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Bimolecular fluorescence complementation:
lighting up seven transmembrane domain receptor
signalling networks
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There is increasing complexity in the organization of seven transmembrane domain (7TM) receptor signalling pathways, and
in the ability of their ligands to modulate and direct this signalling. Underlying these events is a network of protein interactions
between the 7TM receptors themselves and associated effectors, such as G proteins and b-arrestins. Bimolecular fluorescence
complementation, or BiFC, is a technique capable of detecting these protein–protein events essential for 7TM receptor
function. Fluorescent proteins, such as those from Aequorea victoria, are split into two non-fluorescent halves, which then tag
the proteins under study. On association, these fragments refold and regenerate a mature fluorescent protein, producing a BiFC
signal indicative of complex formation. Here, we review the experimental criteria for successful application of BiFC, considered
in the context of 7TM receptor signalling events such as receptor dimerization, G protein and b-arrestin signalling. The
advantages and limitations of BiFC imaging are compared with alternative resonance energy transfer techniques. We show that
the essential simplicity of the fluorescent BiFC measurement allows high-content and advanced imaging applications, and that
it can probe more complex multi-protein interactions alone or in combination with resonance energy transfer. These
capabilities suggest that BiFC techniques will become ever more useful in the analysis of ligand and 7TM receptor pharma-
cology at the molecular level of protein–protein interactions.
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Introduction

Traditional studies of seven transmembrane domain (7TM)
receptors evaluate their signalling and pharmacology at the
level of cell populations. Such investigations reveal complex-
ity in the way in which ligand–receptor complexes recruit

different intracellular pathways to elicit a specific biological
response. For example, individual 7TM receptors must select
heterotrimeric G proteins with the right combination of Ga
and Gbg subunits to modulate second messenger enzymes
and ion channels appropriately. There are also well-
established G protein-independent 7TM pathways, typified by
receptor recruitment of b-arrestin adaptors for endocytosis
and stimulation of extracellular signal-related kinase (ERK)
cascades (Gurevich and Gurevich, 2006). Increasingly, our
current questions in 7TM receptor pharmacology require
understanding of how such signalling networks are coordi-
nated with high fidelity at the subcellular level. Do 7TM
receptors function as monomers or oligomers? Are receptor

Correspondence: Dr Nicholas Holliday, Institute of Cell Signalling, School of
Biomedical Sciences, University of Nottingham, Queen’s Medical Centre, Not-
tingham NG7 2UH, UK. E-mail: nicholas.holliday@nottingham.ac.uk
Re-use of this article is permitted in accordance with the Terms and Conditions
set out at http://www3.interscience.wiley.com/authorresources/onlineopen.
html
Received 28 May 2009; revised 22 July 2009; accepted 28 July 2009

British Journal of Pharmacology (2010), 159, 738–750
© 2009 The Authors
Journal compilation © 2009 The British Pharmacological Society All rights reserved 0007-1188/09
www.brjpharmacol.org



signalling pathways spatiotemporally organized in micro-
domains, and if so, how are these defined? How do receptors
select between alternative downstream partners, and is this
influenced by the choice of ligand? A key element in defining
the associated mechanisms is to know how the relevant
protein–protein interactions are controlled – for example,
between different 7TM receptor monomers, protein partners
involved in the regulation and activation process, or scaffolds
underlying the architecture of the signalling complex.

Multi-protein complexes can be identified by biochemical
approaches, such as co-immunoprecipitation, but these
invariably involve cell lysis and normally lack subcellular and
temporal resolution. Bioluminescence/fluorescence reso-
nance energy transfer (BRET/FRET) techniques have also
proved popular and successful ways to study different aspects
of 7TM receptor function, including receptor dimerization, G
protein activation or b-arrestin recruitment (Milligan and
Bouvier, 2005; Lohse et al., 2008; Maurel et al., 2008). A third
interaction strategy, known as complementation, involves the
division of a protein reporter into two non-functioning frag-
ments, each fused to the separate partners under investiga-
tion. The association of the target proteins then drives
recombination of the reporter fragments, and the reconstitu-
tion of measurable functional activity. Protein complementa-
tion assays were first described for enzymatic reporters, such
as b-galactosidase subunits (Rossi et al., 1997) or dihydrofolate

reductase (Pelletier et al., 1998; Michnick et al., 2007).
However, a recent advance has been to adapt this principle to
fluorescent proteins, originally to Aequorea victoria green fluo-
rescent protein (GFP) (Ghosh et al., 2000; Nagai et al., 2001;
Robert et al., 2001) and most often to related variants such as
yellow fluorescent protein (YFP). In an early application of
bimolecular fluorescence complementation (BiFC) to a bio-
logical protein–protein interaction, non-fluorescent YFP N
and C fragments were fused to the Fos and Jun transcription
factor-binding domains (Hu et al., 2002). On their
co-expression, the formation of the Fos–Jun heterodimer
brought the split YFP halves together, and promoted refolding
and regeneration of a functioning fluorescent protein
(Figure 1A). Thus, BiFC has the potential to combine the
relative simplicity of a complementation assay, with the
power to quantify the intensity and subcellular distribution of
the responses by imaging living cells.

From its conception 8 years ago, BiFC has been applied to
a variety of protein–protein interactions in many types of
cells, and this broad scope has been discussed recently (Ker-
ppola, 2008; Shyu and Hu, 2008; Vidi and Watts, 2009). This
review will focus on the current use of BiFC to probe 7TM
receptor signalling events, including the experimental crite-
ria for successful application and its unique potential for
unravelling the behaviour of complex multi-protein signal
transducers.

