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The idea that seven transmembrane receptors (7TMRs; also designated G-protein coupled
receptors, GPCRs) might form dimers or higher order oligomeric complexes was formu-
lated more than 20 years ago and has been intensively studied since then. In the last
decade, bioluminescence resonance energy transfer (BRET) has been one of the most
frequently used biophysical methods for studying 7TMRs oligomerization. This technique
enables monitoring physical interactions between protein partners in living cells fused to
donor and acceptor moieties. It relies on non-radiative transfer of energy between donor
and acceptor, depending on their intermolecular distance (1–10 nm) and relative orientation.
Results derived from BRET-based techniques are very persuasive; however, they need
appropriate controls and critical interpretation. To overcome concerns about the speci-
ficity of BRET-derived results, a set of experiments has been proposed, including negative
control with a non-interacting receptor or protein, BRET dilution, saturation, and compe-
tition assays. This article presents the theoretical background behind BRET assays, then
outlines mathematical models for quantitative interpretation of BRET saturation and com-
petition assay results, gives examples of their utilization and discusses the possibilities of
quantitative analysis of data generated with other RET-based techniques.
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INTRODUCTION
Seven transmembrane receptors form the largest and an evo-
lutionarily well conserved family of cell surface receptors, with
more than 800 members identified in the human genome. They
are the targets both for a plethora of endogenous ligands (e.g.,
peptides, glycoproteins, lipids, amino acids, nucleotides, neuro-
transmitters, odorants, ions, and photons) and therapeutic drugs,
and they transduce extracellular (ECL) stimuli into intracellular
(ICL) responses mainly via coupling to guanine nucleotide binding
proteins (G-proteins; McGraw and Liggett, 2006). These receptors
are characterized by seven α-helices, which serve as transmem-
brane spanning domains (TMs) that are connected by three ECL
and three ICL loops. The amino (N)-terminal fragment is ECL
and the carboxyl (C)-terminal tail is ICL. This common structural
topology was resolved by the three-dimensional crystal structure
of individual 7TMR members (reviewed by Salon et al., 2011).
In addition to their well-established ligands and G-proteins, these
receptors can interact with a diverse set of protein partners, includ-
ing G-protein coupled receptor kinases (GRKs), adaptor proteins
such as beta-arrestins, scaffolding proteins that assemble and
localize receptor-signaling complexes in specific cell membrane
microdomains, as well as with each other/other receptor mem-
bers, thereby forming homo-/heteromeric complexes (reviewed by
Maurice et al., 2011). The specificity of agonist-promoted receptor
interactions with protein partners such as GRK2 (Hasbi et al., 2004;

Jorgensen et al., 2008) and β-arrestins (Angers et al., 2000) is not in
doubt and the 7TMR/β-arrestin interaction has been successfully
exploited to develop new bioluminescence resonance energy trans-
fer (BRET)-based screening platforms (Bertrand et al., 2002; Vrecl
et al., 2004, 2009; Hamdan et al., 2005; Heding and Vrecl, 2011). In
contrast, 7TMR homo-/heteromeric complexes are more difficult
to investigate, since these interactions are in general constitutive
and ligand-independent.

METHODOLOGICAL APPROACHES TO STUDYING 7TMRs
DIMERIZATION
Indirect evidence of receptor self-association already existed in
the 1970s, before they were even shown to be seven transmem-
brane receptors (7TMRs). Following classical radioligand studies
on the insulin receptor (De Meyts et al., 1973), negative coop-
erativity, for which dimerization is a prerequisite, was demon-
strated for the β2-adrenergic receptor (β2-AR; Limbird et al.,
1975) and thyrotrophin-stimulating hormone (TSH) receptor
(De Meyts, 1976). In 1982, the receptor mosaic hypothesis was
formulated, which proposed the functional importance of clus-
tered receptors organized by receptor–receptor interaction (Agnati
et al., 1982). Additional evidence supporting 7TMR dimeriza-
tion/oligomerization was provided in the 1970s and 1980s by
the use of radiation inactivation, photo-affinity labeling, cross-
linking, and gel filtration methods (reviewed by Szidonya et al.,
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2008). Trans-complementation studies were subsequently intro-
duced (Maggio et al., 1993a,b) in which co-expression of two non-
functional mutant/chimeric receptors resulted in a gain of func-
tion. Co-immunoprecipitation, which was first utilized to study
β2-AR dimerization (Hebert et al., 1996), was then the most fre-
quently used method for detecting 7TMRs dimerization. Despite
apparent receptor dimerization/oligomerization, there were con-
cerns that higher order structures might be non-specific aggre-
gations following detergent extraction of proteins from cells and
membranes (reviewed by Milligan and Bouvier, 2005). Another
less frequently utilized method for studying 7TMRs dimeriza-
tion is sandwich ELISA (Biebermann et al., 2003; Rediger et al.,
2009). The first widely accepted demonstration of 7TMR hetero-
dimerization came from GABAB receptors, which exclusively func-
tion in a heteromeric form (White et al., 1998). Atomic force
microscopy also demonstrated an oligomeric arrangement of
rhodopsin and opsin in the form of large paracrystalline arrays,
which showed receptors organized into rows of dimers (Liang
et al., 2003; Fotiadis et al., 2004). Again, though, it has been sug-
gested that the observed structure is an artifact of the preparation
process (Chabre et al., 2003; Chabre and le Maire, 2005). Sev-
eral functional studies have also reported co-internalization and
modulation of the signaling activity of hetero-dimers/-oligomers,
supporting the concept of receptor oligomerization (Terrillon and
Bouvier, 2004). The introduction of biophysical techniques based
on resonance energy transfer (RET), such as FRET and BRET,
were then needed for taking the subject of 7TMRs oligomer-
ization to the fore of 7TMRs research, since they enable the
detection of protein–protein interactions in live cells and in real-
time (reviewed by Pfleger and Eidne, 2005). BRET was first
used to demonstrate β2-adrenergic receptor (β2-AR) dimeriza-
tion (Angers et al., 2000) and BRET-based information about
7TMRs homo-/heterodimerization has been rapidly accumulating
since then (for recent reviews see Gurevich and Gurevich, 2008a,b;
Kubale et al., 2008; Ferre et al., 2009; Ayoub and Pfleger, 2010; Ferre
and Franco, 2010; Palczewski, 2010; Achour et al., 2011). Over 20
different biochemical and biophysical methods that have been uti-
lized in 7TMRs oligomerization studies were recently reviewed by
Kaczor and Selent (2011). This review gives a short overview of
BRET technology development and then discusses the possibilities
of quantitative analysis of generated data.

