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Background:Orexin receptors are potential targets for the treatment of narcolepsy and insomnia.
Results: Intramolecular FRET sensor forms of these receptors were functional and able to report the kinetics of agonist-
mediated activation.
Conclusion: The 33 amino acid peptide orexin A activates the receptors slowly.
Significance: Such sensors provide a unique means to explore the kinetics of receptor activation.

Intramolecular fluorescence resonance energy transfer
(FRET) sensors able to detect changes in distance or orientation
between the 3rd intracellular loop and C-terminal tail of the
human orexin OX1 and OX2 G protein-coupled receptors fol-
lowing binding of agonist ligands were produced and expressed
stably. These were directed to the plasma membrane and,
despite the substantial sequence alterations introduced, in each
case were able to elevate [Ca2�]i, promote phosphorylation of
the ERK1/2 MAP kinases and become internalized effectively
upon addition of the native orexin peptides. Detailed character-
ization of the OX1 sensor demonstrated that it was activated
with rank order of potency orexin A > orexin B > orexin A
16–33, that it bound antagonist ligands with affinity similar to
the wild-type receptor, and that mutation of a single residue,
D203A, greatly reduced the binding and function of orexin A
but not antagonist ligands. Addition of orexin A to individual
cells expressing an OX1 sensor resulted in a time- and concen-
tration-dependent reduction in FRET signal consistent with
mass-action and potency/affinity estimates for the peptide.
Compared with the response kinetics of amuscarinicM3 acetyl-
choline receptor sensor upon addition of agonist, response of
theOX1 andOX2 sensors to orexinAwas slow, consistent with a
multistep binding and activation process. Such sensors provide
means to assess the kinetics of receptor activation and how this
may be altered by mutation and sequence variation of the
receptors.

The orexin peptides orexin A and orexin B are produced by
neurons of the lateral hypothalamus from a common precursor
and function via binding to and activating two members of the

G protein-coupled receptor (GPCR)2 superfamily, the OX1 and
OX2 receptors (1–2), which share 64% sequence identity. These
receptors have attracted considerable interest (3–6) not least
because intracerebroventricular administration of orexin A to
animals is known to stimulate food consumption and to
increase wakefulness. Furthermore, because a genetic defi-
ciency of theOX2 receptor is associatedwith narcolepsy in dogs
(7), and in some cases of this condition in man (8), it has been
hypothesized that blockade of either this receptor alone or of a
combination of the OX1 and OX2 receptors might provide a
means to regulate sleep and to treat insomnia (1, 5, 9–11).
A number of either OX2 receptor-selective or combined OX1/
OX2 receptor blockers have been developed, therefore, to
assess this potential (9–12). Human orexin A is a 33 amino acid
peptide, modified at both N and C termini, and with molecular
mass 3562 Da, whereas orexin B is a 28 amino acid peptide of
mass 2899 Da. As with a number of other GPCRs that respond to
peptides of substantial size, it has clearly been difficult to identify
small molecule agonist ligands for these receptors, because no
such molecules have yet been described. This is despite analgesic
effects of orexinA that suggest that orexin receptor agonistsmight
be effective as anti-nociceptive therapeutics (4).
The synthesis of radiolabeled forms of a small number of

OX1 andOX2 antagonists (13–14) has recently allowed prelim-
inary analysis of the binding pocket for orexin A in the two
receptors by comparing loss of agonist function of this peptide
inmutants of the receptors that continue to bind the antagonist
ligands with robust affinity (14). Despite this, rather little is
known about either the mode or kinetics of binding of the
orexin peptides, not least because competition binding studies
between the synthetic radiolabeled antagonists and the peptide
ligands have been difficult to establish (13).
Fluorescence resonance energy transfer (FRET) has been

used widely to explore interactions between different proteins,
including pairs of GPCRs, co-expressed in the same cell (15–
17). Furthermore FRET between appropriately labeled ligands
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and forms of GPCRs with autofluorescent proteins inserted
into the extracellular N-terminal domain has provided ameans
to explore aspects of the kinetics of ligand binding and the iden-
tification of novel receptor ligands (18–19). An alternative
FRET approach that can detect activation of a GPCR in
response to agonist ligands involves the construction of intra-
molecular FRET sensors. To date only a few examples have
been reported (17, 20–23). These have been designed to report
activation of the receptor upon agonist binding with the energy
donor and acceptor species being introduced into areas on the
intracellular face of the receptor that are believed to move rel-
ative to one another or re-orientate as part of the process of
activation. Early versions of such sensors generally placed cyan
fluorescent protein (CFP) inframe with the C-terminal tail of
the receptor and engineered a yellow fluorescent protein (YFP)
into a locationwithin the third intracellular loop (20–21).More
recently, the substantial bulk of YFP has been replaced by intro-
duction of a fluoroscein arsenical hairpin binder (FlAsH)
sequence, to which binding of an inherently non-fluorescent
ligand generates a fluorescent species able to function as an
energy acceptor from CFP (17, 22–23). Such intramolecular
FRET sensors have detected rapid binding and de-binding of
small molecules, such as mimetics of acetylcholine to musca-
rinic acetylcholine receptor subtypes (22–23) and to variants of
these in which the ligand binding selectivity had been re-engi-
neered by mutagenesis (23).
To date, the only receptors for peptide hormones for which

intramolecular FRET sensors have been reported are the B2
bradykinin receptor (20) and the parathyroid hormone recep-
tor (21). In the case of the B2 bradykinin receptor sensor, the
potency of the native peptide agonist at the sensor was far
removed from that of the unmodified receptor (20), raising
questions as to the utility of the construct and the effects of the
alterations made to the receptor to generate the sensor. For the
parathyroid hormone receptor sensor there was less of an effect
on peptide potency/affinity but, interestingly, it was noted that
despite known high affinity, the peptide generated a FRET
response much more slowly (21) than observed for small mol-
ecule agonists at catecholamine receptor sensors where the
ligands are known to have modest affinity (22–23).
If peptide receptiveGPCR sensors could be defined and engi-

neered such that they retained function and pharmacology
equivalent to the wild type receptor, they would be valuable
tools to examine each of ligand binding kinetics, the details of
receptor activation mechanisms, the effects of polymorphic
variation in receptor sequence and of designed mutations. Fur-
thermore, they might provide tools to explore the activation of
receptors in both ex vivo and, eventually, in vivo settings. To
explore such potential, herein, we report the production and
detailed characterization of intramolecular FRET sensor forms
of both the human orexin OX1 and OX2 receptors.