Figure 1 Principle of bimolecular fluorescence complementation (BiFC) and design of Aequorea fluorescent protein fragments. (A) Protein
partners can associate and dissociate reversibly until the split fluorescent protein tags refold to form a stable b-barrel structure. The subsequent
maturation of the chromophore generates a fluorescent BiFC complex. Folding and maturation times are for yellow fluorescent protein (YFP)
(1–154) and YFP (155–238) tags at 25°C in vitro (Hu et al., 2002). (B) The structure of Aequorea fluorescent proteins consists of 11 b-strands,
with the amino acids that develop into the chromophore shown in a helix between strands 3 and 4. Venus mutations on an enhanced YFP
background are highlighted in red (Nagai et al., 2002). Fluorescent fragments known to display complementation (YFP unless otherwise stated)
are shown at positions 1: 154–155 (e.g. Hu et al., 2002), 2: 158–159 (Mervine et al., 2006), 3: 172–173 (Hu and Kerppola, 2003), 4:
superfolder green fluorescent protein (GFP) 222–223 (Cabantous and Waldo, 2006) and 5: 144–145 (Nagai et al., 2001). Sequence references
refer to original native GFP.
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Experimental advantages and limitations of
BiFC assays

Assessed in vitro using purified proteins, the development of
BiFC is a two-stage process (Figure 1A). First, the N and C
terminal YFP fragments must refold into the native b-barrel
tertiary structure when they are brought into close proximity.
Untagged competitors which disrupt the protein–protein
interaction can only prevent the onset of BiFC at early time
points after association begins, suggesting that this step is
relatively rapid (half-time seconds – minutes) and largely irre-
versible (Hu et al., 2002). However, this is not the rate-limiting
step for actual detection of the BiFC complex. Once refolded,
the endogenous chromophore of complemented YFP must
mature before it becomes fluorescent, which is a slower auto-
catalytic reaction involving oxidation (half-time of several
min; Hu et al., 2002). These kinetic profiles influence the
design and interpretation of BiFC experiments. First, the
protein–protein interactions detected must be sufficient in
strength to enable refolding to take place. As a consequence,
most signalling interactions assessed by BiFC have thus far
been relatively stable ones, such as transcription factor dimer-
ization (Hu et al., 2002; Hu and Kerppola, 2003; Grinberg
et al., 2004; Vincenz and Kerppola, 2008), covalent modifica-
tion by ubiquitin (Ub) (Fang and Kerppola, 2004; Ikeda and
Kerppola, 2008), insulin-stimulated association between the
kinase Akt and the Smad3 transcription factor (Remy et al.,
2004) or 7TM receptor arrestin recruitment (MacDonald et al.,
2006 and below). Nevertheless, it is possible for BiFC to detect
more transient protein–protein binding, for example,
between a tyrosine kinase SH3 domain and its targets (Morell
et al., 2007), or cargo proteins and intracellular trafficking
machinery (Nyfeler et al., 2005). It might even have potential
to identify rapid 7TM receptor signalling events, such as G
protein association with a half-time <1 s (Lohse et al., 2008).
This ability rests with the consensus viewpoint that refolding
of complemented YFP is irreversible, thus trapping even tran-
siently formed complexes and committing them to generate a
fluorescent signal on maturation (Hu et al., 2002; Nyfeler
et al., 2005; Morell et al., 2007). Occasional reports provide
exceptions, suggesting that BiFC might be reversible under
some circumstances (Anderie and Schmid, 2007), but the
refolding of YFP fragments into a well-ordered tertiary struc-
ture will clearly affect subsequent dissociation of the interact-
ing proteins. Although tagged protein–protein interactions
proceed unhindered until folding takes place (including rapid
dissociation; Hu et al., 2002), BiFC experiments are thus best
interpreted as measures of protein–protein association. Cor-
respondingly, the BiFC complex essentially behaves as a
fusion between the protein partners once formed. This should
be borne in mind when interpreting subcellular localization
of such complexes after formation, to ensure that this also
reflects the behaviour of the untagged proteins following
interaction.

The second slower step in developing BiFC, that of chro-
mophore maturation, plays no role in the types of protein–
protein association that can be trapped and detected, other
than to set the sensitivity of the assay. It is not necessary for
all the refolded trapped complexes to develop into fully
fledged fluorescent proteins, provided that a sufficient signal

(increased with incubation time) is generated by those that
mature. Clearly, there is an appreciable delay between the
molecular detection step (refolding) and the generation of the
fluorescent signal measured as a response (chromophore
maturation). Thus, no BiFC assay is currently a ‘real-time’
kinetic measurement of protein–protein association. There
are indications that this technical limitation may be over-
come in future. Some GFP N terminal fragments are reported
to have a preformed chromophore but remain non-
fluorescent when purified in vitro, thus making BiFC a one-
step process entirely dependent on fast refolding (Demidov
et al., 2006). However, this advance has not yet been demon-
strated in living cells.

BiFC can be obtained between fragments of the major
Aequorea variants [cyan fluorescent protein (CFP), GFP and
YFP] and homologous Anthozoa or Discosoma red-shifted pro-
teins (mCherry, monomeric red fluorescent protein), covering
a useful spectrum of fluorescence excitation and emission
wavelengths (Hu et al., 2002; Hu and Kerppola, 2003; Jach
et al., 2006; Fan et al., 2008). As indicated in Figure 1B, there
are relatively few known points at which GFP can be success-
fully split. These all reside in the linkers between the b-sheets
that line the b-barrel, with the most common position being
between strands 7 and 8. Even the largest GFP fragments are
non-fluorescent by themselves and are thus suitable for BiFC
in principle (Cabantous and Waldo, 2006). The paucity of
current options may reflect structural importance of other
available linker regions, the extent to which the disordered
fragments impede expression of the fusion protein and the
ability of different fragments to refold efficiently on contact.
In particular, YFP fragments and those from the Dictyosoma
red protein variants exhibit temperature sensitivity, often
requiring incubation at a lower temperature, typically 30°C,
to improve complementation (Hu and Kerppola, 2003; Jach
et al., 2006; Fan et al., 2008). However, in the case of YFP,
additional mutations can improve folding of the full-length
protein, for example, those in Venus (Nagai et al., 2002);
Figure 1B) or superfolder variants (Ottmann et al., 2009). Such
mutations also enhance fragment complementation effi-
ciency and allow experiments in mammalian cells to be per-
formed at 37°C (MacDonald et al., 2006; Vidi et al., 2008a;
Ottmann et al., 2009). This often leads to a trade-off in any
BiFC experimental design. The preference will invariably be
for N and C terminal fragments with the required spectral
characteristics, which also offer the greatest complementation
efficiency at physiological temperature. However, these same
properties, which enhance BiFC speed and sensitivity, may
also be responsible for increasing self-association between the
fragments, independent of any interaction between the
tagged proteins. This is particularly the case for the reported
fragments of the superfolder variant of GFP (Figure 1B), which
readily combine spontaneously (Cabantous and Waldo,
2006). In common with all protein–protein interaction
assays, a key element in the development of successful BiFC
approaches is the identification of appropriate controls and
paradigms, which identify and limit non-specific interactions
and false positives. Ideally, such controls involve precise
mutations which eliminate the interactions between the pro-
teins under study, for example, at the binding interface of the
Fos–Jun transcription factor heterodimer, and the Ub ligation
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sites to prevent associated Jun–Ub BiFC (Hu et al., 2002; Fang
and Kerppola, 2004). When applied to appropriate signalling
cascades, background BiFC is often also limited because the
proteins under study are compartmentalized until a specific
stimulus is applied, such as a membrane-bound receptor,
which recruits a cytoplasmic partner on agonist activation.

