this nanobody acts by stabilizing the active form of the bind-
ing domain. It does not activate heterodimeric mGlu receptors
containing the mGlu4 subunit. These data revealed that nano-
bodies can be useful tools to specifically control mGlu receptor
subtypes.
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Among the selected clones, nanobody DN45 was further char-
acterized. We performed a binding assay based on time-resolved
fluorescence energy transfer (TR-FRET) between the SNAP-
tagged receptor and an anti-c-Myc-antibody-d2 interacting with
the c-Myc-tag inserted at the carboxyl-terminal end of the DN45
sequence (Fig. 1A). The nanobody binds to human mGlu4 exclu-
sively when tested at 100 nM, and no binding was observed on any
other human mGlu receptor (Fig. 1B) nor on the eight rat mGlu
receptors (Fig. 1C). To avoid constitutive receptor activation by
ambient glutamate produced by the cultured HEK293 cells, ex-
citatory amino acid transporter 3 was cotransfected with the indi-
cated receptors such that receptors were essentially in an inactive
state under basal condition. Activating any of the mGlu receptors
with an agonist did not allow binding of DN45 either, except on the
human mGlu4, in which a higher signal was observed (Fig. 1 B and
C). Indeed, DN45 had a preferred high binding affinity (KD = 3.1
nM) for the active conformation of the human mGlu4 receptor and
a low binding affinity for the basal and antagonist-induced con-
formation (Fig. 1D and SI Appendix, Table S1).

DN45 Is a Full Agonist of the mGlu4 Receptor. In agreement with the
higher binding affinity of DN45 for the active form of the hmGlu4
receptor, DN45 alone stabilizes the active conformation of the
VFT dimer as revealed using a TR-FRET–based conformational
biosensor (Fig. 2A) (7, 18). This biosensor measures the distance
variation between the N-terminally inserted SNAP tags of the

subunits such that a high TR-FRET is measured in the basal state
(after random labeling with the SNAP substrates O6-benzylguanine
[BG]-Lumi4-Tb and BG-Green), while a lower TR-FRET is ob-
served upon the reorientation of the VFTs upon activation (18).
DN45 displays a potency and efficacy not significantly different
from the group-III mGlu receptor agonist L-AP4 (Fig. 2A and SI
Appendix, Table S2). Subsequently, we setup a single-molecule
FRET (smFRET) approach to compare the agonist effect of
L-AP4 and DN45 at the single-molecule level in an environment
without ambient glutamate (Fig. 2B and SI Appendix, Fig. S1 and
Table S3). There was no difference between the apo-state and the
antagonist-stabilized state. However, both L-AP4 and DN45 acted
as full agonists, as illustrated by the similar increase in the pro-
portion of molecules in the low FRET, active conformation. DN45
also activated the natural Gi protein of the mGlu4 receptor with
the same potency as L-AP4, as revealed with a Gi bioluminescence
resonance energy transfer (BRET) sensor (Fig. 2C and SI Appendix,
Fig. S2 and Table S2). The agonist activity of DN45 was further
confirmed by measuring the accumulation of IP-1 upon activation
of the chimeric G protein Gqi9 (Fig. 2D). DN45 potency and
efficacy were similar to those obtained with L-AP4, both being
more potent than glutamate (Fig. 2D and SI Appendix, Table S2).
In the presence of LY341495, the potency of DN45 was decreased
(Fig. 2E). Of note, the L-AP4 potency for accumulation of IP-1
was not significantly increased in the presence of nonsaturating
DN45 concentrations (Fig. 2F and SI Appendix, Table S2).

Residues in Lobe 2 of the Human mGlu4 VFT Confer Subtype Selectivity
to DN45.To explain the subtype selectivity of DN45, we substituted
any individual residue at the surface of the human mGlu4 VFT into
its rat equivalent. We identified 12 residues on the surface of the
VFT that are different in the human and rat proteins (Fig. 3A).
Among the 12 mutations tested, three (i.e., I318S, H323R,
and D485G) affected DN45 binding, with D485G suppressing
binding completely (Fig. 3B). Consistent with these binding data,
the DN45 agonist effect was largely affected or even suppressed in
these human mGlu4 mutants (Fig. 3C), while L-AP4 could still
activate them (SI Appendix, Fig. S3A).