EXPERIMENTAL PROCEDURES

Drugs, Chemicals, Reagents, and Other Materials—Lipo-
fectamine transfection reagent was from Invitrogen (Paisley,
UK). [3H]SB674042 ((1-(5-(2-fluoro-phenyl)-2-methyl-thi-
azol-4-yl)-1-((S)-2-(5-phenyl-(1,3,4)oxadiazol-2-ylmethyl)-
pyrrolidin-1-yl)-methanone) was from Perkin Elmer (Bos-

ton, MA). SB334867 ((N-(2-methyl-6-benzoxazolyl)-N�-1,5-
naphthyridin-4-yl urea), SB408124 (N-(6,8-difluoro-2-methyl-
4-quinolinyl)-N�-[4-(dimethylamino)phenyl]urea) and TCS-
OX2-29 S)-1-(3,4-dihydro-6,7-dimethoxy-2(1H)-isoquin-
olinyl)-3,3-dimethyl-2-[(4-pyridinylmethyl)amino]-1-bu-
tanone) were from Tocris Biosciences (Avonmouth, UK).
Orexin A and orexin B were from Bachem (UK) Ltd (St Helens,
Merseyside UK). Orexin A 16–33 was from Phoenix Pharma-
ceuticals INC (Burlingame,CA) or fromChinapeptides (Shang-
hai, China). Oligonucleotides were from ThermoElectron
(Ulm, Germany). Flp-InTM T-RExTM 293 cells, Lipofectamine
2000 transfection reagent, TC-FlAsH II In-Cell Tetracysteine
Tag Detection Kit and all materials for tissue culture were from
Invitrogen. Anti-VSV-G and anti-HA were from Sigma. Prote-
ase inhibitor mixture tablets were from Roche Diagnostics
(Mannheim, Germany). All other reagents were obtained from
Fisher Scientific (Loughborough, UK) or SigmaAldrich Co Ltd.
DNA Constructs—The VSV-G-SNAP-OX1 construct has

been described previously (24–25). Intramolecular FRET sen-
sor forms of the human OX1 and OX2 receptors included a
C-terminal CFP to act as energy donor, although in a number of
examples, the C-terminal tail of the receptor was truncated to
produce constructs with higher basal FRET signals. The FlAsH
binding sequence FLNCCPGCCMEP, which once labeled
acted as energy acceptor, was introduced at various locations in
the 3rd intracellular loop of each receptor. In some cases this
replaced an equivalent sequence of 12 amino acids and in others
reduced the overall length of the loop; see “Results” and supple-
mental Fig. S1 for details. Constructs were ligated into either
pcDNA3.1 for initial transient transfection studies, or into
pcDNA5/FRT/TO (Invitrogen) to generate Flp-InTMT-RExTM
293 inducible stable cell lines (26).
Generation and Maintenance of Stable Flp-InTM T-RExTM

293 Cells—To generate Flp-InTM T-RExTM 293 cells able to
inducibly express the FRET sensor constructs, cells were co-
transfected with the plasmid pOG44 and the desired protein
cDNA in pcDNA5/FRT/TO (Invitrogen) at a ratio of 9:1 using
Lipofectamine (26). After 48 h, the medium was supplemented
with 200 �g�ml�1 hygromycin to select for stably transfected
cells. Pools of cells were established and tested for inducible
expression by the addition of 1 �g�ml�1 doxycycline for 48 h
followed by screening for fluorescence corresponding to CFP
and for VSV-G protein expression by Western blotting.
HEK293T Cell Culture and Transfection—HEK293T cells

weremaintained in Dulbecco’s modification of Eagle’s medium
(DMEM) supplemented with 0.292 g�liter�1 L-glutamine, 1%
antibioticmixture and 10% (v/v) newborn calf serum at 37 °C in
a 5% CO2 humidified atmosphere. The cells were transfected
with various OX1/2 FRET sensor constructs using Lipo-
fectamine 2000 reagent according to protocols from the sup-
plier. 48 h after transfection, cells were labeled with TC-FlAsH
II In-Cell Tetracysteine Tag Detection Kit.
Cell Lysates and Western Blotting—Cells were washed once

in cold PBS (120mMNaCl, 25 mMKCl, 10 mMNa2HPO4, and 3
mM KH2PO4, pH7.4) and harvested with ice-cold RIPA buffer
(radioimmunoprecipitation assay buffer, 50 mM HEPES, 150
mMNaCl, 1% Triton X-100, and 0.5% sodium deoxycholate, 10
mMNaF, 5mMEDTA, 10mMNaH2PO4, 5% ethylene glycol, pH
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7.4) supplemented with Complete protease inhibitors mixture
(Roche Diagnostics, Mannheim, Germany). Extracts were
passed though a 25-gauge needle and incubated for 15 min at
4 °C while spinning on a rotating wheel. Cellular extracts were
then centrifuged for 30 min at 14,000 � g and the supernatant
was recovered. After heating samples at 65 °C for 5 min, both
cell lysates and pulldowns were subjected to SDS-PAGE analy-
sis using 4 to 12% Bis-Tris gels (NuPAGE; Invitrogen) and
MOPS buffer. After separation, the proteins were electropho-
retically transferred to nitrocellulose membrane, which was
then blocked (5% fat-freemilk powder in PBSwith 0.1%Tween-
20) at 4 °C on a rotating shaker overnight. The membrane was
incubated for 3 h with primary antibody in 2% fat-free milk
powder in PBS-Tween, washed (3 � 10 min PBS-Tween) and
then incubated for 3 h with appropriate secondary antibody
(horseradish peroxidase-linked donkey anti-rabbit IgG, sheep
anti-mouse HRP or goat anti-rat HRP, GE Healthcare) diluted
1:10000 in 2% fat-free milk powder in PBS-Tween. After wash-
ing, proteins were detected by enhanced chemiluminescence
(Pierce Protein Research Products, Thermo Scientific) accord-
ing to the manufacturer’s instructions.
Cell Membrane Preparation—Pellets of cells were frozen at

�80 °C for a minimum of 1 h, thawed, and resuspended in ice-
cold 10 mM Tris, 0.1 mM EDTA, pH 7.4 (TE buffer) supple-
mented with Complete protease inhibitors mixture (Roche
Diagnostics). Cells were homogenized on ice by 40 strokes of a
glass on Teflon homogenizer followed by centrifugation at
1000 � g for 5 min at 4 °C to remove unbroken cells and nuclei.
The supernatant fraction was removed and passed through a
25-gauge needle 10 times before being transferred to ultracen-
trifuge tubes and subjected to centrifugation at 50,000 � g for
30 min at 4 °C. The resulting pellets were resuspended in ice-
cold TE buffer. Protein concentration was assessed and mem-
branes were stored at �80 °C until required.
[3H]SB674042 Binding Assays (Membranes)—Saturation

