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Abstract
G protein–coupled receptor (GPCR) oligomers have been proposed to play critical roles in cell
signaling, but confirmation of their existence in a native context remains elusive, as no direct
interactions between receptors have been reported. To demonstrate their presence in native tissues,
we developed a time-resolved FRET strategy that is based on receptor labeling with selective
fluorescent ligands. Specific FRET signals were observed with four different receptors expressed
in cell lines, consistent with their dimeric or oligomeric nature in these transfected cells. More
notably, the comparison between FRET signals measured with sets of fluorescent agonists and
antagonists was consistent with an asymmetric relationship of the two protomers in an activated
GPCR dimer. Finally, we applied the strategy to native tissues and succeeded in demonstrating the
presence of oxytocin receptor dimers and/or oligomers in mammary gland.

G protein–coupled receptors (GPCRs) represent the largest protein family and play key roles
in cell-cell communication. Their implication in dimeric or higher-order oligomeric GPCR
complexes1 in living cells is the subject of intense research that has yielded new insights
into the precise regulation of cell signaling. However, despite extensive evidence regarding
the formation and the dynamics of GPCR dimers in transfected cells, their actual
physiological role will remain elusive until more is known about these signaling complexes
in their native context. Performing analyses of GPCR interactions in a native environment
has so far proven a significant challenge2.

To investigate the existence of GPCR complexes in native tissues, various approaches such
as atomic force microscopy3, co-immuno-precipitation4 and binding or functional assays5–8

have been used. The most convenient methods to monitor interactions are based on
resonance energy transfer performed with labeled proteins. In contrast to GPCRs expressed
in heterologous expression systems and fused with peptide tags or fluorescent proteins, the
sequence and the expression level of receptors in native context cannot be modified except
by knock-in strategies, making the molecular engineering of labeling approaches more
difficult. However, the labeling can be performed by selective probes2 such as antibodies or
fluorescent ligands9,10. Because various types of ligands (agonists, antagonists) can be used,
fluorescent ligands can also provide information about the active versus inactive states of
GPCR species within the oligomeric complexes.

Such an approach has never been applied to native tissues because of insufficient sensitivity
and signal-to-noise ratio. Here we succeeded in developing a time-resolved fluorescence
resonance energytransfer(TR-FRET)–based approach that offers a much higher signal-to-
noise ratio11. We validated the strategy using various sets of fluorescent ligands in
transfected cells expressing receptors that have been shown to dimerize: the peptide
vasopressin (AVP) V1a, V2 and oxytocin receptors12–14 as well as a biogenic amine
receptor, the dopamine D2 receptor15–18. Because most FRET methods do not strictly
distinguish between dimers and higher-order oligo mers, we will refer throughout to the
term ‘dimer’, as it represents the minimal oligomeric arrangement. On the basis of the
cooperative binding of various ligands15,16,18,19, we demonstrated that the ligand binding–
dependent FRET signal results from receptor dimerization. We also carried out experiments
on mammary gland native tissues, either on membrane preparations or on patches of organs
that express oxytocin receptors, and demonstrated, for the first time, GPCR dimerization in
native tissues. The existence of GPCR dimers and their asymmetric organization in an
activated signaling unit may provide an explanation for the difference in FRET efficacies
that we observed between antagonists and agonists.
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RESULTS
FRET between antagonists on AVP and oxytocin receptors

Much effort has been devoted to trying to use ligands derivatized with short-life
fluorophores9,10,20,21 to detect receptor dimers through FRET between ligands (Fig. 1a).
However, this approach has been mostly unsuccessful and does not allow quantitative
assessment of the interactions because of poor signal-to-noise ratios. Therefore, we decided
to use fluorophores compatible with homogeneous time-resolved FRET (HTRF), which
have numerous advantages. (i) Homogeneous time-resolved FRET (HTRF) is based on an
energy transfer between a lanthanide (europium or terbium) and a compatible fluorophore.
Because of lanthanide’s long-lasting fluorescence (>800 μs), the fluorescence of acceptors
engaged in a FRET with lanthanides can be measured after a time delay. By contrast, short-
life fluorescence resulting from the direct excitation of acceptors or any fluorophores present
in the medium or bio logical preparation is not measurable after this time delay. Therefore,
with HTRF, experiments can be performed in homogeneous conditions. (ii) The Förster
distances of the fluorophore pairs, which consist of a lanthanide cryptate (either europium
pyridine bisbipyridine (Eu-PBBP) or Lumi4-Tb) and Alexa Fluor 647 (Alexa-647) or
Alexa-488, are between 65 Å and 46 Å and thus are compatible with FRET between two
ligands bound to a dimer (Fig. 1a). (iii) HTRF provides an increased signal-to-noise ratio
because of the time- resolved condition and its excellent spectral compatibilities11,22. (iv)
Finally, there is minimal orientation constraint of the fluoro-phores engaged in FRET23.