Molecular Modeling Identifies DN45-mGlu4 Interaction Site on Both
Lobe 2 and Lobe 1.We built three-dimensional (3D) models of both
human mGlu4 (in an active closed conformation) and DN45 and
performed docking experiments using ZDOCK (19) without any
specific constraint. Our best-scored model using ZRANK (20),
which keeps the main interactions with or without L-AP4 within
the VFT binding site after a 10-ns dynamics simulation, revealed
possible interaction sites of DN45 on the VFT (Fig. 3A). In the
presence of bound L-AP4, more interactions between the partners
were detected (SI Appendix, Fig. S4 A and B) in agreement with
the higher binding affinity in the active state. A time-dependent
analysis of the model revealed the mGlu4 residues maintaining
interaction with DN45 during the 10-ns molecular dynamics sim-
ulations (SI Appendix, Fig. S5). These include the residues that are
human-specific: I318, H323, D485 (lobe 2), and also residues on
lobe 1 (SI Appendix, Fig. S5). The virtual mutagenesis analysis
performed on our 3D model of the mGlu4–DN45 complex is per-
fectly in line with the evaluated impact of individually substituting
the 12 human-specific residues for its rat equivalents (SI Appendix,
Fig. S5 and Table S4). In addition, the model revealed other key
residues such as L322 (SI Appendix, Fig. S6).

DN45 Binding Was Restored on Rat mGlu4 Mutant Bearing At Least
Four Human Residues. The proposed model was further confirmed
by introducing human-specific residues into the rat sequence,
restoring DN45 binding and agonist activity on the mutated rat
mGlu4 receptor. We considered five human-specific residues based
on their proximity to the apparent epitope of DN45 (i.e., I318,
H323, D485, V385, and H507 [Fig. 3A]). When the five rat residues

A B

C D

Fig. 1. DN45 is selective for the human mGlu4 receptor and preferentially
binds to the active receptor. (A) Cartoon representing a TR-FRET–based
binding assay. SNAP-mGlu receptors were labeled with 100 nM BG-Lumi4-
Tb (blue star). Then, 100 nM DN45 containing a c-Myc epitope was labeled
with 200 nM anti-c-Myc-antibody (gray) coupled to d2 (red star). (B) Specific
binding of DN45 to human mGlu4 receptor without (black) and with (pink) a
saturating concentration of agonist (mGlu group I: 1 μM quisqualic acid;
group II: 100 nM LY379268; group III: 10 μM L-AP4), represented by an in-
crease of signal compared to an irrelevant nanobody containing the c-Myc
sequence. (C) No specific binding was observed between the nanobody and
any rat mGlu receptors in the absence (black) or presence (pink) of agonist.
(D) Binding of an increasing concentration of DN45 on hmGlu4 under basal
condition (black) in the presence of the agonist L-AP4 (10 μM) or in the
presence of the antagonist LY341495 (100 μM). Data in B–D are mean ± SEM
of three individual experiments (SI Appendix, Table S1).
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were mutated to their human equivalent (rmG4-5M), DN45 bound
(Fig. 3D) and activated the receptor (Fig. 3E) with an affinity (KD =
22.8 nM) and potency not different from those measured on the
human mGlu4 receptor (SI Appendix, Tables S1 and S2). The
substitutions G485D (rmG4-1M), G485D+R323H (rmG4-2M),
and G485D+R323H+S318I (rmG4-3M) on the rat mGlu4 re-
ceptor were, however, not sufficient to recover binding of DN45
(Fig. 3D). Indeed, the model of rmG4-3M reveals that DN45 is
not able to interact with the three mutated residues (i.e., S318I,
R323H, and G485D) (SI Appendix, Fig. S4A) because a loop is
closing the entrance of the epitope cavity (SI Appendix, Fig. S7).
The additional mutation of I385V or Q507H restores the opening
of the cavity and allows for interactions between DN45 and the
three key human residues (SI Appendix, Fig. S7). This was further
supported when binding of DN45 to the rat mGlu4 bearing the
three main aforementioned substitutions plus I385V (rmG4-4MB)
or Q507H (rmG4-4MA) was recovered (Fig. 3D) and both mu-
tants were activated by DN45 (Fig. 3E). The observed affinities
(KD = 13.6 nM and 10.4 nM, respectively) and potencies were not
significantly different from those measured for human mGlu4
(Fig. 3 D and E and SI Appendix, Tables S1 and S2). All mutants
were functional, as we successfully activated them with L-AP4
(SI Appendix, Fig. S3B).
Taken together, these modeling and mutagenesis data provide

a reliable explanation for the species selectivity of DN45 by
interacting with residues mainly located on lobe 2 of the VFT.

