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ABSTRACT: The thermodynamics of ligand—receptor interactions at the surface of living
cells represents a fundamental aspect of G protein-coupled receptor (GPCR) biology; thus,
its detailed elucidation constitutes a challenge for modern pharmacology. Interestingly,
fluorescent ligands have been developed for a variety of GPCRs in order to monitor
ligand—receptor binding in living cells. Accordingly, new methodological strategies
derived from noninvasive fluorescence-based approaches, especially fluorescence resonance
energy transfer (FRET), have been successfully developed to characterize ligand—receptor
interactions. Importantly, these technologies are supplanting more hazardous and
expensive radioactive binding assays. In addition, FRET-based tools have also become
extremely powerful approaches for visualizing receptor—receptor interactions (i.e., GPCR

oligomerization) in living cells. Thus, by means of the synthesis of compatible fluorescent

ligands these novel techniques can be implemented to demonstrate the existence of GPCR oligomerization not only in
heterologous systems but also in native tissues. Finally, there is no doubt that these methodologies would also be relevant in
drug discovery in order to develop new high-throughput screening approaches or to identify new therapeutic targets. Overall,
herein, we provide a thorough assessment of all technical and biological aspects, including strengths and weaknesses, of these
fluorescence-based methodologies when applied to the study of GPCR biology at the plasma membrane of living cells.

protein-coupled receptors (GPCRs) constitute the

largest family of cell-surface receptors and mediate the
physiological responses to a plethora of cellular signals
including neurotransmitters, hormones, and exogenous sensory
stimuli perceived by the senses (ie. light, odor, and taste).'
Historically, the way in which GPCRs transduce extracellular
signals into cellular changes has been thought to be a simple
linear paradigm. First, the extracellular agonist binds to and
prompts a conformational rearrangement of the receptor from
an inactive to an active state, which catalyzes the activation of
guanine nucleotide binding proteins (G proteins).” Alternately,
an agonist might select an active conformation of the receptor to
which it has a higher affinity. Next, the activation of the
heterotrimeric G protein (G,g,), which involves the exchange of
GDP for GTP within the G, subunit, promotes G, dissociation
into its respective G, and Gg, subunits. Finally, both G, and Gy,
subunits can promote either the activation or the inhibition
of effector enzymes (e.g, phosphodiesterases, adenylyl cyclases,
or phospholipases) and ion channels that in turn trigger many
intracellular signaling pathways.> Moreover, apart from the
interaction with and activation of G proteins, GPCRs also bind a
plethora of GPCR-interacting proteins (GIPs). GIPs, either
intracellular or associated with cell membranes, contain specific
GPCR-interacting domains that sustain, under some cellular
conditions, the formation of functional multiprotein complexes
necessary for both G protein-dependent and independent
signaling. In addition, some GIPs may act only as scaffold
proteins that anchor GPCRs to specific plasma membrane
domains (e.g., lipid rafts, cell junctions, etc.) and thus contribute
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to the targeting and subcellular distribution of GPCRs. Overall,
GIPs, by impinging on GPCR trafficking, localization and/or
pharmacological properties, play a prominent role in GPCR
biology, thus instituting a further sophisticated paradigm in
which receptors are functionally fine-tuned.*

GPCRs were classically believed to function as single units
(i.e., monomers), although this simplistic view has been shifted
during the past decade, and now, it is well-accepted by the
scientific community that GPCRs may form dimeric or higher-
order oligomeric complexes under certain circumstances.’ Indeed,
the identification of receptor oligomeric complexes at the surface
of living cells and the discernment of how oligomerization can
impinge on receptor function seem critical to wholly under-
stand GPCR pharmacology. A forthcoming step to study direct
receptor—receptor interactions has consisted of the develop-
ment of fluorescence resonance energy transfer (FRET)-based
approaches. Thus, upon labeling of the GPCR of interest with
specific chromophores a RET process can be engaged if the
chromophores are in close proximity (see Box 1). Of note,
FRET-based tools can be devoted to study direct receptor—
receptor interactions at the plasma membrane, and it is worth
mentioning the use of fluorescent-labeled ligands. Fluorescent
probes have opened a new and productive path to study GPCR
oligomerization, since they can be used to detect receptor—
receptor interactions in their native context. Importantly, the
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Box 1. Principle of Resonance Energy Transfer

The biophysical principle of resonance energy transfer (RET)
was primarily described by Theodor Forster late in the 40s
and is based on the nonradiative (dipole—dipole) transfer
of energy from a chromophore in an excited state, known as
the “donor”, to an “acceptor” molecule.**®® Thus, as a con-
sequence of this energy transfer, a reduction in the donor chro-
mophore emission occurs and a matched increase in the emis-
sion of the acceptor is produced. Interestingly, the efliciency of]
this transference of energy, indicated as Egpgr, is inversely’
proportional to the sixth power of the distance (r) between
donor and acceptor molecules following the equation:

Eggr = Roé/(Ro6 + 1%

where R, is the distance guiding the 50% of energy transfer
from the donor to the acceptor. Therefore, the Epgr is
extremely sensitive to the donor—acceptor distance (e.g.,
increasing twice R, reduces more than 30 times the Eggr). In
practice the effective threshold for energy transfer is
approximately 10 nm. On the other hand, apart from the
distance between chromophores the RET efficiency depends
on other variables, for instance the orientation between the
donor and the acceptor molecules (e.g., the dipole moments
should not be perpendicular), the overlapping degree
between donor and acceptor spectra, the quantum yield of|
the donor, and the extinction coefficient of the acceptor.®®’
Accordingly, when a pair of chromophores is selected to
engage in a RET process, it is important to consider those
chromophores with the optimal highest donor-quantum
yield and absorbing acceptor, together with significant spec-
tral overlap.®®

Classical RET techniques, including fluorescence-RET
(FRET) and bioluminescence-RET (BRET), use fluorescent
(ie, CFP) and bioluminescent (i.e., Ry.) donor chromo-
phores, respectively. Interestingly, dynamic FRET measure-
ments between two appropriated pair of FRET fluorophores
(ie, CFP and YFP) are often monitored as acceptor/donor
emission intensity ratio (Fygp/Fcpp) upon donor excitation
following the equation:

ex433/em527 ex433/em475 ex500/em3527
Ratio Krp | _ Fymp — aFcpp — bFygp
E ed33/emd7s
CcrP CEP
where Fypp®33/em527 and Fpp®3/em¥7S represent the respec-

tive emission intensities of YFP (at 527 nm) and CFP (at
475 nm) upon excitation at 433 nm; a4 and b represent
correction factors for the bleed-through of CFP into the
527 nm channel (a), and the cross-talk due to the direct YFP
excitation by light at 433 nm (b). Fypp00/ems27 represents the
emission intensity of YFP (recorded at $27 nm) upon direct
excitation at 500 nm and is recorded at the beginning of each
experiment. It is important to remark here that nonspecific
FRET can be achieved if the density of donor and acceptor is
high enough to promote random collision between both
molecules, a situation easily encountered when transient
heterologous overexpression of tagged partners is performed.
In such situations, careful control experiments of RET dilu-
tion, saturation and competition assays should be performed
in order to discriminate between real interaction and random
collision due to overexpression.’® Indeed, this last issue
has been arduously debated in the framework of GPCR
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Box 1. continued

oligomerization69 and remains somewhat controversial.”’
Overall, if two RET-tagged partners do interact, either directly
or as part of a multimeric complex, these partners can bring
donor and acceptor molecules into close proximity (within
10 nm) and energy transfer might take place, thus increasing
the ratio Fygp/Fcpp-

design of a fluorescent GPCR ligand must take into account
structure activity relationships in order to maintain high affinity,
and, optionally, to direct the fluorophore to a particular region of
a receptor. The growing body of knowledge of the conforma-
tional details of GPCRs and their bound ligands is also helpful in
this context.® In this manner, in contrast to peptides and other
large ligands, GPCR ligands are often small molecules, and their
fluorescent derivatives, if properly functionalized, can maintain
high affinities for their cognate receptors. Thus, as commented
above, these kinds of tools would eventually allow perform-
ing experiments that mimicking naive conditions.’ Finally, it
is important to consider that the sensitivity of these FRET
approaches, based on the study of ligand—receptor interactions
by means of fluorescent ligands, may not be as high as with
radioactive ligands. However, FRET-based fluorescent ligands
have advantages over classical radioligands in other aspects, such
as the delivery and disposal of the radioactive material, the
relatively short shelf life or the long signal acquisition times
required to reach an acceptable sensitivity. Moreover, radioligand
binding assays are more expensive, hazardous, time-consuming,
and difficult to automate and miniaturize.®”

Overall, in the present review, we focus on recent contribu-
tions of ligand—receptor FRET-based studies devoted to the
understanding of GPCR biology in general and GPCR oligomeri-
zation in particular. The information gained using these tools will
likely contribute in the future to a better management of those
related pathologies in which receptor—receptor interactions (i.e.,
oligomerization) might play a key role.

