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The orexin-1 receptor interacts with β-arrestin-2 in an agonist-
dependent manner. In HEK-293T cells, these two proteins became
co-internalized into acidic endosomes. Truncations from the
C-terminal tail did not prevent agonist-induced internalization of
the orexin-1 receptor or alter the pathway of internalization,
although such mutants failed to interact with β-arrestin-2 in a sus-
tained manner or produce its co-internalization. Mutation of a
cluster of three threonine and one serine residue at the extreme C-
terminus of the receptor greatly reduced interaction and abolished
co-internalization of β-arrestin-2–GFP (green fluorescent pro-
tein). Despite the weak interactions of this C-terminally mutated
form of the receptor with β-arrestin-2, studies in wild-type and β-
arrestin-deficient mouse embryo fibroblasts confirmed that ago-
nist-induced internalization of this mutant required expression of a
β-arrestin. Although without effect on agonist-mediated elevation

of intracellular Ca2+ levels, the C-terminally mutated form of the
orexin-1 receptor was unable to sustain phosphorylation of
the MAPKs (mitogen-activated protein kinases) ERK1 and ERK2
(extracellular-signal-regulated kinases 1 and 2) to the same extent
as the wild-type receptor. These studies indicate that a single
cluster of hydroxy amino acids within the C-terminal seven amino
acids of the orexin-1 receptor determine the sustainability of inter-
action with β-arrestin-2, and indicate an important role of β-
arrestin scaffolding in defining the kinetics of orexin-1 receptor-
mediated ERK MAPK activation.
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INTRODUCTION

Efforts to identify a ligand able to activate a GPCR (G-protein-
coupled receptor), initially denoted HFGAN72, led to the dis-
covery and pairing [1] with hypothalamic peptides called orexin A
and orexin B. Orexin A is a 33-amino-acid peptide and this is
bound with high affinity by what is now called the orexin-1 recep-
tor (reviewed in [2]). Stimulation of the orexin-1 receptor results
in the elevation of intracellular Ca2+ levels [3,4]. Early studies
clearly indicated the ability of orexin A to stimulate appetite and
affect energy metabolism. Using a selective orexin-1 receptor ant-
agonist, SB-334867, Haynes et al. [5] showed that the orexigenic
effects of orexin A are, at least in part, mediated by the orexin-1
receptor, suggesting that orexin-1 receptor antagonists can be
useful as medicines in anti-obesity programmes [6–8]. Despite
this, there is currently little knowledge on the mechanisms of
regulation of the orexin receptors.

Many GPCRs rapidly become internalized into the cell fol-
lowing agonist binding. In many cases the accepted scenario is that
agonist binding leads to receptor phosphorylation, and this phos-
phorylation generates binding sites for a β-arrestin [9]. If the
receptor and β-arrestin bind tightly, it can then result in their co-
internalization into recycling endosomes via clathrin-coated pits
as a result of the interaction of β-arrestin with clathrin adapter pro-
teins [10–12]. Less effective interactions can also lead to internal-

ization of the GPCR, but generally in this scenario the β-arres-
tin is rapidly segregated from the GPCR [13,14]. The human
orexin-1 receptor appears to interact tightly with β-arrestins, as
Evans et al. [15] reported the trafficking of both β-arrestin-1–GFP
(green fluorescent protein) and β-arrestin-2–GFP into intracellu-
lar vesicles following the addition of orexin A to CHO (Chinese-
hamster ovary) cells stably expressing the receptor. The sites of in-
teractions between β-arrestins and GPCRs have not been studied
exhaustively, but appear to vary with the receptor. For example,
whereas the third intracellular loop is important for the α2-
adrenoceptor subtypes [16] and the M2 muscarinic receptor [17],
the highly conserved Asp-Arg-Tyr domain at the bottom of trans-
membrane helix III plays a key role in the f-MLP (N-formyl pep-
tide) receptor [18]. For a significant number of GPCRs, the C-ter-
minal tail plays a key role. C-terminal truncation of a range of
GPCRs, including the thyrotropin-releasing hormone receptor-1,
both prevents interaction with β-arrestins and the capacity of the
receptors to internalize in response to agonist [19,20]. The C-ter-
minal tail of the orexin-1 receptor is predicted to comprise approx.
63 amino acids of which 16 are aliphatic hydroxy amino acids.
It appears that key sites for interactions with β-arrestins in the
C-terminal tail of GPCRs often comprise closely associated
clusters of serine and threonine residues in which at least 3 out of
5 contiguous amino acids are candidate sites for phosphorylation
[13,14].

