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Abstract G protein-coupled receptors (GPCRs) are the larg-
est class of eukaryotic cell-surface receptors and, over the last
decade, it has become clear that they are capable of dimerisa-
tion. Whilst many biochemical and biophysical approaches
have been used to study dimerisation, fluorescence techni-
ques, including Förster resonance energy transfer and single
molecule fluorescence, have been key players. Here we
review recent contributions of fluorescence techniques to
investigate GPCR dimers, including dimerisation in cell mem-
branes and native tissues, the effect of ligand binding on
dimerisation and the kinetics of dimer formation and dissoci-
ation. The challenges of studying multicomponent membrane
protein systems have led to the development and refinement
of many fluorescence assays, allowing the functional conse-
quences of receptor dimerisation to be investigated and indi-
vidual protein molecules to be imaged in the membranes of
living cells. It is likely that the fluorescence techniques de-
scribed here will be of use for investigating many other
multicomponent membrane protein systems.
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Introduction

All organisms rely on membrane proteins to interact with their
environment. In particular, cell-surface receptors perform vital

roles in sensing environmental changes and eliciting the cor-
rect physiological response. In eukaryotes, the largest family
of cell-surface receptors are G protein-coupled receptors
(GPCRs) which possess seven transmembrane helices (TMs)
(Luttrell 2008). GPCRs bind a wide variety of ligands, includ-
ing hormones, peptides and nucleotides, resulting in activation
of heterotrimeric G proteins (Gα, Gβ and Gγ). Gα and Gβγ
subunits activate various downstream signalling cascades, de-
pendent on the G protein composition (Oldham and Hamm
2008). Involvement in a wide variety of physiological process-
es has resulted in GPCRs becoming attractive drug targets—
approximately 30 % of pharmaceuticals target these receptors
(Jacoby et al. 2006).

GPCRs were initially believed to function as monomers
activating G proteins in a 1:1 stoichiometry, and a number of
studies indicate that this model is possible (Leitz et al. 2006;
Whorton et al. 2007). However, there is much evidence that
GPCRs can form dimeric, or higher-order oligomeric, com-
plexes and, in the case of a number of receptors, it has become
clear that dimerisation can have functional consequences
(Ciruela et al. 2010a). It remains to be seen whether the
apparently wide-spread ability of GPCRs to dimerise is uni-
versally associated with functional significance.

Many excellent reviews focus on the history of GPCR
dimerisation and the controversies surrounding this concept,
as well as describing the physiological effects of dimer for-
mation in detail (Franco et al. 2007; Gurevich and Gurevich
2008; Ciruela et al. 2010a; Fuxe et al. 2010; Palczewski
2010). In this review, we will focus on recent contributions
of various fluorescence techniques to our understanding of
GPCR dimerisation, also considering the limitations of these
techniques and future directions. We would like to point out
that much of the evidence presented here builds upon funda-
mental biochemical and functional studies which are beyond
the scope of this review.
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Demonstrating GPCR dimers by RET

Resonance energy transfer (RET) has formed a cornerstone
of the experimental techniques available to study GPCR
dimerisation (Fig. 1). RET is the nonradiative transfer of
energy from a donor to an acceptor, and the result is a
decrease in donor emission and an increase in acceptor
emission. The efficiency of RET (ERET) is inversely propor-
tional to the sixth power of the distance between donor and
acceptor molecules (R):

ERET ¼ 1= 1þ R6

R0
6

� �

R0, which is the Förster distance, is the distance at which
energy transfer between the donor and acceptor is 50 %
efficient (Fig. 2a). Förster RET (FRET) can be used to study
biological systems as many fluorophores have R0 values of
approximately 5 nm and are thus sensitive over distances
comparable to protein dimensions (Stryer 1978). A number
of other factors affect ERET, including orientation of the
donor and acceptor (Stryer and Haugland 1967), the donor
quantum yield, the extinction coefficient of the acceptor
(Stryer and Haugland 1967) and the spectral overlap be-
tween donor and acceptor. All of these variables influence
the choice of fluorophore pairs for FRET. Analysis of FRET
is complicated by photobleaching, crosstalk (direct excita-
tion of the acceptor by the wavelength of light used to excite
the donor) and bleedthrough (overlap of the donor and
acceptor emission spectra). Bioluminescent RET (BRET)
in which the donor is luciferase and the acceptor a variant
of green fluorescent protein (GFP) eliminates some of these
issues. For a comprehensive review of FRET and its var-
iants, see Ciruela et al. (2010b).