Table 1 compares the characteristics of BiFC with that of
BRET/FRET, the major imaging methods that currently probe
protein–protein interactions in living cells. In BRET/FRET
techniques, one protein partner is fused to a donor – typically
CFP for FRET, excited by short-wavelength laser excitation, or
luciferase for BRET, stimulated by addition of chemical sub-
strate. In each case, an appropriate acceptor (such as YFP)
tagged to the interacting protein partner is excited by donor
emission (resonance energy transfer), when the donor and
acceptor are close enough together (<10 nm). BRET and FRET
offer a significant advantage over BiFC in that measurements
occur in real time and are fully reversible (Milligan and
Bouvier, 2005; Lohse et al., 2008). However, the analysis of
BRET/FRET experiments is relatively complex, because both
donor and acceptor emission must normally be monitored,
using appropriate controls to extract the relatively small
energy transfer signal from bleedthrough between the chan-
nels. The possibility of homo-FRET between identical fluoro-
phores should also be eliminated. Relatively high expression
levels are required, and possible ‘bystander’ energy transfer
from non-specific interactions must also be eliminated as a
mechanism (James et al., 2006). In contrast, BiFC is simple to
measure using the single excitation/emission characteristics
of the parent protein, resulting in sensitivity that approaches
endogenous levels of protein expression and allowing
co-localization with other fluorescent probes with different

spectra. Aspects of the slow folding and maturation process
actually favour trapping of specific interactions. Moreover, a
general feature of complementation assays, unlike FRET, is
that they are independent of the relative orientation of the
different tags while retaining similar distance constraints
(Remy et al., 1999). As discussed below, BiFC responses are
highly suitable for analysis by advanced imaging techniques
and high-content analysis, and can extend investigation of
signalling complexes to more than two protein partners,
using multicolour BiFC or BiFC combined with FRET.

Quantitative BiFC imaging by high-content
screening

The full potential of BiFC assays is realized if responses can be
quantified, for example, in terms of the frequency and inten-
sity of cells expressing complemented YFP. This provides the
best indication of specificity in comparison to background
controls, and is also essential for the quantitative assessment
of drug action desired by pharmacologists. Because BiFC
detection is straightforward, it can, in principle, be measured
by any sensitive method that quantifies fluorescence. For
example, flow cytometry can determine the extent to which
ligand treatment alters the BiFC protein–protein association
under study (Morell et al., 2007). An additional advantage of
image analysis using confocal or widefield microscopy is that
it details not only the number and brightness of the cells, but
also the subcellular location of the formed complexes.
When performed manually, such experiments can be time
consuming and inherently low throughput. However, this

Table 1 Characteristics of BiFC compared with resonance energy transfer

Characteristic Resonance energy transfer BiFC

Excitation/emission spectra Analysis of both donor and acceptor spectra preferable Single excitation/emission wavelengths as for full-length
protein (range CFP to mCherry). High-content and
advanced imaging techniques used for fluorescent
proteins can also, in principle, be applied to BiFC.

Dynamic range Limited – higher construct expression required Large – sensitive to endogenous levels of expression
Kinetics Real-time, fully reversible response enables measurement

of both association and dissociation
Proteins interact reversibly, but fast fragment refolding

commits complex to generate BiFC irreversibly.
Delayed maturation means assay is not real time.

Tag orientation and distance Strictly defined distance limit for transfer between donor
and acceptor fluorophores. Responses also influenced
by fluorophore orientation.

Independent of tag orientation. Distance constraints not
assessed for BiFC, but other complementation assays
suggest similar (<10 nm) to FRET or BRET.

Negative controls Tags must not alter protein function or interaction.
‘Bystander’ effects, channel bleedthrough and
homo-FRET should be assessed.

Unfolded fragment tags must not disrupt function or
expression. Slower kinetics favour specificity, but
negative controls (e.g. non-interacting mutants) must
quantify non-specific BiFC.

Cell context Applicable to living or fixed cells Applicable to living or fixed cells. Complementation can
require incubation at lower temperature (30°C).

Subcellular localization Possible with some FRET techniques, for example,
fluorescence lifetime imaging.

Straightforward co-localization with other fluorophore
labels. BiFC generates a fusion protein which may
distribute differently from the parent complex.

Multi-protein complexes Three-way competitive interactions can be assessed by
reduction in response after titration of the competitor.
Sequential FRET possible for cooperative assemblies,
but complex to analyse.

Multicolour BiFC available for competitive association,
and BiFC can be combined with BRET or FRET for
multicomponent complexes.

Appropriate references are provided in the text.
BiFC, bimolecular fluorescence complementation; BRET, bioluminescence resonance energy transfer; CFP, cyan fluorescent protein; FRET, fluorescence resonance
energy transfer.
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can be overcome with automated image acquisition, capable
of rapid unbiased processing of fields of 500 cells or more with
quantitative cell-by-cell analysis. If also applied in a plate-
reader format, these methods become suitable for high-
content screening and for uncovering detailed ligand
pharmacology.

The first illustration of such screening included 49 different
BiFC association detectors positioned on a variety of different
cellular signalling pathways, using protein partners fused pre-
dominantly to Venus YFP fragments (MacDonald et al., 2006;
Michnick et al., 2006). They included the first BiFC reporters
directly relevant to 7TM receptor signalling pathways (b2-
adrenoceptor : b-arrestin2 and ERK signalling intermediates,
such as H-Ras : Raf-1 and Raf-1 : mitogen-activated protein
kinase kinase 2) together with more general fate indicators for
cell cycle checkpoints, mitogenesis and apoptosis. This assay
panel defined a biochemical signalling network, which could
then assess the coordinated effects of over a hundred indi-
vidual drugs from six therapeutic classes. Structurally similar
molecules, together with those sharing molecular targets,
clustered together in the panel analysis because they per-
turbed overlapping sets of signalling interactions. However,
the predictive power of this approach was not restricted to
existing structure function relationships. When comparing
drugs with the same desired mechanism of action, analysing
the breadth of cellular effects observed demonstrated those
specific candidates with the narrowest spectrum of action.
Conversely, some drugs exhibited clustering profiles suggest-
ing a particular cellular outcome (e.g. inhibition of prolifera-
tion), in the absence of other structural or mechanistic
similarities. These agents were investigated further, confirm-
ing the previously unrecognized anti-proliferative activity.
BiFC-based drug screens do have potential drawbacks, for
example, when screening fluorescent compounds that may
interfere with the readout, and they are still at an early stage
compared with microarray profiling of gene transcription.
However, they have a crucial advantage in that BiFC sensors
can be placed at many points in the signalling space sur-
rounding the anticipated site of action, from the target
protein itself, through intermediate cascades to the effectors
of the response.