BRET PRINCIPLE AND BRET TECHNOLOGY
DEVELOPMENT/OPTIMIZATION
Bioluminescence resonance energy transfer enables the moni-
toring of physical interactions between two proteins fused to
a BRET donor or acceptor moieties, depending on their inter-
molecular distance (1–10 nm) and relative orientation due to the
dipole-dipole nature of the RET mechanism (Förster, 1959). The
BRET donor is a bioluminescent enzyme (a version of Renilla
luciferase, Rluc), which reacts with the substrate to produce exci-
tation. Part of this excitation can be non-radiatively transferred
by RET to the acceptor molecule, usually a version of the green
fluorescent protein GFP (Figure 1A). In addition to the orig-
inal BRET1 technology (Xu et al., 1999, 2003), which is based
on Rluc as a donor and YFP as an acceptor, several versions of
BRET assays have been developed that use different substrates

and/or energy donor/acceptor pairs (Figure 1B). In BRET2, Rluc
is used as the donor (emission peak 395 nm for coelenterazine
analog DeepBlueC™) and GFP variant two (GFP2) as the accep-
tor molecule (excitation/emission peaks at 400/510 nm). BRET2

enables superior separation of donor and acceptor emission peaks
(Stokes shift of 50 and 115 nm for BRET1 and BRET2, respec-
tively), as well as efficient filtration of the excitation light, thereby
enabling detection of the weak fluorescence signal. The major dis-
advantage of BRET2 compared to BRET1 is the 100–300 times
lower intensity of emitted light and its very fast decay (Heding,
2004). This was improved by the development of suitably sensi-
tive instruments (Heding, 2004) and the use of Rluc mutants with
improved quantum efficiency and/or stability (e.g., Rluc8, Rluc8.6,
and Rluc-M) as donor (De et al., 2007; Loening et al., 2007). The
use of BRET1 and BRET2 is largely limited to in vitro cell culture
systems because they emit light in the green to yellow region of
the visible spectrum (510–570 nm), which is strongly absorbed
by biological tissues such as blood and highly vascularized tissue.
This was overcome by BRET3, which combines Rluc8 with the
mutant red fluorescent protein (DsRed2) variant mOrange and
coelenterazine or EnduRen™ as a substrate (De et al., 2009). In
BRET3, the donor spectrum is the same as in BRET1, and the red
shifted mOrange acceptor signal has excitation/emission peaks at
480/564 nm. Due to tissue attenuation of the light emitted at a
wavelength <600 nm, its utilization in live animals is limited to
superficial locations (e.g., subcutaneous tumors). Recently devel-
oped BRET3 variants (BRET4, BRET5, and BRET6), which have
been optimized for deep-tissue imaging, combine Rluc8/Rluc8.6
with two red fluorescent proteins, i.e., TagRFP (emission peaks at
584 nm) or TurboFP635 (emission peak at 635 nm) and coelenter-
azine or its synthetic derivative (coelenterazine-v) as a substrate
(Dragulescu-Andrasi et al., 2011).

BRET RESULTS – INTERPRETATION AND POSSIBLE
SHORTCOMINGS
The distance (1–10 nm) at which BRET typically occurs is com-
parable with the dimensions of most biological macromolecules
engaged in complex formation or conformational changes, thus
making this technique suitable for monitoring protein–protein
interactions in living cells/organisms (Wu and Brand, 1994). The
experimentally determined Förster distance R0, which leads to
50% of energy transfer from the donor to the acceptor, is 4.4
and 7.5 nm for BRET1 and BRET2, respectively (Dacres et al.,
2010). Even though the working distance of BRET1 is compara-
ble with FRET (4.4 vs. 4.8 nm; Evers et al., 2006), the selection
of RET systems depends on the particular application. FRET,
under microscopic observation, allows visualization of protein
interactions in living cells at the subcellular level, while BRET
might be more suitable for non-imaging applications, such as the
dynamic study of protein–protein interactions in a cell popula-
tion (Boute et al., 2002). Direct comparison of BRET2 with both
FRET and BRET1 showed the superiority of BRET2 over FRET and
BRET1 in proximity-based assays such as protein–protein interac-
tion assays (Dacres et al., 2009a,b). The working distance of 7.5 nm
determined for BRET2 could also make it more suitable for the
study of larger proteins and/or multiprotein complexes, including
7TMR complexes (Dacres et al., 2010). For comparison, the 7TMR
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FIGURE 1 | Schematic representation of the BRET assay and various
BRET variants for studying protein–protein interaction. (A) BRET enables
monitoring of physical interactions between two proteins genetically fused to
donor and acceptor molecules. The BRET donor is a bioluminescent enzyme
(a version of Renilla luciferase, Rluc), which reacts with the substrate to
produce excitation. The acceptor molecule is usually a version of a green

fluorescent protein (GFP). If the distance between donor and acceptor is
more than 10 nm, light is emitted with an emission spectra characteristic for
Rluc. When the distance is less than 10 nm, part of this energy is
non-radiatively transferred by RET from donor (Rluc) to acceptor (version of
GFP), resulting in an additional signal emitted by the acceptor. (B) A summary
of BRET variants and their basic characteristics.
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transmembrane core spans ∼4 nm across the ICL surface (Pal-
czewski et al., 2000), the intradimer distance between rhodopsin
monomers is 3.5 nm and the distance between rhodopsin dimers
is 4.5 nm (Fotiadis et al., 2004). In spite of that, the following lim-
itations of this method need to be considered when interpreting
BRET results. Firstly, the size of fluorescent proteins (∼27 kDa)
and Rluc (∼34 kDa) is comparable to that of the transmembrane
core of 7TMRs (diameter ∼4 nm). These proteins are usually
attached to the receptor C-terminus, which varies in length in
different 7TMRs from 25 to 150 amino acids. Polypeptides of
this length in extended conformation can cover 8-48 nm. A BRET
signal thus indicates that the donor and acceptor moieties are
at distance less than 10 nm, which may occur when receptors
form a structurally defined dimer or when they are >50 nm apart
(reviewed by Gurevich and Gurevich, 2008a). The use of accep-
tor and donor molecules genetically fused to 7TMRs can alter the
functionality of the receptor; fusion proteins can also be expressed
in ICL compartments, making it difficult to demonstrate that the
RET results from a direct interaction of proteins at the cell sur-
face. The use of fusion proteins can therefore be a major limitation
for this application. Secondly, quantitative BRET measurements
are limited by the quality of the signal and noise level. Fluores-
cent proteins and luciferase yield background signals arising from
incompletely processed proteins inside the cell and high cell auto-
fluorescence in the spectral region used (Gurevich and Gurevich,
2008a). Thirdly, so called bystander BRET results from frequent
encounters between over expressed receptors and has no physi-
cal meaning (Kenworthy and Edidin, 1998; Mercier et al., 2002).
Bystander BRET is also problematic when the studied proteins
are confined to a subcellular compartment, such as the plasma
membrane. BRET assays should therefore be able to discriminate
between true dimerization/oligomerization and random collision
due to over-expression. To determine the specificity of a BRET
signal, the following experiments have been proposed: negative
control with a non-interacting receptor or protein, BRET satura-
tion, and competition assays, as well as experiments that observe
ligand-promoted changes in BRET (Ayoub and Pfleger, 2010; Ferre
and Franco, 2010; Achour et al., 2011). Correct execution of these
experiments requires graded control of protein expression over
a broad range of concentration, its accurate measurement, and
knowledge about the subcellular location of the expressed pro-
teins. The choice of appropriate control is also crucially important.
These requirements are not always easy to fulfill in practice and this
further complicates the interpretation of results. A general method
(third-party BRET), which does not require graded expression or
quantification of acceptors or donors, has also been developed
to detect specific constitutive BRET between proteins located in
subcellular compartments of living cells; again, though, it has
the same limitations as other RET methods (Kuravi et al., 2010).
Additionally, proper interpretation of BRET results also requires
quantitative analysis of the result, which has so far only been done
in a small number of studies (Ayoub et al., 2002; Mercier et al.,
2002; Vrecl et al., 2006). The theoretical background of the assays
described below could serve as a guiding principle for the quan-
titative extrapolation of data from BRET experiments performed
with 7TMRs and, presumably, also with other cell surface receptors
that form dimer/oligomers.