In early GPCR FRET experiments, receptors were fused
to either cyan (CFP) or yellow fluorescent protein (YFP),
both derived from GFP. FRET (Fig. 1a; see, for example,
Overton and Blumer 2000; Wurch et al. 2001; Latif et al.
2002; Dinger et al. 2003) and BRET (Fig. 1b; see, for
example, Angers et al. 2000; James et al. 2006) experiments
both demonstrated dimerisation/oligomerisation of GPCRs
(reviewed by Milligan et al. 2003). One drawback of these
early experiments is the inability to distinguish between
cell-surface and intracellular receptors, a particular issue
with heterologously expressed receptors which may be
at higher concentrations than in native systems. An
alternative can be to use purified receptors reconstituted
into native lipids (Harding et al. 2009), which enables
precise control of protein concentration and lipid com-
position so that the lipid dependence of dimerisation can
be investigated. However this approach is not possible
for many GPCRs due to limitations with expression and
purification.

Monitoring cell-surface dimerisation of GPCRs

Studies of cell-surface receptor oligomerisation have made
use of time-resolved FRET (TR-FRET) with Eu3+ as donor
and Alexa Fluor 647, allophycocyanin or d2 as acceptor. The
emission fluorescence of Eu3+ cryptate is long-lived, allowing
FRET measurement after endogenous fluorophores have fin-
ished emitting, and it has a very limited overlap with acceptor
emission, dramatically increasing the signal:noise ratio.
Receptor-specific antibodies labelled with either Eu3+ or an
appropriate acceptor produce TR-FRET upon binding to
GPCR dimers (Fig. 1c), and extracellular N-terminal epitopes
ensure that only cell-surface receptors are probed. δ-Opiod
receptor dimers (McVey et al. 2001) and γ-aminobutyrate B1
and B2 receptor heterodimers (Maurel et al. 2004) have been
detected using this approach. As with all fluorescence techni-
ques, there is a need for caution when using TR-FRET. Firstly,
bivalent antibodies may lead to the stabilisation of large com-
plexes. Secondly, immunoglobulins are large (approx.
150 kDa, 160 Å long), which may sterically hinder oligomer
assembly or, conversely, increase FRET due to random colli-
sions. Finally, the location of the fluorophore on the antibody
rather than directly on the GPCR increases the uncertainty of
the distance between fluorophores, which is likely to depend
upon the orientation of the antibody–receptor complex.

As an alternative to antibodies, SNAP-tags can be engi-
neered into the N-terminus of the receptor (Maurel et al.
2008). SNAP-tags covalently react with benzyl-guanines
(BG) which can have fluorophores bound to the benzyl group
(Fig. 1c). Provided that these modified BGs are membrane-
impermeable, only cell-surface receptors are labelled.
Through strict control of fluorophore–BG concentrations, it
is possible to label equally a population of SNAP–GPCRs
with two different fluorophores, allowing TR-FRET. SNAP-
tags are approximately two-thirds the size of GFP (much
smaller than immunoglobulins), thereby reducing the possi-
bility of artefactual effects. This technology enabled confir-
mation of the obligate heterodimerisation of gamma-
aminobutyric acid (GABA) B receptors and demonstration
of the dimerisation of these heterodimers, in contrast tometab-
otropic glutamate receptors (mGluR) which form only hetero-
dimers (Maurel et al. 2008). In this study, various Class A
receptors produced TR-FRET in an analogous system giving a
two- to threefold difference in signal compared to GABA
receptors. This observation could be explained by variation
in the distance between the fluorophores but could also indi-
cate that only a proportion of Class A receptors are dimeric,
compared to obligate GABA heterodimers.

