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Background: Altered function has been reported when cannabinoid CB1 and orexin OX1 receptors are co-expressed.
Results: Direct physical interactions between these receptors were observed.
Conclusion: The CB1-OX1 heteromer is a selective target for orexin A.
Significance: Co-regulation of this heteromer may alter wakefulness and feeding behavior.

Agonist-induced internalizationwasobserved for both induc-
ible and constitutively expressed forms of the cannabinoid CB1
receptor. These were also internalized by the peptide orexin A,
which has no direct affinity for the cannabinoid CB1 receptor,
but only when the orexin OX1 receptor was co-expressed along
with the cannabinoid CB1 receptor. This effect of orexin A was
concentration-dependent and blocked by OX1 receptor antago-
nists. Moreover, the ability of orexin A to internalize the CB1
receptorwas also blocked byCB1 receptor antagonists. Remark-
ably, orexinAwas substantiallymore potent in producing inter-
nalization of the CB1 receptor than in causing internalization of
the bulk OX1 receptor population, and this was true in cells in
which the CB1 receptor was maintained at a constant level,
whereas levels of OX1 could be varied and vice versa. Both co-
immunoprecipitation and cell surface, homogenous time-re-
solved fluorescence resonance energy transfer based on cova-
lent labeling of N-terminal “SNAP” and “CLIP” tags present in
the extracellular N-terminal domain of the receptors confirmed
the capacity of these two receptors to heteromultimerize. These
studies confirm the capacity of the CB1 and OX1 receptors to
interact directly and demonstrate that this complex has unique
regulatory characteristics. The higher potency of the agonist
orexinA to regulate the CB1-OX1 heteromer comparedwith the
OX1-OX1 homomer present in the same cells and the effects of
CB1 receptor antagonists on the function of orexin A suggest an
interplay between these two systems that may modulate appe-
tite, feeding, and wakefulness.

It is nowwidely recognized that many and indeed perhaps all
members of the G protein-coupled receptor (GPCR)2 super-

family are able to form homodimers or homomultimers (1–4).
There are also a substantial number of reports of heterointer-
actions between co-expressed pairs of GPCRs (5–9). Although
the functional significance and consequences of a number of
such pairings, including those between dopamine D1 and D2
(10–12) and �- and �-opioid (13–16) receptor subtypes, have
been explored, the relevance of other pairings has been studied
less extensively. With notable exceptions such as interactions
between adenosine and dopamine receptor subtypes (17, 18),
this is particularly true of pairings between GPCRs for which
the endogenous agonist ligands are distinct. Despite this, a
number of commentators have discussed the potential for such
heteromers to respond to ligands in unique ways and to offer
the potential as novel sets of drug targets (3, 19–22). In substan-
tial part, this reflects a growing understanding of the mecha-
nisms of G protein activation via GPCR dimers (23) and the
appreciation that interactions between protomeric elements of
GPCR homomers and heteromers must cause allosteric effects
upon one another (23–26). The consequences of such allosteric
effects are likely to be unique for different GPCR pairs and
indeed potentially for different ligands. One means to explore
such effects is via ligand binding studies (6, 27). Although
potentially powerful, in a number of cases, this may be limited
by the availability of suitable, particularly agonist radiolabeled
probes. As such, measures of ligand function at GPCRmultim-
ers have been more widely explored. For example, the potency
of the hallucinogenic serotonin 5-HT2A agonist 2,5-dimethoxy-
4-iodoamphetamine to activate Gi family G proteins is
increased more than 100-fold when the 5-HT2A receptor is co-
expressed alongside and interacts with the metabotropic gluta-
mate receptor 2 (mGluR2), and this is reversed upon co-addi-
tion of an mGluR2 agonist (28). A further pairing in which
alterations in potency of agonist ligands has been observed fol-
lowing co-expression is the cannabinoid CB1 receptor and the
orexin OX1 receptor (29, 30). Here, Hilairet et al. (29) observed
that the potency of the peptide agonist orexin A to activate the
mitogen-activated protein kinase pathway via theOX1 receptor
was increased 100-fold in the presence of the CB1 receptor,
whereas Ellis et al. (30) noted that the CB1 receptor antagonist/
inverse agonist SR141716A caused a decrease in potency of
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orexin A to activate the mitogen-activated protein kinases
ERK1/2 only in cells co-expressing the two receptors. There
have also been a number of reports of coordinated trafficking of
pairs of GPCRs by individual ligands that are expected only to
occupy and activate one of the pair (31). These studies are at
least consistent with the concept of GPCR heteromultimeriza-
tion (5–9).
In recent times, the ability to monitor cell surface multim-

erization of GPCRs in intact cells has been enhanced greatly by
the development of SNAP and CLIP tag variants of the enzyme
O6-alkylguanine-DNA-alkyltransferase. These allow the cova-
lent attachment of a variety of fluorophores and other probes to
such modified receptors (32–36). This tagging approach has
also proved valuable in monitoring ligand-induced receptor
trafficking (37). Herein, we used a range of such approaches to
confirm heteromultimerization between the CB1 receptor and
the orexin OX1 receptor and show a substantially greater
potency of orexin A to promote internalization of this hetero-
mer compared with the OX1 receptor homomer. The concept
that an endogenously produced peptide ligand has higher affin-
ity/potency at a receptor heteromer than at the supposed pri-
marymonomeric/homomeric target is both novel and fascinat-
ing and provides new insights into both physiological signaling
processes and the prospects for drug discovery.

EXPERIMENTAL PROCEDURES

Materials—Lipofectamine transfection reagent was from
Invitrogen. 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),
CP55940 ((�)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)-
phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol), AM251
(N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophen-
yl)-4-methyl-1H-pyrazole-3-carboxamide), and O2050
((6aR,10aR)-3-(1-methanesulphonylamino-4-hexyn-6-yl)-
6a,7,10,10a-tetrahydro-6,6,9-trimethyl-6H-dibenzo[b,d]-
pyran)were fromTocris Biosciences (Avonmouth,UK).Orexin
A was from Bachem (UK) Ltd. (St. Helens, UK). WIN55212-2
mesylate ((R)-(�)-[2,3-dihydro-5-methyl-3-(4-morpholinyl-
methyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenyl-
methanone mesylate) was from Sigma-Aldrich. Oligonucleo-
tides were from ThermoElectron (Ulm, Germany), and all ma-
terials for tissue culture were from Invitrogen with the excep-
tion of fetal bovine serum, which was from PAA Laboratories
Ltd. (Yeovil, UK). [3H]SB674042 (1-(5-(2-fluorophenyl)-2-
methylthiazol-4-yl)-1-((S)-2-(5-phenyl-(1,3,4)oxadiazol-2-
ylmethyl)-pyrrolidin-1-yl)methanone) and [3H]SR141716A
were from PerkinElmer Life Sciences. SR141716A (rimon-
abant; 5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide) was a gift
fromStephenRees, Screening andCompoundProfiling, Glaxo-
SmithKline (Stevenage, UK). Antibodies to epitope tags were
obtained from Insight Biotechnology Ltd. (Wembley, UK) (an-
ti-VSV-G) and RocheDiagnostics (anti-HA). SNAP- andCLIP-
specific labels were supplied by New England Biolabs (Hitchin,
UK), and Tag-liteTM reagents were supplied by Cisbio Bioas-
says (Bagnols-sur-Cèze, France). All other reagents were ob-
tained from Fisher Scientific or Sigma-Aldrich.