We first chose to develop this strategy using vasopressin and oxytocin receptors, as various
high-affinity ligands for these receptors have been derivatized with classic fluorophores and
characterized24. We have previously reported that, depending on the antagonist considered,
either positive cooperative binding processes or no cooperative binding can be observed, in
both cases indicating that the antagonist is able to bind two sites within a dimer19.
Therefore, we derivatized one of them, phenylpropionyl linear vasopressin ([Lys8]PVA),
and synthesized HTRF-compatible fluorescent antagonists20: [Lys8(Eu-PBBP)] PVA (1) and
[Lys8(Alexa-647)]PVA (2) (Supplementary Table 1 and Supplementary Methods for
structures).

FRET signals could easily be detected with the fluorescent antagonists (with concentrations
up to 3 × Kd for 1 and 2, corresponding to about 86% of receptor occupancy) on cells
expressing vasopressin V1a or oxytocin receptors (Fig. 1). It was clear that the FRET signal
resulted from the interactions of these ligands with receptors because (i) it was fully
inhibited by an excess of unlabeled competitor and was not observable on mock cells (Fig.
1b); (ii) inhibition with an increasing concentration of vasopressin led to a sigmoid curve
with a half-maximal inhibitory concentration (IC50) 2.1 ± 0.2 nM, corresponding to its
known affinity for the V1a receptor25 (Fig. 1c); (iii) the FRET signal was proportional to the
amount of receptor over a wide range of receptor amount per well (Fig. 1d); and (iv) the
FRET signal followed a bell-shaped curve as the 1/2 concentration ratio was increased (Fig.
1e). Indeed, in the presence of an excess of acceptor- or donor-labeled ligand, most receptor
dimers are expected to be labeled with the same ligand species, leading to a very low FRET
signal. By contrast, a correct ratio of both types of ligands, leading to the binding of both
ligands to a receptor dimer, resulted in a maximal FRET signal. Altogether, these data
demonstrate a close proximity between binding sites in the cases of vasopressin and
oxytocin.

Similar results were obtained with the V2 receptor expressed in Cos7 cells using another set
of fluorescent antagonists created using a second modified vasopressin,
d(CH2)5[DTyr(Et)2,Ile4, Eda)9]VP, with Lumi4-Tb as donor (d(CH2)5[DTyr(Et)2,Ile4,Eda
(Lumi4-Tb)9]VP (3) and Alexa-488 as acceptor (d(CH2)5[DTyr
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(Et)2,Ile4,Eda(Alexa-488)9]VP (4)) (see Supplementary Fig. 1, Supplementary Table 2 and
Supplementary Methods for structures).

Less FRET with agonists on AVP and oxytocin receptors
We have reported that, in contrast to the above data consistent with two antagonists being
able to bind on the V1a or oxytocin receptor dimer, agonists bind with a stoichiometry of one
agonist per dimer, independently of the coupling to a G protein19. Moreover, the maximal
binding measured by satu ration experiments with tritiated vasopressin was about half of that
measured with the tritiated antagonist26, consistent with negative cooperativity of agonist
binding. We therefore compared the FRET signals obtained with fluorescent agonists and
antagonists. From an analog of vasotocin (VT), new fluorescent agonists HO-
[Thr4,Orn8(Eu-PBBP)]VT (5) and HO-[Thr4,Orn8(Alexa-647)]VT (6) were synthesized, and
both showed high affinities for oxytocin receptors (Supplementary Table 1 and
Supplementary Methods for structures). In contrast to antagonists, the fluorescent agonists
(up to 5 × Kd for 5 and 10 × Kd for 6) led only to very weak FRET signals when membrane
preparations from transfected cells were used (Fig. 1e). The lower signal obtained with
agonists did not result from an agonist-induced dissociation of the dimers into monomers.
Indeed, unlabeled agonist, AVP, did not affect the dimeric state of the receptors, as shown
by TR-FRET signal measured between two receptors carrying fluorescent Snap-tags at their
extracellular ends27 (Fig. 1f).

