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BACKGROUND AND PURPOSE
Many G protein-coupled receptors internalize following agonist binding. The studies were designed to identify novel means to
effectively quantify this process using the orexin OX1 receptor and the cannabinoid CB1 receptor as exemplars.

EXPERIMENTAL APPROACH
The human OX1 and CB1 receptors were modified to incorporate both epitope tags and variants (SNAP and CLIP) of the
enzyme O6-alkylguanine-DNA-alkyltransferase within their extracellular, N-terminal domain. Cells able to regulate expression of
differing amounts of these constructs upon addition of an antibiotic were developed and analysed.

KEY RESULTS
Cell surface forms of each receptor construct were detected by both antibody recognition of the epitope tags and covalent
binding of fluorophores to the O6-alkylguanine-DNA-alkyltransferase variants. Receptor internalization in response to agonists
but not antagonists could be monitored by each approach but sensitivity was up to six- to 10-fold greater than other
approaches when employing a novel, time-resolved fluorescence probe for the SNAP tag. Sensitivity was not enhanced,
however, for the CLIP tag, possibly due to higher levels of nonspecific binding.

CONCLUSIONS AND IMPLICATIONS
These studies demonstrate that highly sensitive and quantitative assays that monitor cell surface CB1 and OX1 receptors and
their internalization by agonists can be developed based on introduction of variants of O6-alkylguanine-DNA-alkyltransferase
into the N-terminal domain of the receptor. This should be equally suitable for other G protein-coupled receptors.

Abbreviations
Almorexant, (2R)-2-[(1S)-6,7-dimethoxy-1-{2-[4-(trifluoromethyl)phenyl]ethyl}- 3,4-dihydroisoquinolin-2(1H)-yl]-N-
methyl-2-phenylacetamide; AM251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophen yl)-4-methyl-1H-pyrazole-
3-carboxamide; CP55940, (-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol;
O2050, (6aR,10aR)-3-(1-methanesulphonylamino-4-hexyn-6-yl)-6a,7,10,10a-tetrahydro-6,6,9-trimethyl-6H-
dibenzo[b,d]pyran; GPCR, G protein-coupled receptor; htrf, homogeneous time-resolved fluorescence; 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; SB674042, 1-(5-(2-fluoro-phenyl)-2-methyl-thiazol-4-yl)-1-{[S]-2-[5-phenyl-(1,3,4)oxadiazol-
2-ylmethyl]-pyrrolidin-1-yl}-methanone; SR141716A (rimonabant), 5-(4-chlorophenyl)-1-(2,4-dichloro-phenyl)-4-
methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide
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Introduction
The orexin receptors OX1 and OX2 are members of the
rhodopsin-like family of G protein-coupled receptors
(GPCRs) (Sakurai, 2005). Ligand pairing of these receptors
with the peptides orexin A and orexin B, both derived from
the precursor prepro-orexin (Sakurai, 2005), instigated a wide
range of studies on their biological function that have
centred on the regulation of sleep/wakefulness and in the
control of feeding and appetite (Bingham et al., 2006; Kroeger
and de Lecea, 2009). Based on such studies agonism of orexin
receptors has been suggested as a means to treat narcolepsy,
whereas orexin receptor antagonists have been promoted as a
potential treatment of sleep disorders such as insomnia.
Indeed, the combined OX1 and OX2 antagonist almorexant
has undergone late stage clinical trials in this area (Neubauer,
2010). Cannabinoid CB1 and CB2 receptors are also members
of the GPCR superfamily (Pertwee and Ross, 2002; Pertwee,
2005) and respond to both a range of endo-cannabinoids as
well as psychoactive plant-derived ligands (Pertwee and Ross,
2002; Pertwee, 2005). Based on effects of stimulation of the
CB1 receptor to promote appetite, CB1 antagonists/inverse
agonists were promoted to limit appetite and support
weight loss (Kirkham, 2009). Although the inverse agonist
SR141716A (rimonabant) was subsequently withdrawn from
clinical use (Burch et al., 2009; Lee et al., 2009) it was shown
be to efficaceous at this endpoint. CB1 agonists have also
attracted attention as potential agents to treat aspects of pain
(Walker and Hohmann, 2005; Coman et al., 2008).

The OX1 receptor is known to link predominantly to the
elevation of intracellular [Ca2+] via activation of heterotrim-
eric G proteins of the Gq class (Smart et al., 1999; 2001;
Ammoun et al., 2006; Johansson et al., 2007) whilst the CB1

receptor signals predominantly via the Gi/Go class of Pertussis
toxin-sensitive G proteins (Dalton et al., 2009).

As with the vast majority of GPCRs, both of these recep-
tors can be rapidly internalized following binding of agonist
(Coutts et al., 2001; Milasta et al., 2005; Ellis et al., 2006; Wu
et al., 2008). Ligand regulation of GPCR internalization has
been incorporated into a number of strategies to identify
receptor agonists and antagonists. These have included the
tagging of GPCRs with fluorescent proteins to allow monitor-
ing of the cellular location of the engineered construct in
real-time imaging studies (Milligan, 1999; Kallal and Benovic,
2002) and also the use of pH-sensitive fluors. These are linked
via antibodies to the extracellular N-terminus of a GPCR and
fluoresce much more extensively within the acidic endo-
somes that the receptor enters upon internalization (Adie
et al., 2002; 2003).

Very recently, the development of SNAP- and CLIP-
tagging technologies, based on the activity of the enzyme
O6-alkylguanine-DNA-alkyltransferase (Tirat et al., 2006;
Gautier et al., 2008; Maurel et al., 2008; Alvarez-Curto et al.,
2010), has offered means to covalently attach small molecule
fluorophores to proteins engineered to contain the SNAP- or
CLIP-tag sequences. These can then potentially be monitored
in living cells to provide an index of the cellular location of
the protein of interest and its regulation. In the current
studies we employed both SNAP- and CLIP tagging to
examine ligand-regulated internalization and cell surface
recovery of stably expressed forms of the human OX1 and CB1

receptors. In concert with the use of Tag-LiteTM (http://
www.htrf.com/technology/tag-lite/) reagents this provided
significantly greater sensitivity to measure receptor expres-
sion as well as markedly higher signal to background ratios
for quantification of receptor internalization, particularly for
the SNAP tag.