DNA Constructs—Constructs expressing the SNAP/CLIP
and epitope-tagged receptors (VSV-G-SNAP-OX1, VSV-
SNAP-CB1, HA-CLIP-OX1, and HA-CLIP-CB1) were made as
described (36, 37).
Generation and Maintenance of stable Flp-InTM T-RExTM

293 Cells—To generate Flp-In T-REx 293 cells (36–40) able to
inducibly express the VSV-G-SNAP-OX1/CB1 or HA-CLIP-
OX1/CB1 constructs, cells were co-transfected with the plas-
mids pOG44 and pcDNA5/FRT/TO (Invitrogen) containing
the desired cDNA at a ratio of 9:1 using Lipofectamine. After
48 h, the medium was supplemented with 200 �g�ml�1 hygro-
mycin 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
VSV-G-, HA-, or SNAP/CLIP-tagged protein expression by
Western blotting. To constitutively and stably express a second
receptor-tag combination in these cells, cDNA constructs
based upon pSEMS1-26m (VSV-G-SNAP) or pCEMS1-
CLIP10m (HA-CLIP) with either OX1 or CB1 were transfected
into the inducible stable cell lines to make a double stable cell
line with the “opposite” combination of receptor and tag. Thus,
for example, cells inducibly expressing VSV-G-SNAP-OX1
were transfected with HA-CLIP-CB1 as the constitutive com-
ponent and vice versa. After transfection, the cells were sub-
jected to selection with 1mg�ml�1 G418, and resistant colonies
were picked, amplified, and screened first by Western blotting
with anti-VSV-G and anti-HA antibodies and then staining
with SNAP/CLIP fluorescent dyes that were visualized by
microscopy.
Co-immunoprecipitation—The double stable clones were

grown up in 75-cm2 flasks with and without 10 ng�ml�1 doxy-
cycline induction for 24 h. Cells were harvested and resus-
pended in lysis buffer (150 mM NaCl, 0.01 mM Na3PO4, 2 mM

EDTA, 0.5% n-dodecyl �-D-maltoside, and 5% glycerol plus
protease inhibitormixture tablets, pH7.4) before incubation on
a rotating wheel for 30 min at 4 °C. Samples were then centri-
fuged for 15 min at 10,000 � g at 4 °C, and the supernatant was
transferred to fresh tubes and incubated with anti-VSV-G-aga-
rose beads (Sigma-Aldrich) for 2 h at 4 °C on a rotating wheel.
The samples were then washed five times with lysis buffer, and
the bound receptors were eluted by the addition of 100 �l of
SDS-PAGE sample buffer followed by heating at 65 °C for 5
min. The samples were subjected to SDS-PAGE analysis using
4–12% Bis-Tris gels (NuPAGE, Invitrogen) and MOPS buffer.
After separation, the proteins were electrophoretically trans-
ferred to nitrocellulosemembrane, whichwas then blocked (5%
fat-free milk powder in PBS with 0.1% Tween 20 (PBS-Tween))
at 4 °C on a rotating shaker overnight. Themembranewas incu-
bated for 3 h with appropriate primary antibody (see figure
legends) in 2% fat-freemilk powder in PBS-Tween,washed (3�
10 min with PBS-Tween), and then incubated for 3 h with
appropriate secondary antibody (horseradish peroxidase
(HRP)-linked sheep anti-mouse or goat anti-rat HRP; GE
Healthcare) diluted 1:10,000 in 2% fat-freemilk powder in PBS-
Tween. After washing, proteins were detected by enhanced
chemiluminescence (Pierce) according to the manufacturer’s
instructions.
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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 inhibitor mixture (Roche
Diagnostics). Cells were homogenized on ice by 40 strokes of a
Teflon-glass 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—Saturation binding curves

were established by the addition of 5�g ofmembrane protein to
assay buffer (25 mM HEPES, 0.5 mM EDTA, 2.5 mM MgCl2, pH
7.4 supplementedwith 0.3% bovine serum albumin (BSA)) con-
taining varying concentrations of [3H]SB674042 (37, 41)
(0.4–20 nM). Nonspecific binding was determined in the pres-
ence of 3 �M SB408124. Reactions were incubated for 90min at
25 °C, and bound ligand was separated from free ligand by vac-
uum filtration through GF/C filters (Brandel Inc., Gaithers-
burg, MD). The filters were washed twice with cold 1� PBS
(120 mM NaCl, 25 mM KCl, 10 mM Na2HPO4, 3 mM KH2PO4,
pH 7.4), and bound ligand was estimated by liquid scintillation
spectrometry.
[3H]SR141716A Binding Assays—Saturation binding curves

for [3H]SR141716A (37) were determined as in the previous
section but with the following detailed differences. 30 �g of
membrane protein was added to assay buffer composed of 50
mM Tris-HCl, 3 mM MgCl2, 1 mM EDTA, 0.3% BSA, pH 7.4
containing varying concentrations of [3H]SR141716A (0.5–14
nM). Nonspecific binding was determined by the addition of 10
�MAM251, and unbound ligandwas separated bywashingwith
cold 1� PBS supplemented with 0.1% poly(ethyleneimine).
Dual Fluorescent Labeling of Cells—Cells stably expressing

the humanOX1 receptor N-terminally tagged with CLIP or the
human CB1 receptor N-terminally tagged with SNAP were
grown on coverslips that had been sterilized and treated with
0.1 mg�ml�1 poly-D-lysine. The cells were rinsed with growth
medium and then transferred into fresh culture medium con-
taining CLIP-Surface 488 (5 �M) (New England Biolabs). The
cells were then incubated in this medium at 37 °C for 30 min
before being washed three times with growthmedium and then
transferred into fresh culture medium containing 2.5 �M

SNAP-Surface 549 (New England Biolabs). After incubation at
37 °C for 30min, the cells were washed three times with growth
mediumand then rinsed inHanks’ balanced salt solution (Invit-
rogen) prior to confocal imaging.
Confocal Imaging of Fluorescently LabeledCells—AZeiss 510

PASCAL Exciter laser-scanning confocal inverted microscope
equipped with a 63� oil immersion Plan Fluor Apochromat
objective lens (1.4 numerical aperture) was used to visualize
cells labeled with CLIP-Surface 488 and SNAP-Surface 549.
Using the appropriate laser lines and emission filters, a set of
sequential images were acquired to determine the total fluores-
cence emission intensity associatedwith each cell prior to treat-
ment with orexin A (1 �M) or vehicle. The effect of these

reagents upon the distribution of receptors between the cell
surface and cytoplasm was assessed by time lapse microscopy.
Sequential images were acquired at 15-min intervals for a
45–60-min time period. Merged images for each time point
were then created to determine the degree of receptor
co-localization.
Quantitation of Distribution of Fluorescently Labeled