Extracting pharmacology from BiFC – the 7TM
receptor: b-arrestin2 assay as an example

We have made a detailed examination of high-content BiFC
as a means of quantifying one important 7TM receptor sig-
nalling event, the recruitment of b-arrestin2 (Figure 2). The
speed and sensitivity for trapping this interaction were maxi-
mized by using overlapping fragments of Venus YFP, repeat-
ing beta strand 8 in both N and C terminal tags (Yn, Yc;
Figure 1B). Dual stable transfected cell lines were then devel-
oped, which expressed example 7TM receptors fused at the C
terminus to Yc [b2-adrenoceptor, neuropeptide Y (NPY) recep-
tors] in combination with b-arrestin2-Yn. The basal endoso-
mal BiFC signal in these cells is reduced by physical
separation of unstimulated 7TM receptors (membrane) and
arrestins (cytoplasm), decreasing non-specific complementa-
tion. Agonist stimulation then increases BiFC fluorescence in

the same perinuclear endosomal compartments. Using images
recorded from each well of a 96-well plate, the number and
intensity of these compartments can be quantified by unbi-
ased granularity analysis, and this enables full-time and
concentration-response data for different ligands to be
obtained.

In these experiments, the time course of the agonist-
stimulated response is artificially slowed by the delayed matu-
ration of complemented YFP. For example, NPY-stimulated Y1
receptor-b-arrestin2 BiFC at 37°C (t1/2 ~ 10 min for 100 nM) is
less rapid than Y1 receptor internalization measured by
similar granularity analysis (t1/2 ~ 2 min), despite such traffick-
ing being arrestin dependent. Equally, while Y1 receptor inter-
nalization is fully reversible after agonist removal, Y1
receptor-b-arrestin2 BiFC appears to be a largely irreversible
process, in effect, forming a receptor-b-arrestin fusion protein
(Holliday et al., 2008). Nevertheless, the principle require-
ment for this assay is an accurate comparison of agonist
potency and relative maximum response for driving the initial
association between receptor and b-arrestin2. In this respect,
the main determinant is the early Yn and Yc refolding event,
which commits the formed complex to generate a BiFC signal.
This must be sufficiently rapid to trap the transient receptor-
b-arrestin complex on formation, without unduly influencing
the ability of agonists to promote this interaction in the first
place. A number of lines of evidence suggest that these criteria
are largely fulfilled. For example, agonist potencies for stimu-
lating Y1 receptor-b-arrestin2 BiFC remain invariant, even
when employing different BiFC fragment pairs expected to
have altered refolding kinetics. They are also comparable to
equivalent measurements for downstream receptor internal-
ization, and studies of competitive antagonism provide real-
istic pA2 values for antagonist affinity (Holliday et al., 2008).
For b2-adrenoceptor recruitment of b-arrestin2, the BiFC assay
also separates both full and partial agonists of differing
potency (Figure 2C; N.D. Holliday et al., unpubl. obs.),
broadly in agreement with other assays that use reversible
complementation or energy transfer approaches (Angers
et al., 2000; Carter and Hill, 2005; Charest et al., 2005). An
expected limitation is the detection of inverse agonism, at
least for short-term ligand treatments (e.g. for ICI118551,
Figure 2C), because pre-existing receptor arrestin BiFC com-
plexes are stable and likely to dissociate slowly on inactiva-
tion, if at all. Irreversibility can also become an important
consideration because some ligands and 7TM receptors (such
as the b2-adrenoceptor) recruit b-arrestin transiently, while
others form stable receptor-b-arrestin complexes which persist
in endosomes (Oakley et al., 2001). The extent to which an
individual ligand-receptor combination delivers a particular
profile of b-arrestin-dependent signalling (e.g. long-term ERK
activation on endosomes; Gurevich and Gurevich, 2006)
might therefore depend on b-arrestin dissociation kinetics, as
well as the initial recruitment measured by BiFC.

The BiFC assay also provides quantitative information on
receptor determinants involved in arrestin binding. Figure 3
illustrates the effects of receptor mutations on NPY-stimulated
Y1 and Y2 receptor association with b-arrestin2 (Kilpatrick
et al., 2008). Y1 receptors require a phosphorylated C tail
motif for b-arrestin binding (Holliday et al., 2005; Ouedraogo
et al., 2008), and successive point mutations of the relevant
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amino acids reduce the maximal NPY-induced b-arrestin2
BiFC response, but not the potency of the agonist. Removing
the phosphorylation trigger prevents the contribution to
arrestin binding via its ‘phosphate sensor’, but not its ability
to distinguish inactive and active conformations. In contrast,

Y2 receptors recruit b-arrestin2 with lower affinity than Y1, as
indicated by this and other approaches (Berglund et al., 2003),
but a point mutation in the second intracellular loop
is reported to restore Y2 receptor-b-arrestin2 interaction
(Marion et al., 2006; Ouedraogo et al., 2008). Because this
increases arrestin recognition of the activated agonist-
occupied receptor, the effects of the H155P mutation are
evident in the BiFC assay as both an increase in NPY potency,
and elevated basal and maximal responses (Kilpatrick et al.,
2008). Thus, by quantifying the differential effects of Y1 and
Y2 receptor mutations in the BiFC assay, it is possible to
provide data consistent with the dual sensor model of
b-arrestin binding to 7TM receptors (Gurevich and Gurevich,
2006).

Studying competitive signalling interactions by
multicolour BiFC

Standard BiFC assays narrowly focus ligand-receptor pharma-
cology on the study of a single protein–protein association in
a specific signalling pathway. In reality, these two component
interactions in receptor signalling occur within a much
broader context, in which receptors and their protein partners
compete or collaborate in the assembly of multimeric signal-
ling complexes. More advanced BiFC techniques, alone or in
conjunction with resonance energy transfer, can provide
greater insight into these competitive and cooperative multi-
protein dynamics.

