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In 2003, the first report was published that presented proof of principle for a novel class of FRET biosensors for use in living cells.
This novel sensor class was built on the base of GPCRs, which represent an integral transmembrane receptor family passing the
membrane seven times and are thus also called the 7TM receptor family. As an estimated number of 30% of all marketed drugs
exert their effects by modulating GPCR function, these initial reports promised the gain of novel insights into receptor function.
Such FRET sensors have slowly, but progressively, made their way into the standard toolbox for GPCR research as several groups
are now reporting on the generation and use of these sensors. By now, FRET sensors have been reported for 18 different GPCRs,
and more are expected to be added. These particular receptor sensors have been used to investigate receptor dynamics in living
cells to evaluate ligand binding and ligand efficacy in real time, to study voltage and mechanosensitivity of GPCRs or to study the
influence of receptor polymorphisms on receptor function in real-time. In this review we will describe the different design prin-
ciples of these GPCR-based sensors and will summarize their current biological applications in living cells.

Abbreviations

CFP, cyan fluorescent protein; CLIP, mutant of SNAP preferring O*-benzylcytosine; FIAsH, fluorescein arsenical hairpin
binder; IL-3, third intracellular loop; ReAsH, resorufin arsenical hairpin binder; SNAP previously known as genetically
modified AGT: O®-alkylguanine-DNA alkyltransferase; TM, transmembrane; YFP, yellow fluorescent protein
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.
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Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).
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Design principles of GPCR-based FRET
sensors

GPCRs comprise an important class of drug targets, as an esti-
mated number of 30% of marketed drugs exert their effects by
modulating this class of receptors (Howard et al., 2001). Dur-
ing the past decade, we have gained tremendous insights, due
to crystal structural analysis, into the molecular mechanisms
that lead to activation of these receptors (Venkatakrishnan
et al. 2013). However, the molecular dynamics of these mem-
brane receptors represent an important aspect of the signal-
ling cascades that are triggered upon ligand binding or
other possible stimuli. Rapid dynamic transitions between
different receptor states appear to be important for receptor
function, and ligand binding exhibits an allosteric coupling
between the binding pocket and the cytoplasmic part of the
receptor (Manglik et al. 2015). This dynamic coupling will
determine if a ligand acts as an agonist, partial agonist or
antagonist. Interestingly, for the fully active receptor state, a
stabilizing role for G proteins or p-arrestin has been described
(Manglik etal., 2015). This opens the possibility that dynamic
transitions might also play a role in ligand-directed signalling
bias between these pathways. Dynamic events are currently
not resolved by crystal structural analysis. One way to
investigate receptor dynamics in real time is represented by
the use of FRET approaches to study GPCRs. The design of
GPCR-based FRET sensors follows the same basic principles
as outlined for other protein classes in excellent reviews
(Campbell, 2009; Miyawaki, 2011; Newman et al., 2011).
However, a few special pitfalls for the design of such sensors
have to be considered as this class of receptors is special due
to its integral membrane structure, offering an N-terminus,
three extracellular and intracellular loops and a C-terminus
for insertion or addition of fluorescent tags (Lohse et al.,
2012). Fluorescently-labelled GPCRs were already used in
the mid-nineties to study conformational changes upon
ligand binding (Gether et al., 1995) and were further devel-
oped into FRET-based probes by using a combination with
fluorescence quenchers as a second chromophore (Ghanouni
et al., 2001). However, such early designed sensors were gen-
erally purified receptor proteins, which needed to be chemi-
cally labelled. Nonetheless, these sensors provided valuable
evidence that the transmembrane regions and cytoplasmic
loops of GPCRs undergo significant movements upon ligand
binding of the receptor (Hoffmann et al., 2008). Our group
utilized this information, but followed a different approach
by using genetically encoded fluorescent proteins, which
had become available for general use by the laboratory of
Roger Y. Tsien (Heim and Tsien, 1996). With the intention of
keeping this review focussed, we will concentrate on
unimolecular FRET sensors which are suited for the analysis
of protein conformational changes.