BRET MEASUREMENT
In BRET experiments luminescence is measured at the peaks of
donor and acceptor emissions (Xu et al., 1999). Given that a fixed
number of quanta are produced by luciferin-luciferase reactions,
the majority of light is emitted by the donor molecules. If RET
takes place, then part of the energy is transferred to the acceptor
molecules and is emitted at a longer wavelength. Since part of the
donor emission spectra overlaps with the acceptor emission spec-
tra, this background has to be subtracted; the BRET signal is then
calculated as:

BRET =
I2

I1
−

I20

I10
, (1)

where I 2 and I 1 are measured luminescences at the two peak posi-
tions in the case of donor-acceptor interactions, and I 10 and I 20

represent luminescence intensities at the two peak positions for
donor only transfected cells. Samples with different concentra-
tions of donors or variations in light quanta produced by the
luciferin-luciferase reaction can in this way be compared.

In order to obtain a correct BRET value that can be compared
between different laboratories, the BRET luminometer should be
properly calibrated, which means that the same proportion of
donor (I 1) and acceptor (I 2) emissions is detected. The sum of
the two emissions is then proportional to the concentration of
donors, which is again proportional to the total luminescence I tot

(luminescence measured in the whole visible spectrum). In gen-
eral, the magnitude of measured luminescence depends on the
selection of emission filters and detector sensitivity. A calibration
factor b is thus introduced:

I1 + b ∗ I2 = k ∗ Itot. (2)

Using the above equation, the value of parameter b can be
assessed by completing two experiments with different donor-
acceptor ratios while measuring I 1, I 2, and I tot. The calibrated
BRET is then:

BRETcal = b ∗

(
I2

I1
−

I20

I10

)
. (3)

For conducting BRET assays, information about relative donor
and acceptor concentrations is needed. Donor and acceptor con-
centrations can be assessed by luminescence and fluorescence
measurements, respectively. First, however, the calibration curves
of luminescence and fluorescence vs. receptor concentration must
be obtained by using an immuno-based method or radioligand
binding assay (Ayoub et al., 2002; Mercier et al., 2002; Ramsay
et al., 2004).

BASIC BRET THEORY
Bioluminescence resonance energy transfer is defined as the ratio
between transferred T and not-transferred energy Q:

BRET =
T

Q
. (4)

Frontiers in Endocrinology | Molecular and Structural Endocrinology August 2012 | Volume 3 | Article 104 | 4

http://www.frontiersin.org/Molecular_and_Structural_Endocrinology
http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Molecular_and_Structural_Endocrinology/archive


Drinovec et al. Quantitative assessment of 7TMRs oligomerization

The probability that excitation is transferred from donor to
acceptor in a single BRET pair is governed by the energy transfer
efficiency E :

T = E ∗ Q0, (5)

where Q0 is total energy (Q0=T +Q). The energy transfer effi-
ciency is inversely proportional to the sixth power of the distance
R between the donor and the acceptor, as described by the Förster
equation (Förster, 1959), where the Förster radius R0 depends on
the spectral overlap and dipole orientations:

E =
R6

0

R6
0 + R6

. (6)

The calculations in a quantitative BRET assay are derived from
the Veatch and Stryer model (Veatch and Stryer, 1977) covering
FRET experiments with gramicidin dimers. The calculations are
usually simplified by assuming that E is small enough for the
following approximation to be used:

BRETE�1 =
T

Q0
. (7)

Before using the small energy transfer approximation, the mag-
nitude of the energy transfer efficiency E must be determined.
For dimers, E can be calculated from maximum BRET, which is
obtained when all donor molecules are accompanied by acceptors
(using Eqs 4 and 5):

E =
BRETmax

BRETmax + 1
. (8)

QUANTITATIVE BRET ASSAYS
Although determination of the BRET signal is quite simple, the
interpretation of results obtained from oligomerization studies
is not unambiguous. If the receptor expression level is in the
physiological range, there is a problem of distinguishing ran-
dom collisions of donors and acceptors from stable binding. With
increasing receptor concentration, there is a higher probability of
two receptors being in the range of the Förster radius and produc-
ing so called bystander BRET. Several quantitative assays have been
developed to distinguish these two processes, including dilution,
saturation, and competition assays, which allow an assessment of
the receptor oligomerization state and relative affinities for homo-
and hetero-dimer formation (Ayoub et al., 2002; Mercier et al.,
2002). Interpretations of quantitative BRET assays have been sum-
marized in several review articles (Issad and Jockers, 2006; Pfleger
and Eidne, 2006; Ayoub and Pfleger, 2010; Achour et al., 2011;
Kubale et al., 2012).

BRET DILUTION ASSAY
A dilution assay is the simplest control experiment to check for
oligomerization. RET takes place if the distance between donor
and acceptor molecules is in the range of the Förster radius R0.
Molecules can also get close enough for BRET by random colli-
sions (bystander BRET) if their density is high enough (Kenworthy

and Edidin, 1998; Mercier et al., 2002). Excluding random colli-
sions, there should be no concentration dependence for coupled
donor and acceptor molecules. In practice, the BRET signal can be
approximated by:

BRET = BRET0 + k ([D]+ [A]) , (9)

where [D] and [A] are donor and acceptor concentrations. By
simultaneously lowering the concentration of both receptors
(dilution), the BRET signal decreases toward BRET0, which is
the real oligomerization signal (Figure 2). When performing this
experiment, care should be taken to keep the receptor ratio [A]/[D]
constant (Mercier et al., 2002).

There is a low limit of receptor concentrations that can be used
in BRET assays because of the increasing noise in calculated BRET
at low luminescence intensities. The upper limit of the receptor
concentration used in saturation and competition assays should
be set at the point at which the BRET value does not significantly
differ from BRET0. The dilution assay has been used to set the
concentration range for saturation and competition assays and to
distinguish monomers from dimers (Mercier et al., 2002; Terrillon
et al., 2003; Breit et al., 2004; Ramsay et al., 2004).