The N terminal BiFC fragment contains the amino acids
which form the Aequorea fluorescent protein chromophore,
and many of the residues which tune its spectral characteris-
tics. Because the overall structure of different Aequorea vari-
ants is the same, different N terminal halves (normally YFP
and CFP, Yn or Cn) are often able to complement with a
common C terminal fragment, typically of CFP (Cc). The
resulting BiFC complexes show either CFP (Cn + Cc) or

Figure 2 Bimolecular fluorescence complementation (BiFC)
imaging assay for seven transmembrane domain receptor–b-arrestin2
interaction. Dual stably transfected HEK293 cells were established,
which expressed b-arrestin2-Yn and C terminal Yc-tagged
b2-adrenoceptors. In (A), the same field of living cells was imaged
before addition of agonist, and then again following 60 min isopre-
naline treatment (10 mM). Yellow fluorescent protein (YFP) BiFC
acquisition was performed on a Zeiss LSM 510 (Jena, Germany)
confocal microscope (63¥ plan apochromat/1.4 NA oil objective)
using 514 nM excitation and a 530 nM LP emission filter, and the
same laser power and gain settings. Scale bar: 40 mm. In (B), auto-
mated images were acquired from cells seeded into a 96-well plate
(IX ultra platereader, Molecular Devices, Sunnyvale, CA, USA) of both
the nuclear stain (H33342) and YFP BiFC fluorescence (scale bar:
80 mm). As for the high-resolution confocal images in (A), 10 mM
isoprenaline (37°C, 60 min) increased BiFC in perinuclear vesicular
compartments. Granularity analysis classified puncta by size (white
dots 1–3 mm diameter, red ‘vesicles’ 3 mm + diameter), and normal-
ized to nuclear-based cell count (green). Quantification as vesicle
average intensity per cell, expressed as a percentage of the 10 mM
isoprenaline response, enabled concentration response curves to dif-
ferent adrenoceptor ligands to be constructed (C, pooled responses,
n = 4 or more). Full agonists (isoprenaline and formoterol), partial
agonists (salbutamol and salmeterol) and antagonist/inverse agonist
ligands (e.g. ICI118551) can be separated in this manner.
�
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YFP-like (Yn + Cc) fluorescence properties, and these are easily
distinguished in fluorescence microscopy. Multicolour BiFC
can thus probe competition between two different proteins,
Yn or Cn labelled, for a common Cc-tagged partner
(Figure 4A). Original investigations using this technique
focused on the controlled formation of transcription factor
homodimers and heterodimers, a critical process in transcrip-
tion regulation. For example, studies using isolated dimeriza-
tion domains demonstrated the preference of Jun–Fos
dimerization over the Jun–activating transcription factor 2
combination in the same living cell (Hu and Kerppola, 2003);
equally, Mad–Myc heterodimers formed more readily than
Mad homodimers (Grinberg et al., 2004). An adapted assay
investigated regulation of Jun by Ub or the related small
ubquitin-related modifier 1 (SUMO1) protein (Fang and Ker-
ppola, 2004), modifications which are also relevant to 7TM
receptor function. In this instance, the Jun–SUMO1 BiFC
signal in nuclear foci was clearly spatially separated from the
occurrence of Jun–Ub BiFC in lysosomes. This finding spurred
identification of Jun–Ub as a selective signal for Jun degrada-
tion and illustrated how careful application of multicolour
BiFC provides simultaneous information on both the fre-
quency and localization of different protein complexes.
As illustrated in these examples, successful multicolour
BiFC requires controls which account for the speed of
complementation of the different fragments and normalize
for the fluorescent intensities of complemented CFP and YFP.
Selectivity for one alternative protein–protein complex
should be evident in reciprocal experiments, which reverse
the tagged fragments. Expression of the common protein
partner should be limiting, for example, by using inducible
transfected systems, and addition of the tags must not affect
distribution or interactions in a way which selectively inhibits
one protein complex over another. Competing interactions
only proceed until fragment refolding commits to a BiFC
complex of a particular colour – multicolour BiFC is not a true

equilibrium assay, although the findings are often consistent
with other approaches (Hu and Kerppola, 2003). Misleading
results can occur particularly if the alternative high-affinity
complexes form at different times, with the earlier interaction
favoured by the irreversibility of BiFC. Finally, studies on
transcription factors and ubiquitination are both aided by a
clearly defined interaction interface and, therefore, the avail-
ability of negative control mutants, which prevent associa-
tion (Hu and Kerppola, 2003; Fang and Kerppola, 2004; Ikeda
and Kerppola, 2008). While multicolour BiFC has exciting
potential for many 7TM receptor signalling studies (e.g. com-
petitive interactions between G protein and arrestins), such
controls are less well defined. Nevertheless, multicolour BiFC
has already shed light on two areas of 7TM receptor function,
namely, the selective formation of Gbg subunits and 7TM
receptor dimers.

Multicolour identification of different Gbg
complexes

A means of selectively identifying individual G protein bg
complexes, which can be formed by stable pairwise associa-
tion from 5 b and 12 g subunits, is essential for increased
understanding of the functional relevance of different iso-
forms. Hynes et al. (2004b) first addressed this problem by
using YFP BiFC to examine different bg combinations. They
showed both increased BiFC fluorescence for some bg partners
and also differential localization for Gbg containing b1
(plasma membrane) and b5 (intracellular). Importantly, the
specificity of the assay was confirmed by the absence of BiFC
for one subunit combination (b2g1). Moreover, tagging Gbg
with a single complemented YFP improved plasma membrane
targeting compared with co-expression of b and g subunits
each fused to full-length fluorescent protein, indicating an
advantage of BiFC in maintaining functional Gbg expression.

Figure 3 Mutational analysis of Y receptor–b-arrestin2 interaction detected by bimolecular fluorescence complementation (BiFC). Dual stably
transfected HEK293 cells established Yc-tagged neuropeptide Y (NPY) receptors at equivalent expression levels on a common b-arrestin2-Yn
cell line. NPY-stimulated Y receptor/b-arrestin2 BiFC was measured by automated image acquisition and granularity analysis as described in
Figure 2. The left hand panel (A) shows the effect of mutating a C tail-phosphorylated sequence in the Y1 receptor (Ser352–Thr361), previously
identified as important for arrestin interaction (Holliday et al., 2005; Ouedraogo et al., 2008). Successive pairs of alanine mutations (2A, 4A and
6A illustrated in inset) reduce the maximal receptor association with b-arrestin2 induced by NPY (pEC50 range 8.55–8.73; n = 4+). On the right
(B), the greater affinity of the Y2 receptor for b-arrestin2 after H155P mutation (intracellular loop 2; Marion et al., 2006) is revealed by an
increase in NPY potency (Y2 pEC50: 7.18 � 0.06, Y2H155P pEC50: 8.28 � 0.18; n = 6) as well as elevated basal and maximum responses.
Experiment details are provided in Kilpatrick et al. (2008).