FRET between ligands on the dopamine D2 receptors
As other receptors have ligand-cooperative binding and dimerization processes, similar
FRET results should be observed for other GPCR models. We focused on the dopamine D2
receptor, for which cooperative binding properties independent of G-protein coupling and
related to receptor dimerization have been reported15–18. We deri-vatized two sets of
fluorescent ligands with terbium (Lumi4-Tb) as a donor and the fluorophore d1 as an
acceptor (see Supplementary Methods for the spectral properties of the fluorophore).
Fluorescent antagonists were obtained from N-(p-aminophenethyl)spiperone (NAPS) (7),
leading to the synthesis of NAPS(Lumi4-Tb) (8) and NAPS(d1) (9), and fluorescent agonists
were obtained from (±)-4′-amino-2-(N-phenethyl-N-propyl)-amino-5-hydroxytetralin
(PPHT) (10), leading to PPHT(Lumi4-Tb) (11) and PPHT(d1) (12) (see Supplementary
Methods for structures and Supplementary Table 3 for their binding properties). It is
noteworthy that Lumi4-Tb, which is brighter than europium cryptates, leads to a larger
FRET signal. As for the vasopressin receptor, incubation of cells expressing the D2 receptor
with both labeled antagonists (8 and 9) led to a FRET signal sensitive to the presence of
unlabeled ligand (Fig. 2a, b). The IC50 of the sigmoid competition curve (1.9 nM ± 0.9)
correlates well with the affinity of the ligand reported previously. FRET efficacy was
constant over a wide range of receptor densities, as the FRET signal changed linearly with
receptor expression (Fig. 2c). Finally, variation of the 8/9 antagonist ratio led to a bell-
shaped curve (Fig. 2d). Notably, a smaller FRET signal was observed with the fluorescent
agonists (11 and 12), whatever the concentration used. The weaker signal did not result from
an inability of agonists to enter into a FRET, as incubation with 8 and 12 or with 9 and 11
resulted in a significant FRET. Finally, we also performed TR-FRET experiments using the
Snap-tag technology27. The addition of an excess of agonists or antagonists did not
significantly modify the FRET signal, suggesting that agonists do not destabilize dimers and
that antagonists do not promote dimer formation (Fig. 2e). The difference in FRET efficacy
between agonists and antagonists for the dopamine D2 receptor is very similar to the one
observed for the vasopressin receptor, demonstrating that our results are not restricted to a
single GPCR family.
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Detection of FRET signals in native tissues
To investigate the presence of dimers in native tissues, we carried out our study on an organ
with high expression levels of a GPCR and large quantities of tissue, allowing binding and
FRET studies. We focused on the mammary glands of lactating rats, which express high
densities of oxytocin receptors (1–3 pmol mg−1 protein) and, to our knowledge, no
vasopressin receptor. Similarly to vasopres-sin and oxytocin receptors expressed in a
heterologous expression system, oxytocin receptors expressed in native tissues show
cooperative binding. This is illustrated by saturation experiments performed with the
antagonist [125I]OTA, which showed saturation curves with a Hill coefficient greater than 1
(1.19 ± 0.08) (Fig. 3a) and convex Scatchard curves (Fig. 3a, inset), consistent with positive
cooperative binding19,28,29. By contrast, saturation experiments (Fig. 3b) performed with
tritiated oxytocin ([3H]OT), the natural agonist, yielded a concave Scatchard plot with a Hill
coefficient of 0.53 ± 0.01 (Fig. 3b, inset). Dissociation kinetics experiments indicated that
the apparent heterogeneity is likely due to negative receptor cooperativity rather than to the
coexistence of multiple independent binding sites7,19,30. Indeed, an excess of unlabeled
oxytocin (1 μM) changed the [3H]OT dissociation kinetics (Fig. 3c) from a two-phase
exponential decay to a one-phase exponential decay. The impact of an excess of oxytocin on
the second dissociation phase is illustrated in Figure 3d.

FRET signals could easily be detected with the fluorescent antagonists 1 and 2 on mammary
gland membranes (Fig. 4). As in cell lines, it was clear that these FRET signals resulted
from the interactions of these ligands with receptors because (i) the ligands were sensitive to
unlabeled competitor and not observed on a mixture of membrane samples labeled with
either 1 or 2 (Fig. 4a and Supplementary Fig. 2), and (ii) the FRET signal is proportional to
the receptor amount over a wide range (Fig. 4b) and then decreases when the receptor
amount is too high to be occupied by both ligands. Moreover, the FRET signal followed a
bell-shaped curve when the 1/2 concentration ratio increased (Fig. 4c, black squares),
indicating that FRET is observable when both ligands bind on a receptor dimer. Altogether,
these data demonstrate close proximity between oxytocin binding sites in native tissues.