Methods

Drugs, chemicals reagents and
other materials
Lipofectamine transfection reagent was from Invitrogen
(Paisley, UK). SB334867, SB408124, CP55940, AM251 and
O2050 were from Tocris Biosciences (Avonmouth, UK).
Orexin A was from Bachem (UK) Ltd. (St Helens, Merseyside
UK). Oligonucleotides were from ThermoElectron (Ulm,
Germany) and all materials for tissue culture were from Invit-
rogen. [3H]-SB674042 and [3H]-SR141716A were from Perkin
Elmer (Boston, MA, USA). SR141716A (rimonabant) was a gift
of GlaxoSmithKline. Antibodies to epitope tags were obtained
from Sigma Aldrich Co. Ltd., Gillingham, Dorset, UK (anti-
VSV-G), Roche Diagnostics, Mannheim, Germany (anti-HA)
and New England BioLabs, Hitchin, UK (anti-SNAP). SNAP-
and CLIP-specific labels were supplied by New England
Biolabs (Hitchin, UK) and TagliteTM reagents by Cisbio Bioas-
says (Bagnols-sur-Cèze, France). All other reagents were
obtained from Fisher Scientific (Loughborough, UK) or Sigma
Aldrich Co. Ltd.

Test systems used
DNA constructs. The plasmids pSEMS1-26 m (SNAP tag) and
pCEMS1-CLIP10m (CLIP tag), as supplied by Covalys Bio-
sciences AG (Witterswil, Switzerland), were modified by the
addition of a small linker region encoding the metabotropic
glutamate receptor 5 (mGluR5) signal sequence (MVLLLILS-
VLLLKEDVRGSAQS), and an epitope tag (either HA, YPYD-
VPDYA or VSV-G, YTDIEMNRLGK) between the Cla1 and
EcoR1 sites of the multiple cloning site upstream of the SNAP
or CLIP tag (MCS1). The linker was made by annealing two
complementary primers containing the sequences described
earlier with the addition of a Kozak sequence, start codon and
appropriate nucleotides to generate Cla1 and EcoR1 ‘sticky’
ends. The primers were annealed by combining 1 nM of each
with 1¥ ‘multicore’ buffer (Promega Corporation) in a final
volume of 50 mL. This was then heated to 100°C in a boiling
water bath for 5 min, after which the bath was then turned
off and allowed to cool overnight. The annealed fragment
was then purified by gel extraction and ligated into the
plasmid by standard techniques. The human orexin OX1 and
cannabinoid CB1 receptors were PCR amplified using primers
designed to add BamH1 and Not1 sites to the fragment
termini. These were then ligated into the multiple cloning
site downstream of SNAP or CLIP tags (MCS2) of the modified
plasmids described earlier.

In order to create constructs that could be used to make
Flp-InTM T-RExTM 293 inducible stable cell lines of these con-
structs (Ward et al., 2011), the entire insert from the Cla1 site
to the Not1 site was cut out and ligated into a modified
version of pcDNA5/FRT/TO (Invitrogen) with a Cla1 site
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added to the multiple cloning site using a linker formed from
two annealed primers as described earlier.

Generation and maintenance of stable Flp-InTM T-RExTM 293
cells. To generate Flp-InTM T-RExTM 293 cells able to inducibly
express the VSV-G-SNAP-OX1/CB1 or HA-CLIP-CB1 constructs,
cells were co-transfected with the plasmids 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 mg·mL-1 hygromycin to select for
stably transfected cells. Pools of cells were established and
tested for inducible expression by the addition of 1 mg·mL-1

doxycycline for 48 h followed by screening for VSV-G, HA- or
SNAP/CLIP-tagged protein expression by Western blotting.

Cell lysates and Western blotting. Cells were washed once in
cold PBS (120 mM NaCl, 25 mM KCl, 10 mM Na2HPO4 and
3 mM KH2PO4, pH7.4) and harvested with ice-cold RIPA
buffer (50 mM HEPES, 150 mM NaCl, 1% Triton X-100, and
0.5% sodium deoxycholate, 10 mM NaF, 5 mM EDTA, 10 mM
NaH2PO4, 5% ethylene glycol, pH 7.4) supplemented with
complete protease inhibitors cocktail (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 analysis using 4
to 12% Bis-Tris gels (NuPAGE; Invitrogen) and MOPS buffer.
After separation, the proteins were electrophoretically trans-
ferred to nitrocellulose membrane, which was then blocked
(5% fat-free milk powder in PBS with 0.1% Tween-20) at 4°C
on a rotating shaker overnight. The membrane was incubated
for 3 h with appropriate primary antibody (see Figure
legends) 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 horseradish
peroxidase (HRP) or goat anti-rat HRP, GE Healthcare,
Amersham, UK] diluted 1:10 000 in 2% fat-free milk powder
in PBS-Tween. After washing, proteins were detected by
enhanced chemiluminescence (Pierce Chemical, Rockford,
IL, USA) according 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 cocktail (Roche
Diagnostics, Mannheim, Germany). 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 ultracentrifuge tubes and sub-
jected 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 membranes were
stored at ~80°C until required.