BRET SATURATION ASSAY
The saturation assay involves expressing a constant amount of
donor-tagged receptor with an increasing amount of acceptor
tagged receptor. Theoretically, the BRET signal should increase
with increasing amounts of acceptor until all donor molecules are
interacting with acceptor molecules. A saturation level BRETmax is
therefore achieved, beyond which a further increase in the amount
of acceptor does not increase the BRET signal (Mercier et al., 2002;
Hamdan et al., 2006; Ayoub and Pfleger, 2010; Achour et al., 2011).
The BRET saturation curve derived from the Veatch and Stryer
model in an approximation of small energy transfer efficiency

FIGURE 2 |Theoretical BRET dilution curves. The ratio between
acceptors and donors is kept constant.
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(Eq. 7) is commonly used:

BRET

BRETmax
= 1−

1(
1 + [A]

[D]

)N
, (10)

N= 1 for dimer, N= 2 for trimer and N= 3 for tetramer. The
detailed derivation can be found in articles by James et al. (2006),
Vrecl et al. (2006). Theoretical BRET saturation curves are pre-
sented in Figure 3. BRET for higher oligomers shows faster satura-
tion. For comparison, the monomer BRET signal that corresponds
to random collisions is presented. If the receptor concentration is
very high, then random collisions can generate a quasi-linear sat-
uration curve similar to that of the dimers. A dilution experiment
should thus be done first to distinguish random collisions from
true oligomerization. Mercier et al. (2002) provided an equation
that differs from that above for N > 1:

BRET

BRETmax

=
([A]+ [D])N+1

− [A]N+1
− [D]N+1

([A]+ [D])N+1
− [A]N+1

− [D]N+1
+ (N + 1) [D]N+1

.

(11)

For dimers, the two equations simplify to a saturation binding
curve that is usually used in saturation assays:

BRET

BRETmax
=

[A]
[D]

1+ [A]
[D]

. (12)

In Figure 3, a comparison can be made between the theoretical
BRET curve for dimers and quasi-linear curve from non-specific
interactions for which high BRETmax values can be obtained in

FIGURE 3 | BRET saturation assay. Theoretical curves for oligomer
formation are plotted as a function of the ratio of receptors tagged with
acceptor [A] and donor [D] molecules. In the case of monomers, the BRET
signal is created by random collisions.

the case of high receptor concentrations. On the other hand,
the dimer curve remains insensitive to total receptor concen-
tration. For higher oligomers, the saturation curve is shifted to
the left and allows a determination of the oligomerization state
(Mercier et al., 2002; Vrecl et al., 2006). The ability to determine
the oligomerization state from the saturation assay is hampered by
systematic errors in the determination of receptor concentrations
and variations in sample treatments, resulting in a large spread of
data.

BRET50 represents the receptor concentration ratio at which
the saturation curve reaches half-maximum value. The theoretical
BRET50 value for homo-dimers is 1. BRET50 values obtained for
hetero-dimers can be compared with that of homo-dimers as a
measure of the relative affinity for their formation. If the affinity
for hetero-dimer formation is lower, the saturation curve is shifted
to the right, yielding a higher BRET50 value (Mercier et al., 2002;
Terrillon et al., 2003; Breit et al., 2004; Goin and Nathanson, 2006).
In a few cases, the affinity for hetero-dimers is higher than that for
homo-dimers, as shown for melatonin receptors MT2-MT1 and
MT2-MT2 receptor pairs (Ayoub et al., 2004).

The BRETmax value can be used to detect conformational
changes of the receptors forming a certain dimer (Eidne et al.,
2002; Issad and Jockers, 2006). Percherancier et al. (2005) showed
that ligands can cause modulation in the BRETmax without affect-
ing the receptor BRET50 concentration ratio, revealing the change
in energy transfer efficiency E (Eq. 5).

When using a low energy transfer approximation, it should be
checked that E is small (E < 0.2) for all receptor pairs. A general
formula should otherwise be used (see below).

GENERAL BRET SATURATION CURVE
The BRET saturation curve for a general case is derived from the
Veatch and Stryer model using Eq. 4 instead of Eq. 7 (Vrecl et al.,
2006):

BRET

BRETmax
= 1−

1

E + (1− E)
(

1+ [A]
[D]

)N
; (13)

N represents the oligomerization state: N= 1 for dimer, N= 2
for trimer etc. Figure 4 shows that the saturation curve is shifted
to the right for higher energy transfer efficiencies E, which greatly
affects interpretation of the saturation assay. In several experi-
ments using a small E approximation, it was observed that satura-
tion assay data lay under the theoretical saturation curve (Mercier
et al., 2002; Ramsay et al., 2004; Goin and Nathanson, 2006). The
shift was interpreted as a presence of a monomeric fraction in the
receptor pool, although high E could be responsible for the shift.

BRET COMPETITION ASSAY
In an attempt further to confirm the existence of oligomeric com-
plexes, a competition assay can be performed. In this assay, the
concentration of untagged receptor is increased over the concen-
tration of donor and acceptor tagged receptors (Ayoub et al., 2002;
Devost and Zingg, 2004; Vrecl et al., 2006; Achour et al., 2011). The
BRET signal is expected to decrease if untagged receptors compete
with tagged receptors for binding in complexes. Following the
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FIGURE 4 | Bioluminescence resonance energy transfer saturation
curves for dimers with different energy transfer efficiencies E.

Veatch and Stryer approach (Veatch and Stryer, 1977), the BRET
signal as a function of receptor concentration is obtained (Kubale
et al., 2012):

BRET =
T

Q
=

E [AD]

2 [DD]+ (1− E) [AD]+ [CD]
, (14)

where [C] represents the concentration of untagged competitor.
If all receptors form dimers and association constants are the same
for AA, AD, DD, CD, AC, and CC dimers, the BRET competition
curve for dimers is obtained:

BRETDimer =
E [A]

[D]

1+ (1− E) [A]
[D] +

[C]
[D]

. (15)

The competition curve for trimers is obtained in the same way:

BRETTrimer =
2E [A]

[D]

1+ (1− 2E) [A]
[D] +

[C]
[D]

. (16)

A high acceptor to donor concentration ratio is commonly used
in BRET saturation experiments, since variations in this ratio do
not influence the BRET signal as much as for [A]/[D]= 1. In gen-
eral, the interaction with untagged receptors causes a reduction
of the BRET signal following a hyperbolic curve (Figure 5). It
can very well be distinguished whether oligomerization is present
but the exact oligomerization state is difficult to assess, because
the dimer and higher oligomer curves are too similar. A compe-
tition assay can be used to study hetero-dimer formation. The
smaller affinity for hetero-dimer formation results in a shallower
competition curve (Figure 5).

In contrast to the hyperbolic competition curve (Eq. 15), a lin-
ear dependence of BRET vs. competitor concentration has been

FIGURE 5 | Bioluminescence resonance energy transfer competition
curves. In a homologous assay, the same kind of receptor is used as a
competitor, whereas in a heterologous assay, a different receptor with a
smaller affinity for hetero-dimer formation is used.

proposed for dimers (Ayoub et al., 2002). In practice, a quan-
titative competition assay is less frequently performed than a
saturation assay due to the need to quantify the untagged com-
petitor concentration using biochemical methods (immuno-based
methods, radioligand binding). Qualitative assays using single wild
type receptor concentrations have been used on several occasions
to assess the specificity of the interaction (Kroeger et al., 2001;
Terrillon et al., 2003; Breit et al., 2004).