DN45 Agonist Activity Needs Interaction with Both Lobes of the VFT.
The predictions of interactions between DN45 and lobe 1 of the
VFT in a closed active state especially comprise residues H371 to
E401 (Fig. 4 A and B and SI Appendix, Fig. S4B). Interactions with
this region are expected to stabilize the closed conformation of the
VFT, providing an explanation for the agonist activity of DN45
and its increased affinity for the active mGlu4 (Fig. 1D). In a first

attempt to prevent the interaction between DN45 and lobe 1 of
the mGlu4 VFT, an N-glycosylation site, A399N/E401S, was in-
troduced. This resulted in a large decrease in DN45 agonist po-
tency but did not suppress its agonist activity (Fig. 4C).
Single-point mutations H371A, K386A, H392A, D397A, E401A,

and E403A did not lead to antagonist effects of DN45 on these
mutants (SI Appendix, Fig. S8). Therefore, a virtual saturation
mutagenesis was performed to predict the impact of multiple
mutations of lobe 1 residues on the binding of DN45 and also the
impact of these mutations on the overall stability of mGlu4. The
best-predicted mutations were H371E, R391M, R393W, and A399K
in a loop of lobe 1 (Fig. 4 A and B). The calculated binding energy
revealed that the highest destabilizing values were found for the triple
mutant R391M+R393W+A399K (4.82 kcal/mol) and quadruple
mutant H371E+R391M+R393W+A399K (4.81 kcal/mol).
Experimental data support that this loop is involved in the agonist

effect of DN45, as DN45 no longer activated either the triple or the
quadruple mutant (Fig. 4 D and E). Of note, the quadruple mutant
displays constitutive activity that is reduced by DN45, revealing that
DN45 acts as an inverse agonist on this receptor (Fig. 4E). This
is confirmed by the significant antagonistic effect of DN45 on
this mutant upon activation by L-AP4 (Fig. 4F and SI Appendix,
Table S2).
Taken together, these data reveal that DN45 primarily binds

to lobe 2 but also to lobe 1 in the active state, an interaction
increasing its affinity and required for its agonist activity.

DN45 Acts as a Positive Allosteric Modulator on Heterodimeric
mGlu2-4. It is now recognized that the mGlu4 subunit can associate
with other mGlu subunits to form heterodimeric mGlu receptors
(7, 8). Among these, the mGlu2-4 heterodimer has retained much
attention and has specific pharmacological properties that were
used to illustrate its existence in the brain (9, 10).
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Fig. 2. DN45 is a full agonist of the hmGlu4 receptor. (A)Measurement of the change in TR-FRET induced upon stimulation with increasing concentrations of
L-AP4 (blue) or DN45 (red). (B) Measurement of the fraction of activated receptor by single-molecule FRET in basal/apo state (black) in the presence of
LY341495 (green), DN45 (red), or L-AP4 (blue). (C) Measurement of the rearrangement of the Gi protein in a BRET experiment upon stimulation with in-
creasing concentrations of L-AP4 (blue) and DN45 (red). (D) Measurements of the activation of the Gq pathway via transient overexpression of Gqi9 upon
stimulation with increasing concentrations of L-AP4 (blue), DN45 (red), or glutamate (black). (E) Measurements of the activation of the Gq pathway via
transient overexpression of Gqi9 upon stimulation with increasing concentrations of DN45 alone (red) or in the presence of LY341495 (i.e., 100 or 400 μM). (F)
Measurement of the activation of the Gq pathway upon stimulation with increasing concentrations of L-AP4 alone (blue) or L-AP4 with nonsaturating
concentrations (i.e., 5, 10, or 100 nM) of DN45. Data in A–F are mean ± SEM of three or more individual experiments. Statistical analysis for A–D was per-
formed using unpaired two-tailed t tests, and the statistical analysis of F was an ordinary one-way ANOVA with Dunnett’s multiple comparisons test (SI
Appendix, Tables S2 and S3).
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We first examined the binding of DN45 to the mGlu2-4 het-
erodimer using a combination of mGlu2 N-terminally labeled with
CLIP-tag and carboxyl-terminal GABAB1 endoplasmic reticulum
retention sequence C1KKXX (21) (CLIP-mGlu2-C1KKXX)
and mGlu4 N-terminally tagged with SNAP-tag and carboxyl-
terminal GABAB2 endoplasmic reticulum sequence C2KKXX (21)