Measurements made
[3H]-SB674042 binding assays. Saturation binding curves
were established by the addition of 5 mg of membrane protein

to assay buffer (25 mM HEPES, 500 mM NaCl, and 2.5 mM
MgCl2, pH 7.4, supplemented with 0.3% BSA) containing
varying concentrations of [3H]-SB674042 (Langmead et al.,
2004) (0.4–20 nM). Non-specific binding was determined in
the presence of 3 mM SB408124. Reactions were incubated for
90 min at 25°C, and bound ligand was separated from free by
vacuum filtration through GF/C filters (Brandel Inc., Gaith-
ersburg, MD, USA). The filters were washed twice with cold 1¥
PBS (120 mM NaCl, 25 mM KCl, 10 mM Na2HPO4, 3 mM
KH2PO4 pH7.4) and bound ligand was estimated by liquid
scintillation spectrometry.

[3H]-SR141716A binding assays. Saturation binding curves
for [3H]-SR141716A were determined as in the previous
section but with the following detailed differences; 30 mg of
membrane protein was added to assay buffer composed of
50 mM TrisHCl, 3 mM MgCl2, 1 mM EDTA and 0.3% BSA
pH7.4, containing varying concentrations of [3H]-SR141716A
(0.5–12 nM). Non-specific binding was determined by the
addition of 10 mM AM251 and unbound ligand was separated
by washing with cold 1xPBS supplemented with 0.1%
(poly)ethyleneimine.

Calcium mobilization assays. Flp-InTM T-RExTM 293 cells able
to express VSV-G-SNAP-OX1 in an inducible manner were
grown in poly-D-Lysine coated, black, clear bottom 96-well
microtitre plates. Then 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 mM Fura-2. The
plates were incubated in the dark for 45 min at 37°C and then
washed with 2 ¥ 100 mL per well of HEPES buffer (130 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES,
and 10 mM D-glucose, pH7.4). Then 100 mL per well HEPES
buffer was added and the plate incubated at room temperature
for 30 min in the dark. The effect of ligands was then assessed
by measuring the calcium response using a FLEX-Station
(Molecular Devices, Sunnydale, CA, USA).

ERK1/2 MAP kinase phosphorylation. Flp-InTM T-RExTM 293
cells able to express HA-CLIP-CB1 were plated at a density of
40 000 cells per well in a poly-D-lysine coated 96 well plate.
Expression of the construct was simultaneously induced by
the addition of 100 ng·mL-1 doxycycline. The cells were
allowed to grow overnight and then deprived of serum for 4 h
prior to lysis and processing. The cells were lysed using the lysis
buffer provided (SureFire AlphaScreen kit, Perkin Elmer) and
then processed according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay for cell surface receptor
expression. Flp-InTM T-RExTM 293 cells able to express VSV-G-
SNAP-OX1/CB1 or HA-CLIP-CB1 in an inducible fashion were
seeded into poly-D-Lysine coated, clear, 96 well tissue culture
plates at a density of 50 000 cells per well. After incubation
for 24 h the media was removed and replaced with 100 mL per
well, warmed, primary antibody solution (normal media with
1:1000 dilution of anti-VSV-G, anti-HA or anti-SNAP/CLIP
antibody) and incubated at 37°C for 30 min. The primary
antibody solution was removed and the wells washed with
100 mL per well warm DMEM HEPES (13.4 g·L-1 Dulbecco’s
modified Eagle’s medium – high glucose, 20 mM HEPES, pH

BJPInternalization of OX1 and CB1 receptors

British Journal of Pharmacology (2011) 162 1439–1452 1441



7.4, filter sterilized). Then 100 mL per well, warmed, second-
ary antibody solution was added (1:2000 dilution appropriate
secondary antibody linked to HRP, 1:1000 dilution Hoechst
stain (Hoechst 33342 trihydrochloride trihydrate, Molecular
Probes, OR, USA). Following incubation at 37°C for 30 min,
the secondary antibody solution was removed and the wells
washed with 2 ¥ 100 mL per well warm PBS. During the
second PBS wash, the Hoechst staining was measured at
460 nm using a Victor 2 1420 multi-label counter [Perkin
Elmer LAS (UK) Ltd. Beaconsfield, UK]. The PBS was com-
pletely removed and replaced with 100 mL per well, warmed,
TMB substrate (SureBlue ReserveTM TMB peroxidise substrate,
Insight Biotechnology, Wembley, UK). After 5 min incuba-
tion 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.

Fluorescence imaging of SNAP-tag proteins in live cells. Cells
stably expressing the human OX1 receptor N terminally tagged
with SNAP or the human CB1 receptor N-terminally tagged
with CLIP were grown on coverslips that had been cleaned
with alcohol and treated with 0.1 mg·mL-1 poly-D-lysine.
SNAP and CLIP-tag specific dye substrates (SNAP Cell 505,
SNAP Surface 549 and CLIP-505) were diluted in complete
DMEM medium from a 1 mM stock solution to give a labelling
solution of 5 mM with respect to the SNAP/CLIP dye substrate.
The cell medium was replaced with labelling solution and
incubated at 37°C, 5% CO2 for 30 min (as required cells were
pre-treated with SNAP blocking reagent (bromothenylpteri-
dine), diluted as described earlier, for 30 min prior to replace-
ment with SNAP-dye substrate). Cells were washed three times
with complete DMEM and once with HEPES physiological
saline solution (130 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM
MgCl2, 20 mM HEPES, and 10 mM d-glucose, pH7.4). The
fluorescent samples were then transferred to a microscope
chamber where they were imaged using a Zeiss Pascal Exciter
inverted confocal microscope (Zeiss, Jena, Germany),
equipped with a 63¥ (N A = 1.4) oil-immersion Plan Apochro-
mat lens. SNAP/CLIP-505 and 549 were excited using either
the 488 or 543 laser line with the pinhole set to 1 Airy unit.
Frame averaging was set to 4 or 8, and all images were acquired
in 12 bit format. Images were exported into Metamorph
(version 7.7), for final image processing.