CONTROL EXPERIMENTS
A non-interacting receptor should be used for negative control,
which is expressed at similar levels and occupies the same cellular
compartment (Terrillon et al., 2003; Pfleger and Eidne, 2005). For
positive control experiments, donor and acceptor species are fused
together to express a constant BRET signal. This type of experi-
ment is used to test the measurement system and compare data
from different datasets (Pfleger and Eidne, 2006).

NEW RET-BASED TECHNIQUES FOR OLIGOMERIZATION STUDIES
In order to prove higher order oligomerization with more cer-
tainty, new RET-based approaches have been developed that com-
bine two different techniques. A sequential-BRET-FRET (SRET)
has been created that enables identification of hetero-oligomers
formed by three different proteins (Carriba et al., 2008). In SRET,
the oxidation of the Rluc substrate by a Rluc-fusion protein trig-
gers excitation of the acceptor GFP2 by BRET2 and subsequent
energy transfer to the acceptor YFP by FRET. SRET is the ratio
between YFP and Rluc emissions. The experiment is conducted in
the same way as a saturation assay, by measuring SRET with an
increased YFP tagged receptor concentration.

Using the small E approximation and a pure trimer popula-
tion, a SRET curve can be obtained in the same way as those for
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saturation and competition assays:

SRET

=
2E1E2 [M ] [A]

[D]2
+ [M ]2

+ [A]2
+ 2 [D] [M ]+ 2 [D] [A]+ 2 [M ] [A]

,

(17)

where [D] is the Rluc tagged donor, [M ] is a GFP2 tagged “media-
tor” and [A] is the YFP tagged acceptor. If the donor and mediator
concentrations are kept constant and the acceptor concentration
increased, a rise toward a transient maximum and a decay toward
zero for higher acceptor concentrations should be observed. In
experiments performed by Carriba et al. (2008) only the rising
part of the SRET curve was observed. It can be assumed that higher
acceptor concentrations, for which the decaying part of the SRET
curve should be observed, were not tested.

Other creative approaches to detecting receptor hetero-
dimerization/multiprotein complex formation include combina-
tions of (i) bimolecular luminescence (BiLC) and bimolecular
fluorescence (BiFC), (ii) BiFC and BRET, (iii) GPCR-Heteromer
Identification Technology (GPCR-HIT), and (iv) complemented
donor-acceptor resonance energy transfer (CODA-RET). BiLC
and BiFC enable the detection of tetramer formation (Guo et al.,
2008). Complementary fragments are used to reconstitute the
functional protein when brought into close proximity. A BRET sig-
nal is thus produced only in a protein complex incorporating both
Rluc8 fragments, which act as donors, and both Venus fragments,
which act as acceptors. By increasing the acceptor concentration, it
is possible to observe the BRET concentration dependence, similar
to the standard saturation curve (Eq. 12).

Bimolecular fluorescence in combination with BRET is based
on the ability to produce a fluorescent complex from non-
fluorescent constituents if a protein–protein interaction occurs.
Two receptors are fused at their C-termini with either N-terminal
or C-terminal fragments of YFP, and receptor hetero-dimerization
causes YFP reconstitution. If there is heterotrimerization, BRET
can then be obtained when the cells also co-express the third
receptor fused to Rluc (reviewed by Ferre and Franco, 2010).

GPCR-HIT utilizes BRET and ligand-dependent recruitment of
7TMR-specific interaction partners (such as a β-arrestin, PKC, or
G-protein) to enable 7TMR heteromer discovery and characteri-
zation (Mustafa and Pfleger, 2011; See et al., 2011). In this set up,
only one receptor subtype is fused to Rluc and the second receptor
subtype is untagged. A third protein capable of interacting specif-
ically with one or both receptors in a ligand-dependent manner
is fused to the YFP. The ligand-induced BRET signal indicates
that activation of the untagged receptor or the heteromer results
in recruitment of the YFP tagged protein to the heteromer. The
recently developed CODA-RET method combines protein com-
plementation with RET in order to study conformational changes
in response to activation of a defined 7TMR heteromer. CODA-
RET quantifies the BRET between a receptor heterodimer and a
subunit of the heterotrimeric G-protein. It eliminates the contri-
bution from homodimeric signaling and enables analysis of the
effect of drugs on a defined 7TMR heterodimer (Urizar et al.,
2011).

SUMMARY
Quantitative BRET-based techniques are extremely potent tools
for investigation of membrane receptor interaction in live cells
and in real time, provided they are correctly conducted and data
critically interpreted. A dilution assay is a basic tool for distin-
guishing specific binding from random interaction and is used to
set the receptor concentration range for other BRET assays. Rela-
tive affinities for homo-dimer and hetero-dimer formation can be
investigated using BRET competition and saturation assays. The
latter can also be used to determine the oligomerization state of
the receptors, if the energy transfer efficiency is known and the
correct mathematical model is used. In order unambiguously to
show the formation of trimers and tetramers, the use of methods
that combine different RET-based techniques seems to be more
suitable.

ACKNOWLEDGMENTS
We acknowledge funding from the Slovenian Research Agency
(program P4-0053 and Slovenian-Danish collaboration grant
BI-DK/11-12-008).

REFERENCES
Achour, L., Kamal, M., Jockers, R., and

Marullo, S. (2011). Using quanti-
tative BRET to assess G protein-
coupled receptor homo- and het-
erodimerization. Methods Mol. Biol.
756, 183–200.

Agnati, L. F., Fuxe, K., Zoli, M., Ron-
danini, C., and Ogren, S. O. (1982).
New vistas on synaptic plasticity: the
receptor mosaic hypothesis of the
engram. Med. Biol. 60, 183–190.

Angers, S., Salahpour, A., Joly, E.,
Hilairet, S., Chelsky, D., Dennis, M.,
and Bouvier, M. (2000). Detection
of β2-adrenergic receptor dimeriza-
tion in living cells using biolumi-
nescence resonance energy transfer
(BRET). Proc. Natl. Acad. Sci. U.S.A.
97, 3684–3689.

Ayoub, M. A., Couturier, C., Lucas-
Meunier, E., Angers, S., Fossier, P.,

Bouvier, M., and Jockers, R. (2002).
Monitoring of ligand-independent
dimerization and ligand-induced
conformational changes of mela-
tonin receptors in living cells
by bioluminescence resonance
energy transfer. J. Biol. Chem. 277,
21522–21528.

Ayoub, M. A., Levoye, A., Delagrange,
P., and Jockers, R. (2004). Pref-
erential formation of MT1/MT2
melatonin receptor heterodimers
with distinct ligand interaction
properties compared with MT2
homodimers. Mol. Pharmacol. 66,
312–321.

Ayoub, M. A., and Pfleger, K. D.
(2010). Recent advances in biolu-
minescence resonance energy trans-
fer technologies to study GPCR
heteromerization. Curr. Opin. Phar-
macol. 10, 44–52.