binding curveswere established by the addition of 5�g ofmem-
brane protein to assay buffer (25 mM HEPES, 0.5 mM EDTA,
and 2.5 mM MgCl2, pH 7.4, supplemented with 0.3% BSA)
containing varying concentrations of [3H]SB674042 (13,
23–24)(0.4–20 nM).Nonspecific bindingwas determined in the
presence of 3 �M SB408124 or SB334867 as appropriate. Reac-
tions were incubated for 90 min at 25°C, and bound ligand was
separated from free by vacuum filtration through GF/C filters
(Brandel Inc, Gaithersburg,MD). The filters werewashed twice
with cold 1xPBS (120 mM NaCl, 25 mM KCl, 10 mM Na2HPO4,
3 mM KH2PO4, pH 7.4) and bound ligand was estimated by
liquid scintillation spectrometry. In competition binding stud-
ies varying concentrations of unlabeled ligands were co-added
along with a single concentration of [3H]SB674042.
[3H]SB674042 Binding Assays (Intact Cells)—Cells were

grown overnight, with doxycycline induction as required, on
white 96-well plates, which had been treated with 0.1 mg�ml�1

poly-D-lysine. Themediumwas removed and replacedwith 200
�l per well buffer containing 150 mM NaCl, 20 mM HEPES
and 0.5% BSA, pH 7.4 with varying concentrations of
[3H]SB674042, (0.4–20 nM). Nonspecific binding was deter-
mined in the presence of 3�M SB408124. The plates were incu-
bated at 25 °C for 60 min and terminated by removal of the

binding mixture, followed by washing with 3 � 200 �l per well,
ice-cold 1� PBS. 100 �l per well Microscint 20 was added, and
the plates sealed before incubation for 2 h at room temperature
on a rapidly shaking platform. Bound ligand was determined
using a Packard Topcount NXT. A number of equivalent wells
were also included in the experiment. The medium was
removed from these wells and the cells were trypsinized and
counted using a Countess automated cell counter (Invitrogen,
Paisley, UK). Using the specific binding per well and the num-
ber of cells per well, mol� [3H]SB674042�cell�1 was determined.
Calcium Mobilization Assays—Flp-InTM T-RExTM 293 cells

able to express the FRET constructs in an inducible manner
were grown in poly-D-lysine coated, black, clear bottom 96-well
microtiter plates. 24 h after induction with doxycycline, the
cells were loaded with the calcium-sensitive dye Fura-2, by
changing the media for DMEM containing 3 �M Fura-2. The
plates were incubated in the dark for 45 min at 37 °C and then
washed with 2 � 100 �l/well of HEPES buffer (130 mMNaCl, 5
mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, and 10 mM

D-glucose, pH7.4). 100 �l/well HEPES buffer was then added
and the plate incubated at room temperature for 30 min in the
dark. The effect of ligands was then assessed by measuring cal-
cium response using a FLEX-Station (Molecular Devices, Sun-
nydale, CA) (24).
ERK1/2MAP Kinase Phosphorylation—ERK1/2MAP kinase

phosphorylation assays were conducted in two independent
ways. First, cells stably expressing sensors of interest were
grown in 12-well plates, and rendered quiescent by serum star-
vation for 12 h prior to stimulation. Cells were then placed on
ice and solubilized directly in 200 �l of Laemmli sample buffer.
The samples were sonicated for 30 s, heated for 15min at 95 °C,
andmicrocentrifuged for 5min before fractionation of the pro-
teins on SDS/PAGE. Phosphorylation of ERK1/2 MAP kinases
was detected by protein immunoblotting using a phospho-
ERK1/2-specific antibody (Cell Signaling Technology, Notting-
ham, UK). The nitrocellulose membranes were subsequently
stripped of immunoglobulins and re-probed using an anti-
ERK1/2 antibody (Cell Signaling Technology) to assess the
equivalence of protein loading.
Alternatively, Flp-InTM T-RExTM 293 cells able to express

the FRET sensors were plated at a density of 40,000 cells per
well in a poly-D-lysine coated 96-well plate. Expression of the
construct under study was induced by the addition of 100
ng�ml�1 doxycycline. The cells were allowed to grow overnight
and were then serum starved for 4 h prior to ligand stimulation
as required. Cells were then treated with lysis buffer (SureFire
AlphaScreen kit, Perkin Elmer (Boston, MA)) (25) and then
processed according to the manufacturer’s instructions.
Detection of Internalization (Fluorescent Microscopy)—Cells

stably expressing an OX1 sensor were grown on coverslips and
placed in a microscope chamber containing physiological
HEPES-buffered saline solution (130mMNaCl, 5mMKCl, 1mM

CaCl2, 1 mM MgCl2, 20 mM HEPES, and 10 mM D-glucose, pH
7.4) and treated with 10�7 M orexin A. The effect of orexin A on
the distribution of receptors between the cell surface and cyto-
plasm was assessed by an inverted Nikon TE2000-E micro-
scope. Sequential images were acquired at 10-min intervals for
30-min time period.
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Detection of Internalization (Biotinylation)—Cells were
grown and induced overnight with 100 ng�ml�1 doxycycline in
6-well plates treated with 0.1 mg�ml�1 poly-D-lysine. Ligand
treatments were carried out as required. The plates were put on
ice, the medium was removed and the cells washed with 2
ml/well ice cold borate buffer (10 mM boric acid, 154 mMNaCl,
7.2 mM KCl 1.8 mM CaCl2, pH 9.0). 1 ml/well 0.8 mM Sulfo-
NHS-SS-Biotin (Pierce, Thermo Scientific), in borate buffer,
was added, and the plates incubated on ice, in the dark, for 30
min. The biotin solution was removed, the cells washed with 2
ml/well stop solution (192 mM glycine, 25 mM Tris-HCl, pH
8.3), and incubated with a further 2 ml/well stop solution for 5
min on ice. The stop solution was removed, and the cells lysed
by the addition of 500–1000 �l 1� RIPA. The plates were
scraped and the lysates transferred to Eppendorf tubes, which
were then end over end mixed at 4 °C for 15 min, before being
centrifuged at 18,000 � g for 10 min at 4 °C. The protein con-
centrations of the supernatants were determined and equalized
(lysate samples were taken for later analysis). 100 �l/tube
streptavidin-agarose resin (Pierce, Thermo Scientific) was
added, and tubes incubated on a rotating wheel at 4 °C over-
night before being centrifuged at 2000� g for 2min at 4 °C. The
supernatantwas removed, and the resinwashedwith 3� 500�l
RIPA buffer. 100 �l of SDS-PAGE sample buffer containing 5%
2-mercaptoethanol was added, and tubes incubated at 37 °C for
1 h. The cell lysates and biotinylated samples were then sub-
jected to SDS-PAGE analysis andWestern blotting as described
above.
Combined FlAsH Labeling and Calcium Loading of X-rhod-1