B GPCR FLUORESCENT LIGANDS

The development of GPCR pharmacophores tethered to fluore-
scent moieties that remain active constitutes an important ste{p
in the pharmacology associated with this family of receptors.®"°
Interestingly, the chemistry of such compounds has followed
the trail of commercially available fluorophores.'"*> Thus, the
synthesis of low molecular weight organic dyes with tunable
fluorescence signaling that fit the instrumental readout require-
ments has propelled the chemistry of GPCR fluorescent ligands.
Initially, a very limited number of dyes were coupled to target
pharmacophores bgr reactive groups in easy to handle conjuga-
tion reactions.">~"* However, nowadays there is a predominant
trend to develop linkers and dyes that can offer varied advan-
tages, for instance higher chemical- and photostability or
compatibility with donor and other acceptors to perform multi-
wavelength detection. Of note, a recent approach consists of the
use of dyes that fluoresce at longer (i.e., infrared) wavelengths,
thus widening the measurement spectra or allowing both
multicolor experiments and fluorescence imaging in vivo."”” On
the other hand, infrared fluorescent dyes have lower chemical
and photochemical stability (for review see ref 20), but one of
the most important advantages of these infrared fluorescent
labels is the reduced fluorescence background when used
in biological experiments (i.e., cells and tissues). An attractive
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Table 1. Representative GPCRs Tagged with Fluorescent Ligands

transduction
receptor G protein mechanisms physiological actions fluorescent ligands
Ajp G, Goéf, activates: AC?, PLC platelet aggregation inhibition;”" vasodilation;”? neurotransmitter MRS5424, MRSS5206,
G  hihire. (Ca2+ release; > regulation of sensorimotor integration in basal ganglia;”* SCH442416Y%
15,16 inhibits: Ca*" channels gulatlo g gang|
sleep promotion
A, Gy inhibits: AC® mast cell activation;76preconditionin ;77 coronary vasodilation;”® CA200645
activates: PLC regulation of intraocular pressure;” hypotension
D, Gj/” inhibits: AC* modulation of locomotor activity;81 control of renal blood flow;™ NAPSH NApSLumiotTt
activates: GIRKs learning and memory modulation® spiperone®¥
, 6, K G;." Gy inhibits: AC analgesia;>* respiratory depression;® feeding;*® neurotransmitter naltrexone®®"’
H i/o q/11 g 37 P ry dep. 88 g
12/13 activates: PLC, GIRKs, release;”” body temperature regulation
PLA2, PLD
M, Gq/““ activates: PLC bronchoconstriction;*® vasodilation;”® memory function;”! telenzepinecyw,
hypothermia;”* stimulation of water consumption® and urination®* telenzepine™**
ghrelin Gy Gi/or activates: PLC feeding95 and release of GH?® ghrelinCly647
12/13
Via Ggn” activates: PLC vasoconstriction;”” hypertension;”® platelet aggregation® [Lys®]PVAASS,

Lyss] PVAEuCPBBP

“Main mechanism of coupling. YAC, adenylyl cyclase; PLC, phospholipase C; PLA2, phospholipase A2; PLD, phospholipase D; GIRKs, G protein-

dependent inwardly rectifying K+ channels.

alternative for classical dyes are quantum dots (QDs),** which
have been used as fluorophores for both small molecular GPCR
ligands and peptide ligands.® QDs are fluorescent semi-
conductor nanostructures with the ability to emit light through
the visible and near-infrared spectra. These nanocrystals are
efficiently excited and have narrow emission bands. However,
QDs present some drawbacks; for instance, their large physical
size that can impede the diffusion across membranes and
potential cell toxicity. Another important aspect of QDs is
termed “blinking” behavior, in which dark periods of no
emission interrupt longer periods of fluorescence.”> Overall, the
synthesis of small fluorescent ligands of GPCRs is not a trivial
process, especially if the site for fluorophore attachment is in
close proximity to the pharmacophore and thus much more
likely to affect ligand affinity and efficacy.

In the mid 1970s, fluorescent ligands were introduced in the
pharmacology toolbox in order to study GPCRs in their native
environment with a high spatial resolution.® However, since
their synthesis was laborious, and thus commercially unavail-
able, the regular use of fluorescent ligands was during many
years restricted to only a few laboratories. Back in the 1990s,
the use of fluorescent ligands reborn, and the objective
consisted of synthesizing high-affinity compounds that would
remain fluorescent when bound to their receptors and that
also would dissociate slowly when the unbound molecule was
removed by washing.8 For instance, following these criterion,
several vasopressin Vla receptor agonists and antagonists
were synthesized”®> (Table 1) to visualize cell surface and
endocytosed receptors in living cells.** Alternatively, by
synthesizing a fluorescent labeled neurokinin NK2 antagonist,
it was possible to study the structure of ligand—receptor
complexes and the environment of the ligand when bound to
the receptor.” Interestingly, antagonists often offer a higher
affinity than agonists and thus, since lower concentrations can
be used, they provide a better signal-to-noise ratio than
agonists.”® Finally, during the past decade, fluorescent ligands
have been developed for numerous GPCRs, providing novel
tools to address fundamental questions regarding GPCR
biology, for instance, the phenomenon of GPCR oligomeri-
zation on which we focus here. It is important to mention
that although the design of GPCR fluorescent ligands is not
an easy task, as different aspects have to be considered
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(ie., pharmacological, photophysical, and also physicochemical
properties),”” the current number of marketed GPCR fluorescent
ligands is growing rapidly.