Receptors—The level of background fluorescence in the CLIP-
Surface 488 or SNAP-Surface 549 channel images was deter-
mined by drawing a region of interest adjacent to groups of
fluorescently labeled cells. Background fluorescence was then
subtracted from each pixel in each channel and segmented
using Otsu’s threshold algorithm. Segmented images were
exported into AutoQuant and AutoDeblur/AutoVisualize soft-
ware (version 9.6.3, Media Cybernetics, Inc., Silver Spring,
MD). Using the AutoQuant image algebra module, each seg-
mented imagewas duplicated, and binarymaskswere then gen-
erated by dividing each segmented image with its duplicate.
The binary masks were then used to mask out the segmented
regions from each channel image. The AutoQuant manual seg-
mentation paintbrush tool, which allows the selection of pixels
as it ismoved across the raw image, was then used to distinguish
regions of cell surface receptor fluorescence from receptor flu-
orescence located in the cytosol. This regionwas then displayed
as a yellowmask over the grayscale raw image. A new imagewas
then created in which all pixels of the raw image that are not
part of the segmentationmask are set to zero and removed.This
manual segmentation method was used to quantify the mean
total fluorescence intensity values corresponding to SNAP-
Surface 488- or SNAP-Surface 549-labeled receptors located at
themembrane surface andwithin the cytoplasmof the cell. The
total fluorescence pixel intensity from each region was
expressed as a percentage of the total fluorescent SNAP-Sur-
face 488 or SNAP-Surface 549 intensity. These values were
exported into Prism 5.2 (GraphPad Software, San Diego, CA),
and all data were expressed as the mean � S.E. Measurements
were made of six cells in each group.
Enzyme-linked Immunosorbent Assay—Flp-In T-REx 293

cells able to express appropriate tagged receptors were seeded
into poly-D-lysine-coated, clear, 96-well tissue culture plates at
a density of 50,000 cells/well. After incubation for 24 h, the
medium was removed, replaced with 100 �l/well warmed pri-
mary antibody solution (normal medium with 1:1000 dilution
of mouse anti-VSV-G), and incubated at 37 °C for 30 min. The
primary antibody solution was removed, and the wells were
washed with 100 �l/well warm DMEM HEPES (13.4 g�liter�1

Dulbecco’s modified Eagle’s medium-high glucose, 20 mM

HEPES, pH7.4, filter-sterilized). 100�l/well warmed secondary
antibody solutionwas added (1:2000 dilution sheep anti-mouse
secondary antibody linked to horseradish peroxidase and
1:1000 dilution Hoechst stain (Hoechst 33342 trihydrochloride
trihydrate,Molecular Probes, Eugene, OR) in normalmedium).
Following incubation at 37 °C for 30 min, the secondary anti-
body solutionwas removed, and thewellswerewashedwith 2�
100 �l/well warm PBS. During the second PBS wash, the
Hoechst staining wasmeasured at 460 nm using a Victor2 1420
multilabel counter (PerkinElmer Life Sciences). The PBS was
completely removed and replaced with 100 �l/well warmed
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3,3�,5,5�-tetramethylbenzine substrate (SureBlue ReserveTM
TMB peroxidase substrate, Insight Biotechnology, Wembley,
UK). After a 5-min incubation in the dark at room temperature,
the absorption at 620 nm was measured, and these values were
then corrected for cell number using the Hoechst staining
values.
SNAP/CLIP-Lumi4Tb Binding Studies—Cells expressing

combinations of the OX1 receptor containing the SNAP tag or
the CB1 receptor tagged with CLIP were seeded at 100,000
cells/well in solid black 96-well plates (Greiner BioOne) that
had been treated with 0.1 mg�ml�1 poly-D-lysine. Following
overnight growth, the cells were subjected to the required
ligand treatments. The growthmediumwas replacedwith 50�l
of either 10 nM Tag-lite SNAP-Lumi4Tb or 20 nM CLIP-
Lumi4Tb in 1� labeling medium (all from Cisbio Bioassays).
Plateswere incubated for 1 h (or 30min in the case of postligand
treatment to allow comparison with the ELISAmeasurements)
at 37 °C in 5%CO2 in a humidified atmosphere. The plates were
subsequently washed four times in 100 �l/well labeling
medium, and a final 100 �l/well labeling medium was added.
After excitation at 337 nm, emission at 620 nmwas determined
using a PHERAstar FS homogeneous time-resolved fluores-
cence-compatible reader (BMG Labtechnologies, Offenburg,
Germany) (37).
Homogenous Time-resolved Fluorescence Resonance Energy

Transfer (htrFRET) Studies—Clone B6 double stable cells
(VSV-G-SNAP-OX1 (inducible)/HA-CLIP-CB1 (constitutive))
(Fig. 1) were seeded at 100,000 cells/well in solid black 96-well
plates (Greiner BioOne) that had been treatedwith 0.1mg�ml�1

poly-D-lysine. The growthmediumwas replaced with 50 �l of a
mixture containing the fixed optimal concentrations of donor
alone (Tag-lite SNAP-Lumi4Tb or CLIP-Lumi4Tb), acceptor
alone (Tag-lite SNAP-Red or CLIP-Red), or optimized mix-
tures of donor and acceptor in 1� labeling medium (all from
Cisbio Bioassays). Plates were incubated for 1 h at 37 °C in 5%
CO2 in a humidified atmosphere and subsequently washed four
times in labelingmedium. 100�l of labelingmediumwas added
to each well, and the plates were read using a PHERAstar FS
homogeneous time-resolved fluorescence-compatible reader
(BMG Labtechnologies). The emission signal from the Tag-lite
SNAP/CLIP-Lumi4Tb cryptate (620 nm) and the htrFRET sig-
nal resulting from the acceptor Tag-lite SNAP/CLIP-Red (665
nm) were recorded (36).
Biotinylation Protection Assay—Cells were grown and

induced overnight with doxycycline in 6-well plates treated
with 0.1 mg�ml�1 poly-D-lysine. The plates were put on ice, the
mediumwas removed, and the cells werewashedwith 2ml/well
ice-cold PBS. 1 ml/well 0.3 mg�ml�1 sulfo-NHS-SS-biotin (sul-
fosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate;
Pierce, Thermo Scientific) in PBS was added, and the plates
were incubated on ice in the dark for 30 min. The biotin was
removed, the cells were washed as above, 1 ml of prewarmed
cell growth medium/well was added, and the plates were incu-
bated at 37 °C in 5% CO2 for 15 min. Ligand treatments were
performed by adding 1 ml/well 2� concentrated ligand or 1 ml
of unsupplemented medium as appropriate before incubation
at 37 °C in 5% CO2 for 1 h. The plates were placed on ice, the
medium was removed, and the cells were washed as above. 2

ml/well stripping solution (50 mM glutathione, 0.3 M NaCl, 75
mMNaOH, 1% fetal bovine serum)was added followed by incu-
bation on ice in the dark for 30 min. The stripping solution was
removed, and the cells werewashedwith 2� 2ml of cold PBS to
ensure complete removal of the stripping solution prior to cell
lysis. Cells were lysed by the addition of 400�l of ice-cold radio-
immunoprecipitation assay buffer (50 mM HEPES, 150 mM

NaCl, 1%TritonX-100, 0.5% sodiumdeoxycholate, 10mMNaF,
5 mM EDTA, 10 mM NaH2PO4, 5% ethylene glycol, pH 7.4)
supplemented with Complete protease inhibitor mixture
(Roche Diagnostics), scraped from the plate, and transferred to
Eppendorf tubes. The lysates were incubated on a rotating
wheel at 4 °C for 15min and then spun at 18,000 � g for 10min
at 4 °C, and the protein concentrations of the supernatantswere
determined and equalized (lysate samples were taken for later
analysis). 100 �l/tube streptavidin-agarose resin (Pierce,
Thermo Scientific) was added, and tubes were incubated on a
rotating wheel at 4 °C overnight before being spun at 2000 � g
for 2 min at 4 °C. The supernatant was removed, and the resin
waswashedwith 3� 500�l of radioimmunoprecipitation assay
buffer. 100 �l of SDS-PAGE sample buffer containing 5%
2-mecaptoethanol was added, and tubes were incubated at
37 °C for 1 h. The cell lysates and biotinylated samples were
subjected to SDS-PAGE analysis and Western blotting as
above.
Data Analysis—Data were quantified, grouped, and analyzed

using Prism 5.2 (GraphPad Software). Data are expressed as
means � S.E. Statistical analysis was carried out by one-way
analysis of variance.