Basic requirements for FRET

FRET can occur between two fluorescent molecules, a donor
and acceptor fluorophore. The donor molecule emits gener-
ally at the shorter wavelength, and FRET occurs between the
excited state of the donor and the ground state or the accep-
tor molecule. For FRET to occur, the emission spectrum of
the donor has to overlap with the excitation spectrum of
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the acceptor although no photon emission is involved.
Because FRET involves a long-range dipole-dipole interaction
between both fluorophores, the efficiency of FRET is influ-
enced by the relative distance and relative orientation of the
dipoles (Jares-Erijman and Jovin, 2003, 2006 and the
references therein). For each fluorophore combination, a
characteristic distance (termed Forster distance) defines half-
maximal energy transfer. Because the relative distance is
effective with the six power (179, its effect is maximal at the
Forster distance. Therefore, the distance dependency can be
a challenge because an optimal distance between the two
fluorophores needs to be achieved in order to be able to ob-
serve even small distance changes. Hence, once a FRET sensor
has been successfully generated, the same modification sites
might not work for a different fluorophore combination (per-
sonal unpublished experience). Furthermore, for non-
fluorescent protein fluorophores, the degree of labelling of
the acceptor plays an important role because a ‘vacant’ donor
would create a fluorescent signal, but no change in signal
would be observed if only an unlabelled acceptor was close.
In the best case, this would spoil the overall ‘dynamic range’
of the sensor and lead to smaller signal amplitudes. In the
worst case, it would lead to false measurements, particularly
in cases when quantitative FRET signals are desired. One also
needs to be aware that such measurements represent ensem-
ble measurements of receptors even when single cells are in-
vestigated. Hence, the observed signal will represent a sum
of tens of thousands of receptors and therefore needs to be
interpreted with appropriate caution when it comes to move-
ments at molecular resolution. Several important issues need
to be taken into account for signal correction, like fluorescence
bleed-through and wrong excitation (Vilardaga et al., 2003;
Hoffmann et al., 2005). Without question, it is also necessary
to study co-expression of individually donor- or acceptor-
labelled receptors as control. Such control experiments are re-
quired to rule out the possibility that changes in FRET, which
might occur by receptor dimer rearrangements, are observed
and interpreted as movements of individual protomers
(Hlavackova et al., 2012). A more detailed discussion of these is-
sues or labelling protocols is beyond the scope of this review. As
mentioned before and to avoid further discussion on the effects
of relative protein expression on FRET signals in bimolecular
sensors (Miyawaki and Niino, 2015), we will concentrate on
unimolecular FRET sensors for GPCRs.

CFP-YFP-based versus FIAsH-CFP-based
probe design

The cyan fluorescent protein (CFP) in combination with the
yellow fluorescent protein (YFP) was used as the initial combi-
nation of fluorophores (Figure 1). These genetically encoded
fluorophores were inserted into the third intracellular loop
(IL-3) of the oa2A-adrenoceptor or parathyroid hormone re-
ceptor (PTH-receptor), and the second fluorescent protein
was fused to the C-terminus (Vilardaga et al., 2003). Because
FRET is dependent on the distance and relative orientation
of the fluorophores, a significant number of constructs
needed to be designed to optimize the relative positioning
of the two fluorophores. This was achieved by inserting CFP



Figure 1

Schematic overview of different design principles of GPCR-based
FRET sensors: (A) Schematic representation of a GPCR modified with
the cyan and yellow fluorescent protein in IL-3 and at the C-terminus
(Vilardaga et al., 2003). (B) Same design principle as in (A), but inser-
tion of the discontinuous CCPGCC amino acid sequence as the
FIAsH-binding motif into IL-3 in combination with CFP fused to the
C-terminus of the receptor is used instead (Hoffmann et al., 2005).
(C) Same design principle as in (A) or (B), but the fluorophore pair
FIAsH-ReAsH was used in combination using the amino acid motifs
CCPGCC and FLNCCPGCCMEP (Zirn et al., 2010). (D) Insertion of
the FRET pair mCitrine-mCerulean, where both mCit and mCer are
inserted into the C-terminus of the receptor (Malik et al., 2013). (E)
Insertion of SNAP- and CLIP-tag into the N-terminus of the receptor.
SNAP- and CLIP-tag can be labelled with dyes that are capable of
performing FRET, and one fluorophore is additionally tagged with
the respective receptor ligand (Masharina et al., 2012).

GPCR sensors m

in different positions of IL-3 as well as truncating the
C-terminus at various positions. These modifications might
of course be problematic to the overall protein function,
because the IL-3 region is also a coupling region for G pro-
teins (Oldham and Hamm, 2008) and the C-terminus is often
involved in correct receptor localization and interaction with
many other proteins (Bockaert et al., 2004). Therefore, rigor-
ous characterization of receptor functions is always required
to verify that no vital receptor functions like ligand binding
or receptor signalling have been altered (Vilardaga et al.,
2003; Hoffmann et al., 2005; Maier-Peuschel et al., 2010;
Reiner et al., 2010; Xu et al., 2012). The generation of the
a2A-adrenoceptor and PTH-receptor sensors allowed the
study of receptor activation in living cells for the first time.
Since then, sensors for several other GPCR family members
have been generated and thus opened the possibility to study
several phenomena of GPCR biology, which will be discussed
later in special sections.