Abbreviations used: C1 and C2, cluster 1 and 2; DMEM, Dulbecco’s modified Eagle’s medium; ERK, extracellular-signal-regulated kinase; eYFP,
enhanced yellow fluorescent protein; (e)GFP, (enhanced) green fluorescent protein; GPCR, G-protein-coupled receptor; HA, haemagglutinin; KRB,
Krebs–Ringer buffer; MAPK, mitogen-activated protein kinase; MEF, mouse embryo fibroblast; RFP, red fluorescent protein; TAMRA, 5- and 6-
carboxytetramethylrhodamine; VSV-G, vesicular-stomatitis virus G.
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A series of recent studies have indicated that β-arrestins not
only participate in GPCR desensitization and internalization, but
also in receptor signal transduction, as they can act as adaptor pro-
teins for components of the ERK (extracellular-signal-regulated
kinase) MAPK (mitogen-activated protein kinase) pathway (re-
viewed in [21,22]). Activation of the β2-adrenergic receptor
results in rapid translocation of β-arrestin-1 together with c-Src to
the activated receptor at the plasma membrane [23]. In addition
to interacting with c-Src family tyrosine kinases, β-arrestins have
recently been shown to directly interact with both MAPK and
Raf-1 in response to the activation of the protease-activated recep-
tor 2 [24]. GPCR mutants that interact differentially with β-arres-
tins might therefore be anticipated to show distinct effects on the
extent or temporal kinetics of ERK MAPK signalling [25]. In
the present study we have analysed this possibility using a detailed
analysis of the sites of interaction of β-arrestin-2–GFP with the C-
terminal tail of the orexin-1 receptor. We have identified a form of
this receptor that interacts significantly less well with β-arrestin-2
than the wild-type orexin-1 receptor, but which still internalizes
into cells in an agonist- and β-arrestin-dependent manner. We
demonstrated that tight interactions are determined by a single
cluster of three threonine and one serine residue at the extreme
C-terminus of the receptor. Mutation of any two of these residues
to alanine limits interactions with β-arrestin-2–GFP. The MAPKs
ERK-1 and ERK-2 are maintained in the phosphorylated state
for a significantly shorter period in response to stimulation of the
mutant receptor, whereas the wild-type and mutant receptors are
equally effective in causing elevation of intracellular [Ca2+].

EXPERIMENTAL

Materials

Filipin, nystatin and all materials for tissue culture were supplied
by Sigma (Gillingham, Dorset, U.K.). Oligonucleotides were
purchased from ThermoHybaid (Ulm, Germany). Orexin A and
TAMRA (5- and 6-carboxytetramethylrhodamine)-labelled or-
exin A [15] were synthesized by GlaxoSmithKline (Harlow,
Essex, U.K.). Antibodies recognizing ERK1/2 and their phos-
phorylated forms were from New England Biolabs (Hitchin,
Herts., U.K.). The anti-GFP serum was raised in house against re-
combinantly expressed eGFP (enhanced GFP).

Plasmid construction

β-arrestin-2–GFP was obtained from Dr C. Krasel (Department of
Pharmacology, University of Würzburg, Germany). To construct
β-arrestin-2–RFP (red fluorescent protein), β-arrestin-2–GFP
was digested with NheI and ApaI and the β-arrestin-2 fragment
inserted in frame into the multiple cloning site of pAS Red NFP
(Clontech, Palo Alto, CA, U.S.A.). HA (haemagglutinin)-tagged
and VSV (vesicular-stomatitis virus)-G-tagged forms of the ore-
xin-1 receptor were constructed by PCR amplification of the
coding sequence of the human orexin-1 receptor [1] and inserted
into the HindIII–XhoI site of pCDNA3 (Invitrogen, Paisley,
Renfrewshire, Scotland, U.K.). To obtain orexin-1 receptor–
eYFP (enhanced yellow fluoresecent protein), the pEYFP vector
(PerkinElmer, Hounslow, Middx., U.K.) was digested with NotI/
XhoI and the resulting eYFP fragment subcloned into the orexin-1
receptor in pCDNA3. The C-terminus truncation mutants of HA–
orexin-1 receptor were engineered using standard PCR techniques
by introducing a stop codon in the position immediately following
the desired new C-terminus. The mutation of one or more serine/
threonine residues to alanine, with the exception of the C2 (clus-
ter 2) and C1C2 mutants, was also accomplished using standard

PCR strategies by engineering primers carrying the appropriate
base changes. The C2 and C1C2 mutants were generated em-
ploying overlap PCR as described by Fong [26].