RESULTS

Orexin A Causes Internalization of Cannabinoid CB1 Recep-
tor but Only When Orexin OX1 Receptor Is Co-expressed—A
formof the cannabinoidCB1 receptorN-terminally taggedwith
both the VSV-G epitope tag and the SNAP variant ofO6-alkyl-
guanine-DNA-alkyltransferase (37) was cloned into the Flp-In
locus of Flp-In T-REx 293 cells. Populations of cells harboring
this construct were isolated as described previously (37). Flp-In
T-REx 293 cells allow the production of protein from DNA
located at the Flp-In locus upon addition of the antibiotic tet-
racycline or its analog doxycycline (36–40). These cells were
further transfected with a form of the orexin OX1 receptor
N-terminally tagged with a combination of the HA epitope tag
and the CLIP variant ofO6-alkylguanine-DNA-alkyltransferase
(37). Individual clones constitutively expressingHA-CLIP-OX1
were then isolated by imaging fluorescence following addition
of the CLIP tag-specific dye substrate CLIP-505 (37). Clone B6
is an example of such a cell line (Fig. 1). Both with and without
induction of expression of VSV-G-SNAP-CB1,membranes iso-
lated from these cells bound the highly selective OX1 receptor
antagonist [3H]SB674024 with high affinity (Fig. 2A and Table
1) (Kd � 1.62 � 0.39 and 1.72 � 0.17 nM with and without
doxycycline addition, respectively). Neither the affinity nor the
extent of specific binding of [3H]SB674024 was altered signifi-
cantly following doxycycline-induced expression of VSV-G-
SNAP-CB1 (Fig. 2A and Table 1). However, although specific
binding of the CB1-specific antagonist [3H]SR141716 was
absent in membranes of uninduced cells (Fig. 2B and Table 1),
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this ligand bound with high affinity (Kd � 1.54 � 0.28 nM) to
membranes of doxycycline-induced cells (Fig. 2B and Table 1).

Ligand binding studies performed on cell membrane prepa-
rations do not provide direct information on the cellular loca-
tion of the receptors of interest. To address this, following
induction of VSV-G-SNAP-CB1 expression by these cells, sub-
stantial binding of both an anti-VSV-G antibody (Fig. 3A) and
SNAP-Lumi4Tb (Fig. 3B) was detected on intact cells. Because
the N-terminal domain of plasma membrane-localized GPCRs
is extracellular, these results demonstrated the presence at
steady state of a population of cell surface VSV-G-SNAP-CB1.
For both labels, binding to uninduced cells was much lower
(Fig. 3, A and B) with the signal to background ratio of induced
versus uninduced cells being substantially greater when using
SNAP-Lumi4Tb (Fig. 3, compare A with B). As anticipated
from previous studies (37), addition for 40 min of either of the
CB1 receptor agonists CP55940 and WIN55212-2 (10�6 M)
prior to addition of anti-VSV-G (Fig. 3A) or SNAP-Lumi4Tb
(Fig. 3B) resulted in a substantial reduction in cell labeling by
these reagents. This is consistentwith enhanced internalization
of the CB1 receptor construct by these agonists. By contrast,
over a 40-min time period, the CB1 receptor antagonist
SR141716Ahadno statistically significant effect on detection of
the receptor by either anti-VSV-G (Fig. 3A) or SNAP-Lumi4Tb
(Fig. 3B), although there was a trend toward increased receptor
detection. Unexpectedly, however, treatment of these cells with
10�7MorexinA (anOX1 receptor agonistwith nodirect affinity

for the CB1 receptor; see Ref. 30) also resulted in a large reduc-
tion in levels of anti-VSV-G (Fig. 3A) and SNAP-Lumi4Tb (Fig.
3B) labeling. This effect required the presence of the OX1
receptor because in cells able to induce expression of VSV-G-
SNAP-CB1 but in which HA-CLIP-OX1 was not expressed
equivalent treatment with orexin A was completely unable to
modulate SNAP-Lumi4Tb binding (Fig. 3C). This was despite
both CP55940 and WIN55212-2 being able to reduce SNAP-
Lumi4Tb binding in these cells in a fashion consistent with
enhanced CB1 receptor internalization (Fig. 3C).
Effects of Orexin A on Cannabinoid CB1 Receptor Are Pro-

duced No Matter Which Receptor Is Inducible and Which Is
Expressed Constitutively—Wenext assessed whether this effect
of orexin A would also be observed in cells in which the CB1
receptor was present constitutively, whereas the OX1 receptor
could be induced on demand. In clone C2 (Fig. 1), HA-CLIP-
OX1 is located at the Flp-In locus. In these cells, specific and
high affinity (Kd � 1.59 � 0.19 nM) binding of [3H]SB674024
was only observed following treatment with doxycycline (sup-
plemental Fig. 1A and Table 1). By contrast, these cells, which
were clonally selected for inducible expression of HA-CLIP-
OX1 and constitutive expression of VSV-G-SNAP-CB1 (Fig. 1),
displayed specific, high affinity binding of [3H]SR141716 in the
absence of doxycycline (Kd � 1.30 � 0.44 nM), and this was
unchanged (Kd � 1.49 � 0.32 nM) by induction of HA-CLIP-
OX1 (supplemental Fig. 1B and Table 1). As expected in this
configuration, binding of SNAP-Lumi4Tb was high in the
absence of doxycycline treatment and was unaffected by the
addition of orexin A (supplemental Fig. 1C). Furthermore,
steady-state binding of SNAP-Lumi4Tb was not affected by
doxycycline induction of HA-CLIP-OX1 (supplemental Fig.
1C). However, after induction of HA-CLIP-OX1 expression,
addition of orexin A was as effective as CP55940 or
WIN55212-2 in reducing cell surface binding of SNAP-
Lumi4Tb (supplemental Fig. 1C).
To ensure that the basic observations were not related in

some way to the identity of the N-terminal tags added to the
CB1 receptor, we reversed the tags and organization of the
receptor pairing. In clone D10 (Fig. 1), VSV-G-SNAP-OX1 was
expressed constitutively, whereas HA-CLIP-CB1 could be
induced by addition of doxycycline, and in clone A8 (Fig. 1),
HA-CLIP-CB1 was expressed constitutively, whereas VSV-G-
SNAP-OX1 could be induced. This was again confirmed via
saturation binding experiments with the selective 3H-antago-
nists (supplemental Fig. 2A and Table 1). As before, in both
these cases, the CB1 agonists CP55940 and WIN55212-2 pro-
moted reduction in cell surface CB1 receptor levels in this case
measured by the binding of CLIP-Lumi4Tb (supplemental Fig.
2B). By contrast, orexin A only caused reduction in CLIP-
Lumi4Tb binding and therefore enhanced internalization of
the CB1 receptor when both the CB1 receptor and the OX1
receptor construct were present (supplemental Fig. 2B).
Orexin A Is More Potent in Causing Internalization of CB1