Initially, we suspected that the insertion of the large fluores-
cent proteins, consisting of 230 amino acids (27 kDa), might al-
ter proper receptor function to an unacceptable degree.
Therefore, we developed an alternative approach in parallel
(Figure 1). We used a small cell-permeant fluorescein-derivative
called FlAsH, which is an acronym for fluorescein arsenical
hairpin binder (Griffin et al., 1998; Adams et al., 2002). In
comparison with fluorescent proteins, this small soluble
fluorophore binds specifically to a six amino acid sequence
CCPGCC (one letter code) and is only 700 Da in size. Initial
reports of problems using this fluorophore (Stroffekova et al.,
2001) have long been solved (Martin et al., 2005; Hoffmann
et al., 2010), and many groups have successfully used FIAsH
in their research (Pomorski and Krezel, 2011). Because the exci-
tation and emission properties of FIAsH are very close to those
of YFP, one can use commercial filter pairs for CFP/YFP also for
the combination of CFP/FIAsH. In our first study using FIAsH,
we substituted the natural amino acid sequence within the
IL-3 of the adenosine A2A-receptor with the specific amino
acid binding sequence. We also created the same type of sensor
using CFP/YFP and compared both approaches in a parallel
fashion. Both approaches are schematically depicted in
Figure 1. In the case of CFP/FIAsH, the aforementioned degree
of labelling was investigated by optimizing the labelling proto-
cols and parallel determination of FRET efficiency using differ-
ent methods (Hoffmann et al. 2005; Hoffmann et al., 2010).
No alteration in protein function was observed for the ap-
proach using CFP/FIAsH, whereas the approach using
CFP/YFP led to a sensor that could not stimulate downstream
signalling (Hoffmann et al., 2005). This disturbance in down-
stream signalling was found to be less pronounced for other
GPCRs (Rochais et al. 2007). Both building principles led to re-
ceptors that could be stimulated with the endogenous agonist
and showed similar kinetic properties of receptor response
(Hoffmann et al., 2005). Interestingly, a fourfold increase in sig-
nal amplitude was observed when CFP/FIAsH was used instead
of CFP/YFP (Hoffmann et al., 2005). The exact reason for this
observation is still unknown, but most likely this results from
a different relative orientation of the two fluorophores. Fur-
thermore, because FIAsH is a bidentate fluorophore, it is tightly
bound to the primary amino acid sequence (Madani et al.,
2009), and relative changes in the orientation factors might
contribute to the overall signal to a larger extent compared
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with CFP/YFR This has been recently used by the group of
Elliott Ross to optimize a sensor for the muscarinic M1 receptor
using circular permutated versions of CFP (Chang and Ross,
2012). Such permutated versions of fluorescent proteins have
the same spectral properties as the parent fluorescent protein,
but the orientation of the dipole moment which is important
for the FRET efficiency is different for each variant and thus
can significantly influence sensor performance (Nagai ef al.,
2004). The above-mentioned work by Chang and Ross is a nice
example of how the use of fluorescent protein variants can
significantly improve dynamic probe behaviour. A further indi-
cation of a particular role of the fluorophore orientation is the
notion that an increase in the FRET ratio has only been
reported for the combination of CFP/FIAsH (Nakanishi et al.,
2006; Ziegler et al., 2011; Zhang et al., 2013). All currently
reported intra-molecular FRET sensors for GPCRs based on
CFP/YFP have reported a decrease in the FRET ratio (Table 1),
which would be consistent with an increase in fluorophore
distance as seen in the crystal structures of the active
B2-adrenoceptor (Rasmussen et al., 2011a).

FIAsH-/ReAsH-based probe design

To the best of our knowledge, currently, only a single report
exists that describes the generation of a dually labelled GPCR
in living cells using the combination of two small soluble
fluorophores (Ziirn et al. 2010). This sensor was published in
the supplementary section of a report on the development
of a dual labelling strategy in living cells and is based on the
original construct A2A-Flash3-CFP (Hoffmann et al., 2005).
To create this sensor, the C-terminal CFP was replaced with
a second binding motif for biarsenical dyes (Figure 1). Thus,
this sensor contained two CCPGCC affinity-sites with differ-
ent affinities for FIAsH or its red resorufin-based variant
ReAsH. Selective labelling was successful and static FRET
could be demonstrated by donor-fluorescence recovery after
acceptor bleaching (Ziirn et al., 2010). However, dynamic
changes upon ligand application could not be observed using
this construct. This is a further indication for the need to in-
dividually optimize the sensor constructs in accordance with
each labelling approach of choice.

Alternative probe design: GPCR-based FRET
sensors reporting on C-terminal or N-terminal
movements

Although the recently reported X-ray structures of active
versus inactive GPCRs show a large movement of TM6, a
smaller movement of TMS and little changes in the resolved
C-terminal part of the receptors (Kruse et al., 2013), none of
the above-mentioned FRET sensors would currently be able
to formally distinguish between movements within the IL-3
region or the C-terminus of the receptor. Thus, one publica-
tion with a different sensor design is of interest in this respect.
The report by Granier et al. (2007 used a dual labelling strat-
egy combining FIAsH and Alexa Fluor 568 and labelled the
B2-adrenoceptor at Cys265 underneath TM6, while the
FlAsH-binding motif was engineered at two different sites
within the C-terminus. The authors were able to monitor
C-terminal movements in two different positions of the
receptor relative to the TM6 domain and therefore could
investigate relative movements of the C-terminus upon
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ligand application by combining two separately obtained
datasets. However, this approach used purified receptors
and thus does not necessarily report upon conformational
changes occurring in living cells.