Constitutive dimerisation of a serotonin 5-HT1A-eYFP re-
ceptor fusion was demonstrated via homoFRET (Paila et al.
2011), i.e. FRET in which the same fluorophore is used as
both donor and acceptor (Fig. 1d). The excitation and emis-
sion spectra of the fluorophore must have considerable
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overlap (a small Stokes’ shift), and homoFRET is revealed by
a new decay process in TR-fluorescence anisotropy kinetics
and an associated decrease in steady state fluorescence anisot-
ropy. The rotational correlation time of eYFP in this construct
was estimated to be 11 ns, which is in excess of the fluores-
cence lifetime of 3.3 ns, ensuring that changes in anisotropy
are due to homoFRET (Paila et al. 2011). One caveat is that
fluorescence anisotropy is affected by the rotational dynamics
of the fluorophore itself which is further influenced by fluo-
rophore size and environment viscosity.

One disadvantage of FRET-based techniques is the difficulty
in distinguishing dimers from higher-order oligomers. To ad-
dress this, a technique based on fluorescence recovery after
photobleaching (FRAP) was developed (Dorsch et al. 2009).
FRAP measures the diffusion of non-photobleached fluores-
cent molecules into a region which has been bleached irrevers-
ibly (Fig. 3). Association of the fluorescent component with
another molecule will retard diffusion and decrease the rate and
extent of FRAP. β-adrenergic receptors (β-AR) were tagged
with N-terminal YFP or C-terminal CFP/Cerulean and YFP-
tagged receptors immobilised via a polyclonal anti-YFP anti-
body (monoclonal antibodies were not sufficient to immobilise
receptors, presumably due to 1:1 stoichiometry) and areas of
membrane photobleached. FRAP of the co-expressed YFP-
βAR and βAR-CFP/Cerulean was monitored post-bleaching.
β1-AR-CFP showed FRAP whereas, as expected, only a small
fraction of YFP-β1-AR was mobile after antibody immobilisa-
tion. Immobilisation of YFP-β1-AR did result in approximately

a 15 % restriction in mobility of β1-AR-CFP, indicating a
specific, but unstable and transient, interaction. Neither YFP-
β2-AR nor β2-AR-Cerulean showed significant FRAP after
antibody treatment and photobleaching, indicating a stable
interaction. This interaction could be oligomeric since even a
3.5× excess of β2-Cerulaean was effectively immobilised by
the antibody-YFP-β2-AR complex.

Fluorescent ligands for probing GPCR dimerisation
in native tissues

Given the controversial nature of GPCR dimerisation, it is
vital to demonstrate dimerisation in native cells. Many expres-
sion systems result in non-physiological receptor concentra-
tions, and engineering cell lines to introduce tagged receptors
is challenging. Without the ability to label the cytoplasm/TM
regions, an alternative is to use labelled ligands. The avail-
ability and suitability of fluorescent ligands depends on two
main factors—the chemistry to manufacture them and the
ability to label whilst retaining affinity and efficacy. A large
number of fluorescent ligands are available for GPCRs (Kuder
and Kiec-Kononowicz 2008), but there will no doubt be
receptors for which production of such ligands is challenging.
It should be noted that in this type of experiment it is impos-
sible to study dimers in the unliganded state, a condition
which may be of particular significance when ligand binding
can promote or inhibit dimer formation (Lukasiewicz et al.
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Fig. 1 Fluorescence techniques for studying G protein-coupled recep-
tor (GPCR) dimerisation. In each case, a dimeric GPCR complex is
shown with the fluorophores used to monitor receptor association. See
the main text for detailed explanations of the techniques. FRET Förster
resonance energy transfer, BRET bioluminescent RET, TR-FRET time-