Investigating 7TM receptor function by BiFC
744 RH Rose et al

British Journal of Pharmacology (2010) 159 738–750



Such function was evident in a subsequent study indicating
agonist-stimulated internalization and trafficking of Gb1g7
BiFC complexes (Hynes et al., 2004a).

Although single-colour BiFC indicated that some Gbg com-
binations might be preferred, multicolour BiFC provided con-
vincing evidence for this under competitive conditions in
living cells. Mervine et al. (2006) characterized the ability of
b1-Cc to associate with different Yn-labelled g subunits (b1gx
YFP BiFC) in the presence of g 2-Cn (b1g2 CFP BiFC), in both
single cells and populations. Once normalized for g subunit
expression levels, these data demonstrated significant varia-
tion (fivefold) in the relative affinities of each g isoform for b1,
although all combinations were similar in their ability to
interact with Gsa. Using the same approach, a preference of
b5 for g2 over other g subunits was identified, correlated to the
relative abilities of the Gb5g isoforms to couple to phospho-
lipase C (Yost et al., 2007). In contrast to other b subunits, b5
also interacts with regulator of G protein signalling proteins
with a G protein gamma-like domain (e.g. RGS7). The sepa-
rate intracellular distributions of Gb5g2 and Gb5RGS7 com-
plexes could be simultaneously identified (Yost et al., 2007).
Moreover, Gb5g2 associated more with inactive Goa (indi-
cated by plasma membrane redistribution), whereas Gb5RGS7
showed greater interaction with a catalytically active Goa
mutant. Thus, this use of BiFC uniquely identified how alter-
native protein complexes containing a common Gb5 subunit
could show different functional interactions with Ga.

Studying 7TM receptor homodimerization and
heterodimerization by BiFC

7TM receptors are readily identified as oligomers in living
cells, of which the simplest case is a dimer (Milligan and
Bouvier, 2005; Maurel et al., 2008). However, for rhodopsin-
like 7TM receptors in particular, the functional significance of

dimerization remains unclear, given that monomeric 7TM
receptors can bind ligands and G proteins in vitro (Whorton
et al., 2007). Thus far, single-colour BiFC has been used to
identify homodimers of adenosine A1 and A2A receptors
(Briddon et al., 2008; Gandia et al., 2008; Vidi et al., 2008a,b),
histamine H1 receptors (Rose et al., 2008), dopamine D2 recep-
tors (Guo et al., 2008; Vidi et al., 2008a) and a1b adrenoceptors
(Lopez-Gimenez et al., 2007). Despite some evidence for 7TM
receptor dimerization interfaces (e.g. TM I and IV; Lopez-
Gimenez et al., 2007; Guo et al., 2008), these are not, in
general, well defined or amenable to mutation. Nevertheless,
controls for 7TM receptor BiFC dimers can be convincing. For
example, some studies have shown that BiFC with unrelated,
plasma membrane-localized 7TM receptors is much reduced
and often, also, intracellularly retained (Guo et al., 2008; Vidi
et al., 2008a,b). A general disadvantage which BiFC shares
with energy transfer approaches is that the proportion of
fluorescent BiFC dimers is unknown compared with other
receptor arrangements in the membrane, such as monomers.
However, BiFC does identify a dimeric ‘unit’ unambiguously,
in a way which allows investigation of its specific localization
and functional properties (Briddon et al., 2008 and below).

There are also many reports of heterodimerization (Milligan
and Bouvier, 2005), for example, suggesting several 7TM
receptor partners for the adenosine A2A receptor (Briddon
et al., 2008; Navarro et al., 2008; Vidi et al., 2008a). For a
normal cell complement of 7TM receptors, this creates a
complex network of possible interactions, the relative abun-
dance of which may fine-tune the response to a particular
ligand. Separate single-colour BiFC measurements can define
heterodimers in principle (Briddon et al., 2008; Navarro et al.,
2008). However, multicolour BiFC should enable quantitative
comparison of the relative abilities of a 7TM receptor to form
homodimers and heterodimers simultaneously within the
same cell (Figure 4A; see also Vidi and Watts, 2009). The first
study using this technique compared the relative proportions

Figure 4 Three ways of examining seven transmembrane domain (7TM) receptor oligomers by bimolecular fluorescence complementation
(BiFC). Multicolour BiFC allows competitive formation of alternative 7TM receptor dimers to be assessed by the development of cyan
fluorescent protein (CFP) or yellow fluorescent protein (YFP)-like BiFC fluorescence (A). Alternatively, BiFC YFP formed by a 7TM receptor dimer
can act as an energy transfer acceptor. Typically, Renilla luciferase (LUC) provides the donor for bioluminescence resonance energy transfer
(BRET), carried as a full-length protein by a third 7TM receptor monomer (B) or reconstituted by complementation in a second 7TM receptor
dimer (tetrameric interaction, C).
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and subcellular location of the adenosine A2A receptor,
dopamine D2L receptor homodimers or the A2A/D2L

heterodimer (Vidi et al., 2008a). Specificity of both the
homodimers and heterodimers as detected by BiFC were con-
firmed using a dopamine D1 receptor control. Using either
A2A-Cc or D2L-Cc constructs as the common recipient for com-
petition by A2A-Cn and D2L-Yn constructs, A2A/A2A, A2A/D2L and
D2L/D2L dimers could all be identified and co-localized, prin-
cipally to the plasma membrane (Vidi et al., 2008a). In
addition, treatment with A2A or D2 agonists resulted in
co-internalization of homodimers and heterodimers within
the same cell. A key additional question in these experiments
would be whether ligands rapidly alter the proportions of
homodimers and heterodimers, but at present, information
on such rapid dynamics is limited by the irreversibility of the
multicolour BiFC complexes. However, with the adoption of
similar approaches for evaluating Gbg subunit competition
over a range of expression levels (Mervine et al., 2006; Yost
et al., 2007), future multicolour BiFC investigations of 7TM
dimers may shed light on the relative importance of het-
erodimerization.