In contrast to antagonists, and in agreement with negative cooperative binding observed for
agonists, the fluorescent agonists 5 and 6 (up to 5 × Kd for the donor and 10 × Kd for the
acceptor) led only to very weak FRET signals on membranes from mammary gland (Fig. 4c,
white squares). We observed that the linear dependence of the FRET signal on native tissue
membrane concentration was steeper with antagonists than with agonists, indicating a much
lower FRET efficacy with the latter (Fig. 4b). Finally, the absence of a high FRET signal
between agonists did not result from quenching, as 5 and 6 were able to generate FRET
signals when associated with 2 and 1, respectively (Fig. 4d). All these data suggest a lower
tendency for two agonists to bind simultaneously to the same receptor dimer.

Although it is unlikely, we cannot exclude the possibility that the FRET signal we observed
on membrane preparations results from receptor complexes in intracellular compartments,
such as endoplasmic reticulum or Golgi membranes, rather than receptors in the plasma
membrane at the cell surface. To address this, we performed FRET experiments on patches
of organs (Fig. 5), which preserve the tissue organization. In these conditions, the
preparation autofluorescence was so high that we had to use Lumi4-Tb as a fluorescent
donor ([Lys8(Lumi4-Tb)]PVA (13)), as it is brighter than europium cryptate, as mentioned
above. We first verified that the substitution of Lumi4-Tb for europium cryptate in the
antagonist did not affect its ability to FRET after binding to recombinant receptor dimers
(Supplementary Fig. 3). Incubation of patches with donor and acceptor antagonists led to a
significant FRET signal. This signal is decreased in the presence of an excess of oxytocin (1
μM) and not affected by glucagon-like peptide 1 (GLP1), which shows no affinity for the
oxytocin receptor. Mammary gland patches were also incubated with the same concentration
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of d(CH2)5[DTyr(Et)2,Ile4,Eda(Lumi4-Tb)9]VP (3) and
d(CH2)5[DTyr(Et)2,Ile4,Eda(Alexa-647)9]VP (14), the latter showing a poor affinity for the
oxytocin receptor. In such conditions, the FRET measured is not affected by an excess of
oxytocin and is equal to the nonspecific signal previously observed. Finally, incubation of
patches of brain or skeletal muscle, which do not express or only weakly express
vasopressin V1a or oxytocin receptors, with fluorescent oxytocin antagonists (13 and 2) did
not give any significant FRET signal. We therefore conclude that we have measured specific
labeling of oxytocin receptor dimer expressed at the mammary gland cell surface.

DISCUSSION
Proving the existence of GPCR dimers in native tissues remains a major challenge. Here we
have succeeded in demonstrating that ligands conjugated to TR-FRET–compatible
fluorophores can be used to validate the existence of GPCR dimers. As mentioned above,
various criteria such as the binding of fluorescent ligands on the receptors, the competition
with unlabeled ligand and the competition between fluorescent ligands have been used by
the authors to demonstrate the specificity of the signal through experiments performed on
four different receptors in transfected cells.