Transient transfection of HEK-293T cells

HEK-293T cells were maintained in DMEM (Dulbecco’s mod-
ified Eagle’s medium) supplemented with 0.292 g/l L-glutamine
and 10% (v/v) newborn calf serum at 37 ◦C in a 5% CO2 en-
vironment. Cells were grown to 60–80% confluency prior to tran-
sient transfection on poly(D-lysine)-coated coverslips. Transfec-
tion was performed using LipofectamineTM reagent (Invitrogen,
Paisley, Renfrewshire, Scotland, U.K.) according to the manu-
facturer’s instructions.

Transient transfection of MEF (mouse embryonic fibroblast) cells

MEF wild-type, β-arrestin-1 and -2 [27,28] and Gq/G11 [29,30]
knock-out cells were maintained in DMEM supplemented with
0.292g/l L-glutamine and 10% (v/v) foetal calf serum at 37 ◦C in
a 5% CO2 environment. Cells were grown to 60–80% confluency
prior to transient transfection on poly(D-lysine)-coated cover-
slips. Transfection was carried out using the Nucleofector system
(AMAXA, Cologne, Germany) according to the manufacturer’s
instructions.

Immunostaining for HA–orexin-1 receptor

Immunostaining was performed essentially according to the
method of Cao et al. [31]. Cells were plated on to coverslips and
transfected after 24 h with the appropriate constructs. After a
further 24 h, the medium was changed for Hepes/DMEM con-
taining 2.5 µg/ml of anti-HA antibody (Roche Molecular Bio-
chemicals, Nutley, NJ, U.S.A.) and incubated for 40 min at 37 ◦C
in 5% CO2. Where required, to give a final concentration of
0.5 µM agonist, Hepes/DMEM containing orexin A was added
and incubated for 30 min at 37 ◦C in 5% CO2. Coverslips were
washed three times with PBS and then cells fixed with 4 % para-
formaldehyde in PBS/5% sucrose for 10 min at room temperature
followed by three more PBS washes. Cells were then permeabil-
ized in 0.15% Triton X-100/3 % non-fat milk/PBS (TM buffer)
for 10 min at room temperature. The coverslips were subsequently
incubated with an AlexaTM 594-labelled goat anti-mouse secon-
dary antibody (Molecular Probes, Eugene, OR, U.S.A.) at a di-
lution of 1:400 (1–4 µg/ml), upside down on Nescofilm, for 1 h at
room temperature, then washed twice in TM buffer and three times
with PBS. Finally, coverslips were mounted on to microscope
slides with 40% glycerol in PBS.

CypHer-5 detection of the VSV–orexin-1 receptor

Antibody labelling was carried out essentially as described in Adie
et al. [32]. Cells were seeded on to coverslips the day before use
and transfected with appropriate constructs. After 24 h the cells
were washed twice with KRB (Krebs–Ringer buffer), pH 7.4,
at room temperature and then incubated with CypHer-5-labelled
anti-VSV-G antibody (Amersham Biosciences, Little Chalfont,
Bucks., U.K.) at a concentration of 20 µg/ml for 30 min at room
temperature in the presence of various inhibitors. After this time
orexin A was added to the cells and incubated for 30 min at 37 ◦C
in 5% CO2. Coverslips were washed three times with KRB and
fixed with 4% paraformaldehyde in PBS/5% sucrose for 10 min
at room temperature followed by three more washes with KRB.
The coverslips were then mounted on to microscope slides with
40% glycerol in PBS.
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Figure 1 Orexin-1 receptor co-internalizes with β-arrestin-2

HEK-293T cells were transfected with various forms of the human orexin-1 receptor and β-arrestin-2. Post-transfection (24 h) cells were challenged with orexin-A (0.5 µM) for 30 min. Cells were then
fixed and visualized. The distribution of the orexin-1 receptor (i), β-arrestin-2 (ii) and a composite of these images (iii) are shown. (A) Wild-type orexin-1 receptor + β-arrestin-2–GFP, stimulated with
TAMRA-orexin-A. (B) N-terminally HA-tagged orexin-1 receptor + β-arrestin-2–GFP, stimulated with orexin-A in the presence of anti-HA antibody. (C) Orexin-1 receptor–eYFP + β-arrestin-2–RFP,
stimulated with orexin-A. (D) N-terminally VSV-G-tagged orexin-1 receptor +β-arrestin-2–GFP, stimulated with orexin-A in the presence of CypHer-5-labelled anti-VSV-G antibody.