Bertrand, L., Parent, S., Caron, M.,
Legault, M., Joly, E., Angers, S.,
Bouvier, M., Brown, M., Houle,
B., and Menard, L. (2002). The
BRET2/arrestin assay in stable
recombinant cells: a platform to
screen for compounds that interact
with G protein-coupled recep-
tors (GPCRS). J. Recept. Signal
Transduct. Res. 22, 533–541.

Biebermann, H., Krude, H., Elsner,
A., Chubanov, V., Gudermann, T.,
and Gruters, A. (2003). Autosomal-
dominant mode of inheritance of
a melanocortin-4 receptor muta-
tion in a patient with severe
early-onset obesity is due to a
dominant-negative effect caused by
receptor dimerization. Diabetes 52,
2984–2988.

Boute, N., Jockers, R., and Issad, T.
(2002). The use of resonance energy

transfer in high-throughput screen-
ing: BRET versus FRET. Trends Phar-
macol. Sci. 23, 351–354.

Breit, A., Lagace, M., and Bouvier, M.
(2004). Hetero-oligomerization
between beta2- and beta3-
adrenergic receptors generates
a beta-adrenergic signaling unit
with distinct functional properties.
J. Biol. Chem. 279, 28756–28765.

Carriba, P., Navarro, G., Ciruela, F.,
Ferre, S., Casado, V., Agnati, L.,
Cortes, A., Mallol, J., Fuxe, K.,
Canela, E. I., Lluis, C., and Franco,
R. (2008). Detection of heteromer-
ization of more than two proteins by
sequential BRET-FRET. Nat. Meth-
ods 5, 727–733.

Chabre, M., Cone, R., and Saibil, H.
(2003). Biophysics: is rhodopsin
dimeric in native retinal rods?
Nature 426, 30–31; discussion 31.

Frontiers in Endocrinology | Molecular and Structural Endocrinology August 2012 | Volume 3 | Article 104 | 8

http://www.frontiersin.org/Molecular_and_Structural_Endocrinology
http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Molecular_and_Structural_Endocrinology/archive


Drinovec et al. Quantitative assessment of 7TMRs oligomerization

Chabre, M., and le Maire, M. (2005).
Monomeric G-protein-coupled
receptor as a functional unit.
Biochemistry 44, 9395–9403.

Dacres, H., Dumancic, M. M., Horne,
I., and Trowell, S. C. (2009a).
Direct comparison of fluorescence-
and bioluminescence-based reso-
nance energy transfer methods for
real-time monitoring of thrombin-
catalysed proteolytic cleavage.
Biosens. Bioelectron. 24, 1164–1170.

Dacres, H., Dumancic, M. M., Horne,
I., and Trowell, S. C. (2009b). Direct
comparison of bioluminescence-
based resonance energy transfer
methods for monitoring of prote-
olytic cleavage. Anal. Biochem. 385,
194–202.

Dacres, H., Wang, J., Dumancic, M. M.,
and Trowell, S. C. (2010). Experi-
mental determination of the Forster
distance for two commonly used
bioluminescent resonance energy
transfer pairs. Anal. Chem. 82,
432–435.

De, A., Loening, A. M., and Gambhir,
S. S. (2007). An improved biolu-
minescence resonance energy trans-
fer strategy for imaging intracellu-
lar events in single cells and living
subjects. Cancer Res. 67, 7175–7183.

De, A., Ray, P., Loening, A. M., and
Gambhir, S. S. (2009). BRET3: a red-
shifted bioluminescence resonance
energy transfer (BRET)-based inte-
grated platform for imaging protein-
protein interactions from single live
cells and living animals. FASEB J. 23,
2702–2709.

De Meyts, P. (1976). Cooperative prop-
erties of hormone receptors in cell
membranes. J. Supramol. Struct. 4,
241–258.

De Meyts, P., Roth, J., Neville, D. M.
Jr., Gavin, J. R. III, and Lesniak, M.
A. (1973). Insulin interactions with
its receptors: experimental evidence
for negative cooperativity. Biochem.
Biophys. Res. Commun. 55, 154–161.

Devost, D., and Zingg, H. H. (2004).
Homo- and hetero-dimeric com-
plex formations of the human oxy-
tocin receptor. J. Neuroendocrinol.
16, 372–377.

Dragulescu-Andrasi,A., Chan, C. T., De,
A., Massoud, T. F., and Gambhir,
S. S. (2011). Bioluminescence reso-
nance energy transfer (BRET) imag-
ing of protein–protein interactions
within deep tissues of living sub-
jects. Proc. Natl. Acad. Sci. U.S.A.
108, 12060–12065.

Eidne, K. A., Kroeger, K. M., and
Hanyaloglu, A. C. (2002). Appli-
cations of novel resonance energy
transfer techniques to study
dynamic hormone receptor

interactions in living cells. Trends
Endocrinol. Metab. 13, 415–421.

Evers, T. H., Van Dongen, E. M., Faesen,
A. C., Meijer, E. W., and Merkx, M.
(2006). Quantitative understanding
of the energy transfer between fluo-
rescent proteins connected via flexi-
ble peptide linkers. Biochemistry 45,
13183–13192.

Ferre, S., Baler, R., Bouvier, M., Caron,
M. G., Devi, L. A., Durroux, T.,
Fuxe, K., George, S. R., Javitch, J.
A., Lohse, M. J., Mackie, K., Mil-
ligan, G., Pfleger, K. D., Pin, J. P.,
Volkow, N. D., Waldhoer, M., Woods,
A. S., and Franco, R. (2009). Build-
ing a new conceptual framework
for receptor heteromers. Nat. Chem.
Biol. 5, 131–134.

Ferre, S., and Franco, R. (2010).
Oligomerization of G-protein-
coupled receptors: a reality.
Curr. Opin. Pharmacol. 10,
1–5.

Förster, T. (1959). Transfer mecha-
nisms of electronic excitation. Dis-
cuss. Faraday Soc. 27, 7–17.

Fotiadis, D., Liang, Y., Filipek, S., Saper-
stein, D. A., Engel, A., and Pal-
czewski, K. (2004). The G protein-
coupled receptor rhodopsin in the
native membrane. FEBS Lett. 564,
281–288.

Goin, J. C., and Nathanson, N.
M. (2006). Quantitative analysis
of muscarinic acetylcholine recep-
tor homo- and heterodimeriza-
tion in live cells: regulation of
receptor down-regulation by het-
erodimerization. J. Biol. Chem. 281,
5416–5425.

Guo, W., Urizar, E., Kralikova, M.,
Mobarec, J. C., Shi, L., Filizola, M.,
and Javitch, J. A. (2008). Dopamine
D2 receptors form higher order
oligomers at physiological expres-
sion levels. EMBO J. 27, 2293–2304.

Gurevich, V. V., and Gurevich, E.
V. (2008a). GPCR monomers and
oligomers: it takes all kinds. Trends
Neurosci. 31, 74–81.