Receptor than OX1 Receptor—The ability of orexin A to pro-
mote internalization of forms of the CB1 receptor was concen-
tration-dependent. Using clones B6 (Fig. 4A) andC2 (Fig. 4B) as
exemplars, the pEC50 values for orexin A were 8.26 � 0.13 and
8.42 � 0.35, respectively. Remarkably, this was �10-fold more

FIGURE 1. Organization of receptor expression in clonal cell lines. In all the
clonal cell lines used in the studies reported, one GPCR is expressed constitu-
tively, whereas expression of the second can be induced by addition of doxy-
cycline. In the schematics, the GPCR that is constitutively expressed is shown
in white, whereas the inducible component is shown in black. In A, a specific
clone nomenclature (A8, C2, B6, and D10) is provided that is then used con-
sistently throughout. In B and in subsequent figures, the GPCR that is being
measured in individual assays is highlighted with a black arrow. In C specifi-
cally and in Fig. 7, the black and white arrows define studies on the detection
of heteromers (where arrows identify different receptors) and homomers
(where arrows identify the same receptor). VS, VSV-G � SNAP tag; HC, HA �
CLIP tag.
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potent (B6, p� 0.001; C2, p� 0.0025) than the ability of orexin
A to cause internalization of the OX1 receptor (clone B6,
pEC50 � 7.20 � 0.07; clone C2, pEC50 � 7.38 � 0.13) (Fig. 4, A
andB). Furthermore, the ability of 5� 10�7 M orexinA to cause
internalization of the CB1 receptor was blocked in a concentra-
tion-dependent manner by the OX1 receptor antagonists
SB408124 (Fig. 5A) and SB334867 (Fig. 5B). The potency
(SB408124, pIC50 � 6.45 � 0.21; SB334867, pIC50 � 6.63 �
0.25) of these two antagonists to prevent this effect of orexin A,

however, was the same as their potency to block orexin A-me-
diated internalization of the OX1 receptor (SB408124, pIC50 �
6.38� 0.09 and 6.3� 0.13,minus and plus doxycycline, respec-
tively; SB334867, pIC50 � 6.42 � 0.11 and 6.82 � 0.12, minus
and plus doxycycline, respectively) (Fig. 5,C andD). Potentially
even more interestingly, orexin A-mediated internalization of
theCB1 receptor constructswas blocked in a concentration-de-
pendent fashion by the CB1 receptor antagonist O2050 (Fig. 6).
This was true in both cells in which expression of VSV-G-
SNAP-CB1 was induced in the presence of HA-CLIP-OX1

(clone B6, pIC50 � 7.4 � 0.18) (Fig. 6A) or in which expression
of HA-CLIP-OX1 was induced in the face of constitutive
expression of VSV-G-SNAP-CB1 (clone C2, pIC50 � 7.1 � 0.2)
(Fig. 6B). Importantly, this effect was not restricted to a single
CB1 receptor antagonist: a second antagonist, AM251, also
inhibited the effect of orexin A in a concentration-dependent
fashion (clone B6, pIC50 � 7.6 � 0.11) (Fig. 6C).
Identification of CB1-OX1 Receptor Heteromers—All of the

above observations are at least consistent with the potential of
the CB1 and OX1 receptors to exist within heterodimers or
heteromultimers. To assess this more directly, we used
htrFRET based on the potential for resonance energy transfer

FIGURE 2. CB1 receptor expression does not alter expression levels of OX1 receptor or its affinity to bind [3H]SB674024. Clone B6 (see Fig. 1) Flp-In T-REx
293 cells that constitutively express HA-CLIP-OX1 and harbor VSV-G-SNAP-CB1 at the Flp-In locus were untreated (filled symbols) or treated with doxycycline (10
ng�ml�1 for 24 h) (open symbols). Membranes prepared from these cells were used in saturation [3H]SB674024 (OX1 receptor antagonist) (A) or [3H]SR141716A
(CB1 receptor antagonist) (B) binding studies. Representative experiments of n � 3 are shown. VS, VSV-G � SNAP tag; HC, HA � CLIP tag.

TABLE 1
Ligand binding data for cell lines used
The data are presented as mean values of three independent experiments �S.E. A8,
B6, C2, and D10 refer to the clones used and are described in Fig. 1. Induction with
10 ng�ml�1 doxycycline for 24 h is present (�) or absent (�) as indicated.

[3H]SB674042 (OX1 receptor) [3H]SR141716A (CB1 receptor)
Bmax Kd Bmax Kd

pmol�mg protein�1 nM pmol�mg protein�1 nM
A8 � Not detected 1.52 � 0.11 1.13 � 0.25
A8 � 7.32 � 0.71 1.70 � 0.15 1.61 � 0.97 1.44 � 0.02
B6 � 7.05 � 0.60 1.62 � 0.39 Not detected
B6 � 6.37 � 0.38 1.72 � 0.17 9.54 � 2.70 1.54 � 0.28
C2 � Not detected 3.70 � 0.88 1.30 � 0.44
C2 � 8.65 � 1.07 1.59 � 0.19 3.76 � 0.77 1.49 � 0.32
D10 � 5.25 � 0.88 1.76 � 0.04 Not detected
D10 � 5.05 � 1.00 1.88 � 0.46 1.51 � 0.10 1.12 � 0.35
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between energy donors and acceptors linked to SNAP- and
CLIP-tagged substrates that were added individually or
co-added to cells (clone B6) in which CB1 receptor levels could
be regulated. Initial optimization studies determined the most
appropriate energy donor (SNAP-Lumi4Tb) to energy acceptor
(CLIP-Red) ratio to detect the presence of CB1-OX1 hetero-
mers (supplemental Fig. 3). These cells were uninduced or
induced with varying concentrations of doxycycline and then
labeled with donor � acceptor, donor alone, or acceptor alone,
and emission at 620 nm (donor binding) (Fig. 7A) and 665 nm
(htrFRET signal) (Fig. 7B) was determined after excitation at
337 nm. Although binding of donor and htrFRET signal were

absent without induction of VSV-G-SNAP-CB1 (zero doxycy-
cline), substantial signal of each was detected at all concentra-
tions of doxycycline above 0.5 ng�ml�1 (Fig. 7, A and B). Such
observations indicate that a proportion of the cell surface OX1
andCB1 receptors are in proximity sufficient to be considered a
heterodimeric/heteromultimeric complex. In parallel, we also
assessed the potential presence of both CB1-CB1 homomers
and OX1-OX1 homomers. To detect OX1-OX1 interactions,
cells were labeled with combinations of CLIP-Lumi4Tb and
CLIP-Red (Fig. 7, C and D). Because the CLIP-tagged OX1
receptor is expressed constitutively in these cells, emission at
620 nm, representing binding of CLIP-Lumi4Tb to the recep-
tor, was present even without doxycycline treatment and was
unaffected by addition of the antibiotic (Fig. 7C). When added
alone, binding of CLIP-Lumi4Tb was higher than when CLIP-
Red was also added concurrently because CLIP-Red competes
with CLIP-Lumi4Tb for the receptor (Fig. 7C). The combina-
tion of CLIP-Lumi4Tb and CLIP-Red also generated htrFRET
emission at 665 nm consistent with the presence of OX1-OX1
homomers (Fig. 7D). Equivalent studies using combinations of
SNAP-Lumi4Tb and SNAP-Red allowed detection of interac-
tions consistent with the presence of CB1-CB1 homomers also
(Fig. 7, E and F). However, as anticipated, binding of both
SNAP-Lumi4Tb and htrFRET signal was absent without prior
doxycycline treatment of the cells (Fig. 7, D and F).
To extend the studies on CB1-OX1 heteromers, we per-