AM—Cells were grown on poly-D-lysine-treated glass cover-
slips and induced with 100 ng�ml�1 doxycycline for 48 h. The
coverslips (with cells attached) were then transferred to 6-well
plates containing 2 ml per well of (phenol red free) Hank’s bal-
anced salt solution, supplemented with 10mM glucose (control
HBSS). Each well was washed three times (10 min per wash)
with control HBSS. After washing, 1.8 ml of control HBSS was
added to each well. FlAsH labeling solution (sufficient for 1� 6
well plate), was prepared by adding 6 �l of 2 mM lumiogreen
stock solution (Invitrogen), to 6 �l of 25 mM ethanedithiol
(EDT) solution in DMSO (2.1 �l of EDT in 1 ml DMSO). This
solution was incubated at room temperature for 20 min. 1.2 ml
of control HBSS solution was added and vortex mixed. The
EDT/FIAsH/HBSS solution was then allowed to stand for a
further 20 min in the dark. 200 �l aliquots of the EDT/FIAsH/
HBSS solution were then added to each of the wells containing
1.8 ml of control HBSS. The plate was then gently swirled to
ensure uniform distribution of the labeling solution and incu-
bated at 37 °C for 1 h in the dark. During this incubation period,
EDT/HBSS washing solution was prepared by mixing 42 �l of
EDTwith 1ml of DMSO, (500mMEDT inDMSO). 25�l of this
was added to 50ml of controlHBSS andmixed to forma control
HBSS solution containing 250�MEDT. After 1 h, the cells were
removed from the incubator and the FlAsH labeling solution
removed and replaced with 3 ml of EDT/HBSS wash solution.
Cells were incubated for 15 min in the dark to reduce nonspe-
cifically bound FlAsH. The wash was repeated twice. Cells were
then rinsed three times, (5 min/wash), with control HBSS to
ensure complete removal of EDT from labeled cells. These

labeled cells were then stored at room temperature in the dark
or were transferred into fresh growth medium and loaded with
the membrane-permeant Ca2�-sensitive dye X-rhod-1 AM, (3
�M), for 30 min at 37 °C.
Combined FlAsH FRET and Ca2�-imaging Experiments—

WashedFlAsH-labeled cellswere placed into amicroscope cham-
ber containing physiological HEPES-buffered saline solution (130
mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES,
and 10 mM D-glucose, pH 7.4). Cells were then imaged using an
inverted Nikon TE2000-E microscope (Nikon Instruments)
equipped with a �40 (numerical aperture � 1.3) oil immersion
Fluor lens. Excitation light was generated from a computer-con-
trolled Optoscan monochromator (Cairn Research, Faversham,
UK), which was coupled to an ultra-highpoint intensity Opto-
source lamp, (Cairn Research), fitted with a 103 watt mercury arc
lamp (Osram103W/2).Monochromatorwas set to 427nm/band-
width, (BW)5nmor504nm/BW5nm, tovisualize surface located
CFP-tagged receptors labeled with FlAsH. Excitation light, (427
nm or 504 nm), was reflected through the Fluor objective lens
using a cyan/yellow fluorescent protein dual band dichroic filter
(Semrock; Rochester, NY, catalogue no. FF440/520-Di01),
mounted in the microscope. FRET and donor emission images
were recorded exactly at the same time interval using aQuadview
2, (QV2), image splitting device, (Photometrics, UK), coupled to a
CoolSnap-HQ2 camera connected to the microscope’s bottom
port for maximal detection of emitted fluorescence. FRET, donor
and calcium signals were detected simultaneously using the fol-
lowingChroma(Chroma,Brattleboro,VT),ETseriesdichroic and
emitters mounted in the QV2 cube: ET t505LPXR dichroic,
ET535/30 nm, ET 470/30 nn, ET 632/60 nm.Using the streaming
capability of the multiple dimensional wavelength acquisition
module ofMetaMorph, ligand-induced changes in intramolecular
FRET and simultaneous elevation of intracellular free Ca2� were
recorded at 40 ms intervals during excitation with 427 nm light
directly to the computer’s harddrive.TheCool Snap-HQ2camera
was operated in 14-bit mode and exposure time, binning (8 � 8),
and camera gain, were kept constant for all streaming experi-
ments. Computer control of all electronic hardware and camera
streaming acquisition was achieved using Metamorph software
(version 7.7.5MolecularDevices, Sunnydale, CA). TTLcontrolled
solenoid valves connected to a peristaltic pump operated at a flow
rate of 5 ml/min were used to rapidly add or remove test ligands
into the imaging chamber.
Ratiometric Quantification of Changes in Intramolecular

FlAsH FRET and Elevation of Cytosolic-free Ca2�—Using
Metamorph’s split view module, saved images were split to
form individual FRET, donor, and calcium stream time-lapse
stacks. Each stack was corrected for background fluorescence
and exported into Metamorph’s align module to ensure that
there was no x or y pixel shift misalignment between the donor,
FRET and calcium channel stream stacks prior to the calcula-
tion of the intramolecular FRET ratio values or Delta F/F0
calcium ratio values. Changes in intramolecular FRET or
combined intramolecular FRET intracellular calcium were
measured by manually drawing regions of interest, (ROI),
around the profile of individual cells and averaging the signals
within the delimited ROI for each time-lapse image collected at
470, 535 or 630 nm emission. Ratiometric FRET values were
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then calculated as the average 535 nm emission intensity
divided by the average 470 nm emission intensity. Delta F/F0
calcium ratio values were measured by quantifying the differ-
ence between the calcium fluorescence signal intensity and the
baseline calcium fluorescence measured prior to the onset of
the calcium signal. Quantified ratio values were exported into
Prism 5.02 (GraphPadSoftware Inc.) and using Graphpad’s
transforming module, FRET ratiometric were set to a value of
1.0 at the onset of each experiment and plotted over time. Con-
trol experiments were set up to ensure that the X-rhod-1 dye
emitted fluorescence did not bleed through into the donor or
FRET channel of the QV2 image splitter. No eCFP or FlAsH
emitted fluorescence was detected in the 630 nm emission
channel of the QV2.

RESULTS
Generation and Expression of Potential Intramolecular OX1

Receptor FRET Sensors—Intramolecular FRET sensors can pro-
vide a powerful means to explore ligand binding and activation
kinetics of GPCRs (27). However, the very limited number of
sensors described to date (17, 20–23, 28) suggests that the pro-

duction of effective constructs is challenging. To generate such
a sensor for the orexin OX1 receptor we added CFP in-frame
with the C-terminal tail of the full-length human OX1 receptor
or to C-terminally truncated variants (supplemental Fig. S1).
These also contained the VSV-G peptide epitope within the
extracellular N-terminal domain (Fig. 1A). Based on a pub-
lished sensor for the muscarinic M3 acetylcholine receptor (23,
28), likeOX1 also a predominantlyG�q/11-coupled receptor, we
then inserted the 12 amino acid sequence, FLNCCPGCCMEP,
containing the minimal fluorescein arsenical hairpin binder via
tetra-cysteine (FlAsH) labeling sequence, CCPGCC, into the
third intracellular loop of these OX1 receptor variants (Fig. 1A
and supplemental Fig. S1). During this process either an equiv-
alent 12 amino acid segment (263DQLGDLEQGLSG274) of the
receptor was replaced to maintain the overall predicted size of
this loop at 59 amino acids, or the overall length of this loopwas
shortened to 36 amino acids by replacing the sequence
252SALVRNWKRPSDQLGDLEQGLSGEPQPRARAFLAE286

from the central segment of this loop (Fig. 1B and supplemental
Fig. S1). We also generated a form of the potential sensor in