Cooperative assembly of multiprotein complexes –
combining BiFC and resonance energy transfer

The majority of techniques that investigate protein–protein
interactions only identify dimers. However, most signalling
proteins have multiple binding domains and may be found as
part of large, dynamic oligomeric complexes. Combining
BiFC with resonance energy transfer techniques provides a
novel strategy to investigate trimer or even tetramer forma-
tion, with similar measurement and analysis to established
energy transfer assays (Figure 4B,C). For trimeric interactions,
two associated proteins identified by YFP BiFC form the
energy transfer acceptor, most commonly for a BRET donor
tag (Renilla luciferase) carried by a third interacting protein. A
positive BRET signal must be preceded by BiFC, and thus, it is
indicative of a trimeric interaction. Because BiFC is irrevers-
ible, compared with dynamic real-time BRET, consideration
should be given to which two proteins of the trimer are
identified by BiFC (e.g. those most likely to form a stable
interaction). For example, this strategy has been used to
examine Gbg interactions with other proteins, in which the
stably interacting Gb and Gg subunits were first identified by
YFP BiFC. Trimeric interactions with donor luciferase-fused
receptors or Ga (Dupre et al., 2006), or downstream effectors
(adenylate cyclase or Kir3.1, an inwardly rectifying potassium
channel; Rebois et al., 2006) could then be detected by a
specific BRET signal.

Combination of BRET and BiFC has particularly been
applied to the question of whether 7TM receptors form higher
order oligomers. This includes the association of single trans-
membrane receptor activity-modifying proteins with class B
calcitonin receptor-like receptor dimers to form the func-
tional calcitonin gene-related peptide receptor unit (Heroux
et al., 2007). More often, such studies have probed multimeric
interactions between 7TM receptor monomers (Figure 4B),
whether as homotrimers (adenosine A2A receptors; Gandia

et al., 2008) or heterotrimers composed of dopamine D2 and
A2A receptors with either cannabinoid CB1 (Navarro et al.,
2008) or metabotropic glutamate type 5 receptors (Cabello
et al., 2009). Similar types of intermolecular interaction are
expected between the 7TM receptor monomers, and so, reci-
procity is a key experimental consideration – in other words,
the tags should be interchangeable between the three mono-
mers without impeding a specific BRET response. As for het-
erodimer studies, the evidence for a functionally relevant
heterotrimeric species is strengthened by confirmation that
such close three-way interactions occur for native receptors,
as for the A2A/D2/mGluR5 combination in neurons (Cabello
et al., 2009).

BiFC YFP is also a valid FRET acceptor, with CFP providing
the donor emission. Vidi et al. (2008b) identified trimeric
adenosine A2A receptors in this way, using both intensity
measurements in a microplate assay system and fluorescence
lifetime imaging for FRET analysis at subcellular resolution.
Thus, in contrast to equivalent BRET–BiFC measurements
(Gandia et al., 2008), this second method was able to confirm
that the A2A receptor trimers were localized to the plasma
membrane within single cells (Vidi et al., 2008b).

Complementation akin to BiFC can be obtained with
luciferase enzyme fragments, which combine reversibly to
reconstitute enzyme activity (Remy and Michnick, 2006; Vil-
lalobos et al., 2007). Luciferase complementation alone has
been used to study 7TM receptor dimerization (chemokine
receptors CXCR4 and CXCR7; Luker et al., 2009) and associa-
tion with b-arrestin (CXCR4; Luker et al., 2008), measuring
dynamic changes in response to ligands. More intriguing
is the potential to combine luciferase complementation
with BiFC to probe the existence of higher order 7TM
receptor oligomers (Figure 4C). Such experiments require co-
expression of four constructs at expression levels which mini-
mize false positives. Nevertheless, D2 receptor tetramers have
successfully been studied (Guo et al., 2008), demonstrating
BRET between dimer pairs identified by the split luciferase
and YFP complementation tags. This BRET signal was reduced
significantly on mutation of the proposed transmembrane
domain interface between the dimer pairs. While FRET experi-
ments involving a dual BiFC approach are also theoretically
possible (Vidi and Watts, 2009), the interchangeable nature of
current CFP and YFP fragments (as in multicolour BiFC) may
make this unfeasible at present.

BiFC in advanced imaging – studying membrane
organization of 7TM receptor dimers by
fluorescence correlation spectroscopy and
fluorescence recovery after photobleaching

Theoretically, BiFC may be used in combination with any
imaging technique which is amenable to the use of fluores-
cent proteins. The main qualification is that the comple-
mented pairs under study only represent a fraction of the total
transfected protein population. BiFC signals are, in general,
less bright than normal fluorescent proteins, and as such, the
sensitivity of both method and instrument needs to be taken
into consideration. Here, two techniques are illustrated as
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examples, namely, fluorescence correlation spectroscopy
(FCS) and fluorescence recovery after photobleaching (FRAP),
which have been used to study the membrane organization
and mobility of 7TM receptor BiFC dimers in the membranes
of living cells. There are several reviews describing the use of
FCS itself (Kim et al., 2007; Chiantia et al., 2009) and particu-
larly, in its application to the field of 7TM receptors (Briddon

and Hill, 2007), so here, only a brief introduction to the key
features of FCS will be provided (Figure 5).

FCS uses an inverted confocal microscope with a high
numerical aperture lens to focus a laser to a diffraction-limited
spot in a defined position on the cell membrane. A detection
volume of approximately 1 fL (or ~0.1 mm2 of membrane)
is created by using a confocal pinhole in the image plane.