resolved FRET, homoFRET FRET between identical fluorophores,
CODA-RET complemented donor–acceptor RET, BiFC bimolecular
fluorescence complementation, CFP cyan, YFP yellow fluorescent
protein, Luc luciferase, C- C-terminal, N- N-terminal, Gα subunit of
the heterotrimeric G protein, Snap SNAP-tags
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2007; Pioszak et al. 2010). Finally, it may not be possible to
study receptors expressed at low levels or cells which express
multiple receptors for the same ligand. Nevertheless, the use
of tagged receptors remains a remarkably attractive approach
for studying physiologically relevant dimerisation (Ambrosio
and Lohse 2010).

In a recent study, Albizu et al. (2010) validated the use of
ligand–ligand TR-FRET to detect receptor dimers (Fig. 1e).
Ligands carried either the lanthanide donor or Alexa accep-
tor. Cells heterologously expressing vasopressin or oxytocin
receptors produced TR-FRET upon binding of two differ-
entially tagged antagonists, but much less TR-FRET upon
exposure to two differentially tagged agonists. This result is
consistent with previous data demonstrating that a single
agonist binds to these dimeric GPCRs (Albizu et al. 2006).
These data show the importance of validating a number of
ligands—for example, if only one agonist binds per dimer,
FRET will not be observed with a labelled agonist even if
dimeric receptors are present. Crucially, this study also
demonstrated dimerisation in native tissues. TR-FRET was
clearly observed when isolated membrane fractions from
mammary glands of lactating rats, which express the
oxytocin receptor at a relatively high level (1–3 pmol/
mg protein), were exposed to the fluorescent antagonists.
Organ patches were also analysed to ensure that the
receptors were at the cell membrane. This would appear

to be a convincing demonstration of GPCR dimerisation in
native tissues.

Effects of ligand binding on GPCR dimerisation

GPCR dimerisation may be promoted or inhibited by dif-
ferent ligands. Although many GPCR dimers appear to be
unaffected by agonists or antagonists (e.g. Herrick-Davis et
al. 2007; Kasai et al. 2011; Paila et al. 2011), there are
reports of ligand-dependent oligomerisation (e.g. Harikumar
and Miller 2008). It should also be noted that different meth-
ods, such as crosslinking compared to FRET, can show dif-
ferent ligand-dependence, the reasons for which are not
always obvious.

The parathyroid hormone receptor (PTH1R) is a Class B
GPCR with a large extracellular domain (ECD). A whole-
cell BRET approach with PTH1R fused to C-terminal lucif-
erase or YFP revealed that PTH1R forms a constitutive
dimer which is mediated by the ECD (Pioszak et al. 2010).
Addition of the agonist PTH disrupted the dimer, suggesting
that monomers are the signalling unit. Although BRET
monitors the entire cell, due to the occurrence of ligand-
dependence, it is likely that dimers are present in the mem-
brane. This was in fact confirmed by FRET between CFP/YFP-
tagged PTH1R at the cell surface.

Fluorescence lifetime microscopy has been used to investi-
gate the ligand-dependence of adenosine A2a and serotonin 5-
HT1A receptors (Lukasiewicz et al. 2007). The fluorescence
lifetime is the time a fluorophore remains excited before it
emits a photon (frequently a few nanoseconds). This lifetime

Monomeric

Dimeric

Immobilise with anti-YFP
antibody and photobleach Monitor FRAP

Fig. 3 Schematic representation of fluorescence recovery after photo-
bleaching (FRAP). Anti-YFP antibodies added to cells containing
YFP-GPCR and GPCR–CFP fusions cause immobilisation of the
YFP-tagged receptors. A region of the cell is then photobleached
(dashed circle) and, after a period of time, the bleached region is
monitored for fluorescent molecules which have diffused from outside.
In the case of monomeric receptors, FRAP of the GPCR–CFP mole-
cules, but not of the YFP–GPCR molecules, will occur. For dimeric
receptors, no FRAP will be observed as the GPCR–CFP molecules are
immobilised via the YFP-tagged receptors
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is independent of the number of fluorescent molecules present
and is altered by the inter-probe distance but also by the energy
transfer between the probe and the environment. Lukasiewicz
et al. (2007) measured fluorescence lifetime using time-
correlated single photon counting and calculated FRET effi-
ciency, revealing receptor homo-oligomerisation, which was
diminished by antagonists (reduced FRET efficiency) and en-
hanced by agonists (increased FRET efficiency). These results
are in contrast with those obtained in homoFRETstudies (Paila
et al. 2011).