Avery recent report described the design of several differ-
ent B2-adrenoceptors that report on G-protein-selective con-
formational changes (Malik et al., 2013). This group of
investigators inserted two genetically encoded fluorophores
(CFP and YFP) at different positions into the C-terminus
(Figure 1). In addition to these modifications, they also added
a short amino acid sequence at the very tip of the receptor
C-terminus. This special sequence was derived from the
C-terminus of Ga-subunits of G-proteins and is different for
each Go-subunit. This short sequence has been shown to
determine specificity for receptor-G-protein interactions
(Conklin et al., 1996; Oldham and Hamm, 2008) and the
recent X-ray structure of the active B2-adrenoceptors in
complex with the Gs-protein provided structural insights
into how the corresponding G-protein part inserts into the
opening of TMS and TM6 (Rasmussen et al., 2011b). Thus,
by engineering a set of three individual receptor sensors,
which were distinct by only a few amino acids of the corre-
sponding Gi-, Gs- or Gg-protein-derived sequence, the
authors could investigate ligand-dependent conformational
changes and investigate G-protein signalling selectivity of
different receptor ligands (Malik et al., 2013). Depending on
the individual ligands used, the relative opening of the TMS
and TM6 interface might be distinct, and the Ga-specific
sequence could insert into the receptor. This insertion would
alter the relative orientation of the fluorophores inserted at
the C-terminus and thus report G-protein-selective confor-
mational changes by a change in FRET signal (Malik et al.,
2013). Although the reported signal changes were small, this
approach is very promising because the measurements were
done in whole cells and on large cell numbers. One current
drawback was the measurement in cuvette systems, which
did not permit testing of different ligands on the same cells.
The second drawback might be that the tethered G-protein
sequence might influence or restrain the subset of receptor
conformations that can be studied.

The latest FRET-based GPCR probe development is distinct
from all the above-mentioned approaches because it does not
monitor conformational changes upon receptor activation,
but rather monitors ligand-receptor binding. This novel
approach was developed by the group of Kai Johnsson
(Masharina ef al., 2012) for the GABAB receptor and utilizes
a dual labelling strategy at the N-terminus of the receptor
(Fig. 1). It is based on the use of a SNAP- and CLIP-tag which
were derived from O°-alkylguanine-DNA alkyltransferase
(Gautier et al., 2008). While the CLIP-tag was labelled
with an O*benzylcytosine-coupled donor fluorophore, the
SNAP-tag was labelled with O°®-alkylguanine coupled to an
acceptor fluorophore, which furthermore was linked to an
antagonist for the respective GPCR. Thus, upon dual label-
ling, the antagonist binds to the receptor and restrains the
N-terminus in a closed position like a slingshot, and this
correlates to a basal FRET signal. Upon agonist binding, the
antagonist gets displaced from the binding pocket, and the
restrained N-terminus relaxes from the closed position which
can be monitored by a change in FRET. Again, one needs to
keep in mind the potential effect of the chosen antagonist



Table 1

Resonance energy transfer biosensors for GPCR activation

GPCR

Receptor subtype

PTH receptor sensor and
aza-adrenoceptor sensor
with CFP/YFP

mGlu, receptor CFP/YFP

Az receptor sensor with
FIAsH/CFP or CFP/YFP

aza adrenoceptor sensor
with constitutive activity
CFP/YFP

Bz receptor sensor
CFP/YFP

aa-adrenoceptor sensor
FIAsH/CFP

B2-adrenoceptor
FIAsH/CFP

B1-adrenoceptor
CFP/YFP

axa-adrenoceptor sensor
FIAsH/CFP

aza-adrenoceptor sensor
FIAsH/CFP

M; receptor CFP/YFP

M, receptor FIAsH/CFP

B2-adrenoceptor
CFP/YFP

Aza receptor sensor
with FIAsH/ReAsH

GABAg receptor
Cerulean/YFP and M,
receptor Cerulean/YFP

M;, M3 and M5 receptor
FIAsH/CFP

B, receptor FIAsH/CFP

M3 receptor FIAsH/CFP

B2-adrenoceptor
CFP/YFP

5-HT; receptor
Cerulean/Citrine

AT receptor YFP/RLuc

M; receptor CFP/YFP

Resonance
technique

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

FRET

BRET

FRET

Comments

First sensor for GPCR activation based on FRET which was
designed to study conformational changes in living cells

Inter-subunit FRET change between protomers, but no intra-
subunit FRET change

First sensor using the combination FIAsH/CFP which showed
no disturbance of G-protein signalling

Inverse agonists exhibit signals opposite to that of agonists

B2-bradykinin receptor sensor responded to mechanosensitive
stimuli

Partial and full agonists exhibit distinct receptor activation
kinetics

First sensor to observe an increase in FRET ratio upon agonist
stimulation

Clinically used antagonists exhibit different FRET signals for
different polymorphic receptor variants

Receptor crosstalk between a2A-adrenergic receptor and p-opioid

receptor shown by influence of the FRET signal

Labelling with FIAsH in different positions reveals that partial
agonists only induce conformational changes in some parts
of the third intracellular loop

Complete kinetic analysis of the signalling cascade of the
M1-ACh-receptor down to PLC