formed a series of co-immunoprecipitation experiments. B6
cells were maintained with and without doxycycline and lysed,
and samples were precipitated with anti-VSV-G antibody-
coated agarose beads. Bound proteins were separated by SDS-
PAGE, transferred, and probed with anti-HA antibody (Fig. 8).
Anti-HA immunoreactivity corresponding to HA-CLIP-OX1
was only detected in anti-VSV-G immunoprecipitates from
cells induced with doxycycline. Similar studies were then per-
formed with the three other cell lines described above (A8, C2,
and D10) (Fig. 8). In each case, anti-HA immunoreactivity was
present only in the anti-VSV-G immunoprecipitates from
doxycycline-treated cells with HA-CLIP-OX1 migrating some-
what further in such gels than HA-CLIP-CB1 (Fig. 8).
Orexin A Produces Internalization of CB1-OX1 Receptor

Heteromers—To further explore the consequences of heteroin-
teractions between the CB1 andOX1 receptors, we performed a
series of “biotinylation protection” assays. In such experiments,
proteins at the cell surface are labeled with biotin, and those
that are internalized over the period of the assay are “protected”
from subsequent cleavage of the biotin label (42). In B6 cells
that were induced to express VSV-G-SNAP-CB1, treatment
with WIN55212-2 resulted in the appearance of protected
forms of VSV-G-SNAP-CB1 identified following SDS-PAGE
separation, and this effect of WIN55212-2 was concentration-
dependent (Fig. 9A). As well as a protected form of VSV-G-
SNAP-CB1 migrating at a position consistent with the resolved
monomeric CB1 receptor construct (calculatedmolecularmass
of 76.6 kDa), a series of anti-VSV-G-reactive species were also
observed to migrate with lower mobility (Fig. 9A), and these
presumably reflect incompletely dissociated multimeric recep-
tor complexes. Equivalent studies using orexin A again resulted
in the protection and therefore internalization of biotinylated

FIGURE 3. Both CB1 receptor agonists and orexin A produce internaliza-
tion of CB1 receptor: effect of orexin A requires OX1 receptor. Cells of
clone B6 (A and B) were uninduced (� doxycycline) or induced to express
VSV-G-SNAP-CB1 (� doxycycline). These were challenged with the identified
ligands (CP55940 and WIN55212-2 are CB1 receptor agonists, whereas
SR141716A is an antagonist at this receptor. Orexin A (OxA) is an agonist of
the OX1 receptor) for 40 min. Cell surface VSV-G-SNAP-CB1 was detected via
anti-VSV-G ELISA (A) or the binding of SNAP-Lumi4Tb (B). C, similar studies
were performed on cells able to express inducible VSV-G-SNAP-CB1 but that
lack expression of HA-CLIP-OX1, and cell surface VSV-G-SNAP-CB1 was
detected by the binding of SNAP-Lumi4Tb. ***, p � 0.001 (different from
doxycycline). Combined data from n � 3 experiments (means � S.E.) are
shown. VS, VSV-G � SNAP tag; HC, HA � CLIP tag.
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forms of the CB1 receptor in a manner dependent upon the
concentration of orexin A used (Fig. 9A). Again, a substantial
fraction of the anti-VSV-G immunoreactivity migrated as spe-
cies with lower mobility than predicted for a monomer of the
CB1 receptor (Fig. 9). The combined quantification for the
major species is shown in Fig. 9B.
The ability to selectively link various cell-impermeant fluo-

rophores to the SNAP and CLIP tags in a covalent fashion
offered an alternate means to visualize the presence of the two
receptors and their co-regulation in intact cells. In the absence
of doxycycline, addition of CLIP-Surface 488 to clone B6 cells
allowed identification of HA-CLIP-OX1 (Fig. 10A), whereas as
anticipated, SNAP-Surface 549 did not label the cells in a spe-
cific manner (Fig. 10A). However, following doxycycline-in-
duced expression of VSV-G-SNAP-CB1, both CLIP-Surface
488 and SNAP-Surface 549 labeled the surface of cells effec-
tively, and merging of such images indicated strong overlap of
the signals (Fig. 10A). Most noticeably in this situation, how-
ever, a proportion of both the CLIP-Surface 488 and SNAP-
Surface 549 labels was now located in punctate intracellular but
non-nuclear locations (Fig. 10A). Again, merging of such
images indicated strong overlap at these locations. As these
fluorophores are cell-impermeant, this must indicate that both
the VSV-G-SNAP-CB1 and HA-CLIP-OX1 were labeled at the
cell surface but subsequently became internalized (Fig. 10A).
Although small numbers of individual “red” and “green” pixels

could be observed in the merged images and may represent
non-co-localized VSV-G-SNAP-CB1 and HA-CLIP-OX1
receptors, this may also reflect a degree of nonspecific staining
of theCLIP-Surface 488 and SNAP-Surface 549 fluorophores as
small patches of SNAP-Surface 549 in cells lacking expression
of VSV-G-SNAP-CB1 and as larger, apparently random
agglomerations of CLIP-Surface 488 staining in cell images
could be observed (Fig. 10A). Following addition of orexin A,
the extent of the intracellular location of both the CLIP-Surface
488 and SNAP-Surface 549 labels increased in a time-depen-
dentmanner (Fig. 10B), and once again,merging of such images
indicated strong co-localization of the internalized labels and
their associated receptors (Fig. 10B). This effect required orexin
Abecause addition of vehicle did not result in a time-dependent
increase in intracellular levels of CLIP-Surface 488 and/or
SNAP-Surface 549. Quantification of such images demon-
strated that the percentage of intracellular HA-CLIP-OX1
increased from 17.8 � 2.3 to 59.5 � 3.3% over a 45-min expo-
sure to 10�6 M orexin A with intracellular VSV-G-SNAP-CB1
increasing from 18.4 � 1.9 to 50.8 � 2.7% (Fig. 10C).