B FLUORESCENCE-BASED TOOLS FOR THE STUDY
OF LIGAND—RECEPTOR BINDING AT THE CELL
SURFACE OF LIVING CELLS

GPCR fluorescent ligands were first utilized in receptor binding
assays by measuring the fluorescence intensity contained in the
fraction of ligand bound to the receptors on the surface of intact
cells. Importantly, a separation of the free ligand and bound
ligand fractions is required, as it is done in classical radioligand
binding assays; thus, these techniques share some advantages
and disadvantages. Needless to say, the fluorescent ligands
use led either to diminished sensitivity and increased noise
(e.g, higher nonspecific binding of the fluorescent ligand and
autofluorescence of the sample) when compared to the
radioactivity-based binding assays, or to the impossibility of a
precise determination of pharmacological parameters such as
maximal binding (B,,,) (for review, see ref 28). On the other
hand, it is clear that the use of fluorescent tracers to visualize
GPCRs has several advantages over conventional radioisotopi-
cally labeled ligands. For example, this approach not only avoids
the liability associated with scintillation detection or use and
disposal of radioisotopes, but also it enhances safety and reduces
costs. In addition, fluorescent ligands can provide immediate
“real-time” readout of the ligand—receptor interaction. Thus,
the above-mentioned approach is suitable for kinetic binding
experiments and visual confirmation of receptor localization,
allowing not only localized saturation binding experiments but
also internalization experiments. Finally, the capability for
miniaturization makes fluorescence-based tools more econom-
ical technologies. However, as mentioned above, it is important
to underline the need for washing or centrifugation steps to
separate the bound and free ligand fractions, which adds
complexity to these assays, thus making such procedures more
difficult to adapt to high-throughput screening (HTS) assays.
Noteworthy, an exception within this scenario, for example
with regard to autofluorescence leading to a low signal-to-noise
ratio or to the difficulty of performing assays in a HTS mode, is
the dissociation-enhanced lanthanide fluoro-immunoassay
(DELFIA) technology.” Interestingly, in DELFIA-based
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binding assays, ligands are labeled with lanthanides, which
among other characteristics have long fluorescence lifetimes.
Accordingly, a delay can be applied between the excitation
pulse and the measurement of the fluorescence emission,
allowing to get rid of most of the background fluorescence.
Also, lanthanide-based assays have been reported to be highly
reproducible, easy to set up, and amenable to HTS.>** However,
the separation method used in the former techniques to elimi-
nate the excess of unbound fluorescent ligand may preclude
conducting kinetics experiments.

Several approaches have been designed to allow the direct
measurement of the fluorescent ligand bound to the receptor
without the need of washing steps, in other words, in a homo-
geneous mode. One of the first approaches allowing homo-
geneous binding experiments was based on the optical separa-
tion of bound and free fluorescent molecules, the so-called
laser-scanning imaging (LSI).*" This technique, which was
readily designed for the clinical analysis of CD4" lymphocytes
in blood samples, uses a “volumetric cytometer” device.3* Thus,
by means of this laser-scanning fluorometric cytometry
technique the receptor-bound ligand is discriminated from the
free ligand in solution.* However, although this new assay may
allow miniaturization in a HTS way, the performance of real-
time kinetic binding experiments is unrealistic. Conversely,
fluorescence polarization assays allow easy and fast kinetics
studies that can be performed inexpensively on both ectopic and
native receptors. In addition, homogeneous GPCR binding
experiments can also be done by means of this tool. In brief,
fluorescence polarization assays are based on the differential
polarized fluorescence emission between restrained and freely
moving fluorophores; thus, while a nonbound fluorescent ligand
(ie, freely diffusing) will emit a nonpolarized fluorescence,
a receptor-bound ligand (i.e., with restricted mobility) will emit
a polarized siﬁnal, a fact that leads to a high fluorescence
anisotropy.>>** However, the main drawback of this method
consists of the narrow window of measurement; thus, although
the measures are very reproducible, they are highly dependent
on the nonspecific binding of the fluorescent ligands. In such
way, a high ratio of bound/unbound ligand is needed in order
to achieve a significant fluorescent polarization signal. Indeed,
the fluorescent ligand intrinsic properties (ie., affinity and
fluorescent lifetime) may determine the possibility to perform
this assay. Thus, if affinity is too low, high concentrations of the
ligand would be required, which would limit the proportion of
bound ligand; while if affinity is too high, low concentrations
would lead to small signals difficult to isolate from the back-
ground. Similar to the previous methods, some fluorescent-
based binding assays with reasonable sensitivity and resolution
have been developed thanks to the synthesis of high-quality
fluorescent ligands for GPCRs.>>*® Importantly, these assays
can be performed in living cells and therefore maintain the
organized membrane environment where receptors transduce
the signal, while as commented above the characterization of
pharmacological parameters is not as precise as with radioligand
binding approaches. For example, a competition binding assay
using a fluorescent antagonist for A; receptor’’ (Table 1 and 2)
and a high-content screening system for the automated
capture and analysis of images was developed.”” Noteworthily,
these authors demonstrated that accurate affinity values for
these ligands could be obtained by just measuring total cell
image intensity, thus potentially allowing the screening
of a fragment library to identify low-affinity lead compounds
with a low molecular weight and complexity, desirable
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characteristics for a drug candidate lead.>® Overall, although the
above-mentioned techniques offer good experimental outputs,
they also present several drawbacks that preclude their
extensive use as generalized tools for the study of ligand—
receptor binding.