We considered different hypotheses before concluding that a specific FRET signal was due
to receptor dimerization. However, (i) the difference between FRET signal obtained with
agonists and with antagonists strongly supports the idea that the signal does not result from
collision of a monomeric receptor moving into the membrane but from receptor
dimerization; indeed, the same level of occupancy of the receptor by agonists and
antagonists should lead, in the collision hypothesis, to the same FRET signal amplitude,
which is obviously not the case. (ii) We have also shown that the weak FRET signal
obtained with agonists does not result from dimer dissociation subsequent to agonist
binding, at least for receptors expressed in cell lines. (iii) Owing to the encaging of
lanthanides, the donor dipole is not constrained, suggesting that the low agonist time-
resolved FRET is not due to incompatible fluorophore orientation23. (iv) The decreased
FRET efficacy is not due to a longer distance between the fluorophores, as, in regard to
vasopressin and oxytocin receptors, evidence suggests that agonists and antagonists dock in
the receptor binding pocket in a very similar manner. For example, peptide antagonists and
agonists of vasopressin and oxytocin receptors can easily be derivatized with bulky groups
on residue 8 or, to a lesser extent, residue 9, whereas derivatization on any other position
results in a loss of affinity21. This indicates that the side chains of residues 8 and 9 point to
the extracellular domain, whereas the other residues are more deeply embedded in the
binding pocket. Moreover, computational modeling validated by mutagenesis, binding and
site-specific photolabel-ing experiments has shown a similar docking of peptide agonists or
antagonists31–34. A decrease in agonist FRET signal due to a variation in distance between
the fluorophores is therefore unlikely. (v) Although the difference between agonists and
antagonists could result from the quenching of the fluorescence of the bound agonists, this is
unlikely, as the difference has been observed for the three receptors, one of which (the D2
receptor) greatly diverges in its sequence from the other two (V1a and oxytocin receptors),
with two sets of agonists and antagonists and both peptidic and non-peptidic ligands. In such
conditions, it seems very improbable that similar quenching phenomena would be
systematically observed with agonists and not with antagonists. (vi) Finally, the weak FRET
signal with agonists does not result from receptor internalization, as all the experiments have
been carried out at 4 °C and, as shown by confocal microscopy, internalization of the
oxytocin receptor labeled with the same agonist derivatized with tetramethylrhodamine,
which occurs normally at 37 °C, is blocked at 4 °C35.
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Our FRET data are, however, consistent with a variation in the ligand–receptor dimer
stoichiometry, with two antagonists per dimer leading to a strong FRET signal and
preferential binding of one agonist per dimer (or a ligand–binding site stoichiometry of less
than 1, if we consider higher-order oligomers) resulting in a weak FRET signal. Notably,
this hypothesis is in accordance with the binding data of the vasopressin and the dopamine
D2 receptor models: positive or no cooperative binding for some antagonists19 and negative
cooperative binding for agonists18,36 that are insensitive to G-protein coupling. In theory,
increasing the concentration of agonist should lead to the saturation of all the binding sites
and therefore should result in a FRET signal equivalent to that with antagonists. However,
increasing the concentration of fluorescent agonists above 10 nM generates a high,
nonspecific, dynamic FRET signal preventing the observation of any specific FRET signal
(see Methods). Moreover, as some antagonists have negative binding cooperativity15,18, it
would be interesting to test their fluorescent derivatives in FRET experiments.

Although the generalization of our conclusions to other GPCRs remains to be established,
our results should be related to those obtained in other heterologous expression systems that
strongly suggest (i) that one agonist is sufficient to trigger G-protein activation18,36–38; (ii)
that there exists a conformational switch between protomers within a dimer39,40; (iii) that
negative cooperative binding of agonists on other GPCRs occurs7,41; and (iv) that the GPCR
dimer active state is asymmetric18,36,42,43.

The strength of the FRET strategy in the context of fluorescent ligands is in its applicability
to native tissues without any modification of the receptor sequence. The results obtained on
mammary glands are very similar to those obtained in cell lines: that is to say, the specific
FRET signal measured is dependent on the oxytocin receptor expression, is abolished in the
presence of unlabeled oxytocin, and possesses intensity consistent with the positive and the
negative binding cooperativity observed for the antagonists and the agonists, respectively.
Finally, as for oxytocin receptors expressed in a cell line, FRET experiments carried out on
patches of native tissues demonstrated the specificity of the signal. All these data have led to
our conclusion that oxytocin dimers exist in native mammary gland tissue.

Various data obtained on different GPCR families support receptor dimerization: (i)
cooperative ligand binding has been reported, for example, for cardiac muscarinic5,6 and
chemokine receptors41,44; (ii) synergism between ligands to activate different receptors has
been observed45,46; (iii) the effects of bifunctional ligands for opioid receptors in vivo have
been reported47; and (iv) the targeting of α1D adrenergic receptor to the cell surface,
dependent on α1B receptor expression48, correlated to a decrease of α1D receptor–ligand
affinity in α1B receptor knockout mice. All these data are consistent with GPCR
dimerization, but no previous evidence for direct physical interaction of GPCRs in native
tissue has been reported, and alternative hypotheses have been proposed to explain some of
these effects49,50. Here we succeeded in demonstrating the interaction between oxytocin
receptors, establishing the existence of dimers in native tissues.