Allosteric modulation shown by alterations in the measured
FRET signal

Distinct conformational changes of adrenaline and noradrenaline

First receptor sensor that did not utilize a fluorescent protein,
FRET efficiency determined by acceptor photobleaching

Inter-subunit FRET change between protomers, but no intra-
subunit FRET change; M1 receptor served as control

Comparison of different muscarinic receptor subtypes reveals
differences in ligand-dependent receptor kinetics

Bradykinin-dependent receptor activation is influenced by
heterodimerization with carboxypeptidase M

M3 receptor and RASSL variant of M3 receptor exhibit similar
conformational changes

Receptor activation kinetics can be influenced by polymorphism

5-HT1B receptor sensor responded to mechanosensitive stimuli

First intra-molecular GPCR based BRET sensor, allosteric modulation

of protomers within a receptor dimer

Comparison of orthosteric and allosteric ligands

GPCR sensors m

Reference
Vilardaga et al. 2003

Tateyama et al. 2004
Hoffmann et al. 2005

Vilardaga et al. 2005

Chachisvilis et al.,
2006

Nikolaev et al. 2006
Nakanishi et al. 2006
Rochais et al. 2007

Vilardaga et al. 2008

Zurn et al. 2009

Jensen et al. 2009
Maier-Peuschel et al.
2010

Reiner et al. 2010

Zirn et al. 2010

Matsushita et al.
2010

Ziegler et al. 2011
Zhang et al. 2011
Alvarez-Curto et al.
2011

Ahles et al. 2011
Candelario and
Chachisvilis, 2012

Szalai et al. 2012

Markovic et al. 2012

(Continues)
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Table 1
(Continued)

Comments

Inter-subunit FRET change between protomers proceeds intra-
Non-equilibrium activation demonstrates that G-protein signalling
and signal amplification are highly time-dependent phenomena
Slow activation kinetics observed as seen for the PTH receptor
Constitutive receptor activity increases affinity for ACh solely by

Improved sensor performance by use of circular permutated

Dualsteric receptor ligands exhibit distinct receptor conformations

Carboxypeptidase M influences bradykinin-dependent receptor

Receptor sensor was used to monitor conformational changes
evoked by human autoantibodies against f1-AR in patients suffering

Interaction of receptor and Gg-protein stabilizes the active receptor

Differentially influence of Gg-protein on the active receptor state

Binding pose of dualsteric receptor ligands can dictate partial

Receptor polymorphism exhibits different receptor kinetics caused

Resonance

GPCR technique
V, receptor FIAsH/Lumi-4 Tb LRET Structural information about biased agonism
mGlu, receptor CFP/YFP FRET

subunit FRET change
aza-adrenoceptor sensor FRET
with FIAsH/CFP
OX; and OX; receptors FRET
FIAsH/CFP
M3 receptor with constitutive ~ FRET
activity FIAsH/CFP increase in ligand off-rate
M; receptor FIAsH/CFP FRET

versions of CFP
M, receptor FIAsH/CFP FRET
B, receptor FIAsH/CFP and FRET/BRET
FIAsH/RLuc activation by allosteric mechanism
aza-adrenoceptor sensor FRET Receptor function is regulated by voltage
with CFP/YFP
B,-adrenoceptor CFP/YFP FRET

from dilated cardiomyopathy
M; receptor CFP/YFP FRET

state and delays receptor deactivation
M3 receptor and P2Y, FRET
receptor CFP/YFP reveals receptor-specific influence
M, receptor FIAsH/CFP FRET

agonism
Az receptor sensor FRET Caffeine described as inverse agonist
with FIAsH/CFP
By-adrenoceptor CFP/YFP FRET

by receptor phosphorylation
Ghrelin receptor LRET

First sensor using unnatural amino acid labelling incorporated by
AMBER codon technology, purified receptors in lipid disks

Reference

Rahmeh et al. 2012

Hlavackova et al.,
2012

Ambrosio and
Lohse, 2012

Xuetal. 2012

Hoffmann et al. 2012

Chang and Ross,
2012

Bock et al. 2012
Zhang et al. 2013

Rinne et al. 2013

Bornholz et al. 2013

Tateyama and Kubo,
2013b

Tateyama and Kubo,
2013a

Bock et al. 2014
Fernandez-Duenas
etal 2014

Ahles et al. 2015

Damian et al. 2015

This table summarizes all articles that we found performing a search for such biosensors listed in PubMed using the search GPCR and FRET (127 hits as of 1

September 2015), GPCR and BRET (106 hits as of 1 September 2015), GPCR and conformational sensor (9 hits as of 1 September 2015) as well as citations
listed in Thomson Reuter science citation index to Vilardaga et al. 2003 or Hoffmann et al. 2005. LRET, luminescence resonance energy transfer.

on the receptor because it may influence what is observed.
However, such constructs can probably be used to detect the
release of endogenous agonists (Masharina et al., 2012) and
could in principle be adapted to many other GPCRs and
might open a novel area for GPCR research.