SNAP/CLIP Lumi 4Tb binding studies. Cells expressing the
OX1 receptor tagged with the SNAP tag or the CB1 receptor
tagged with CLIP were seeded at 100 000 cells per well in
solid black 96 well plates (Greiner BioOne, Stonehouse,
Gloucestershire, UK), which 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
growth medium was replaced with 50 mL of either 10 nM
Tag-lite SNAP-Lumi4Tb or 20 nM CLIP-Lumi4Tb in 1¥ label-
ling medium (all Cisbio Bioassays, Bagnols-sur-Cèze, France).
Plates were incubated for 1 h (or 30 min in the case of post-
ligand treatment, to allow comparison with the ELISA mea-
surements) at 37°C, 5% CO2 in a humidified atmosphere. The
plates were subsequently washed four times in 100 mL per
well labelling medium and a final 100 mL per well labelling
medium added. After excitation at 337 nm, emission at
620 nm was determined using a PheraStar FS homogeneous

time-resolved fluorescence (HTRF) compatible reader (BMG
Labtechnologies, Offenburg, Germany).

Results

The human orexin OX1 and cannabinoid CB1 receptors were
modified at the N-terminus by addition of an N-terminal
leader sequence, derived from the metabotropic glutamate 5
receptor, linked in-frame to the VSV-G epitope tag sequence
and the 20 kDa SNAP tag protein that is based on mammalian
O6-alkylguanine-DNA-alkyltransferase (Figure 1A). A second
construct was generated for the human CB1 receptor, which
was similar except that the HA epitope tag replaced the
VSV-G tag and the SNAP tag was replaced with the CLIP
sequence (Figure 1A). The SNAP/CLIP tags can be labelled
covalently to incorporate a variety of fluorophores including
a terbium cryptate (Lumi-4Tb) with long-lived fluorescence
properties (Maurel et al., 2008; Alvarez-Curto et al., 2010).
Each of these constructs (VSV-G-SNAP-OX1/CB1 and HA-
CLIP-CB1) was cloned into the Flp-InTM locus of Flp-InTM

T-RExTM 293 cells and populations of cells harbouring these
constructs isolated. Flp-InTM T-RExTM 293 cells allow the syn-
thesis of protein from DNA located at the Flp-InTM locus only
upon addition of the antibiotic tetracycline or its analogue
doxycycline (Ellis et al., 2006; Canals and Milligan, 2008;
Smith et al., 2009). Such cells were either untreated or incu-
bated with doxycycline (10 ng·mL-1, 24 h) prior to harvest
and membrane preparation. Separation of membrane pro-
teins by SDS-PAGE and subsequent immunoblotting with
anti-VSV-G, anti-HA and anti-SNAP/CLIP antibodies con-
firmed the lack of expression of the receptor constructs in the
absence of antibiotic and the presence of polypeptides of
some 83 kDa (OX1 expressing cells) or 85 kDa (CB1 expressing
cells) molecular mass following treatment of the cells with
doxycycline (Figure 1B). The CB1 receptor was usually
detected as a pair of bands (85/82-3 kDa) suggesting either a
degree of breakdown or differential post-translational modi-
fication of the receptor. Noticeably, immunoblotting with
both anti-VSV-G and anti-SNAP/CLIP also revealed a higher
molecular mass complex containing VSV-G-SNAP-OX1

(Figure 1B) that is at least consistent with the presence of an
SDS-resistant complex containing at least one copy of this
receptor. An equivalent complex containing either VSV-G-
SNAP-CB1 or HA-CLIP-CB1 was not observed (Figure 1B). The
anti-SNAP/CLIP immunoblots also suggested that expression
levels of VSV-G-SNAP-OX1 were substantially higher than
those of VSV-G-SNAP-CB1 or HA-CLIP-CB1. To explore this
ligand-binding studies were performed. When the OX1

antagonist [3H]-SB674042 was employed (Langmead et al.,
2004) no substantial specific binding of the ligand was
detected without pre-treatment of the cells with doxycycline
(Figure 2A i). By contrast, induction of expression of the
VSV-G-SNAP-OX1 construct with a maximally effective con-
centration of doxycycline resulted in a high level of expres-
sion of VSV-G-SNAP-OX1 (range 10.7–14.7 pmol·mg-1 protein
in individual experiments) (Figure 2A i). Equivalent binding
studies employing the CB1 receptor antagonist [3H]-
SR141716A indicated HA-CLIP-CB1 expression was also only
observed following treatment with doxycycline (Figure 2A ii)
and, indeed, that maximum expression levels were substan-
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tially lower (range 0.66–1.24 pmol·mg-1 protein) than for
VSV-G-SNAP-OX1. Binding studies were also performed using
membranes from cells expressing VSV-G-OX1-eYFP and CB1-
CFP constructs (Ellis et al., 2006) (Figure 2A iii and iv). These

receptors are tagged with autofluorescent proteins at the
carboxy terminal and with only an epitope tag or nothing at
all at the amino terminal. The Kd values obtained from these
and the amino terminal SNAP- or CLIP- tagged receptors were
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Figure 1
Construction and expression of SNAP- and CLIP-tagged forms of the human OX1 and CB1 receptors. (A) Upper panel: cartoon representation of
the signal/leader sequence, an epitope tag and the SNAP or CLIP sequence within the N-terminal extracellular domain of a 7 transmembrane
domain GPCR. A schematic cartoon of the basis of selective covalent modification of proteins that incorporate SNAP or CLIP tags is also shown.
The fluorophore or other label becomes linked permanently via the O6-alkylguanine-DNA-alkyltransferase activity of the SNAP (SNAP-tag
substrates consist of dye conjugated to guanine or chloropyrimidine leaving groups via a benzyl linker)/CLIP (CLIP-tag substrates consist of dye
conjugated to a cytosine leaving group via a benzyl linker) proteins. Lower panel: Cartoon representation of the use of SNAP- or CLIP-Lumi4Tb
to label cell surface SNAP/CLIP-tagged GPCRs. Excitation with light of 337 nm results in long-lived fluorescence output at 620 nm that can be
harnessed to a variety of homogeneous time-resolved fluorescence assays. (B) Lysates prepared from uninduced (- dox) or construct-induced
(+ dox) cells that harbour VSV-G-SNAP-OX1, VSV-G-SNAP-CB1 or HA-CLIP-CB1 were resolved by SDS-PAGE and subsequently immunoblotted
with anti-VSV-G, anti-HA or anti-SNAP/CLIP (which recognizes both sequences).
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Control of the level of expression of VSV-G-SNAP-OX1 VSV-G-SNAP-CB1 or HA-CLIP-CB1 constructs in Flp-InTM T-RExTM 293 cells. (A) The expression
of VSV-G-SNAP-OX1 (i), HA-CLIP-CB1 (ii), VSV-G-OX1-eYFP (iii) and CB1-CFP (iv) were measured in uninduced cells (open symbols) or those induced
with a maximally effective concentration of doxycycline (filled symbols) via the specific binding of a range of concentrations of [3H]-SB674042
(i and iii) or [3H]-SR141716A (ii and iv). Data from representative experiments are shown (n � 3). (B) Membranes were prepared from Flp-InTM