This approach allows us not only to demonstrate the proximity of receptor protomers in a
dimer, but also, unlike with BRET or FRET approaches with fusion proteins or antibodies to
tags, to establish the functionality of these protomers. Indeed, our results revealed an
asymmetry of oxytocin and dopamine protomers within a dimer as soon as one agonist binds
to the receptor. The existence of receptor dimers in native tissues raises the question of their
functional role. Although this hypothesis is still somewhat speculative, receptor asymmetry
might be a mechanism for differential coupling and/or for the enlargement of the range of
agonist concentration that generates a cellular response.
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In conclusion, the specific recognition of such ligands by GPCRs, as well as their smaller
size compared to antibodies or luminescent proteins, make them very attractive tools for the
study of protein complexes. In association with the time-resolved FRET strategy, such
ligands will offer a way to demonstrate the existence of GPCR complexes in a physiological
context and to study their function. Because numerous fluorescent peptide and non-peptide
ligands showing high affinities for their various cognate receptors have already been
developed, the time-resolved FRET approach described here can readily be adapted to other
receptors.

METHODS
Ligand syntheses, cell culture, membrane preparations and radioligand binding assays are
described in Supplementary Methods.

Homogeneous time-resolved FRET assays
These experiments involve the transfer of energy from a donor europium cryptate pyridine-
bipyridine (Eu-PBBP) or Lumi4-Tb to an acceptor Alexa-647 or d1. Antagonists and
agonists were labeled with Eu-PBBP or Lumi4-Tb or with Alexa-647 or d1 (see
Supplementary Methods). HTRF experiments were performed on transiently transfected
Cos7 cells distributed into a black 96-well assay plate (Costar) at a density of 100,000 cells
per well, on membrane preparations (20 to 300 μg per assay) from Cos7 or CHO cells
expressing vasopressin or oxytocin receptors, and on mammary gland membrane
preparations.

HTRF experiments were carried out in 100 μl for cells and 200 μl for membranes with the
following medium: Tris-Krebs buffer (20 mM Tris-HCl, 118 mM NaCl, 5.6 mM glucose,
1.2 mM KH2PO4, 1.2 mM MgSO4, 4.7 mM KCl, 1.8 mM CaCl2, pH 7.4) supplemented
with 0.1% (w/v) BSA and 0.1% (w/v) glucose. Cells or membranes were incubated with the
fluorescent donor- and acceptor-labeled ligands. Unless otherwise stated, the ligands were
used at a concentration equal to the Ki of the ligand for each receptor.

As a negative control, Cos7 cells or membranes were incubated only with the donor
fluorophore–labeled ligand. The addition of an excess of unlabeled ligand or mock
membrane preparations resulted in a nonspecific signal.

After an overnight incubation at 4 °C to avoid internalization processes, preparations were
excited at 337 nm (the excitation wavelength of europium cryptate) and fluorescence
emissions were measured at 620 nm (the emission wavelength of europium cryptate) and at
665 nm (the emission wavelength of Alexa-647) on a RUBYstar fluorometer (BMG
Labtechnologies). A 400-μs reading was measured after a 50-μs delay to remove the short-
life fluorescence background from the signal. The specific FRET signal was calculated using
the following equation:

where R is the ratio (665 nm/620 nm) calculated for each assay and RNeg is the same ratio
for the negative control (donor alone). It is noteworthy that concentrations of donor
(europium cryptate or Lumi4-Tb)- or acceptor (Alexa-647 or d1)-labeled peptide cannot
exceed 5 nM and 10 nM, respectively, as higher concentrations result in a large nonspecific
signal.
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Time-resolved FRET experiments with agonists
The signal-to-noise ratio in time-resolved FRET experiments is strongly dependent on the
concentration of donor and acceptor. The higher the concentrations, the lower the signal-to-
noise ratio. Indeed, high concentrations of donor and acceptor lead to dynamic FRET
because of the collision between the fluorophores. Saturation of the ligand-binding sites with
agonists requires high concentrations of ligands, thus leading to a very low signal-to-noise
ratio in homogeneous conditions. Experiments in heterogeneous conditions have also been
performed, but the time necessary for washing steps is not compatible with the dissociation
kinetics of agonists from the second binding site, preventing any observation of a significant
FRET signal.