FIGURE 1. Organization and expression of an OX1 FRET sensor. A, human OX1 receptor was modified at the N terminus by addition of a leader sequence from
the metabotropic glutamate 5 receptor (mGluR5) followed by the VSV-G peptide epitope sequence while cyan fluorescent protein (CFP) was added in-frame at
the C terminus. The FlAsH motif sequence FLNCCPGCCMEP was introduced into the third intracellular loop (predicted region highlighted in yellow in B) that
links transmembrane domains V and VI. Energy transfer from CFP to FlAsH and subsequent output is illustrated. B, primary amino acid sequence of the human
OX1 receptor. In the sensor used for the studies reported, the FlAsH motif replaced the sequence underlined in red. This procedure shortened the predicted
length of the third intracellular loop from 59 to 36 amino acids. C, following cloning into the inducible Flp-InTM T-RExTM locus of Flp-InTM T-RExTM 293 cells and
induction of expression by addition of doxycycline, imaging of CFP (left hand panel) or the labeled FlAsH motif (right hand panel) demonstrated effective
delivery of this sensor to the cell surface.
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which an N-terminal leader sequence from the metabotropic
glutamate receptor 5 was added to the extreme N terminus of
the construct in which the 3rd intracellular loopwas reduced to
36 amino acids to generate mGluR5-VSV-G-OX1-FlAsH-CFP
(Fig. 1A and supplemental Fig. S1). Transient transfection into
HEK293 cells resulted, however, in limited cell surface delivery
of any of these constructs, including mGluR5-VSV-G-OX1-
FlAsH-CFP (supplemental Fig. S1), although such experiments
did allow imaging of CFP and successful labeling of the FlAsH
sequence of the constructs to generate a potential FRET accep-
tor (supplemental Fig. S1). Using the mGluR5-VSV-G-OX1-
FlAsH-CFP construct we then generated stable cell lines fol-
lowing transfection of Flp-InTM T-RExTM 293 cells. These cells
allow inducible and regulated expression of constructs cloned
into the Flp-InTM T-RExTM locus (26). In such cells induction
of expression in the presence of doxycycline resulted in effec-
tive cell surface delivery of this construct (Fig. 1C). Similar cell
lines were generatedwith the other constructs described earlier
(not shown).
Preliminary FRET imaging experiments using such cells

showed larger changes in FRET signal upon addition of the
peptide agonist orexin A for the sensors with the shortened 3rd
intracellular loop and cells able to express mGluR5-VSV-G-
OX1-FlAsH-CFP were selected, therefore, for detailed studies.
Normalized basal FRET signal in cells induced to express
mGluR5-VSV-G-OX1-FlAsH-CFP was reduced upon addition
of orexin A in a time- and concentration-dependent manner
(Fig. 2A). This was also the case when employing the second
endogenously produced orexin peptide, orexin B (Fig. 2B).

Half-maximal effects of orexin A were produced with 1.6 �
0.18� 10�8 M of the peptide (Fig. 2C), while orexin B was some
5 fold less potent (EC50 � 7.4 � 2.5 � 10�8 M) (means � S.E.,
n� 5). As anticipated frommass-action the observed kinetic of
sensor response was slower at lower concentrations of orexin A
but with a near maximally effective concentration of orexin A
(10�6 M) the responsewas fit by amono-exponential with t0.5 �
6.8 � 0.6 s (mean � S.E., n � 5). By contrast, addition of the
OX1 antagonist SB408124 (10�6 M) did not produce a time-de-
pendent alteration of sensor response beyond the effect of vehi-
cle but, as anticipated, did block the effect of orexin Awhen the
two ligands were co-added (Fig. 3). Removal of orexin A and
potential wash out of the ligand did not, however, result in a
rapid reversal of the FRET changes (Fig. 3). This is consistent
with sustained residency of the agonist on the receptor and,
indeed, orexin A has been shown previously to be able to co-in-
ternalize from the surface of cells still bound to the OX1 recep-
tor (29).
To compare the kinetic of receptor activation with that of

signal generation we loaded cells induced to express mGluR5-
VSV-G-OX1-FlAsH-CFP with the [Ca2�] sensor dye X-rhod-1
AM (30). This allowed concurrent imaging of the intramolecu-
lar re-arrangement of the OX1-sensor in response to binding of
orexin A, by measuring emission from each of CFP and FlAsH,
and the elevation of Ca2� (Fig. 4A). Although small compared
with themaximal alteration of the FRET signal over time, onset
of sensor FRET signal alteration could be detected within 1 s of
addition of orexin A (10�7 M) while initial detection of changes
in Ca2� was significantly slower (p � 0.001) requiring some 4 s

FIGURE 2. Response of an OX1 intramolecular FRET sensor to orexin peptides is both time- and concentration-dependent. Flp-InTM T-RExTM 293 cells
induced to express mGluR5-VSV-G-OX1-FlAsH-CFP were employed in FRET imaging studies. A and B, various concentrations of orexin A (OxA)(A) or orexin B
(OxB) (B) were added at the indicated point and FRET signal monitored over the ensuing 45 s period. The orexin peptides were removed after application for
15 s (bar). C, change in normalized FRET signal from addition of the peptides to the 60 s time point was measured and plotted with the effect of 10�6

M orexin
A defined as 100% and vehicle as 0%. Data represent means � S.E., n � 5.
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(Fig. 4B) and reached maximal levels by 10 s before decaying
toward basal levels while the alteration in FRET signal was
maintained (Fig. 4C). These studies cannot define whether
these time differences indicate that theOX1 receptor continues
to re-arrange following agonist binding and G protein engage-
ment and activation or whether a substantial receptor reserve
exists such that activation of a small proportion of the
expressed receptors is sufficient to trigger the Ca2� response.
However, studies performedwith different orexinA concentra-

tions indicated that the sensor response was at least as sensitive
to the ligand as the Ca2� response (supplemental Fig. S2), sug-
gesting that there is not a large receptor reserve. The kinetic
responses of the OX1 receptor were in marked contrast to
equivalent studies performed using a similar muscarinic M3
acetylcholine receptor sensor (23). Here, the t0.5 for sensor
response following addition of amaximally effective concentra-
tion (10�3 M) of the synthetic agonist carbachol was less than
0.2 s (Fig. 4D), and the FRET alteration of the sensor was essen-

FIGURE 3. Effects of orexin A at the OX1 intramolecular FRET sensor are prevented by co-addition of an OX1 receptor antagonist. Studies were
conducted as in Fig. 2. The OX1 receptor antagonist SB408124 (13) did not modulate the FRET signal of mGluR5-VSV-G-OX1-FlAsH-CFP but co-addition with
orexin A blocked the effect of the agonist (A). Studies are quantified in B. Data represent means � S.E., n � 5.