Conformation of GPCR oligomers

Despite recent GPCR crystal structures (Rasmussen et al.
2007; Jaakola et al. 2008; Lebon et al. 2011; Rasmussen
et al. 2011a, b; Rosenbaum et al. 2011; Warne et al. 2011;
Xu et al. 2011) little is known of the structure of GPCR
dimers. One crystal structure features both parallel and (non-
physiological) antiparallel dimers (Hanson et al. 2008), al-
though it is uncertain how dimerisation may be influenced
by crystal packing. Fluorescence techniques are beginning
to resolve the oligomer architecture.

Single-cysteine mutants of the β2 adrenergic receptor
have been purified, labelled with Cy3 or Cy5 fluorophores
and reconstituted into lipid vesicles (Fung et al. 2009).
Three different labelling sites were selected to allow trian-
gulation of helices within the dimer (Fig. 2). FRET efficien-
cy between labels on TM6 and helix 8 increased a small
amount upon the addition of agonist or neutral antagonist,
but the inverse agonist produced a much larger increase.
Increases in FRET efficiency can be multifactorial (see
above), but in this case it seems most likely due to reorien-
tation of the protomers (or small movements within the pro-
tomers themselves) or an increase in the number of receptors
per oligomer. FRET saturation experiments (altering the do-
nor:acceptor ratio) demonstrated that, in the case of the inverse
agonist, this increase is likely due to the formation of higher-
order oligomers, which may exclude other signalling compo-
nents from the receptors, thereby providing a possible mech-
anism for inverse agonism.

A similar experiment used the constitutively dimeric
mGluR as a model (Yanagawa et al. 2011). Introduction of
mCerulean or Venus fluorophores as fusions into the cyto-
plasmic loops produced FRET upon dimerisation. Agonist-
binding altered FRET intensity due to reorganisation of the
dimer; all loops become closer upon activation. Hetero-
dimers, in which one receptor is unable to bind the agonist,
revealed a synergistic effect on dimer rearrangement with
the binding of two glutamates. The addition of relatively
large fluorophores may cause abnormal conformations in
the dimer due to steric hindrances, but this approach is
justified due to the inherent technical limitations of labelling

proteins in the cytoplasm of living cells compared to the
relative flexibility of in vitro labelling.

Functional effects of dimerisation

Using confocal microscopy and a perfusion system to achieve
infinite dilution, allosteric interactions at adenosine-A3 recep-
tors have been demonstrated in live cells (May et al. 2011).
The dissociation rate of the fluorescent agonist ABA-X-
BY630 was increased by nine- to 19-fold upon the addition
of orthosteric agonists or antagonists, indicating allosterism
across the dimer—the addition of orthosteric ligands will not
affect dissociation kinetics at monomers. Co-expression of a
non-binding A3 receptor mutant decreased this effect, indicat-
ing true allosterism. Such allosterism is likely to be of signif-
icance in pharmacology and drug development.