Gurevich, V. V., and Gurevich, E. V.
(2008b). How and why do GPCRs
dimerize? Trends Pharmacol. Sci. 29,
234–240.

Hamdan, F. F., Audet, M., Garneau, P.,
Pelletier, J., and Bouvier, M. (2005).
High-throughput screening of G
protein-coupled receptor antago-
nists using a bioluminescence res-
onance energy transfer 1-based β-
arrestin2 recruitment assay. J. Bio-
mol. Screen 10, 463–475.

Hamdan, F. F., Percherancier, Y., Breton,
B., and Bouvier, M. (2006). Moni-
toring protein–protein interactions
in living cells by bioluminescence
resonance energy transfer (BRET).

Curr. Protoc. Neurosci. Chapter 5,
Unit 5.23.

Hasbi, A., Devost, D., Laporte, S. A.,
and Zingg, H. H. (2004). Real-time
detection of interactions between
the human oxytocin receptor and G
protein-coupled receptor kinase-2.
Mol. Endocrinol. 18, 1277–1286.

Hebert, T. E., Moffett, S., Morello, J. P.,
Loisel, T. P., Bichet, D. G., Barret,
C., and Bouvier, M. (1996). A pep-
tide derived from a β2-adrenergic
receptor transmembrane domain
inhibits both receptor dimerization
and activation. J. Biol. Chem. 271,
16384–16392.

Heding, A. (2004). Use of the BRET
7TM receptor/β-arrestin assay in
drug discovery and screening. Expert
Rev. Mol. Diagn. 4, 403–411.

Heding, A., and Vrecl, M. (2011).
“BRET-based screening assays
in seven-transmembrane (7TM)
receptor drug discovery,” in Bio-
luminescence: Characteristics,
Adaptations, and Biotechnology,
ed. D. J. Rodgerson (Hauppauge,
NY: Nova Science Publishers, cop.),
137–151.

Issad, T., and Jockers, R. (2006). Biolu-
minescence resonance energy trans-
fer to monitor protein-protein inter-
actions. Methods Mol. Biol. 332,
195–209.

James, J. R., Oliveira, M. I., Carmo, A.
M., Iaboni,A., and Davis, S. J. (2006).
A rigorous experimental framework
for detecting protein oligomeriza-
tion using bioluminescence reso-
nance energy transfer. Nat. Methods
3, 1001–1006.

Jorgensen, R., Holliday, N. D., Hansen,
J. L., Vrecl, M., Heding, A., Schwartz,
T. W., and Elling, C. E. (2008). Char-
acterization of G-protein coupled
receptor kinase interaction with the
neurokinin-1 receptor using biolu-
minescence resonance energy trans-
fer. Mol. Pharmacol. 73, 349–358.

Kaczor, A. A., and Selent, J. (2011).
Oligomerization of G protein-
coupled receptors: biochemical and
biophysical methods. Curr. Med.
Chem. 18, 4606–4634.

Kenworthy, A. K., and Edidin,
M. (1998). Distribution of a
glycosylphosphatidylinositol-
anchored protein at the apical
surface of MDCK cells examined
at a resolution of <100 Å using
imaging fluorescence resonance
energy transfer. J. Cell Biol. 142,
69–84.

Kroeger, K. M., Hanyaloglu, A. C., See-
ber, R. M., Miles, L. E., and Eidne, K.
A. (2001). Constitutive and agonist-
dependent homo-oligomerization
of the thyrotropin-releasing

hormone receptor. Detection in
living cells using bioluminescence
resonance energy transfer. J. Biol.
Chem. 276, 12736–12743.

Kubale, V., Drinovec, L., and Vrecl,
M. (2012). “Quantitative assessment
of seven transmembrane receptors
(7TMRs) oligomerization by biolu-
minescence resonance energy trans-
fer (BRET) technology,” in Bio-
luminescence: Recent Advances in
Oceanic Measurements and Labo-
ratory Applications, ed. D. Lapota
(Rijeka: Intech), 81–95.

Kubale, V., Pogacnik, A., Schwartz, T.
W., and Vrecl, M. (2008). Seven
transmembrane receptors (7TM) in
the view of dimerization and exper-
imental methods to study their
dimerization and cross-talk. Slov.
Vet. Res. 45, 89–102.

Kuravi, S., Lan, T. H., Barik, A., and
Lambert, N. A. (2010). Third-party
bioluminescence resonance energy
transfer indicates constitutive asso-
ciation of membrane proteins: appli-
cation to class a g-protein-coupled
receptors and g-proteins. Biophys. J.
98, 2391–2399.

Liang, Y., Fotiadis, D., Filipek, S.,
Saperstein, D. A., Palczewski, K.,
and Engel, A. (2003). Organization
of the G protein-coupled recep-
tors rhodopsin and opsin in native
membranes. J. Biol. Chem. 278,
21655–21662.

Limbird, L. E., De Meyts, P., and
Lefkowitz, R. J. (1975). Beta-
adrenergic receptors: evidence for
negative cooperativity. Biochem.
Biophys. Res. Commun. 64,
1160–1168.

Loening, A. M., Wu, A. M., and Gamb-
hir, S. S. (2007). Red-shifted Renilla
reniformis luciferase variants for
imaging in living subjects. Nat.
Methods 4, 641–643.

Maggio, R., Vogel, Z., and Wess,
J. (1993a). Coexpression studies
with mutant muscarinic/adrenergic
receptors provide evidence for inter-
molecular “cross-talk” between G-
protein-linked receptors. Proc. Natl.
Acad. Sci. U.S.A. 90, 3103–3107.

Maggio, R., Vogel, Z., and Wess, J.
(1993b). Reconstitution of func-
tional muscarinic receptors by co-
expression of amino- and carboxyl-
terminal receptor fragments. FEBS
Lett. 319, 195–200.

Maurice, P., Guillaume, J. L., Benleulmi-
Chaachoua,A.,Daulat,A. M.,Kamal,
M., and Jockers, R. (2011). GPCR-
interacting proteins, major players
of GPCR function. Adv. Pharmacol.
62, 349–380.

McGraw, D. W., and Liggett, S. B. (2006).
“G-protein coupled receptors,” in

www.frontiersin.org August 2012 | Volume 3 | Article 104 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Molecular_and_Structural_Endocrinology/archive


Drinovec et al. Quantitative assessment of 7TMRs oligomerization

Encyclopedia of Respiratory Medicine,
eds G. J. Laurent and S. D. Shapiro
(Oxford: Elsevier Ltd.), 248–251.

Mercier, J. F., Salahpour, A., Angers, S.,
Breit, A., and Bouvier, M. (2002).
Quantitative assessment of β1- and
β2-adrenergic receptor homo- and
heterodimerization by biolumines-
cence resonance energy transfer. J.
Biol. Chem. 277, 44925–44931.

Milligan, G., and Bouvier, M. (2005).
Methods to monitor the quater-
nary structure of G protein-coupled
receptors. FEBS J. 272, 2914–2925.