FIGURE 4. Comparisons of the responsiveness of the OX1 and muscarinic M3 FRET sensors. Cells induced to express mGluR5-VSV-G-OX1-FlAsH-CFP were
labeled with lumiogreen and loaded with X-rhod-1 AM. Following addition of orexin A (10�7

M) fluorescence corresponding to CFP (cyan), the FlAsH sensor
(yellow) and alterations in [Ca2�] (red) were monitored over time (A). In B, the period of time before statistically significant changes in CFP-FlAsH FRET or [Ca2�]i
were recorded are displayed. The [Ca2�]i response was significantly slower than the FRET response (***, p � 0.001). C, an extended time course of the [Ca2�]i
response (red) is compared with the change in FRET (purple). D, similar studies were performed using cells induced to express a muscarinic M3 receptor FRET
sensor (23) to which the agonist carbachol (10�3

M) was added at time � 0. Black, FRET signal, red, calcium response.
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tially complete (� 1 s) before any elevation of Ca2� could be
detected (Fig. 4D). Furthermore, as reported previously (23),
and currently mainly limited among such intramolecular FRET
sensors to the muscarinic receptor subtypes, M1, M3, and M5,
that couple selectively to the Gq/G11 pathway (28), addition of
carbachol to cells expressing the muscarinic M3 acetylcholine
receptor sensor resulted in a rapid increase, rather than
decrease, in the normalized FRET signal.
Functional Characterization of the Intramolecular OX1

Receptor FRET Sensor—Cells induced to express mGluR5-
VSV-G-OX1-FlAsH-CFPwere used in intact cell ligand binding
studies using the OX1 antagonist [3H]SB674042 (13, 24–25,
31). These studies indicated that the sensor construct bound
this ligand with nanomolar affinity (Kd � 2.56 � 0.34 nM,
mean� S.E., n� 5) (Fig. 5A) unchanged from that observed for
a previously described N-terminally SNAP-tagged form of the
OX1 receptor (VSV-G-SNAP-OX1) (25, 31) (Kd � 2.21 � 0.39
nM, mean � S.E., n � 5) (Fig. 5B) that does not have any alter-
ations within the intracellular segments of the receptor. This is
also similar to values reported in earlier intact cell ligand bind-
ing studies performed on the unmodified OX1 receptor (13).
Equivalent binding studies performed on membrane prepara-
tions derived from these cells also demonstrated similar bind-
ing affinity of [3H]SB674042 to the two forms of theOX1 recep-
tor (mGluR5-VSV-G-OX1-FlAsH-CFP Kd � 0.97 � 0.16 nM
and VSV-G-SNAP-OX1 Kd � 1.09 � 0.12 nM, means � S.E.,
n � 3) (supplemental Fig. S3). Furthermore, other antagonists
with OX1 affinity, including SB334867 (pKi � 6.87 � 0.15) and
SB408124 (pKi � 7.36 � 0.04), were able to compete with
[3H]SB674042 for binding to mGluR5-VSV-G-OX1-FlAsH-
CFP in both membrane preparations (supplemental Fig. S3)
and intact cells (not shown), whereas the selectiveOX2 receptor
antagonist TCS-OX2–29 (32–33) was in the region of 100 fold
less potent (pKi � 4.92 � 0.13) than either of the OX1 selective
antagonists (supplemental Fig. S3).

The functionality of the mGluR5-VSV-G-OX1-FlAsH-CFP
construct was assessed initially in cell population [Ca2�] stud-
ies. Here orexin A produced elevation of [Ca2�]i with pEC50 �
6.36 � 0.06 (mean � S.E., n � 3) in cells induced to express the
mGluR5-VSV-G-OX1-FlAsH-CFP sensor while no response to
orexin A was observed in cells harboring the construct but in
which expression had not been induced by prior treatmentwith
doxycycline (Fig. 6A). Orexin A was also able to promote phos-

phorylation of the ERK1/2MAP kinases in a time- (supplemen-
tal Fig. S4) and concentration- (pEC50 � 7.53 � 0.12, mean �
S.E., n � 3) dependent manner (Fig. 6B). Orexin B, the second
endogenously produced orexin peptide, also promoted phos-
phorylation of the ERK1/2 MAP kinases via the sensor con-
struct but with some 10-fold lower potency (pEC50 � 6.50 �
0.33) (Fig. 6B) while, as anticipated from previous studies (34),
an N-terminally truncated form of orexin A (orexin A 16–33),
although displaying activity, was significantly less potent
(pEC50 � 5.72 � 0.09) (Fig. 6B). The OX1 selective antagonist
SB408124 at 1 � 10�6 M inhibited the effect of orexin A (sup-
plemental Fig. S4) whereas, at this concentration, the OX2
selective antagonist TCS-OX2–29 was without significant
effect (supplemental Fig. S4). Although requiring high concen-
trations to induce a reduction in intramolecular FRET signal,
orexin A (16–33) also functioned as an agonist at the mGluR5-
VSV-G-OX1-FlAsH-CFP sensor (Fig. 6C).
As with other forms of the OX1 receptor (24–25, 29)

sustained treatment of the cells with orexin A resulted in
marked time-and concentration-dependent internalization of
mGluR5-VSV-G-OX1-FlAsH-CFP. Confocal imaging of the
CFP tag in cells induced to express mGluR5-VSV-G-OX1-
FlAsH-CFP demonstrated movement of the receptor from the
cell surface to punctate intracellular vesicles (Fig. 7A). To quan-
tify this process and provide a measure of the potency of orexin
A we employed cell surface biotinylation studies. Cells induced
to express mGluR5-VSV-G-OX1-FlAsH-CFP were either
treated with 10�6 M orexin A for up to 90 min or with varying
concentrations of orexin A for 40 min, and then cell surface
proteins were labeled with biotin. Following capture with
streptavidin and separation by SDS-PAGE sampleswere immu-
noblotted with anti-VSV-G to detect the FRET sensor. In the
absence of orexin A an apparently single polypeptide with
mobility corresponding to 80 kDa was identified (Fig. 7B). This
clearly corresponded to mGluR5-VSV-G-OX1-FlAsH-CFP
because no such polypeptide was identified when equivalent
experimentswere performedon cells inwhich expression of the
construct had not been induced (Fig. 7B). Following treatment
with orexin A the level of biotinylated polypeptide detected
with anti-VSV-G was reduced, consistent with removal of a
proportion of the receptor from the cell surface. The estimated
pEC50 for orexin Awas 7.98� 0.36 (Fig. 7B) while the half-time
for 10�6 M orexin A to produce internalization was 17.4 � 3.2