T-RExTM 293 cells harbouring VSV-G-SNAP-OX1 (upper panel) or HA-CLIP-CB1 (lower panel) that were treated with the indicated concentrations
of doxycycline. Samples were resolved by SDS-PAGE and immunoblotted with anti-SNAP/CLIP as in Figure 1B. (C) Membranes were generated
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VSV-G-SNAP-OX1, (ii) HA-CLIP-CB1 and (iii) VSV-G-SNAP-CB1.
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comparable (VSV-G-SNAP-OX1 = 1.11 � 0.09 nM, VSV-G-
OX1-eYFP = 1.10 � 0.42 nM, HA-CLIP-CB1 = 0.43 � 0.19 nM
and CB1-CFP = 0.47 � 0.26 nM) and in line with previously
published results (Langmead et al., 2004; Ellis et al., 2006).

Due to the inducible nature of the Flp-InTM T-RExTM locus,
expression levels of each construct could be controlled by
varying the concentration of doxycycline in the cell medium
(Figure 2B, C, and D). Immunoblotting (Figure 2B), specific
3H ligand binding (Figure 2C) and both anti-epitope tag (see
later discussion) and anti-SNAP/CLIP enzyme-linked immu-
nosorbent assays (Figure 2D) as well as SNAP- or CLIP-
Lumi-4Tb binding (Figure 2E) indicated that half-maximal
expression of the receptor constructs was produced by expo-
sure to 1–3 ng·mL-1 of doxycycline for 24 h. Specifically
(Figure 2D), for VSV-G-SNAP-OX1, HA-CLIP-CB1 and VSV-
SNAP-CB1, with pEC50 values of 0.48 � 0.13, 1.27 � 0.12 and
0.74 � 0.24 ng·mL-1, respectively, and (Figure 2E), pEC50

values of 2.39 � 0.04, 2.19 � 0.07 and 2.93 � 0.04 ng·mL-1,
respectively.

Both the VSV-G-SNAP-OX1 and HA-CLIP-CB1 constructs
were functional. In cells induced to express VSV-G-SNAP-
OX1 the endogenous agonist orexin-A elevated [Ca2+]i in a
concentration-dependent manner with a pEC50 value of

6.91 � 0.05 whereas in uninduced cells orexin-A was unable
to generate a signal (Figure 3A). Similarly, in cells able to
express HA-CLIP-CB1 the CB1 agonist CP55940 caused a
marked enhancement of ERK1/2 MAP kinase phosphoryla-
tion with a pEC50 value of 7.33 � 0.06 but was without
substantial effect in the absence of receptor induction
(Figure 3B). Cells expressing VSV-G-OX1-eYFP (Figure 3C) or
CB1-CFP (Figure 3D) were used in similar experiments and
provided pEC50 values of 6.25 � 0.07 and 7.51 � 0.12, respec-
tively. Thus, for HA-CLIP-CB1 and CB1-CFP there is a good
agreement and slightly less so for VSV-SNAP-OX1 and VSV-G-
OX1-eYFP. This slight loss of potency may be due to the larger
amino terminal tag for a receptor that responds to a peptide
ligand.

Addition of doxycycline to cells harbouring VSV-G-SNAP-
OX1 resulted in a large increase in the binding of anti-VSV-G
primary antibody to the cells (Figure 4A), indicative of cell
surface delivery of the expressed construct. Addition of
varying concentrations of orexin-A for 60 min prior to addi-
tion of the anti-VSV-G primary antibody resulted in a
concentration-dependent reduction in VSV-G binding at the
cell surface (Figure 4A) of these cells, consistent with orexin-A
mediated internalization of VSV-G-SNAP-OX1 to a location
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where the anti-VSV-G antibody could no longer access the
receptor construct. This was concentration-dependent with a
pEC50 value of 6.67 � 0.15 (Figure 4A). By contrast, pretreat-
ment of the cells with varying concentrations of the OX1

receptor antagonists SB334867 or SB408124 did not result in
a reduction in cell surface VSV-G-SNAP-OX1 (Figure 4A).
Removal of orexin-A after 40 min and addition of fresh
medium containing SB408124 resulted in a rapid, time-
dependent increase in anti-VSV-G binding (Figure 4B), con-
sistent with recycling of the receptor to the cell surface.
Similar studies were performed using anti-HA on cells har-
bouring HA-CLIP-CB1 (Figure 4C and D). Again, addition of
doxycycline to these cells resulted in a substantial, 2.5-fold
increase in the binding of anti-HA primary antibody whilst
addition of varying concentrations of the CB1 receptor
agonist CP55940 resulted in a concentration-dependent
(pEC50 = 8.50 � 0.25) decrease in anti-HA labelling
(Figure 4C). Although the CB1 receptor neutral antagonist
O2050 (Canals and Milligan, 2008) was without effect on cell
surface anti-HA labelling, interestingly, addition of the CB1

receptor inverse agonist rimonabant increased cell surface
anti-HA labelling in a concentration-dependent manner,
with a pEC50 value of 6.95 � 0.30 (Figure 4D).