Figure 5 Analysis of histamine H1 receptor membrane diffusion by fluorescence correlation spectroscopy (FCS). Both H1-yellow fluorescent
protein (YFP) (A) and H1-Yn + H1-Yc complemented fluorescence (BiFC) (B) are mainly localized on the plasma membrane of transiently
transfected CHO-K1 cells. Fusion to YFP allows detection of all receptors, whether monomers or oligomers (C). In contrast, a minimum of a
dimer is required for detection of BiFC, and such dimers will only be visible when complementary fragments are present in the complex (D).
For FCS, fluctuations in fluorescence intensity are recorded with time (E, F) from the cell membrane above the nucleus (marked ‘+’ in A and
B). Subsequent analysis produces autocorrelation curves (G, H) from which the diffusion coefficients of H1Yn + H1Yc BiFC dimers (7.0 � 0.4
¥ 10-9 cm-2·s-1; n = 77 cells) and of H1-YFP (5.3 � 0.2 ¥ 10-9 cm-2·s-1; n = 59 cells) can be obtained (see Rose et al., 2008 for more experimental
details). The significantly more rapid diffusion of the homo-oligomeric H1 BiFC receptor population suggests a subset of protein interactions
or microdomain localization that differ from other receptor pools labelled only by H1-YFP.
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Fluorescent species diffusing through this volume are excited
and emit photons, which are detected by a sensitive detector,
in a time-correlated manner, resulting in fluctuations in fluo-
rescence. These fluctuations are then statistically analysed
using an autocorrelation function, which essentially looks at
the self-similarity of the fluctuation at a given time, t, and a
small time (t + t) later. The more rapidly a fluorescent species
is moving, the higher will be the frequency of the fluctuations
in fluorescence intensity and the more rapidly the self-
similarity is lost. By analysing fluctuations for a large range of
values of t and t, the autocorrelation function is produced,
which generally presents as a sigmoidal decay curve
(Figure 5). Fitting of the autocorrelation curve to an appropri-
ate diffusion model provides quantitative information about
the concentration and mobility of the fluorescent species.

The key parameters available from FCS are obtained from
this autocorrelation curve (Figure 5). First, G(0), the theoreti-
cal intercept with the y-axis is inversely proportional to the
number of particles present. The inverse nature of this rela-
tionship thus makes FCS a highly sensitive technique at low
expression levels where the particle number is low, such as
with BiFC. Second, the midpoint of the decay of the autocor-
relation curve gives the average dwell time in the confocal
volume, providing information about receptor mobility and
from which the diffusion coefficient can be determined. In a
freely diffusing system, the dwell time is proportional to the
cubed root of the mass of the species; relatively large change
in mass is required to see a change in diffusion time (e.g. an
eightfold increase in mass is required to double the diffusion
time). However, receptors are not freely diffusing, but associ-
ate with a number of other proteins and may be restricted to
membrane microdomains, and it is the mass of this protein
complex, not the receptor itself, which will affect diffusion
time. Other factors, such as dynamic protein–protein interac-
tions and inclusion in, or exclusion from, membrane micro-
domains may also affect the diffusion coefficient. If there are
two sufficiently distinct diffusing species, for example, more
rapidly and slowly diffusing pools of receptors (or a photo-
physical effect such as fluorescent protein blinking in addi-
tion to receptor diffusion), then these autocorrelation curves
are additive, so the separate diffusion times and particle
numbers are readily distinguishable.

FCS has been used in combination with YFP and BiFC-
labelled adenosine A1 and A2A receptor combinations to
compare their behaviour. Where cells are transfected with
either the A1 or A2A receptor fused to YFP, every receptor has a
fluorescent tag. Hence, provided they are mobile, all
expressed receptors are detected with FCS and contribute to
the diffusion time, whether as monomers, dimers or higher
order oligomers. However, where receptors are fused to
N-terminal or C-terminal fragments of YFP and co-expressed
to give homodimers or heterodimers, complementation is
required for the fluorescent protein to be reconstituted. Thus,
the minimal unit that can be detected is a dimer, although
receptors may also exist as higher order oligomers. Therefore,
the diffusion behaviour of the total receptor population can
be compared with that of a purely homo-oligomeric or
hetero-oligomeric receptor population. Greatest differences in
diffusion time were seen between the A1R-YFP and the hetero-
oligomeric A1-A2A receptor BiFC populations, which most

likely reflect changes in protein–protein interactions, for
example, with signalling molecules or scaffold proteins, or
differences in membrane microdomain localization (Briddon
et al., 2008). We have now also shown that similar differences
can be observed when this strategy is applied to compare
YFP-labelled H1 receptors and H1 receptor BiFC dimers
(Figure 5; Rose et al., 2008).

One limitation of the FCS technique is that in order to
generate the required intensity fluctuations, the fluorescent
particles must move. Thus, immobile receptor populations are
not detected by FCS. However, FRAP provides a means to
examine this static population (Reits and Neefjes, 2001). High
laser powers bleach a 10–20 mm2 area of the membrane, irre-
versibly inactivating the fluorophores within it. Subsequent
fluorescence recovery in the bleached area therefore indicates
diffusion of the mobile receptor from the adjacent
unbleached region. In contrast, failure to fully restore fluores-
cence demonstrates a bleached immobile population of recep-
tors which cannot be replaced. Hence, FRAP provides
quantitative information both about the diffusion of mobile
receptors (from the recovery time) and the immobile fraction
of receptors (from the extent of the recovery). When the total
histamine H1 receptor-YFP and H1-Yn/H1-Yc receptor popula-
tions were compared using FRAP, the proportion of immobile
H1-YFP receptors was significantly lower than for BiFC-
identified oligomeric receptors (R.H. Rose et al., unpubl. obs.).
Thus, complementary FCS and FRAP approaches using the
same receptor constructs build a full picture of how the H1

receptor BiFC oligomer behaves in the membrane, indicating
a larger static population combined with mobile dimers,
which move faster than the receptor population as a whole.
These observations form the basis for future studies that iden-
tify why the constraints on diffusion differ for monomeric,
dimeric and oligomeric 7TM receptors.

Conclusions

Exploitation of the repertoire of 7TM receptor pathways
requires development of ligands, which modulate and direct
this signalling with increasing specificity. Underlying such
progress will be sensitive methods which detect the formation
of the protein complexes at the heart of 7TM receptor func-
tion. We have highlighted the potential of BiFC-based
imaging in this regard, but it is potential which is only just
beginning to be realized. The essential simplicity of BiFC
opens up opportunities for new high-content assays in drug
discovery, the exploration of competitive and multimeric sig-
nalling complexes, and the application of advanced imaging
approaches to study receptor behaviour. BiFC will always
require recombinant fusion protein partners and cell transfec-
tion, but BiFC signalling sensors might, in the future, probe
the function of endogenous 7TM receptors in a more physi-
ological environment, for example, if introduced into
primary cells. There are improvements to the technique to be
pursued, principally to enable more rapid and reversible
complementation. These are realistic goals, given the way in
which the capabilities of GFP have been expanded over the
past 20 years, and their achievement will allow real-time BiFC

Investigating 7TM receptor function by BiFC
748 RH Rose et al

British Journal of Pharmacology (2010) 159 738–750



applications capable of following the fast dynamics of multi-
protein complexes.
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