Homogeneous time-resolved FRET assays on native tissue patches
The same procedure was applied on patches of tissues. After the lactating rats were killed,
tissues (mammary gland, brain, kidneys and skeletal muscles) were rapidly removed and
kept in cold Tris-Krebs buffer supplemented with 0.1% (w/v) BSA and 0.1% (w/v) glucose.
Connective tissues, if any were present, were carefully removed, and patches consisting of
3-mm3 pieces were prepared from the various tissues. The whole dissection did not take
more than 1 h. All the ligands were prepared in ice-cold medium. Patches and ligands were
added together in a black, 96-well plate for overnight incubation at 4 °C. Data analysis was
performed as followed:

Fluorescence of all samples was read at 620 nm (the emission wavelength of Lumi4-Tb
donor) and 665 nm (the emission wavelength of the acceptors) after excitation of the
samples at 340 nm (the excitation wavelength of Lumi4-Tb donor). The ratio of the
fluorescence (665/620) was calculated for each sample and the ΔF parameter was calculated
as described above, RNeg being the ratio determined in the presence of donor and the
absence of acceptor. In these conditions, ΔF%Neg = 0.

Snap-tag labeling and TR-FRET with compatible fluorophores
Experiments were performed as previously described27. In brief, 24 h after transfection,
cells (100,000 per well of a 96-well Greiner CellStar plate) were washed with DMEM and
10% (v/v) FBS and incubated in the presence of benzyl guanine conjugated with europium
cryptate (BG-K) (0.3 μM) and the d2 fluorophore (BG-d2) (0.5 μM) or with Lumi4-Tb (0.1
μM) and d2 (0.25 μM) for 1 h at 37 °C, 5% CO2 in the same labeling buffer as described
above. Cells were washed four times with labeling buffer. Time-resolved FRET signals were
measured at 665 nm with a 50-μs delay after laser excitation at 337 nm using a RUBYstar
plate reader (BMG Labtechnologies). The FRET signal is represented by the Δ665 value,
which is calculated using the following formula: Δ665 = (total signal at 665 nm) –
(background at 665 nm), where the background signal corresponds to that of cells labeled
with the donor fluorophore in the presence of unlabeled BG (0.5 μM).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FRET signal between antagonists bound to V1a or oxytocin receptors expressed in
heterologous expression systems
(a) Diagram illustrating the principle of FRET between ligands bound to GPCRs. (b) FRET
signal observed on Cos7 cells transiently transfected with V1a receptors or on mock cells
and labeled with [Lys8(Eu–PBBP)]PVA (1) (1.4 nM) and [Lys8(Alexa-647)]PVA (2) (0.7
nM) in the absence or presence of an excess of AVP (1 μM). (c) Inhibition of the FRET
signal by increased concentrations of AVP (IC50 = 2.10 ± 0.2 nM). (d) Influence of the
amount of receptor on the FRET signal. Experiments were performed with membrane
preparation of Cos7 cells or on stable CHO cell lines expressing V1a or oxytocin receptors.
Inset: same data at a different scale. (e) Variations in the FRET signal on membranes from
oxytocin receptor (OTR)–expressing CHO cells as a function of ligand concentration. Donor
ligands [Lys8(Eu–PBBP)]PVA (1) and HO-[Thr4,Orn8(Eu–PBBP)]VT (5) were used at 1.5
nM, with increasing concentrations of acceptor ligands ([Lys8(Alexa-647)]PVA (2) (black
symbols) and HO-[Thr4,Orn8(Alexa-647)]VT (6) (white symbols)). (f) Effect of AVP (1 nM
or 1 μM) on the FRET signal measured on Snap-tag–vasopressin V1a fusion receptors. Cells
were incubated in the presence of benzyl guanine conjugated with europium cryptate (BG-
K) (0.3 μM) and d2 (0.5 μM). Negative control has been provided by incubation of
membranes with BG-K (0.3 μM) and unlabeled benzyl guanine (0.5 μM). Illustrated data
are representative of at least three independent experiments performed in triplicate. Values
correspond to the mean ± s.e.m. AU, arbitrary units.
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Figure 2. FRET signal between antagonists bound to dopamine D2 receptors expressed in
heterologous expression systems
(a) FRET signal observed on Cos7 cells transiently transfected with D2 receptors or on
mock cells and labeled with NAPS(Lumi4-Tb) (8) (1 nM) and NAPS(d1) (9) (5 nM) in the
absence or presence of an excess of NAPS (7) (1 μM). (b) Inhibition of the FRET signal by
increasing concentrations of NAPS (IC50 = 1.9 ± 0.9 nM). (c) Effect of the variation of
receptor density in Cos7 cells on the FRET signal between either the fluorescent antagonists