SNAP- and CLIP-tags can be labelled covalently with small
molecule fluorescent dyes to allow identification of the loca-
tion of proteins linked to them. The cell permeant label
SNAP-505 was added to cells induced to express VSV-G-SNAP-
OX1. This resulted in strong green fluorescence at the plasma
membrane of these cells (Figure 5A) with relatively little
staining of internal structures (Figure 5A). This is consistent
with a large proportion of the induced VSV-G-SNAP-OX1

being delivered successfully to the cell surface and residing
there at steady state. As a control, SNAP-505 was added to
cells not pretreated with doxycycline and therefore not
expressing VSV-G-SNAP-OX1. No fluorescent signal was
detected in these cells (Figure 5B). As a further control, cells
induced to express VSV-G-SNAP-OX1 were incubated with the
SNAP-blocking reagent bromothenylpteridine (BTP) followed
by SNAP-505. This prevented fluorescent labelling of the cells
(Figure 5C). Results from cells able to express HA-CLIP-CB1 on
demand were less convincing when CLIP-505 was used as the
potential substrate (not shown) because significant staining

was observed in the absence of receptor induction, whilst a
blocking reagent for specific CLIP labelling was unable to
eliminate this staining. In contrast to SNAP-505, SNAP
Surface-549 is not cell-permeant and therefore can be used to
label selectively cell surface SNAP-tagged receptors and sub-
sequently to follow movement of labelled proteins away from
the cell surface. For VSV-G-SNAP-OX1 (Figure 6) addition of
SNAP Surface-549 resulted in cell surface labelling when these
cells were induced to express the construct (Figure 6) but no
signals were generated in un-induced cells (not shown). Fol-
lowing labelling with SNAP Surface-549 substrate, cells were
washed and then challenged with orexin A (0.5 mM) for
varying times before imaging. Over time a substantial frac-
tion of the covalently-linked fluorescent signal, reflecting the
labelled SNAP-tagged receptor, was observed within the cells
and this provided an alternative measure of agonist-induced
internalization (Figure 6).

One issue with such studies is that although providing a
clear visual picture of ligand-mediated trafficking of the
receptor construct, such images are a challenge to quantify
without the construction of three-dimensional cell models
and the use of complex algorithms that are provided by so
called ‘high content’ analysis platforms (Zanella et al., 2010).
An alternate means to utilize and quantify SNAP- and/or
CLIP-tagged receptors takes advantage of Tag-LiteTM technol-
ogy (Maurel et al., 2008; Alvarez-Curto et al., 2010). Herein,
reagents such as SNAP-Lumi4Tb can be added to cells express-
ing a SNAP-tagged GPCR and, following exposure to 337 nm
light, the time-resolved fluorescent output at 620 nm can be
measured as a monitor of cell surface receptor levels
(Figure 1). In Flp-InTM T-RExTM 293 cells induced maximally to
express VSV-G-SNAP-OX1 addition of SNAP-Lumi4Tb resulted
in a large signal (Figure 7A). Little signal was produced from
un-induced Flp-InTM T-RExTM 293 cells harbouring VSV-G-
SNAP-OX1, resulting in a signal to background ratio of 41.1 �

3.6 (Figure 7A). Induction of varying amounts of VSV-G-
SNAP-OX1, followed by addition of SNAP-Lumi4Tb resulted
in a pattern consistent with the use of [3H]-SB674042 ligand
binding and anti-SNAP/CLIP antibodies but with a greatly
enhanced signal window (Figure 7A). Indeed, the signal to
background ratio produced by the use of SNAP-Lumi4Tb
was substantially greater than when equivalent studies
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used either anti-SNAP/CLIP or the specific binding of
[3H]-SB674042 (Figure 7A). Similar experiments carried out
with cells induced to express VSV-G-SNAP-CB1 produced a
substantially lower signal to background ratio (8.53 � 0.64),
but one that was still a significant improvement over the
anti-SNAP-CLIP binding. The pEC50 values for doxycycline
induction of receptor expression calculated from
SNAP-Lumi4Tb emission were (VSV-G-SNAP-OX1) 2.37 �

0.03 ng·mL-1 doxycycline and (VSV-G-SNAP-CB1) 2.96 �

0.03 ng·mL-1 doxycycline. These may be compared with the
values of 1.32 � 0.2 and 0.11 � 1.76 ng·mL-1 doxycycline,
respectively, obtained from the anti-SNAP/CLIP binding and
2.93 � 0.20 ng·mL-1 doxycycline for [3H]-SB674042 binding
to VSV-SNAP-OX1. Addition of varying concentrations of
orexin-A for 40 min prior to addition of SNAP-Lumi4Tb again

demonstrated concentration-dependent orexin A-mediated
receptor internalization as well as a lack of effect of either
SB334867 or SB408124 (Figure 7B). Quantification of the
orexin-A mediated internalization generated a pEC50 value of
7.12 � 0.14, in line with those obtained via anti-VSV-G
binding in Figure 4A.