An important step forward in the pharmacological character-
ization of GPCRs was the incorporation of fluorescent receptor
ligands into the RET-based technologies (see Box 1). Thus, fluore-
scent ligands can act either as donor or as acceptor chromophores
to engage in a FRET process with a fluorescently tagged receptor
(Figure 1a). In addition, the use of RET technologies allows
the performance of homogeneous FRET-based binding assays.
Interestingly, in these FRET-based ligand—receptor binding
experiments the unbound fluorescent ligand does not engage in
the FRET process, thus only the bound ligand is FRET effective,
a fact that allows increasing the signal-to-noise ratio. Indeed,
several strategies have been developed to set up FRET-
based binding assays at the cell surface. Initially, receptors
were tagged at their N-terminus with fluorescent proteins (e.g,,
green fluorescent protein, GFP; yellow fluorescent protein, YFP;
or cyan fluorescent protein, CFP) and then challenged with
FRET-compatible fluorescent ligands (Figure la). Thus, upon
binding, the fluorescent ligand would interact with the tagged
receptor, and since the distance between the two fluorophores
would be small enough, a FRET process would be engaged.
By using this approach, the binding to the human M, muscarinic
receptor (Table 1) of the fluorescent antagonist pirenzepine
labeled with fluorophore Bodipy was described.* Similarly, we
recently developed a FRET-based approach to study the agonist
binding properties of adenosine A,, receptor (A,,R; Tables 1
and 2) in single cell and in a real-time mode (Figure 1).** To
this end, we synthesized an A,,R fluorescent ligand in which the
fluorescent dye Alexa Fluor 532 was covalently attached to the
AR agonist 2-[[2-[4-[2-(2-aminoethyl)-aminocarbonyl]ethyl]-
phenyl]ethylamino]-5’-N-ethyl-carboxamidoadenosine (APEC)
(Table 2). In addition, we also engineered an N-terminal CFP-
tagged A,,R, which could engage in a FRET process with the
fluorescent ligand under binding conditions (Figure la). Thus,
by recording the FRET signal in real-time mode, we were able to
monitor its association to and dissociation from A,,R (Figure 1b).*
An alternative approach consists of tagging the receptor at the
N-terminus with self-labeling proteins or suicide enzymes (e.g,,
SNAP- or CLIP-tag), which can be covalently labeled with
the corresponding substrates*' ™ and thus act as donor or
acceptor molecules in a FRET process with the fluorescent
receptor ligand. On the other hand, the use of lanthanides,
such as europium (Eu®*) or terbium (Tb**) complexed with
either chelates or cryptates, as donor molecules has permitted
the development of highly sensitive and reproducible tools for
use in time-resolved FRET (TR-FRET). Thus, lanthanides, as
commented above, present a long-lived emission fluorescence
that permits temporally separating excitation and detection
events (time-resolved) of the energy transfer.**~** Furthermore,
the bleed-through of the lanthanide emission (e.g, 340 nm
for Lumi4-Tb) into the acceptor emission wavelength (e.g.,
647 nm for dy647) is negligible, which in addition to a highly
efficient energy transfer confers a high signal-to-noise ratio to
this tool.*”>® Overall, TR-FRET has overcome classical FRET
approaches mainly based on its temporal selectivity and spectral
compatibility. Interestingly, Zwier and collaborators recently
developed a TR-FRET-based binding assay in which SNAP-
tagged 4, 6, and k opioid receptors (Table 1) were labeled
with the highly emissive Lumi4-Tb lanthanide as a donor and
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Table 2. Archetypal Fluorescent GPCR Ligands