(SNAP-mGlu4-C2KKXX). After labeling CLIP-mGlu2-C1KKXX
with Lumi4-Tb, binding of DN45 to the mGlu4 subunit should
generate a TR-FRET signal between the Lumi4-Tb on the mGlu2
subunit and the d2 acceptor on an anti-c-Myc-antibody that binds
to DN45 (Fig. 5A). A very low signal could be detected under
basal condition that almost disappeared in the presence of the
competitive antagonist LY341495 (Fig. 5B). However, a large signal
could be measured in the presence of the mGlu4 agonist L-AP4,
the general mGlu agonist glutamate, or the mGlu2 selective ag-
onist LY379268 (Fig. 5B), revealing binding affinities of 5.0 nM,
3.1 nM, and 7.4 nM, respectively, close to the KD measured on the
agonist-occupied mGlu4 homodimers (3.1 nM).
The effect of DN45 on the conformation of the mGlu2-4

heterodimer was then examined. Using CLIP-mGlu2-C1KKXX
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Fig. 3. Residues in lobe 2 of the human mGlu4 VFT confer subtype selec-
tivity to DN45. (A) Front view of the closed conformation of the VFT of the
human mGlu4 receptor, stabilized by DN45 (red) in the best-scored non-
constrained docking followed by the 10-ns molecular dynamics simulation.
Residues on the surface of the mGlu4 VFT that are specific for the human
ortholog are highlighted in purple (side chains). (B) Binding of DN45 was
determined in the TR-FRET binding assay as illustrated in Fig. 1A with human
wild-type (hmG4) and mutated mGlu4 receptors (i.e., hmG4 I318S, hmG4
H323R, or hmG4 D485G) in the presence of 1 μM L-AP4. (C) Activation of the
Gq pathway by hmG4, hmG4 I318S, hmG4 H323R, and hmG4 D485G with
increasing concentrations of DN45. (D) Binding of DN45 to mutated rat
mGlu4 receptors rmG4-5M (KD = 22.8 nM), rmG4-4MA (KD = 10.4 nM), and
rmG4-4MB (KD = 13.6 nM) is not significantly different from binding to
hmG4 (KD = 5.4 nM), and no binding is observed for rmG4-3M, rmG4-2M,
rmG4-M1, or rmG4. (E) DN45 activation of the Gq pathway by rmG4-5M,
rmG4-4MA, and rmG4-4MB. Data in B–E are mean ± SEM of three or more
individual experiments. The KD values and statistical analysis for B–E was
performed using an ordinary one-way ANOVA with Dunnett’s multiple
comparisons test and are presented in SI Appendix, Tables S1 and S2.
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Fig. 4. DN45 agonist activity needs interactions with lobe 1 of the VFT. (A)
A front view of the interactions between DN45 and lobe 1 and lobe 2 of the
human mGlu4 receptor. Residues on lobe 1 in the loop spanning from H371
to E401 and residues I318, H323, and D485 are highlighted in purple (side
chains). (B) A zoomed-in view of the loop comprising residues H371 to E401.
(C) IP-1 production by L-AP4 (blue) and DN45 (red) of a human mGlu4 re-
ceptor bearing an N-glycosylation site at N399. (D) Effect of L-AP4 (blue) and
DN45 (red) on IP-1 production by a human mGlu4 receptor bearing three
mutations (i.e., R391M, R393W, and A399K). (E) Effect of L-AP4 (blue) and
DN45 (red) on a human mGlu4 receptor bearing four mutations (i.e., H371E,
R391M, R393W, and A399K). (F) Effect of L-AP4 alone (filled circles) and in
the presence of 100 nM DN45 (open squares) on the activity of the qua-
druple hmGlu4 receptor mutant. Data of C–F are mean ± SEM of three in-
dividual experiments. Statistical analysis of C and F was performed using an
unpaired one-tailed t test (SI Appendix, Table S2).
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labeled with O6-benzylcytosine (BC)-Lumi4Tb and SNAP-mGlu4-
C2KKXX labeled with BG-Green, only the heterodimer generates
a TR-FRET signal that is largely decreased upon activation (10,
18). As previously reported, the mGlu2 agonist LY379268 acti-
vated the heterodimer, while the mGlu4 agonist L-AP4 remains
very partial (10, 18). DN45, on the other hand, could not activate
the mGlu2-4 by itself (Fig. 5C). However, in the presence of 5% of
the maximal effective concentration (EC5) of LY379268 (50 nM),
DN45 could activate the receptor, revealing a clear PAM effect
(Fig. 5C). Indeed, DN45 largely increased the potency of the
mGlu2 agonist LY379268 (Fig. 5D), demonstrating its potent pure
PAM effect on the mGlu2-4 heterodimer.