FIGURE 5. Modifications to generate the OX1 intramolecular FRET sensor do not alter the ligand binding characteristics of the receptor. Saturation
[3H]SB674042 binding studies were performed on intact Flp-InTM T-RExTM 293 cells induced to express mGluR5-VSV-G-OX1-FlAsH-CFP (A) and compared with
equivalent studies performed on cells induced to express a second OX1 receptor construct VSV-G SNAP-OX1 (B), previously characterized in (23–24). Total
binding (open circles), nonspecific binding (filled squares), and specific binding (filled circles) were assessed. Experiments shown are representative of n � 3.
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min (means � S.E., n � 3) (Fig. 7B). Internalization of the OX1
receptor in HEK293 cells is clathrin-dependent and blocked by
elevated osmolality (29). Thus, although neither the biotinyla-
tion nor the microscopy studies indicated internalization of
mGluR5-VSV-G-OX1-FlAsH-CFP within the time scale of the
sensor response, we performed further studies in the presence
of 0.4 M sucrose to block any such effect. Neither the time-
course nor the extent of FRET response of the sensor to 10�7 M

orexin A was affected (supplemental Fig. S5).
Mutation of Asp-203 in OX1 Retains Antagonist Affinity but

Greatly Reduces Potency of Orexin A—Previous mutagenesis
studies have indicated that alteration of Asp-203 to Ala in the
OX1 receptor greatly reduces the potency of orexin A while
having limited effects on the binding affinity of antagonists
including [3H]SB674042 (14). After introduction of this altera-
tion into the mGluR5-VSV-G-OX1-FlAsH-CFP sensor a fur-
ther Flp-InTM T-RExTM 293 cell line able to express this con-
struct only in the presence of doxycycline was produced.
Consistent with the results of (14) membranes from these cells
bound [3H]SB674042 with affinity (Kd � 0.48 � 0.12 nM,
mean � S.E., n � 3) (Fig. 8A) similar to the wild type OX1

sensor, whereas even at the highest concentration of orexin A
that could be used (1 � 10�5 M) only small effects on phospho-
rylation of the ERK1/2 MAP kinases were detected (Fig. 8B).
Consistent with the loss of agonist potency, this form of the
FRET sensor failed to respond to the addition of orexin A (1 �
10�6 M) (Fig. 8C).
An Intramolecular OX2 Receptor FRET Sensor—While the

OX1 receptor is an interesting target for the design of therapeu-
tic small molecule drugs, studies of both narcoleptic dogs and
humans have suggested that theOX2 receptormight be an even
more relevant target for treatment of insomnia (1, 7, 9–11).We
therefore constructed a series of potential humanOX2 receptor
intramolecular FRET sensors using the same principles as for
OX1 except that an HA rather than a VSV-G epitope tag was
introduced into the N-terminal domain. As the C-terminal tail
of the human OX2 receptor is predicted to be rather longer (78
amino acids) thanOX1 (65 amino acids) we initially placed CFP
at the end of the full-length receptor or truncated this region to
60 amino acids. Similarly we either introduced the FlAsH
sequence FLNCCPGCCMEP into the third intracellular loop as
replacement for the sequence 270QPVSQPRGPGQP281 to

FIGURE 6. The OX1 intramolecular FRET sensor is functional. A, Flp-InTM T-RExTM 293 cells harboring mGluR5-VSV-G-OX1-FlAsH-CFP were either untreated
(filled symbols) or induced to express the OX1 sensor (open symbols) by treatment with doxycycline (100 ng�ml�1, 24 h). Cells were then loaded with the
ratiometric Ca2� indicator dye Fura-2 AM, challenged with varying concentrations of orexin A and elevation of [Ca2�]i assessed (combined results of n � 3). B,
cells induced to express mGluR5-VSV-G-OX1-FlAsH-CFP were used in ERK1/2 MAP kinase phosphorylation assays with ligand-induced phosphorylation meas-
ured using the SureFire assay kit. Orexin A, filled circles; orexin B, open circles; orexin A 16 –33, filled squares (combined results of n � 3). C, although of low
potency, orexin A 16 –33 was also able to activate the mGluR5-VSV-G-OX1-FlAsH-CFP sensor. (Ci) the kinetic of response and (Cii) the relative maximal effect of
varying concentrations of orexin A 16 –33 are shown.
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maintain the loop as 57 amino acids or reduced the overall
length to 40 amino acids by substituting the sequence
262VQRKWKPLQPVSQPRGPGQPTKSRMSAVA290. Follow-
ing preliminary labeling studies with these constructs we used
the HA-OX2-FlAsH-CFP construct with both the reduced
C-terminal tail and 3rd intracellular loop to generate Flp-InTM
T-RExTM 293 cells able to express this construct in an inducible
fashion. Following induction of expression of HA-OX2-FlAsH-
CFP, addition of orexin A (10�7 M) also produced a time-de-
pendent decrease in FRET signal (Fig. 9A) while in cells induced
to express this construct both orexin A and orexin B were able
to promote phosphorylation of the ERK1/2MAP kinases effec-
tively with pEC50 � 7.35� 0.10 for orexinA and 7.05� 0.13 for
orexin B (means � S.E., n � 5) (Fig. 9B).

DISCUSSION
Upon binding of agonist ligands GPCRs undergo conforma-

tional changes that result in enhanced engagement of G protein
with subsequent guanine nucleotide exchange on the G protein
and eventual regulation of the production of secondary and
tertiary messengers (35–36). Studies employing a range of bio-
physical techniques have indicated that among conformational

re-arrangements of the receptor, alterations in the location and
extension of transmembrane helix V and, particularly, helix VI
(37–39) occur to promote G protein association. In recent
times, these conclusions have been validated at atomic level via
x-ray crystallography (40) inwhich in a�2-adrenoreceptor-Gs�
complex conformational changes in the receptor included a 14
Å outward movement at the cytoplasmic end of transmem-
brane helix VI and an �-helical extension of the cytoplasmic
end of helix V. Although of great importance, such structures
define single states captured at a specific moment. However,
the kinetics and extent of such significantmovements should be
highly amenable to detection and analysis via resonance energy
transfer techniques. Intramolecular FRET sensors of a small
number of GPCRs have been produced to assess this (17–23,
41). Based on the anticipated movements of transmembrane
helices V and VI in response to agonist binding, all of these
constructs have introduced a FRET reporter into the 3rd intra-
cellular loop that links these helices and placed the FRET part-
ner at or within the C-terminal tail. This location is selected, in
part, for convenience and because addition of substantial pro-
teins, such as auto-fluorescent proteins derived from GFP, in