Receptor Fluorescent ligand Structure
A MRS5424 N,
NN
CH,CH,NH. o <N lN’*N
0. H
OH OH
A, CA200645
])2 NAPSLumio4Tb
u,d, naltrexonedy647
M, telenzepine®y3B
; i 1dy647
ghrelin ghrelin® HOS ) { 505
Xy
H—GIy-Ser»Ser»APhe»Leu—Ser-Pro»GIu»His»GIn—Arg-Va[—GIn-GIn»Arg—Lys—G[u-Ser»Lys»HN
Via

subsequently challenged with a ligand for these receptors
bearing either a green or red acceptor (ie, red-naltrexone)
(Table 2).” Importantly, by inhibiting the FRET signal with a
nonlabeled compound (e.g., competitive binding experiments),
it would be possible to identify and characterize new GPCR
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ligands from a compound library, furthermore ensuring high
specificity of the assay for the GPCR of interest.”' Next, another
strategy explored consists of the noncovalent labeling of
receptors with specific antibodies containing attached fluoro-
phores that may engage in a FRET process with a fluorescent
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Figure 1. Receptor ligand binding by real-time FRET in single living cells. (a) Schematic representation of FRET between a fluorescent ligand
(LAt Fluer $32) 3nd the corresponding fluorescently tagged receptor (R“*"). The GPCR and CFP structures were prepared using PyMOL and the
PDBs 3EML and 1EMA, respectively. (b) Single-cell time-resolved changes in receptor—ligand FRET signal. The recordin% shows the changes in the
Fys4/Fygo ratio (orange trace) upon rapid superfusion of the fluorescent ligand. Adapted from Fernandez-Duenas et al.*

ligand bound to the same antibody-detected receptor.
Interestingly, a TR-FRET competition method was recently
developed in which a TR-FRET process was engaged between a
selective vasopressin V1a receptor ligand labeled with europium
cryptate and an Alexa Fluor 647-labeled monoclonal antibody
against an HA-tag located at the N-terminal tail of the former
receptor.’> Thereafter, once the ligand-antibody TR-FRET
process achieved equilibrium conditions, the receptor could be
challenged with nonlabeled ligands, for instance vasopressin, in
order to study the receptor—ligand binding kinetics.’> It is
necessary to mention that antibody-based approaches largely
rely on the specificity of the antibody used and on the
accessibility of the receptor extracellular epitope (i.e. flag-tag
or native epitope).>> Finally, it is interesting to mention one of
the latest technical approaches developed, based on the use
of quenchers. In brief, quenching consists of suppressing
fluorescence intensity of a given substance. There exist
distinct experimental approaches. For instance, in order to
detect ligand—receptor interactions fluorescent ligands can be
substituted by ligands carrying quenchers. These nonfluorescent
probes present the main advantage of eliminating the potential
problem of fluorescence background resulting from direct
acceptor excitation. Therefore, only when ligand binding occurs
the ligand-quencher molecule behaves as an efficient acceptor
partner for a GFP-tagged receptor leading to a dramatic
decrease of GFP emission, which is comparable to that obtained
with fluorescent derivatives.** Alternatively, fluorescent ligands
can be used and determining changes on their fluorescence
emission by means of a quencher. In this manner, a quenching
resonance energy transfer assay was developed for the §-opioid
receptor.> Thus, a luminescent signal was only observed when
the labeled ligand was bound to the receptor, while when it was
displaced by an unlabeled ligand, quenching occurred, since
protection from quenching was mainly due to steric hindrance
by the cell®>® Importantly, this assay permitted the study of
ligand—receptor interactions in nonengineered receptors; thus,
it could be implemented in native tissues. Furthermore, it was
carried out in homogeneous conditions; thus, it may be rapidly
added to the toolbox available to design efficient ligand—
receptor FRET-based assays.
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B LIGAND—RECEPTOR FRET ON THE STUDY OF
GPCR OLIGOMERIZATION

The incorporation of GPCR fluorescent ligands into the
pharmacological toolbox devoted to receptor characterization
constitutes, as commented above, a significant step forward in
GPCR pharmacology. Thus, by means of these tools, it has
been possible to design efficient strategies in order to elucidate
unresolved questions concerning GPCR biology, as it is GPCR
oligomerization. In such way, from the tools previously
described, it seems likely that FRET tools based on ligand—
receptor interactions represent a very valuable approach to
detect oligomeric complexes at the plasma membrane of living
cells. Thus, these approaches are compatible with physiological
conditions of ligand—receptor interactions, and furthermore,
they permit the study of GPCR oligomerization not only in
heterologous systems but also in native tissues. In this manner,
different approaches based on the use of fluorescent ligands
interacting with particular receptors have been applied to
ascertain receptor oligomerization (Figure 2) and also to reveal
allosteric interactions within GPCR oligomeric complexes.
First, in order to perform FRET studies on unmodified
receptors, selective fluorescent-labeled ligands, either agonists
or antagonists, can eventually be bound to their receptors
within the oligomer, and then assess the close proximity
between the former receptors by means of the engagement of a
FRET process between the attached fluorophores (Figure 2c).
In this manner, in cells cotransfected with somatostatin type 1
and S receptors the formation of homo- and heteromers was
assessed by monitoring the FRET process engaged between
two fluorescent ligands, in which either the fluorophore FITC
or Texas Red was attached to the peptidic somatostatin
receptor ligand SST-14.%° Similarly, the dimerization of the M,
muscarinic receptor (Table 1) was demonstrated using the
antagonist telenzepine, prefunctionalized as an extended
alkylamino derivative and labeled with either Cy3B or Alexa
Fluor 488 chromophores (Table 2).% In this case, by using
total internal reflection fluorescence microscopy (TIRFM)
in living cells, the position of individual receptors over time
and their mobility, clustering, and dimerization kinetics were

determined with a resolution of ~30 ms and ~20 nm.>”
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FT,