Discussion
The mGlu4 receptor has been proposed as a potential drug target
for the treatment of Parkinson’s disease (12, 22, 23) or pain (15).
In the brain, mGlu4 can be found in a homodimeric form or as-
sociated with other mGlu subunits, like mGlu2, in heteromeric
complexes. Using ligands with different properties at mGlu4
homo- and heterodimers, evidence has been provided supporting
homodimers as the best targets for Parkinson’s disease treatment
(13). However, the respective role of both types of mGlu4 containing
receptors remains to be clarified (8–10). In the present study, we
report an mGlu4 nanobody with selective agonist activity at

mGlu4 homodimers and with a pure PAM action on the mGlu2-4
heterodimers.
Nanobodies have become popular in pharmaceutical research.

They have a high specificity and affinity and can stabilize specific
conformations of their targets. Due to their small size compared
to traditional IgG (∼15 versus ∼150 kDa), nanobodies have several
advantages like lower immunogenicity, better pharmacokinetics,
and the possibility to reach smaller cavities in proteins (3, 4). As
such, nanobodies can stabilize specific conformations of their
target, being interesting tools for structural studies (1) and inno-
vative pharmacological agents (24). Moreover, some nanobodies
can cross the blood–brain barrier and can then be used to target
the central nervous system (25). Of course, nanobodies may have a
much better subtype selectivity than orthosteric ligands acting at a
binding site often conserved in various receptor subtypes activated
by the same natural ligand. Most recently described nanobodies
with pharmacological action at GPCRs act as antagonists (26, 27),
as does the first Food and Drug Administration (FDA)-approved
nanobody, caplacizumab (24).
Recently, nanobodies acting as selective PAMs for mGlu2 (11)

and mGlu5 (28) homodimers were reported, the former having
in vivo activities. Both nanobodies were found to stabilize the
agonist-bound active orientation of the two VFTs of the dimers,
with the mGlu2 nanobodies acting at the active interface of the
VFTs (11), while the mGlu5 one acts on a loop on the top of the
mGlu5 VFT (28). Here, we identified the mode of action of
DN45 by combining state-of-the-art modeling and docking ap-
proaches and mutagenesis. We show that DN45 can stabilize the
closed active state of each VFT in the mGlu4 homodimer, as the
binding epitope includes residues from both lobe 1 and lobe 2.
DN45, like L-AP4, increases the same proportion of mGlu4 in
the active conformation, as shown by smFRET in the total ab-
sence of glutamate, demonstrating an agonist activity equivalent
to that of L-AP4. While the primary binding epitope is located
on lobe 2, further interaction between the VFT and DN45 occurs
upon spontaneous closure of the VFT. These additional contacts
increase the affinity of DN45 and lead to stabilization of the active
state of the receptor, as does the agonist. This model is well sup-
ported by the observation that preventing contact between lobe 1
and the nanobody through mutations converts the nanobody into an
antagonist or an inverse agonist, stabilizing the inactive receptor by
preventing VFT closure. Taken together, our data confirm that
stabilizing the closed VFTs is sufficient for receptor activation
even in the absence of glutamate. Such a mode of action is, then,
different from what has been proposed for the mGlu2 and mGlu5
PAM nanobodies and reveals ways for the development of se-
lective agents acting at a specific mGlu subtype.
When tested on the mGlu2-4 heterodimer, DN45 was found