Biological applications of GPCR-based FRET
sensors

Because fluorescent labelling techniques for the detection of
ligand binding to GPCRs (Ma et al. 2014; Ward and Milligan,
2014) and protocols or technical details of how such FRET
experiments can be performed (Hoffmann et al., 2010;
Vilardaga et al., 2013) have recently been reviewed, we will
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focus on the biological processes or phenomena that have
been studied using unimolecular GPCR-based FRET sensors.
Table 1 represents a list of all original research articles we are
aware of, which have developed or applied such GPCR-based
conformational resonance energy transfer sensors.

Kinetics of GPCR activation

The on-rate of ligand binding to a given protein depends on
the ligand concentration, and the on-rate constant is
expressed in M~ ' s™!, whereas the off-rate is independent of
ligand concentration, and the off-rate constant is expressed
in s™'. Thus, the conformational changes that are observed
upon agonist binding to such GPCR-based sensors (Figure 1)



follow the same principle, and hence, the activation speed
increases with ligand concentration. This can be seen in
Figure 2, where an adenosine A2A receptor-based FRET sensor
was stimulated using different concentrations of adenosine.
In the case of the adenosine receptor, the activation speed
reaches a maximum of 60 ms (Hoffmann et al., 2005). Such
experiments require high data sampling rates of 40 Hz or
higher, meaning data points have to be collected every 25
ms or faster, and in turn illumination times will be extremely
short. Such high sampling rates require FRET sensors with
optimized FRET efficiencies and large FRET amplitudes
because short illumination times will evoke only small FRET
responses. Thus, the higher FRET amplitude observed for the
combination of CFP/FIAsH is one good argument when
kinetic experiments are intended, while a drawback of this
combination is the faster bleaching of fluorescein compared
with YFP (Hoffmann et al., 2005). Maximal activation
kinetics for several receptors have now been reported and ac-
tivation times for small diffusible endogenous ligands range
from 40 to 100 ms, while peptide ligands were reported to
act slower in the range of ~1 s (Lohse et al., 2012). These sen-
sor constructs can also be used to generate concentration—
response curves by analysing the maximal FRET response for
each ligand concentration. An original experiment of this
type is shown in Figure 2 for the muscarinic M3 receptor
(Ziegler et al., 2011). Such sensors allowed comparison of ligand
selectivity for different receptor family members similar to
classical radioligand binding experiments. However, for the
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muscarinic receptor family, it was also reported that individual
ligands like oxotremorine M exhibit kinetic differences for indi-
vidual receptor subtypes (Ziegler et al., 2011). Interestingly, if
concentration-response curves were analysed for different time
points of receptor activation, non-equilibrium receptor activation
could be studied. Using the a2A-adrenoceptor FIAsH /CFP based
FRETsensor and noradrenaline as agonist, a time-dependent shift
in the potency of receptor activation was reported (Ambrosio and
Lohse, 2012). This time-dependent left shift of noradrenaline
concentration-response curves was also observed downstream
at the level of G-protein activation. Such experiments revealed
that receptor and G-protein signalling are highly time-dependent
phenomena (Ambrosio and Lohse, 2012).