Mustafa, S., and Pfleger, K. D. (2011). G
protein-coupled receptor heteromer
identification technology: identifi-
cation and profiling of GPCR het-
eromers. J. Lab. Autom. 16, 285–291.

Palczewski, K. (2010). Oligomeric forms
of G protein-coupled receptors
(GPCRs). Trends Biochem. Sci. 35,
595–600.

Palczewski, K., Kumasaka, T., Hori,
T., Behnke, C. A., Motoshima, H.,
Fox, B. A., Le Trong, I., Teller,
D. C., Okada, T., Stenkamp, R.
E., Yamamoto, M., and Miyano,
M. (2000). Crystal structure of
rhodopsin: a G protein-coupled
receptor. Science 289, 739–745.

Percherancier, Y., Berchiche, Y. A.,
Slight, I., Volkmer-Engert, R., Tama-
mura, H., Fujii, N., Bouvier, M.,
and Heveker, N. (2005). Biolumi-
nescence resonance energy trans-
fer reveals ligand-induced confor-
mational changes in CXCR4 homo-
and heterodimers. J. Biol. Chem. 280,
9895–9903.

Pfleger, K. D., and Eidne, K. A.
(2005). Monitoring the formation
of dynamic G-protein-coupled
receptor-protein complexes in
living cells. Biochem. J. 385,
625–637.

Pfleger, K. D., and Eidne, K. A. (2006).
Illuminating insights into protein-
protein interactions using biolumi-
nescence resonance energy transfer
(BRET). Nat. Methods 3, 165–174.

Ramsay, D., Carr, I. C., Pediani,
J., Lopez-Gimenez, J. F., Thurlow,
R., Fidock, M., and Milligan, G.
(2004). High-affinity interactions
between human α1A-adrenoceptor
C-terminal splice variants produce
homo- and heterodimers but do not
generate the α1L-adrenoceptor. Mol.
Pharmacol. 66, 228–239.

Rediger, A., Tarnow, P., Bickenbach, A.,
Schaefer, M., Krude, H., Gruters, A.,
and Biebermann, H. (2009). Het-
erodimerization of hypothalamic G-
protein-coupled receptors involved
in weight regulation. Obes. Facts 2,
80–86.

Salon, J. A., Lodowski, D. T., and Pal-
czewski, K. (2011). The significance
of g protein-coupled receptor crys-
tallography for drug discovery. Phar-
macol. Rev. 63, 901–937.

See, H. B., Seeber, R. M., Kocan, M.,
Eidne, K. A., and Pfleger, K. D.
(2011). Application of G protein-
coupled receptor-heteromer identi-
fication technology to monitor beta-
arrestin recruitment to G protein-
coupled receptor heteromers. Assay
Drug Dev. Technol. 9, 21–30.

Szidonya, L., Cserzo, M., and Hun-
yady, L. (2008). Dimerization and
oligomerization of G-protein-
coupled receptors: debated
structures with established and
emerging functions. J. Endocrinol.
196, 435–453.

Terrillon, S., and Bouvier, M. (2004).
Roles of G-protein-coupled receptor
dimerization. EMBO Rep. 5, 30–34.

Terrillon, S., Durroux, T., Mouillac,
B., Breit, A., Ayoub, M. A., Taulan,

M., Jockers, R., Barberis, C., and
Bouvier, M. (2003). Oxytocin and
vasopressin V1a and V2 receptors
form constitutive homo- and het-
erodimers during biosynthesis. Mol.
Endocrinol. 17, 677–691.

Urizar, E., Yano, H., Kolster, R., Gales,
C., Lambert, N., and Javitch, J. A.
(2011). CODA-RET reveals func-
tional selectivity as a result of GPCR
heteromerization. Nat. Chem. Biol.
7, 624–630.

Veatch, W., and Stryer, L. (1977). The
dimeric nature of the gramicidin
A transmembrane channel: conduc-
tance and fluorescence energy trans-
fer studies of hybrid channels. J. Mol.
Biol. 113, 89–102.

Vrecl, M., Drinovec, L., Elling, C., and
Heding, A. (2006). Opsin oligomer-
ization in a heterologous cell system.
J. Recept. Signal Transduct. Res. 26,
505–526.

Vrecl, M., Jorgensen, R., Pogacnik, A.,
and Heding, A. (2004). Develop-
ment of a BRET2 screening assay
using β-arrestin 2 mutants. J. Bio-
mol. Screen 9, 322–333.

Vrecl, M., Norregaard, P. K., Almholt,
D. L., Elster, L., Pogacnik, A.,
and Heding, A. (2009). β-arrestin-
based BRET2 screening assay for
the “Non”-β-arrestin binding CB1
receptor. J. Biomol. Screen 14,
371–380.

White, J. H., Wise, A., Main, M. J.,
Green, A., Fraser, N. J., Disney, G.
H., Barnes, A. A., Emson, P., Foord,
S. M., and Marshall, F. H. (1998).
Heterodimerization is required for
the formation of a functional
GABA(B) receptor. Nature 396,
679–682.

Wu, P., and Brand, L. (1994). Resonance
energy transfer: methods and appli-
cations. Anal. Biochem. 218, 1–13.

Xu, Y., Kanauchi, A., Von Arnim, A.
G., Piston, D. W., and Johnson,
C. H. (2003). Bioluminescence res-
onance energy transfer: monitor-
ing protein-protein interactions in
living cells. Meth. Enzymol. 360,
289–301.

Xu, Y., Piston, D. W., and John-
son, C. H. (1999). A biolumi-
nescence resonance energy trans-
fer (BRET) system: application to
interacting circadian clock proteins.
Proc. Natl. Acad. Sci. U.S.A. 96,
151–156.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 22 May 2012; accepted: 08
August 2012; published online: 28 August
2012.
Citation: Drinovec L, Kubale V, Nøhr
Larsen J and Vrecl M (2012) Mathe-
matical models for quantitative assess-
ment of bioluminescence resonance
energy transfer: application to seven
transmembrane receptors oligomeriza-
tion. Front. Endocrin. 3:104. doi:
10.3389/fendo.2012.00104
This article was submitted to Frontiers in
Molecular and Structural Endocrinology,
a specialty of Frontiers in Endocrinology.
Copyright © 2012 Drinovec, Kubale,
Nøhr Larsen and Vrecl. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Endocrinology | Molecular and Structural Endocrinology August 2012 | Volume 3 | Article 104 | 10

http://dx.doi.org/10.3389/fendo.2012.00104
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Molecular_and_Structural_Endocrinology
http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Molecular_and_Structural_Endocrinology/archive

	Mathematical models for quantitative assessment of bioluminescence resonance energy transfer: application to seven transmembrane receptors oligomerization
	Introduction
	Methodological approaches to studying 7TMRs dimerization
	BRET principle and BRET technology development/optimization
	BRET results – interpretation and possible shortcomings
	BRET measurement
	Basic BRET theory

	Quantitative BRET assays
	BRET dilution assay
	BRET saturation assay
	General BRET saturation curve
	BRET competition assay
	Control experiments
	New RET-based techniques for oligomerization studies

	Summary
	Acknowledgments
	References