NAPS(Lumi4-Tb) (8) (1 nM) and NAPS(d1) (9) (5 nM) (black squares) or the fluorescent
agonists PPHT(Lumi4-Tb) (11) (7 nM) and PPHT(d1) (12) (5 nM) (white squares). (d)
Comparison of FRET signals obtained with the various pairs of dopamine D2 receptor
ligands. Donor ligands, NAPS(Lumi4-Tb) (8) and PPHT(Lumi4-Tb) (11), were used at 1
nM and 7 nM, respectively. Acceptor ligand corresponds either to NAPS(d1) (9) or
PPHT(d1) (12). (e) Effect of NAPS (1 μM) or PPHT (1 μM) on the stability of the FRET
signal measured on dopamine D2 receptor fused at its N terminus to the Snap-tag sequence.
Cells were incubated in the presence of benzyl guanine conjugated with Lumi4-Tb (BG-
Lumi4-Tb) (100 nM) and d2 (BG-d2) (250 nM). Negative control has been provided by
incubation of cells in the absence of benzyl guanine conjugated with acceptor. Illustrated
data are representative of at least three independent experiments performed in triplicate.
Values correspond to the mean ± s.e.m. AU, arbitrary units.
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Figure 3. Binding experiments on the oxytocin receptor expressed in membrane preparations
from native tissue
(a, b) Saturation curves and the associated Scatchard plot (insets) obtained with the
antagonist [125I]OTA and [3H]OT. The best fits with the Hill equation gave a Hill
coefficient of 1.4 (a) and 0.54 (b). Experiments were performed on native tissues expressing
oxytocin receptors (preparation of fetal membrane (a) and mammary gland preparation (b)).
(c) Dissociation kinetics in the absence or presence of an excess of oxytocin; the fits
correspond to a two-phase exponential decay (2.7 ± 0.3 min and 71 ± 16 min) and to a one-
phase exponential decay (5.48 ± 0.59 min), respectively. (d) Diagram illustrating the
influence of an excess of unlabeled oxytocin (white triangle) on the dissociation kinetics of
[3H]OT (black triangle). Dissociation of receptor dimer–ligand complex follows a two-phase
exponential decay with the time constants τ1 and τ2. In the absence of unlabeled ligand,
owing to the negative cooperativity, the dissociation of the first ligand is faster than that of
the second ligand (τ1 < τ2). The addition of an excess of unlabeled ligand does not affect the
dissociation constant of the first ligand (time constant τ1) but promotes the dissociation of
the second labeled ligand. Indeed, because of the negative cooperativity, the binding of
unlabeled ligand on the second protomer increases the dissociation of the first labeled ligand
(τ2 = τ1). Illustrated data are representative of at least three independent experiments
performed in triplicate. Values correspond to the mean ± s.e.m.
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Figure 4. FRET signals between fluorescent antagonists or agonists bound to native oxytocin
receptors expressed in rat mammary glands
(a) Membrane preparations were labeled with [Lys8(Eu-PBBP)]PVA (1) (1 nM) and
[Lys8(Alexa-647)]PVA (2) (1 nM). To produce negative controls, an excess of oxytocin (1
μM) was added or membrane samples labeled with either ligand 1 or 2 were mixed (Mix
mb). Notably, membrane samples were mixed just before the reading of the fluorescent
signal. (b) Effect of membrane quantity of lactating rat mammary gland on the FRET signals
measured between fluorescent agonists (5 and 6) (1 nM) (white squares) compared to those
obtained with antagonists (1 and 2) (1 nM) (black squares). (c) Variation in the FRET signal
as a function of antagonist (black squares) or agonist (white squares) concentration. Donor
ligands [Lys8(Eu-PBBP)]PVA (1) and HO-[Thr4,Orn8(Eu-PBBP)]VT (5) were used at 1.2
nM and 1.5 nM, respectively. (d) Comparison of FRET signals obtained with the various
pairs of ligands. Donor ligands were used at 1 nM. Acceptor ligand corresponds either to
([Lys8(Alexa-647)]PVA (2); black squares and white circles) or (HO-
[Thr4,Orn8(Alexa-647)]VT (6); white squares or triangles). Illustrated data are
representative of at least three independent experiments performed in triplicate. Values
correspond to the mean ± s.e.m. AU, arbitrary units.
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Figure 5. FRET experiments performed on patches of native tissues
Mammary gland, brain and skeletal muscle patches were incubated in the presence of
ligands as indicated. Illustrated data are representative of at least three independent
experiments performed in dodecaplicate (mammary gland) or triplicate. Values correspond
to the mean ± s.e.m.
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