unable to activate the receptor on its own. In contrast to the mGlu4
homodimer, on which two nanobodies are likely acting (one per
VFT), only one is expected to bind to the heterodimer, on the
mGlu4 VFT only. The fact that the nanobody cannot activate such
a heterodimer suggests that the mGlu4 VFT may have less
tendency to spontaneously close when associated with mGlu2.
One may also consider the positive allosteric effect between each
VFTs (21). The transient closure of one VFT may facilitate the
closure of the other such that binding of a first nanobody may
facilitate the binding of the second one in the homodimer, leading
to the stabilization of the active state without agonist and then to
the full agonist activity. Such an allosteric process is unlikely to
occur in the heterodimer in the presence of DN45 alone, since
DN45 only acts on one VFT. In agreement with this model, ag-
onist binding in the mGlu2 VFT largely favored DN45 binding on
the mGlu4 subunit. Such a model is consistent with the pure PAM
effect of DN45 observed on the mGlu2-4 heterodimer.
Such a PAM action of DN45 on mGlu2-4 is also consistent with

the effects of group-III agonists acting at the mGlu4 VFT. Indeed,
L-AP4 could barely activate the heterodimer, while it largely
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Fig. 5. DN45 acts as a positive allosteric modulator on heterodimeric mGlu2-
4. (A) A cartoon representing a TR-FRET–based assay to measure binding of
DN45 to the mGlu2-4 heterodimer using CLIP-mGlu2-C1KKXX and SNAP-
mGlu4-C2KKXX. (B) Binding of DN45 tomGlu2-4 alone (red), in the presence of
100 μM mGlu4 antagonist LY341495 (light blue), of 1 mM glutamate (green),
of 10 μM LY379268 (orange), or of 10 μM L-AP4 (blue). (C) Activation of the
mGlu2-4 heterodimer by DN45 alone (red) or in the presence of the mGlu2
agonist LY379268 (50 nM) measured by a TR-FRET biosensor using CLIP-mGlu2-
C1KKXX and SNAP-mGlu4-C2KKXX, labeled with 1 μM BC-Green and 100 nM
BG-Lumi4Tb. Values are normalized to the maximal response to LY379268. (D)
The response of LY379268 (filled circles) on the TR-FRET biosensor is potenti-
ated by 10 μM DN45 (open squares). Values are normalized to the maximal
response to LY379268. Data of B–D are mean ± SEM of three or more indi-
vidual experiments. Statistical analysis of B was performed using an ordinary
one-way ANOVAwith Tukey’s multiple comparisons test, and analysis of Dwas
performed using an ordinary one-way ANOVA with Dunnett’s multiple com-
parisons test (SI Appendix, Tables S1 and S2).
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potentiates the effect of an mGlu2 agonist (10, 29). This supports
the idea that the closure of the mGlu2 VFT is the driving force for
the activation of the mGlu2-4 heterodimer that is then further
stabilized in the active state through the closure of the mGlu4
VFT by DN45.
This model points to a transactivation mechanism within the

mGlu2-4 receptor, as the mGlu4 TMD is mainly responsible for
G-protein activation in this heterodimer (30). This is then similar
to what is well established for the GABAB receptor in which
GABA stabilizes the closed state of the GB1 VFT, leading to the
G-protein activation by the GB2 7TM (31).
Overall, we describe a nanobody with a full agonist action at a

GPCR. Such a tool will be useful to solve the active structure of
human mGlu4. We show DN45 acts by stabilizing the closed state
of the mGlu4 VFT by a distinct mode of action compared to other
nanobodies that enhance the activity of class C GPCRs. Our study,
then, provides insight into the activation mechanism of mGlu4 and
mGlu2-4 receptors and illustrates how powerful nanobodies can
be to decipher the function of these different receptor subtypes.

Materials and Methods
Information on materials, llama immunization, selection, production, and
purification of DN45, mutagenesis, cell culture and transfection, labeling of
CLIP and SNAP-tag, the DN45 binding and selectivity assay, the IP-1

accumulation assay, the mGlu4 and mGlu2-4 biosensor assay, the BRET assay,
statistical analysis, single-molecule FRET approach, and molecular modeling
is provided in SI Appendix.

Data Availability. All data and associated protocols are available in the main
paper and the SI Appendix. Materials described in this study are available
upon request (to J.-P.P.).
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