As well as forming homodimers, many GPCRs are capable
of heterodimerisation, and evidence of the functional rele-
vance of this process is emerging (Birdsall 2010). A recent
study of the dopamine D1R and D2R receptors used CODA-
RET (complemented donor-acceptor RET; Fig. 1f) to directly
monitor the effects of heterodimerisation (Urizar et al. 2011).
Two domains of luciferase were split between the C-termini of
two receptors so only heterodimers produce functional donor.
The mVenus acceptor was engineered into the Gα sequence in
a position where BRET between receptors and Gα correlates
with activation. The authors found that the potency of the
agonist to activate Gαi1 was increased by approximately
tenfold at the D1R–D2R heterodimers compared to D2R
homodimers. This direct demonstration of allosteric effects
at the dimer interface indicates that heterodimers are likely to
play significant physiological roles in modulating signal trans-
duction. An extension to this technique has been proposed
(Piehler 2011) using a split fluorescent protein as the donor,
allowing FRET and visualisation of the signalling complexes.

GPCRs can also form heterodimers of dimers, such as μ-
and δ-opiod receptors (μOR/δOR) (Golebiewska et al. 2011).
Prolonged exposure to morphine causes the desensitisation of
μOR, although FRET approaches show no large effects on
plasma membrane localisation or G protein-coupling of the
receptors. In contrast, if δORs are co-expressed, morphine
exposure increases the diffusion rate of eYFP–μOR. Using
single cell fluorescence imaging on live cells along with
fluorescence correlation spectroscopy, the authors demon-
strate that eYFP–μOR and eCFP–δOR form a tetrameric
arrangement which is dissociated by morphine, thereby pro-
viding a possible role for heterodimerisation in morphine
sensitivity.

FRET approaches have also been used to demonstrate a
possible role for heterodimerisation in altering muscarinic
signalling in the brain (Boyer et al. 2009). This study com-
bined TIRF microscopy with acceptor photobleaching of
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CFP/YFP-tagged receptors to demonstrate that M2 musca-
rinic receptors can heterodimerise with GABA B. In FRET-
producing dimers, selective photobleaching of the YFP ac-
ceptor results in dequenching of the CFP donor. For a full
review of the technical requirements for such an assay, see
Boyer and Slesinger (2010). Total internal reflection fluo-
rescence (TIRF) microscopy (Fig. 4) is an attractive tech-
nique as the evanescent field only illuminates molecules
close to the coverslip, reducing intracellular fluorescence
(Mattheyses et al. 2010).

Dynamics of GPCR dimers

TIRF microscopy and fluorophore-labelled ligands allow
spatiotemporal resolution of single GPCRs in vivo. This is
of particular interest in studies on the monomer–dimer equi-
librium. In single molecule tracking studies, it is vital that
the fluorophore chosen has a high photobleaching resis-
tance, that the dimer be able to bind two molecules of the
fluorescent ligand and that the ligand not induce receptor
internalisation, causing receptors to leave the evanescent field.
It should be noted that it is impossible to distinguish two
molecules if they are separated by a distance below the Abbe
diffraction limit (normally approx. 200 nm); additional controls
are required to ensure that true dimers are formed and that the
observations do not simply reflect the close proximity of two
monomers.

Using such an approach, dimerisation of theM1 muscarinic
receptors was studied using the antagonist telenzepine labelled
with either Cy3B or Alexa 488 (Hern et al. 2010). The high
affinity and low off-rate of this ligand ensured that >97 % of
receptors could be labelled and the unbound ligand washed
away. Receptors were expressed at near physiological levels
to avoid the effects from receptor crowding. Single particles
labelled with one fluorescent ligand were identified and
tracked and the brightness of the spots recorded over time.
Spots generally either had a normalised intensity of 1 or 2,
which is consistent with the presence of monomers or dimers;

no spots with an intensity of greater than 2 (oligomers) were
observed. Some spots underwent 1→2, 2→1, 1→2→1 or
2→1→2 transitions, indicative of reversible dimer formation.
In an extension of this experiment, both labelled antagonists
were added at concentrations to result in 1:1 receptor label-
ling. Using dual-colour TIRF microscopy, the authors tracked
spots to look for coincidence. Given random walk diffusion,
the likelihood of two spots converging for 10 frames is <<1%.
However, 20 % of tracks showed such behaviour, and dual-
labelled spots diffused more slowly, both behaviours consis-
tent with dimer formation. At any one time, approximately
30 % of molecules were present as dimers, with a dissociation
rate of 1.3 s-1 (dimer lifetime approx. 0.5 s).