Partial and inverse agonism

At the time when this class of FRET-based sensors was devel-
oped, the molecular details of partial agonistic behaviour or
inverse agonism were only poorly understood. Therefore,
GPCR-based FRET sensors and kinetic analysis of receptor stim-
ulation were used to investigate these phenomena. We are still
far from a molecular understanding of partial or inverse
agonism, but we are currently gaining more insights by crystal
structural analysis of receptor ligand complexes (Katritch et al.,
2009) and dynamic measurements (Vilardaga et al., 2005;
Nikolaev et al., 2006; Ziirn et al., 2009; Hoffmann et al., 2012;
Bock et al., 2014). Partial agonists were found to induce smaller
and most often slower FRET changes when compared with the
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(A) Concentration-dependent kinetics of adenosine-mediated change in the FRET ratio. The recordings were expressed as % of the maximal re-
sponse achieved with T mM adenosine, reproduced from Hoffmann et al., 2005. (B) Relationship between the adenosine concentration and keps,
the apparent rate constant of the change in the FRET ratio, reproduced from Hoffmann et al., 2005. (C) Concentration-response effects of ACh on
the FRET response of the M3-ACh-receptor sensor, reproduced from Ziegler et al., 2011. (D) Differential effects of partial agonists in different re-
ceptor domains as observed for the a2a-adrenoceptor, reproduced from Ziirn et al., 2009.
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reference ligand (Nikolaev et al., 2006). The initial study was
performed using a a2A-adrenoceptor FIAsH /CFP based FRET
sensor and noradrenaline as reference agonist. However, be-
cause only one single receptor construct was used, limited
information about partial agonism could be derived at the
molecular level. A further study using three individual o2A-
adrenoceptor FIAsH /CFP based FRET sensors each with differ-
ent labelling sites for FIAsH within IL-3 (Figure 1), enabled
more detailed information on partial agonism to be gained.
As shown in Figure 2, all three constructs were exposed to several
structurally related ligands. While noradrenaline induced con-
formational changes in all receptor constructs, the partial ago-
nists clonidine, dopamine, octopamine and norphenephrine
all induced distinct conformational changes with IL-3 that was
characteristic for each ligand (Ziirn ef al., 2009). This study pro-
vided evidence for the existence of different conformational
changes in living cells. Furthermore, the a2A-adrenoceptor
FRET sensors also helped to investigate the phenomenon of in-
verse agonism. Inverse agonism is characterized by a decrease
in basal receptor activity, which is thought to occur by a limited
proportion of receptors being in an active state without agonist
being present and can be enhanced by point mutations
(Samama et al., 1993). Therefore, a constitutively active version
of the initial a2A-adrenoceptor CFP /YFP based FRET sensors as
depicted in Figure 1 was developed by insertion of point muta-
tions beneath TM6 and then exposed to yohimbine, a known
inverse agonist of this receptor. It was observed that the FRET
signal evoked by yohimbine was opposite to the signal induced
by noradrenaline and occurred with slower kinetics (Vilardaga
et al., 2005). The slower kinetic and opposite FRET signal might
be a special feature for inverse agonism, because both observa-
tions were confirmed for atropine at a constitutively active
version of the muscarinic M3 receptor (Hoffmann et al., 2012).
Because constitutive activity is also frequently accompanied by
higher agonist affinity, the authors studied the influence of con-
stitutive activity on receptor activation and deactivation, as in-
dicator for ligand on- and off-rates. While the maximal
receptor activation kinetics, as indicator for ligand on-rates,
were not altered, receptor deactivation was significantly
prolonged (Hoffmann et al., 2012). This would indicate that at
least for the muscarinic M3 receptor, the increase in agonist af-
finity by constitutive receptor activity was almost completely
due to a decrease in ligand off-rate. Very recently, it was demon-
strated using the original construct A2A receptor-Flash3-CFP
and experimental models of Parkinson’s disease that caffeine,
a legal stimulant consumed every day by millions of people,
can act as an inverse agonist (Fernandez-Duenas et al., 2014)
at this receptor. Again, the change in FRET signal was opposed
to that of the endogenous agonist adenosine. Once this inverse
agonistic activity has been confirmed by others, this would be
an interesting starting point to develop novel treatments for
this neurological disorder.

Allosteric modulation of GPCRs

Allosteric modulation of GPCRs is a rapidly developing re-
search field and holds great promise for drug development
(Wootten et al., 2013). Testing for allosteric modulation is
often a great challenge because the effect of the allosteric
modulator may be observed for the probe used for screening,
but may not influence the endogenous ligand and it is
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intended to influence in a patient. In this respect, it would
be advantageous to be able to study the influence of the allo-
steric modulator directly using the endogenous ligand as the
probe. Two recent publications used GPCR-based FRET
sensors to study allosteric modulators (Maier-Peuschel ef al.,
2010; Markovic et al., 2012). The first study used the musca-
rinic M2 receptor and created a CFP-based/FlAsH-based
sensor as schematically shown in Figure 1, while the second
study used the muscarinic M1 receptor and created a CFP-
based/YFP-based sensor as schematically shown in Figure 1.
For the M2 receptor, it was demonstrated that ACh and carba-
chol could induce a rapid and concentration-dependent
decrease in FRET, while the allosteric modulator gallamine
did not cause a change in FRET signal (Maier-Peuschel et al.,
2010). However, as shown in Figure 3, gallamine was able to
reverse the signal change induced by ACh. The signal change
occurred much faster than could be explained by agonist dis-
sociation. This observation was interpreted as further support
of the allosteric modulatory effect by gallamine, which inter-
estingly was different for ACh and carbachol, demonstrating
the potential of this technology to investigate the probe-
dependent effect of allosteric modulators. For the M1 recep-
tor, it was demonstrated that allosteric agonists can be
detected using such sensor constructs (Markovic et al.,
2012). Allosteric modulation of protein function can also
occur by interacting proteins. This was recently demon-
strated using a B1 (kinin 1B) receptor-based FRET sensor.
Employing such a sensor, the group of Randal A. Skidgel
could demonstrate positive allosteric modulation of the Bl
receptor by carboxypeptidase M (Zhang et al. 2011 and
2013). Two further studies also reported that the Gag-protein
could stabilize the high-affinity state of the M1 and M3 recep-
tors but not the P2Y1 receptor (Tateyama and Kubo, 2013a,
2013b). These studies demonstrate the possible use of such
sensors to investigate signalling complexes.