DISCUSSION

Previous studies have either inferred physical interactions
between CB1 and OX1 receptors based on alterations in func-
tion of receptor selective agonists in cells transfected to co-ex-
press this pair of GPCRs (29) or used FRET between C-termi-

FIGURE 4. Orexin A is more potent in causing internalization of CB1 receptor than OX1 receptor. Cells of clones B6 (A) and C2 (B) were induced to express
the harbored receptor by treatment with doxycycline. The ability of different concentrations of orexin A to cause internalization of CB1 (filled symbols) and OX1
receptors (open symbols) was assessed in parallel by measuring binding of either SNAP-Lumi4Tb or CLIP-Lumi4Tb to intact cells. In both cases, orexin A (OxA)
was more potent in producing internalization of the CB1 receptor than the OX1 receptor. Data are means � S.E. (n � 3 in each case). VS, VSV-G � SNAP tag; HC,
HA � CLIP tag.
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FIGURE 5. OX1 receptor antagonists block effects of orexin A at both OX1 and CB1 receptors. Clone B6 was untreated (open symbols) or treated with
doxycycline (10 ng�ml�1 for 24 h) (filled symbols) to induce expression of VSV-G-SNAP-CB1. Cell surface VSV-G-SNAP-CB1 (A and B) and HA-CLIP-OX1 (C and D)
were measured, respectively, by the binding of SNAP-Lumi4Tb (A and B) and CLIP-Lumi4Tb (C and D) after treatment of cells for 40 min with 5 � 10�7

M orexin
A and varying concentrations of the OX1 receptor antagonists SB408124 (A and C) and SB334867 (B and D). Data are means � S.E. (n � 3). VS, VSV-G � SNAP tag;
HC, HA � CLIP tag.

FIGURE 6. Orexin A-induced CB1 receptor internalization is blocked by CB1 receptor antagonists. Clone B6 (A and C) or clone C2 (B) cells were induced to
express the harbored receptor (VSV-G-SNAP-CB1 (A and C) or HA-CLIP-OX1 (B)). The effects of varying concentrations of the CB1 antagonists O-2050 (A and B)
and AM251 (C) to modulate internalization of the CB1 receptor mediated by treatment with 1 � 10�6

M orexin A for 40 min were assessed by the binding of
SNAP-Lumi4Tb. Data are means � S.E. (n � 3). VS, VSV-G � SNAP tag; HC, HA � CLIP tag.
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nally cyan fluorescent protein- and YFP-tagged variants to
detect such interactions in intracellular structures that may
represent recycling endocytic vesicles (30). A further set of
observations consistent with the presence of CB1-OX1 hetero-
mers is that selective antagonists for either receptor are able to

traffic both receptors to the cell surface from an intracellular
location (30). However, although consistent with such an inter-
action, much of the evidence for the existence of a CB1-OX1
heteromer has been indirect and/or has not addressed whether
such a complex is present at the surface of cells. In recent times,

FIGURE 7. htrFRET detects each of cell surface CB1-OX1 receptor heteromultimers, CB1-CB1 homomers, and OX1-OX1 homomers. Cells of clone B6 were
untreated or treated for 24 h with varying concentrations of doxycycline to induce VSV-G-SNAP-CB1 expression. A and B, SNAP-Lumi4Tb (donor alone; open
squares) (to label VSV-G-SNAP-CB1), CLIP-Red (acceptor alone; open triangles) (to label HA-CLIP-OX1), or an optimal mixture (10 nM SNAP-Lumi4Tb and 350 nM

CLIP-Red) (see supplemental Fig. 3) of SNAP-Lumi4Tb and CLIP-Red (filled circles) (to allow detection of potential CB1-OX1 heteromers) was added. In A, the
signal at 620 nm (as a measure of VSV-G-SNAP-CB1 expression) was assessed. In B, the signal at 665 nm (as a measure of heteromer detection) was assessed. C–F,
equivalent studies explored OX1-OX1 interactions (C and D) via separate addition of CLIP-Lumi4Tb (open squares) or CLIP-Red (open triangles) or their co-ad-
dition (filled circles) and CB1-CB1 interactions (E and F) via separate addition of SNAP-Lumi4Tb (open squares) or co-addition of SNAP-Lumi4Tb and SNAP-Red
(filled circles). Data are means � S.E. (n � 3). VS, VSV-G � SNAP tag; HC, HA � CLIP tag.
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the introduction of SNAP or CLIP tags into the N-terminal
domain of GPCRs has become an effective way of detecting cell
surface receptors because the N-terminal region is exposed to
the extracellular environment, and the SNAPandCLIP tags can
be labeled covalently with a variety of cell-impermeant fluoro-
phores or other reagents (32–37). As such, cell surface recep-
tors can be labeled and imaged, and the effects of ligands on the
cellular location of the receptor can be monitored by following
the location of the fluorophore because the ligand binding site
of the receptor is not altered by this procedure (33, 37) unlike
when using irreversible receptor ligands or those with high
affinity and very slow dissociation rates (43). Although we have
previously used this approach to monitor individually cell sur-
face location and agonist-induced internalization of both the
CB1 receptor and theOX1 receptor (37), themost extensive use
of SNAP tagging and related technologies has been to cova-
lently label cell surface receptors with pairs of htrFRET-com-
petent donors and acceptors to detect protein-protein interac-
tions at the cell surface (32, 33). In studies on heteromeric
interactions, separate SNAP and CLIP tagging of a pair of pro-
teins allows the concurrent addition of distinct FRET accep-
tors/donors that label the two proteins differentially and the
subsequent detection of htrFRET if the proteins are located
within FRET-compliant distances of one another (32). To
assess the presence of CB1-OX1 heteromers, we generated sets
of cell lines inwhich either a SNAP-taggedCB1 orOX1 receptor
was expressed constitutively, whereas the complementary
CLIP-tagged receptor was harbored at a doxycycline-inducible
locus. In cells in which the SNAP-tagged receptor was at the
inducible locus, no binding of the FRET donor SNAP-Lumi4Tb
was detected until the receptor was induced. However, when
induced and in the presence of the FRET acceptor CLIP-Red,
the htrFRET signal reported the presence of the CB1-OX1 het-
eromer at the cell surface. As amore conventional approach,we
also took advantage of the presence of HA and VSV-G epitope
tags that were also engineered into the N-terminal domain of
each receptor to show that no matter which receptor was
SNAP- or CLIP-tagged or which receptor was at the inducible
locus co-immunoprecipitation was achieved after addition of
doxycycline to cells to cause receptor co-expression.

A further use of the SNAP/CLIP tags is to monitor receptor
internalization. Only a cell surface receptor is available to be
labeled with SNAP/CLIP-Lumi4Tb, and in cells expressing
only SNAP-CB1, CB1 agonists substantially reduced levels of
SNAP-Lumi4Tb binding over short time periods. As this con-
struct also contained the VSV-G epitope tag, a similar effect of
CB1 agonists was observed in intact cell ELISA studies using a
VSV-G antibody. However, the signal to background ratio in
studies using SNAP-Lumi4Tb binding was far superior to
ELISA; therefore, SNAP-Lumi4Tb was used routinely in these
studies. Although initially unexpected, in cells co-expressing
both CB1 and OX1, maximally effective concentrations of
orexin A were as effective at producing internalization of the
CB1 receptor as CB1 receptor agonists. This is consistent with
the CB1-OX1 heteromer being a stable complex and binding of
only orexin A causing the entire complex to be internalized.
Importantly, when exploring the potency of orexin A to pro-
duce this effect, wenoted in different cell lines that orexinAwas
some 10-fold more potent in producing internalization of the
CB1 receptor than in causing internalization of the co-ex-
pressed OX1 receptor. This may seem contrary to the concept
of internalization of a stable CB1-OX1 heteromer, but it may be
anticipated that only a proportion of the expressed OX1 recep-
tor is within such a heteromeric complex. As such, the most
obvious but alsomost interesting interpretation is that orexinA
has substantially higher affinity for the CB1-OX1 heteromer
than for the OX1-OX1 homomer (or OX1 monomer). This
would be consistentwith the earlier observation that orexinA is
substantiallymore potent in promoting ERKmitogen-activated
protein kinase phosphorylation when the OX1 receptor is co-
expressed with the CB1 receptor (29) and the concept that
receptor heteromers are unique species.
To assess whether OX1-OX1 homomers were also present in