Native

B R R R R R PR R T

Receptor expression

Figure 2. Schematic representation of FRET-based methods using fluorescent ligands applied to the study of GPCR oligomerization in the cell
surface of living cells. A putative receptor bearing a fluorescent tag (FT) on its N-terminal domains (R,"") can engage in a FRET process with a
compatible fluorescent ligand (FL) bound to the counterpart receptor (R,) of the oligomer (a). This approach requires the ectopic expression of the
RT construct, thus precluding the study of native GPCRs. Alternatively, one of the receptors forming the oligomer can be detected by means of a
specific antibody (i.e., Anti-R,) bearing a FT, which is FRET compatible with the FL (b). Finally, the receptors forming the oligomer can be detected
with FRET compatible specific fluorescent ligands (i.e., FL; and FL,), which upon binding to their respective receptors within the oligomer can
engage in a FRET process (c). Interestingly, the experimental approaches shown in b and c allow the detection of both ectopic expressed and native
receptors. The structures were prepared using PyMOL, as described in Figure 1.

Another parallel strategy developed to study GPCR oligomeri-
zation under physiological conditions consists of eliciting a FRET
process between a receptor fluorescent ligand and a labeled
antibody against the cognate receptor (Figure 2b). Needless to
say, apart from the fact that specific antibodies for GPCRs with
high affinity are difficult to obtain, this strategy presents a major
drawback, that is, the size of antibodies. They can generate
important steric hindrance in the vicinity of receptors, and thus,
adequate controls are needed to correctly interpret receptor
oligomerization. Furthermore, it must be considered that
antibodies are bivalent proteins and that it would be possible
that they may artificially drive oligomerization of receptors.*®
Interestingly, this kind of approach has been used to assess
GPCR oligomerization in both heterologous systems and native
tissues. Accordingly, it was demonstrated that ghrelin and
dopamine D, receptors (GHS-Rla and D,R, respectively;
Table 1) do oligomerize, both in HEK293 cells and in hypo-
thalamic mice neurons.” Briefly, the detection of the formation
of GHS-Rla/D,R oligomers was first assessed in vitro by
performing TR-FRET between fluorophore-tagged receptors,
using terbium cryptate as a donor and Alexa Fluor 647 as an
acceptor. Subsequently, the authors succeeded in detecting the
formation of the oligomer in membrane preparations from
mouse hypothalamus by monitoring the specific TR-FRET
signal elicited between a red-labeled GHS-R1a ligand (acceptor)
(Table 2) and a terbium cryptate secondary antibody (donor)
detecting a primary anti-D,R antibody.” Noteworthily, although
the latter study represents a great advance in the detection
of receptor—receptor interactions in native tissue, the proof of
concept of this theory was devised by Durroux’s group through
evidence for vasopressin or oxytocin receptor dimers.”’
Thus, taking advantage of the synthesis of vasopressin receptor
antagonists, for instance phenylpropionyl-linear-vasopressin
labeled either with europium cryptate or Alexa Fluor 647, the
formation of vasopressin or oxytocin dimers was first demon-
strated in COS-7 cells expressing both receptors. Interestingly,
negative binding cooperativity within receptor oligomers was
assessed by using fluorescent derivatized agonists, revealed by
weaker TR-FRET signals compared to that obtained with
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antagonists.”" Collectively, these results were compatible with
the assumption that positive or noncooperative receptor binding
would be observed for some antagonists and negative
cooperative receptor binding for agonists, thus highlighting the
impact of oligomerization in GPCR pharmacology (for review
see refs 61 and 62). Interestingly, the hypothesis that receptor
oligomerization might facilitate the phenomena of ligand binding
cooperativity was subsequently validated by similar experi-
ments but using the D,R. Therefore, by means of a TR-FRET
compatible set of fluorescent-labeled antagonists (Table 2) and
agonists, similar qualitative results were obtained demonstrating
the formation of D,R dimers.* Finally, since results obtained in
heterologous expression systems could potentially be impaired
by different factors (e.g, the use of chimeric receptors, over-
expression, etc.), the detection of receptor oligomers was
assessed in native tissue, namely rat mammary glands, by using
the same TR-FRET approach. Interestingly, as occurs in cell
lines, a specific FRET signal resulting from the interaction
between fluorescent ligands bound to the endogenous oxytocin
receptors was observed, thus demonstrating the close proximity
existing between oxytocin binding sites. Importantly, as in the
heterologous system the TR-FRET signal obtained when
challenging the membranes with agonists was lower than that
obtained with antagonists, thus substantiating the existence of
the observed direct receptor—receptor interaction.”