Receptor dimers and higher order complexes of
GPCRs

Oligomerization of GPCRs is a hot topic in GPCR research.
The approaches and methods that are currently used to study
GPCR dimerization have recently been covered in an up-to-
date article as a result of an intense discussion at a GPCR
workshop (Vischer et al., 2015). This area of research is the
classic domain of bimolecular FRET sensors to study
protein-protein interactions. Therefore, in this review, we
will only cover work that has been carried out using
unimolecular FRET sensors. We and others have also utilized
this approach to study GPCR dimers and their activation.
Using the before-mentioned a2A-adrenoceptor FIAsH- /CFP-
based FRET sensors (Figure 1), a modulatory effect of morphine
via the p-opioid receptor could be shown (Vilardaga et al.,
2008). This crosstalk was dependent upon co-transfection of
the p-opioid receptor and was due to a direct modulation at
the level of the receptor itself. Furthermore, it could be
demonstrated that morphine application led to a modulation
of downstream signalling of the oa2A-adrenoceptor (Vilardaga
et al., 2008). Several more studies investigated dimeric recep-
tor complexes and their activation mode. It was reported that
intermolecular FRET changes between both protomers of a di-
mer were clearly detectable using the metabotropic glutamate
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(A) Effects of gallamine on the FRET signals of a M2 receptor sensor expressed in HEK293 cells. Gallamine 10 uM reversed the signal induced by
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rise in the FRET ratio. Reproduced from Rinne et al., 2013.

receptor-la (Tateyama ef al.,, 2004), while intra-molecular
FRET changes within a receptor protomer could not be de-
tected. Similarly, ligand-induced subunit rearrangements of
the GABAB receptor could only be detected when inter-
molecular rearrangement was investigated but not visible
when intra-molecular FRET changes were assessed
(Matsushita et al., 2010). This absence of intra-molecular
FRET changes in class C GPCRs is not a general rule, because
we could detect both inter- and intra-molecular FRET changes
using the mGlul receptor (Hlavackova et al., 2012). It could
be demonstrated that the inter-molecular FRET change oc-
curred faster compared with the intra-molecular signal
change. Hence, a movement within the two protomers of
a dimer might be required to allow activation of individual
protomers, but this is currently speculation because receptor
ensembles were measured and no single molecules.

Modulatory effects of transient protein
modifications and ligand-independent receptor
modulation
Polymorphic variants of proteins have been described for
several GPCRs. In this respect, it is interesting to see that such
different variants can behave differently upon receptor acti-
vation. This was investigated for the polymorphic variants
of the B-adrenoceptor family (Ahles et al., 2011 and 2015).
The kinetic response pattern was different for the Arg16-Gly
or GIn27-Glu variants of the p2-adrenoceptor. This was not
evident when a single stimulus was compared, but became
apparent when each variant was exposed to multiple repeti-
tive stimuli. This difference in receptor activation was shown
to depend on receptor phosphorylation and B-arrestin2
interaction because the effect disappeared upon saponin
treatment for cell permeabilization (Ahles et al., 2011). A sim-
ilar effect was recently observed for the polymorphic variants
of the pl-adrenoceptor (Ahles et al., 2015).

Two recent studies have demonstrated the influence of
other stimuli upon receptor activation using such GPCR-
based FRET sensors as depicted in Figure 1. The first study

could demonstrate the influence of 15 mM benzoyl alcohol,
a known membrane fluidity enhancer, upon 5-HT1B receptor
activation (Candelario and Chachisvilis, 2012). This led to
direct 5-HT1B receptor activation in a similar manner as
controlled by the endogenous ligand 5-HT. The second study
investigated the influence of membrane voltage upon
adrenoceptor function (Rinne et al., 2013) and found a direct
modulation of active receptor states by voltage. The study
used the previously described «2A-CFP-based/YFP-based
FRET sensors (Vilardga et al., 2003). A clear change in FRET
ratio could be observed when the membrane potential was
changed from —90 to +60 mV and strikingly resembles
changes that were observed upon allosteric modulation by
ligands at the muscarinic M2 receptor (Figure 3). The molecu-
lar mechanism leading to voltage-dependent conformational
changes and receptor activation are currently unknown.

Conclusion and future directions

The generation of GPCR-based FRET sensors is currently an
individual process and still needs to be individually opti-
mized. However, we think the examples of versatile applica-
tions (Figure 4) compiled for these sensors in this review
article clearly demonstrate that the added work of designing
such sensors is outweighed by the added value of information
obtained by their ability to investigate GPCR pharmacology
and biology. As we discover new signalling modalities of
GPCRs, like signalling from within the cell (Irannejad et al.,
2013; Lohse and Hofmann, 2015), we also face novel chal-
lenges for labelling strategies. Some interesting develop-
ments are seen by the incorporation of unnatural amino
acids into proteins that offer unique chemistry for functional
coupling in living cells and allow a site-selective labelling in
cells (Haney et al., 2015). Such approaches allow the use of
brighter organic fluorophores that were already used in vitro
in single-molecule FRET experiments (ITyagi and Lemke,
2015). Hence, such fluorophores should be bright enough to
be resolved in subcellular compartments of living cells, al-
though the total protein number within such compartments
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would probably be small. Another major challenge will be to
adopt such RET sensors for use in in vivo situations. This will
require joint efforts from several different scientific disci-
plines, and a detailed discussion has recently been published
(van Unen et al., 2015). Hence, much remains to be done, but
the improvements in our knowledge and understanding of
these fascinating class of proteins will reward investigators
for their efforts.
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