A similar approach was used to calculate kinetic con-
stants for the formation of N-formyl peptide receptor (FPR)
dimers (Kasai et al. 2011). Using Alexa 594-labelled N-
formyl hexa-amino-acid peptide (FP), the authors monitored
single FPR molecules. However, as FP caused internalisa-
tion of FPR, the authors used a D71A mutant which does
not activate G proteins, become phosphorylated or internal-
ised. This study controlled for incomplete fluorescence of
the labelled ligand, monomer-like populations (dimers with
a single fluorescent ligand) and dimer-like populations
(overlapped monomers). Analysis of spot intensity revealed
monomers and dimers, and further analysis resulted in the
calculation of a 2D-KD of 3.6 copies/μm2; at physiological
concentrations of 2.1 copies/μm2, 41 % of receptors were in
dimers. Using particle tracking, the authors calculated that
monomers converted into dimers every 150 ms and dimers
dissociated in 91 ms. To support the formation of receptor
dimers, the authors used a bimolecular fluorescence com-
plementation (BiFC) approach in which the N- and C-
termini of YFP are fused individually to the C-terminus of
FPR (Fig. 1g). FPR dimerisation was found to result in
functional reconstitution of YFP—single fluorescent spots
were detected in cell membranes expressing both constructs.
Despite some contribution of the YFP domains to the
affinity of the dimeric complex, FPR dimerisation was the
major driving force in association.

100 nm

Epifluorescence TIRF

Laser Laser θθ

Fig. 4 Total internal reflection fluorescence (TIRF) microscopy for
monitoring GPCR dimerisation. Unlike epifluorescence in which the
laser is directed perpendicular to the coverslip, causing illumination of
the entire sample volume, TIRF directs the laser at angle θ, resulting in

illumination of only approximately 100 nm of the sample. When
combined with FRET, this ensures that only molecules close to the
coverslip are excited (red asterisk), as opposed to in epifluorescence
when both intracellular and cell-surface populations are excited
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The results of both studies demonstrate the transient nature
of dimeric complexes and similar proportions of receptors in
the dimeric state. These kinetic parameters are likely to be
extremely valuable for future physiological and computational
studies. As the 2D-KD calculated (Kasai et al. 2011) is close to
physiological expression levels, small changes in receptor
concentration will have significant effects on dimer propor-
tions. It is likely that different GPCRs will exist as predomi-
nantly monomers or dimers/oligomers depending on their
affinity and expression levels.

Conclusions and future perspectives

A battery of fluorescence-based approaches has been applied to
the study of GPCR dimers, resulting in a great deal of progress.
Both RET and single molecule fluorescence studies report that
molecules are within a certain distance but not necessarily in
direct contact. Recent advances in microscopy and analysis
have enabled resolution below the diffraction limit (Eggeling
et al. 2009; Biteen 2011), which will undoubtedly be of use to
the GPCR community, furthering the single molecule studies
described here and extending analysis to a wider range of
receptors. In general, it appears that dimers are transient, and
it is critical to explore them on the single molecule level to
support evidence obtained in ensemble studies.

Now that it is largely accepted that dimerisation occurs, it is
vital that the functional consequences are explored, and fluo-
rescence is at the heart of such studies. Techniques such as
CODA-RET (Urizar et al. 2011) provide an exquisite method to
study only dimers of interest and report upon G protein activa-
tion without the need to study downstream signalling, which
can be subject to crosstalk between signalling pathways. Mod-
els of GPCR activation have moved on from “one ligand, one
receptor, one G protein”, and dimerisation provides a mecha-
nism to influence signalling in vivo. Since GPCRs are such
important pharmaceutical targets, it is likely that drug develop-
ment will be influenced by dimerisation and that fluorescence
can be applied at all levels–ligand, receptor and G protein. The
future for fluorescence studies of GPCR dimerisation is bright.
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