SNAP-CB1/CLIP-OX1-co-expressing cells, we added a combi-
nation of CLIP-Lumi4Tb and CLIP-Red, which can label only
the OX1 receptor population, and again were able to detect
htrFRET consistent with such an OX1-OX1 interaction. Equiv-
alent studies using the equivalent pair of SNAP labels also iden-
tified CB1-CB1 interactions. Although certainly consistent with
mixtures of homodimers and heterodimers, these results are
also potentially consistent with the CB1 and OX1 receptors co-
existing in larger complexes such as tetramers, and there is
growing evidence for such oligomeric GPCR complexes (44–
46), including tetramers (47–50). Although requiring further
analysis, this would also be consistent with the ability of orexin
A to internalize similar proportions of the CB1 receptor as the
cannabinoid agonists.
Co-internalization of the CB1 receptor along with the OX1

receptor in response to orexin A was also observed in cell sur-
face biotinylation protection experiments thatwere designed to
provide a biochemical correlate of the htrFRET studies.
Equally, by labeling the receptors with cell-impermeant fluo-
rescent SNAP and CLIP tag substrates, we were able to image
the co-internalization of both OX1 and CB1 receptors in
response to addition of orexin A. This approach also demon-
strated, as shown previously using a pair of receptors C-termi-
nally tagged with autofluorescent proteins (30), that the simple
presence of the CB1 receptor alters directly the cellular location

FIGURE 8. Co-expression of CB1 and OX1 receptors allows their co-immu-
noprecipitation. Clones A8, B6, C2, and D10 were untreated (�) or induced
(�) with doxycycline. Lysates from these cells were immunoprecipitated with
anti-VSV-G. Subsequently, these samples were resolved by SDS-PAGE and
immunoblotted (IB) with anti-HA. In all cases, co-expression of the CB1 and
OX1 receptors was both required and sufficient to allow co-immunoprecipi-
tation (CO-IP). Representative experiments of n � 3 are shown. VS, VSV-G �
SNAP tag; HC, HA � CLIP tag.
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profile of the OX1 receptor even in the absence of receptor
ligands. Co-internalization of co-expressed receptors has been
observed in a substantial number of cases. For example, the
�-opioid receptor agonist [D-Ala2,N-MePhe4,Gly-ol]en-
kephalin is able to cause internalization of the mGluR5 as
well as the �-opioid receptor when the two receptors are
co-expressed, whereas the non-competitive mGluR5 antag-
onist 2-methyl-6-(phenylethynyl)pyridine limits [D-Ala2,N-
MePhe4,Gly-ol]enkephalin-induced internalization of the
�-opioid receptor (51). Similarly, interactions between puri-
nergic P2Y11 and P2Y1 receptors are reported to allow ago-
nist internalization of P2Y11, although this receptor is not
generally able to be internalized in response to agonist when
expressed in isolation (52).
It is noteworthy that the CB1 receptor appears to be able to

form heteromers with distinct properties with a variety of
other receptors (53). For example, interactions with the ang-
iotensin AT1 receptor (54) results in CB1 blockers limiting

mitogenic signaling by the AT1 receptor, and although not
observed in all studies (40), interactions of the CB1 receptor
with the �-opioid receptor (56, 57) have also been reported
to modulate function. Further interactions with the dop-
amine D2 receptor (58, 59) and with the �2-adrenoreceptor
(60) have also been reported to have functional sequelae. By
contrast, there is little information on other heteromers that
incorporate the OX1 receptor. However, this may simply
reflect the much more extensive literature on cannabinoid
receptors than on the OX1 receptor rather than a more lim-
ited propensity to make such interactions.
Although initial focus on the OX1 receptor centered on

potential roles in appetite and feeding, much recent work has
concentrated on the capacity of orexin receptor antagonists
potentially targeting the orexinOX2 receptor as well as theOX1
receptor to limit wakefulness and hence treat insomnia (61, 62).
By contrast, until recently, there have been very limited efforts
to identify small molecule orexin receptor agonists, and

FIGURE 9. Orexin A-induced internalization of CB1-OX1 heteromer. Clone B6 cells were uninduced (lanes 1 and 6) or induced with doxycycline (10 ng�ml�1

for 24 h) (all other lanes). Following cell surface biotinylation, cells were treated with vehicle (lanes 2 and 7) or either orexin A (OxA) (lanes 3–5) or WIN55212-2
(lanes 8 –10) (10�6

M (lanes 3 and 8), 10�7
M (lanes 4 and 9), or 10�8

M (lanes 5 and 10)) for 40 min. Biotin was cleaved from proteins remaining at the cell surface,
and the internalized and therefore protected CB1 receptor was detected following SDS-PAGE. A representative experiment of n � 3 is shown in A. Individual
blots were scanned, and polypeptides were quantified and normalized. Combined results are displayed as means � S.E. in B. VS, VSV-G � SNAP tag; HC, HA �
CLIP tag. Polypeptides with apparent mass labeled (i–iv) in A were quantitated in B across lanes 1–10.
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because of this, the current studies have been limited to using
the native peptide agonist orexin A as an activator of the OX1
receptor. This may change with indications that agonists at the
OX1 receptor could be effective in the treatment of colon can-
cer (63, 64). The CB1 receptor has been a target of great interest
not least because of the psychotropic effects of the active ingre-
dient of cannabis produced via activation of this receptor. The
association of increased feeding with cannabis use resulted in
the development of CB1 receptor antagonists/inverse agonists
for weight loss and the approval (later retracted because of the
potential for psychiatric side effects) of the ligand rimonabant

(65). Despite this, the contribution of CB1 receptors to energy
balance and fat storage in the periphery has suggested that
peripherally restricted CB1 receptor antagonists/inverse ago-
nists might well have clinical potency without the central nerv-
ous system liabilities (65–67). Peripherally restricted CB1 ago-
nists have also been promoted as potential therapeutic agents in
both inflammatory and neuropathic pain (55). The effects of
heteromeric interactions between the CB1 and OX1 receptors
on such end points remain uncertain, but the substantial effects
on ligand potency reported previously (29, 30) and the effects of
orexin A and presumably synthetic OX1 receptor agonists as

FIGURE 10. Imaging co-localization of internalized CB1 and OX1 receptors. A, clone B6 cells that were either uninduced (No dox) or induced with doxycycline
for 24 h (Dox) were imaged confocally following addition of CLIP-Surface 488 (green) and SNAP-Surface 549 (red). A “merge” of the two images is also shown for
the doxycycline-induced cells. B, doxycycline-treated cells as in A were treated with orexin A (OxA) (10�6

M), and images were taken at times between 0 and 45
min. C, experiments akin to B (i) or cells treated with vehicle (ii) were quantified. Data represent means � S.E. for six individual cells. ***, p � 0.001 (different
between 45 and 0 min). VS, VSV-G � SNAP tag; HC, HA � CLIP tag.
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they are developed on CB1 receptor trafficking and function
will need to be explored.
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