Equivalent studies were performed on cells harbouring
HA-CLIP-CB1 (Figure 8A). However, when compared with the
signal to background ratio of either the specific binding
of [3H]-SR141716A or direct anti-SNAP/CLIP binding
(Figure 8A), CLIP-Lumi4Tb offered no quantitative advan-
tage, in each case being in the region of 5-fold. This may
reflect the relatively high binding of CLIP-Lumi4Tb to
these cells in the absence of induction of HA-CLIP-CB1

(Figure 8B). Despite, this, addition of CP55940 resulted in a

dox
 -

dox
 +

M
 C

P55
94

0

-5

 3x
10

M
 C

P55
94

0

-1
0

 10 M
 R

im
on

ab
an

t

-6

 3x
10

M
 R

im
on

ab
an

t

-9

 10

M
 O

20
50

-6

 10

0

10

20

30

40

62
0n

m
 s

ig
na

l.
ce

ll
-1

B

C

D

dox
 -

dox
 +

M
 O

xA

-5

3x
10

M
 O

xA

-1
0

10 M
 S

B33
48

67

-6

10
M

 S
B40

81
24

-6

10

0

10

20

30

40

50

62
0n

m
 s

ig
na

l.
ce

ll
-1

***A

*

*

-10 -9 -8 -7 -6 -5 -4
30

40

50

60

70

80

90

100

110

log [OxA] M
pe

rc
en

ta
ge

 o
f m

ax
im

al
 r

es
po

ns
e

-10 -9 -8 -7 -6 -5 -4
40

50

60

70

80

90

100

110

120

log [CP55940] M

pe
rc

en
ta

ge
 o

f m
ax

im
al

 r
es

po
ns

e

-10 -9 -8 -7 -6 -5 -4
80

90

100

110

120

130

140

150

160

170

log [Rimonabant] M

pe
rc

en
ta

ge
 o

f m
ax

im
al

 r
es

po
ns

e

Figure 4
Ligand regulation of cell surface SNAP/CLIP-tagged receptors. Flp-InTM T-RExTM 293 cells harbouring VSV-G-SNAP-OX1 (A, B) or HA-CLIP-CB1 (C,
D) were untreated (dox-) or induced to express the receptor constructs (dox + and all other lanes). (A) After induction cells were treated with
varying concentrations of orexin A, SB334867 or SB408124 for 40 min before binding of anti-VSV-G was assessed. Such studies were quantified
and the difference of signal between dox - and dox + defined as 100% of cell surface VSV-G-SNAP-OX1 (insert). (B) Cells as in (A) were treated
with orexin A (1 mM, 40 min). The agonist was removed and replaced with medium containing SB408124 (1 mM) and binding of anti-VSV-G
assessed at varying times. (C, D) Experiments akin to those in (A) were conducted using cells harbouring HA-CLIP-CB1 and the effects of various
ligands assessed based on the binding of anti-HA. Data represent means � SEM from at least four independent experiments.*P < 0.05; ***P <
0.001. In D, effects of varying concentrations of CP55940 or rimonabant are quantified.
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concentration-dependent decrease in CLIP-Lumi4Tb binding,
consistent with agonist-induced internalization of the recep-
tor construct (Figure 8B), with a pEC50 value of 8.55 � 0.16,
almost identical to that noted in Figure 4. In this case neither
O2050 nor rimonabant produced a statistically significant
alteration in apparent cell surface levels of HA-CLIP-CB1

(Figure 8B), although it was possible to plot the increase pro-
duced by rimonabant to generate a pEC50 value of 6.91 �

0.29, again very similar to the value produced in the studies
depicted in Figure 4.

Discussion and conclusions
The OX1 and OX2 orexin receptors have attracted consider-
able attention because of their roles in the regulation of
wakefulness (Sullivan and Guilleminault, 2009; Coleman and
Renger, 2010) and because their endogenous peptide ligands
orexin A and orexin B are produced from a limited number of
hypothalamic neurons that project throughout the central
nervous system. Although there is expression of both the
orexin peptides and the orexin receptors in the periphery,
their roles outwith the central nervous system currently
remain much less well defined (Voisin et al., 2003; Baccari,
2010). A number of studies have explored the signal trans-
duction mechanisms that can be initiated by the orexin

receptors (Smart et al., 1999; 2001; Ammoun et al., 2006) but,
although selective OX2 receptor antagonists have recently
become available (Malherbe et al. 2009a,b; Coleman and
Renger, 2010), the majority of published studies have con-
centrated on the OX1 orexin receptor (Smart et al., 1999;
2001). These have shown that this receptor links predomi-
nantly to elevation of intracellular Ca2+ levels via members of
the Gq/G11 family of G proteins upon binding of orexin A
(Ammoun et al., 2006), interacts strongly with b-arrestins
(Evans et al., 2005; Milasta et al., 2005) and subsequently
undergoes substantial internalization from the surface of cells
upon binding orexin A (Milasta et al., 2005). The CB1 and CB2

cannabinoid receptors have also been studied widely, not
least because of the psychoactive properties of cannabinoid
CB1 agonists (Pertwee and Ross, 2002; Pertwee, 2005) and the
development of the CB1 receptor antagonist/inverse agonist
rimonabant as a therapy to limit appetite and promote
weight loss (Burch et al., 2009; Lee et al., 2009).

Agonist-induced internalization is a common property of
many GPCRs and hence has been employed to both identify
novel activators of GPCRs and to more fully explore the
regulation of such receptors (McLean et al., 1999; Milligan,
1999; Milasta et al., 2005; Haasen et al., 2006; Heilker, 2006).
A number of approaches have been used to examine receptor
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Figure 5
Selective identification of VSV-G-SNAP-OX1 by covalent labelling of the SNAP tag. The cell permeant label SNAP-505 was added to cells induced
(A, C) or not (B) to express VSV-G-SNAP-OX1. In (C), cells as in (A) were exposed to the SNAP-blocking reagent bromothenylpteridine (BTP) before
incubation with SNAP-505. Cells were subsequently imaged.
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Figure 6
SNAP-tag labelling visualizes orexin A-mediated internalization of an OX1 receptor construct. The cell impermeant label SNAP Surface-549 was
added to cells induced to express VSV-G-SNAP-OX1 Orexin A (1 mM) was added subsequently and cells were imaged at various time points. Scale
bar = 20 mm.
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internalization, and these include monitoring the loss of cell
surface detection by antibodies that recognize extracellular
located epitopes in the target GPCR. Although these can be
authentic, native epitopes the limited availability of high
affinity immunological reagents that bind to such elements
of GPCRs means that, in reality, such studies largely take
advantage of introduced N-terminal epitope tags. In recent
times the introduction of SNAP- and CLIP-tagging of proteins
(Tirat et al., 2006; Gautier et al., 2008) has provided a novel
means to explore protein-protein interactions via FRET as
well as many aspects of ligand regulation of GPCR internal-
ization. This reflects the enzymatic activity of the SNAP and
CLIP tags that allows covalent attachment of small molecules