FIGURE 7. The OX1 intramolecular FRET sensor becomes internalized in response to orexin A. A, Flp-InTM T-RExTM 293 cells induced to express mGluR5-
VSV-G-OX1-FlAsH-CFP were imaged to detect CFP at various times following addition of orexin A (10�7

M). B, cell surface biotinylation studies were performed
on Flp-InTM T-RExTM 293 cells harboring mGluR5-VSV-G-OX1-FlAsH-CFP that were either uninduced (� doxycycline) or induced to express the sensor (�
doxycycline). In the induced cells varying concentrations of orexin A were added for 40 min (left hand panel) or 1 � 10�6

M orexin A was added for varying times
(right hand panel) prior to biotinylation. Cell surface biotinylated proteins were captured, resolved by SDS-PAGE, and mGluR5-VSV-G-OX1-FlAsH-CFP detected
by immunoblotting with anti-VSV-G. Orexin A induced internalization, and therefore reduced the amount of cell surface mGluR5-VSV-G-OX1-FlAsH-CFP
available to be biotinylated, in both a concentration- and time-dependent fashion. Representative examples are shown of n � 3 independent experiments.
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this region generally has limited effect on the pharmacology
and function of receptors. Following expression of such sensors
in mammalian cells, in different examples, addition of agonist
has resulted in either a time-dependent decrease or increase in
basal FRET. At least conceptually, agonist-induced decreases in
FRET are consistent with the two FRET partners moving away
from each other while an increase in FRET is consistent with
the opposite (35). As there are other potential explanations, and
nothing is known about how the C-terminal region of GPCRs
maymove or re-organize in response to agonist occupancy, it is

not possible to use these differences to hint at different modes
of activation for different receptors but, given the structural
information on the �2-adrenoreceptor it is interesting to note
that a FRET sensor of this receptor generated increased FRET
signal upon agonist addition (41), distinct from the decrease in
intramolecular FRET observed here for both the OX1 and OX2
receptor sensors. Despite such issues, intramolecular FRET
sensors can provide novel and useful information on the kinet-
ics of response of a GPCR to different ligands and such con-
structs have also recently been used to detect alterations in

FIGURE 8. An D203A OX1 sensor loses potency and responsiveness to orexin A but not affinity for antagonists. An D203A mutation was introduced into
mGluR5-VSV-G-OX1-FlAsH-CFP. Flp-InTM T-RExTM 293 cells able to express this variant in response to doxycycline were generated. A, saturation [3H]SB674042
binding studies were performed on membranes of these cells as in supplemental Fig. S3. Experiments shown are representative of n � 3, and specific binding
of the ligand is shown. B, ability of various concentrations of orexin A to promote ERK1/2 MAP kinase phosphorylation via the D203A OX1 sensor was quantified
using the SureFire assay kit. The pEC50 of orexin A at this variant was �6.0. C, responsiveness of the sensor to a high concentration of orexin A (1 � 10�6

M) was
also assessed.

FIGURE 9. Production and function of an intramolecular FRET sensor for the orexin OX2 receptor. A similar approach to that of Fig. 1 and supplemental Fig.
S1 was taken to generate potential orexin OX2 receptor FRET sensors. See “Results” for details. Flp-InTM T-RExTM 293 cells harboring HA-OX2-FlAsH-CFP were
induced to express the construct and (A) the ability of orexin A (10�7

M) to modulate the basal FRET signal measured over time. B, functionality of this construct
was assessed in ERK1/2 MAP kinase phosphorylation studies using the SureFire assay kit in response to varying concentration of orexin A (filled symbols) or
orexin B (open symbols) (means � S.E., n � 3).
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receptor response upon co-addition of orthosteric and allos-
teric ligands (22). Equally, they have been employed to probe
potential alterations in receptor pharmacology upon chemical
engineering of a receptor (23) and, on this basis, should also
prove useful in studies designed to explore effects on ligand
function in pointmutants or polymorphic variants of receptors.
Most previously published intramolecular FRET sensors

have been based on GPCRs that have small endogenous ago-
nists, such as adrenaline, acetylcholine and adenosine. As noted
previously, activation kinetics of such sensors are generally
rapid, with estimates of t0.5 as low as 50 ms (21) and, herein,
using a muscarinic M3 acetylcholine receptor sensor we record
t0.5 � 180 ms when applying a maximally effective concentra-
tion of the acetylcholine mimetic carbachol. As such, the rela-
tively slow response of both OX1 and OX2 receptors recorded
herein, with t0.5 of some 7 s following addition of high concen-
trations of orexin A, is unlikely to reflect technical limitations
with measurement of response. As large peptides the orexins
are likely to bind to their receptors via a number of distinct
steps and each of these steps may be relatively slow. It was also
noted that orexin Awas not easily washed out from the sensors.
This presumably reflects the high affinity of the peptide for its
receptors and, therefore, a likely slow rate of dissociation.
Indeed, as with a number of other peptide hormones, orexin A
is known to be internalized into cells still bound to the OX1
receptor (29). It is, therefore, also of interest that a number of
receptors have recently been shown to continue to generate G
protein-mediated signals following internalization (42–43).
Although yet to be explored, FRET sensors such as those
described herein could be studied within intracellular locations
via application of 2-photon FRET (44) for example.
A key feature of the current studies is that the pharmacology

and signaling of the sensors were very similar to the wild type
receptors. Although the reported potency of orexin A at the
OX1 receptor varies over a 1000-fold in different studies and in
different assays (45) the rank order observed herein of orexin
A� orexin B� orexin A 16–33 is recorded routinely. Further-
more, at the OX2 receptor orexin A and orexin B are generally
noted to be essentially equipotent, and results with the OX2
receptor sensor studied herein are consistent with this. This
clearly is of great importance if such sensors are to find a place
in providing useful information about activation kinetics and if
theymight, in time, be expressed transgenically to allow studies
to be performed in native cells and tissues both in ex vivo and in
vivo situations. The current studies record the most detailed
examination of the functional properties and ligand binding
characteristics of any such GPCR FRET sensor. The demon-
stration that the greatly reduced potency of orexin A at a pre-
viously described mutant, D203A, of the OX1 receptor (14) is
retained in the sensor is also of obvious importance in this
regard. Although the current sensors are not well suited for in
vivo studies because of the need to label the FlAsh element and
becauseCFP is not highly quantumefficient, progress in each of
these areas is likely to be rapid, with variants of CFP with very
high quantum efficiency recently described (46).
There remain many challenges to the widespread develop-

ment of such intramolecular FRET sensors. Apocryphal stories
abound around the need to generate many variants to generate

those with sufficient alteration in FRET signal upon ligand
addition to be genuinely useful tools, while means to screen
rapidly or otherwise predict the behavior of such constructs are
not yet available. Despite this, the utility of the sensors reported
herein and in previous studies shows their capacity to provide
novel insights into the activation processes and kinetics of
GPCR function.
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