The main advantage of the above-mentioned approaches
consists of the possibility of detecting receptor—receptor
interactions in the native context. Nevertheless, other technical
approaches have been used to study GPCR oligomerization
phenomena, and these have allowed tackling other aspects
surrounding receptor oligomerization, for instance the effects of
a ligand-activated receptor to the counterpart protomer of the
oligomer, in other words, to assess the occurrence of receptor—
receptor allosterism. These tools are based on the interaction
of a fluorescent ligand with a fluorophore-tagged receptor, as
described above. Thus, the fluorescent ligand can bind to its
own self-labeled-protomer within the oligomer (i.e,, R1*), and
then, the receptor—receptor mediated allosterism is studied
by monitoring ligand—receptor FRET changes promoted by a
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nonlabeled ligand specifically challenging the counterpart
protomer (i.e., R2). Alternatively, the fluorescent ligand can
be bound to the nonlabeled receptor (i.e., R2) and engage in
a FRET process with the counterpart fluorophore-tagged
receptor (ie, R1*) (Figure 2a). Similar to this last approach,
when studying the D,R/GHS-Rla oligomers, the set of
experiments validating the oligomer formation in transfected
cells included the determination of a TR-FRET process
between D,R receptors labeled with a cryptate fluorophore
and the red-GHS-R1a ligand.*® Interestingly, these experiments
also demonstrated functional effects of such receptor—receptor
interaction. Thus, while D,R activation did not induce Ca*"
transients, upon coexpression of GHS-Rla and D,R, it was
possible to detect Ca®* transients induced by D,R agonists.>

On the other hand, as described above, it is also possible to
take advantage of the binding of the fluorescent ligand to its
own labeled receptor. Accordingly, we studied the allosteric
modulation of adenosine A,,R agonist binding by using our
single-cell real-time FRET experimental set up (Figure 1).*
Interestingly, by means of this approach, we were able to
analyze the allosteric modulation of A;,R agonist binding by
the D,R within the A,,R/D,R oligomer framework. Therefore,
upon A,,R-D,R coexpression the binding of the A,,R ligand
and consequently the FRET obtained was diminished when
challenging the A,,R with the A,,R fluorescent agonist in the
presence of the D,R agonist quinpirole.** Thus, D,R agonists
would exert a negative allosteric modulation (NAM) on
A,4R binding. Interestingly, we have recently obtained data®
indicating that it would be possible to characterize distinct
D,R agonists in terms of their NAM-A,,R binding activity.
Thus, we studied the effects of distinct antiparkinsonian drugs
in current clinical use (ie, pramipexole, rotigotine, and
apomorphine) on A,,R binding and provided evidence for
the existence of a differential D,R-mediated negative allosteric
modulation on A,,R agonist binding that was oligomer-
formation dependent, and with apomorphine being the most
effective antiparkinsonian drug in attenuating A, R agonist
binding.®® These recent results might be valuable information
for designing efficacious drugs for the management of distinct
CNS pathologies in which the adenosine—dopamine systems
play a key role, for example, Parkinson’s disease.

B CONCLUDING REMARKS

Fluorescence-based methodologies to label GPCRs initially
provided the possibility to monitor the expression and cellular
localization of these receptors. However, receptor visualization
by means of fluorescent ligands represents only the first
step toward a variety of potential applications for unravelling
GPCR biology. Thus, these methodologies may also allow the
investigation of GPCR functionality, trafficking and biosynthesis/
degradation as well as the identification and visualization of
protein—protein interactions including receptor oligomerization.
Concerning the oligomerization phenomena, the develop-
ment and optimization of such tools based on ligand—receptor
interactions promise in the near future to allow an accurate
study of the role of these complexes, and importantly both in
normal and pathological conditions. Accordingly, these advances
might likely contribute to the development of new drug
targets, in order to achieve a better management of diseases in
which receptor—receptor interactions would play a key role.
In addition, since GPCR oligomers might constitute unique
targets, they might propel innovative drug discovery studies

for specifically tackling individual pathologies.** Finally, it is
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important to mention that recent advances in instrumentation
have accelerated rapid qualitative and quantitative data analysis,
thus permitting the development of HTS applications. Overall,
the study of receptor—receptor interactions (ie, GPCR
oligomerization) continues to be a major challenge for modern
pharmacology, and the development and optimization of new
and innovative tools will stimulate major advances in this area.
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