of choice, including a range of fluorophores. To assess the
general utility of SNAP/CLIP tagging to assess regulation of
GPCRs we generated both forms of the human OX1 and CB1

receptors that contained not only the SNAP tag sequence but
also the VSV-G epitope tag in the N-terminal extracellular
region and an equivalent form of the CB1 receptor that con-
tained the HA epitope tag and the CLIP protein sequence.
These constructs were cloned into the inducible Flp-InTM

locus of Flp-InTM T-RExTM 293 cells because this system allows
highly regulated induction of the protein encoded by DNA at
this locus from an extremely low, generally undetectable,
basal level (Ellis et al., 2006; Canals and Milligan, 2008;
Lopez-Gimenez et al., 2008). Following induction of VSV-G-
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Using time-resolved fluorescence reagents to detect and to analyse OX1 receptor expression and regulation. (A) Cells harbouring VSV-G-SNAP-OX1

(closed symbols) or VSV-G-SNAP-CB1 (open symbols) were induced with varying concentrations of doxycycline. Receptor was measured using
SNAP-Lumi4Tb emission, [3H]-SB674042 binding (VSV-G-SNAP-OX1 only) and anti-SNAP/CLIP binding. Data are shown as signal to background
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Figure 8
CLIP-Lumi4Tb does not provide an improved means to detect expression and regulation of HA-CLIP-CB1. (A) Cells harbouring HA-CLIP-CB1 were
induced with varying concentrations of doxycycline. Receptor was measured using CLIP-Lumi4-Tb emission, [3H]-SR141716A binding and
anti-SNAP/CLIP binding. Data are shown as signal to background ratios. Comparisons of the signal to background ratios for each approach
following treatment with 10 ng·mL-1 doxycycline are shown in the bottom right panel. (B) Cells induced to express HA-CLIP-CB1 were treated with
varying concentrations of CP55940, rimonabant or O2050 for 60 min. CLIP-Lumi4-Tb was added and emission at 620 nm measured. Data
represent means � SEM from at least four independent experiments, **P < 0.01.
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SNAP-OX1 addition of orexin A caused internalization of this
construct that could be assessed either by imaging of a cell
impermeant fluorophore bound covalently to the SNAP tag
or enzyme-linked immunosorbent assays employing both
anti-VSV-G and anti-SNAP antibodies. However, although
both of these antibodies provided reasonable signal to back-
ground ratios when comparing uninduced cells with those
induced to express the VSV-G-SNAP-OX1 construct, this was
improved vastly by use of the long-lived fluorescence charac-
teristics of SNAP-Lumi4Tb in time-resolved fluorescence
format. Indeed, signal to background ratio was some six- to
10-fold higher than when using either antibody. This allows
therefore receptor internalization studies to be performed
and quantified at much lower levels of receptor expression.
Although the HA-CLIP-CB1 construct could also be detected
and quantified in similar ways, labelling of cells harbouring
but not induced to express this construct with either CLIP-
Lumi4Tb or a CLIP-selective fluorophore limited the signal to
background ratios obtained with this system. VSV-G-SNAP-
CB1 however, while having a poor signal to noise ratio with
SNAP-Lumi4Tb binding compared with VSV-G-SNAP-OX1 at
this endpoint, still produced a significantly improved signal
compared with anti-SNAP binding. Overall, the signal to
noise ratio for the CB1 receptor constructs was better for SNAP
labelling than for CLIP.

It was noted that the CB1 inverse agonist rimonabant was
able to increase the cell surface expression of CB1, presumably
due to an effect upon the constitutive recycling of this recep-
tor. This effect was more pronounced when measured with
antibody binding in an enzyme linked immuno-absorbant
assay then for CLIP-Lumi4Tb binding (or SNAP-Lumi4Tb
binding in the VSV-G-SNAP-CB1, unpublished results). The
effect was only seen for this inverse agonist and not other
ligands widely regarded as inverse agonists such as AM281,
AM251 and LY320136 (unpublished results). The compound
O2050, widely regarded as a CB1 neutral antagonist (Canals
and Milligan, 2008) also lacked effect in these assays. It is
noteworthy, however, that a CXCR2 inverse agonist has also
recently been shown to produce arrestin redistribution
(Kredel et al., 2009). It is presently unclear as to why an
increase in receptor density at the cell surface should be more
easily detectable by antibody binding then by SNAP or CLIP-
Lumi4Tb binding and this clearly requires further study.

The Tag-LiteTM (SNAP/CLIP-Lumi4Tb) technology is also
highly suitable for monitoring protein-protein interactions at
the surface of living cells. The concept that many, if not all,
GPCRs display a propensity to form dimers or larger oligo-
meric complexes has gained widespread support in recent
years (Milligan, 2004; 2007; 2008). Recent use of this for both
rhodopsin- and metabotropic glutamate-family receptors
(Maurel et al., 2008; Alvarez Curto et al., 2010) has shown the
utility of this system.

These studies demonstrate the wide-ranging suitability of
SNAP- and CLIP-tagging to detect expression and explore
ligand regulation of the cellular location of both the orexin
OX1 and cannabinoid CB1 receptors. These are applicable to
address both basic research questions and to be incorporated
into ligand screening methodologies for early stage drug-
discovery. We anticipate that such approaches will become
widely used for both GPCRs and other membrane proteins
but, based on these results and the currently available

reagents, the SNAP tag may offer greater utility and flexibility
than the CLIP tag.
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