Confocal laser-scanning microscopy

Cells were observed using a confocal laser-scanning microscope
(Zeiss LSM 5 Pascal) using a Zeiss Plan-Apo 63 × 1.40 NA oil im-
mersion objective, pinhole of 20 and electronic zoom 1 or 2.5.
GFP and eYFP were excited using a 488 nm argon laser and
detected with 505–530 nm band-pass filter. The AlexaTM 594
label, TAMRA–orexin A ligand and RFP were excited using a
543 nm helium/neon laser and detected with a 560 nm long-pass
filter. To visualize the CypHer-5-labelled anti-VSV-G antibody,
the cells were excited using a 633 nm helium/neon laser and de-
tected with a 650 nm long-pass filter. The images were mani-
pulated with MetaMorph software. For the receptor internalization
studies only, fixed cells were used. Cells on glass coverslips were
washed with PBS or KRB and fixed for 10 min at room temper-

ature using 4% paraformaldehyde in PBS/5% sucrose, pH 7.4.
After three washes with PBS or KRB, coverslips were mounted
on to microscope slides with 40% glycerol in PBS.

Orexin-1 receptor–β-arrestin-2–GFP co-immunoprecipitation

Co-immunoprecipitation of receptor and β-arrestin-2 was essen-
tially carried out as described previously [33]. HEK-293T cells
were transiently transfected with VSV-G-tagged wild-type recep-
tor or C1 mutant and β-arrestin-2–GFP. After transfection (24 h)
the cells were incubated with vehicle or 0.5 µM orexin A for
15 min at 37 ◦C. The stimulations were stopped by addition of
the membrane-permeant and reversible cross-linker dithiobis-
(succinimidyl propionate) (Sigma, Poole, Dorset, U.K) at a final
concentration of 2 mM. The cells were then incubated under gentle
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Figure 2 C-terminal truncation of the orexin-1 receptor prevents sustained interactions with β-arrestin-2 but not agonist-induced internalization

A series of C-terminal truncation mutants of the HA-tagged orexin-1 receptor was generated (A). These were transfected into HEK-293T cells along with β-arrestin-2–GFP. The cells were then
stimulated with orexin A (0.5 µM, 30 min) in the presence of anti-HA antibody and visualized following permeabilization and addition of secondary antibody. Representative data are shown for the
394-Stop (B) and 374-Stop (C) mutants. The distribution of the orexin-1 receptor (i), β-arrestin-2 (ii) and a composite of these images (iii) are shown.

agitation at room temperature, washed twice with 50 mM Tris/
HCl, pH 7.4, in PBS to neutalize unreacted dithiobis(succinimidyl
propionate), lysed in 0.5 ml of 50 mM Hepes, pH 7.4, 50 mM
NaCl, 10% (v/v) glycerol, 0.5% (v/v) Nonidet P40, 2 mM EDTA,
100 µM Na3VO4, 1 mM PMSF, 10 µg/ml benzamidine, 5 µg/ml
soya-bean trypsin inhibitor and 5 µg/ml leupeptin, and clarified by
centrifugation (2 min at 153 g and 4 ◦C). Aliquots (25 µl) of whole
cell lysates were removed and mixed with an equal volume of 2×
reducing loading buffer. To isolate β-arrestin-2-bound orexin-1
receptor, BSA was added to a final concentration of 1% to 500 µg
of each lysate. Immunoprecipitation was performed for 12–16 h
at 4 ◦C using the anti-GFP serum and Protein G–Sepharose beads.
Immune precipitates were washed 3 times with glycerol lysis
buffer and eluted in 1× reducing loading buffer for 15 min at
45 ◦C. Proteins were resolved by SDS/PAGE and transferred on to
PVDF membranes for detection of the protein. Immunodetection
of VSV-G–orexin-1 receptor constructs was performed using the
anti-VSV-G antibody and immunodetection of β-arrestin-2–GFP
was performed using the anti-GFP serum. Immune complexes
were then visualized by chemiluminescence detection using anti-
mouse and anti-sheep horseradish-peroxidase-conjugated IgG,
respectively.

ERK1/2 phosphorylation and immunoblots

Cells were grown in 6-well plates and serum starved for 2 h prior
to stimulation with 0.5 µM orexin A for the times indicated. Cells
were then placed on ice, washed twice with cold PBS and lysed in
RIPA buffer [25 mM Hepes, pH 7.5, 75 mM NaCl, 0.5% Triton
X-100, 0.25 % sodium deoxycholate, 0.05 % SDS, 10 mM NaF,
5 mM EDTA, 10 mM Na2HPO4, 5 % (w/v) ethylene glycol]. After
solubilizing the cells for 1 h at 4 ◦C, the lysates were centrifuged
for 15 min at 20800 g at 4 ◦C to remove the insoluble material.

The samples were mixed with 2× reducing loading buffer and
heated for 3 min at 95 ◦C. ERK1/2 phosphorylation was detected
by protein immunoblotting using phospho-ERK1/2-specific anti-
bodies and anti-rabbit horseradish-peroxidase-conjugated IgG as
secondary antibody for immunodetection. After visualizing the
level of ERK1/2 phosphorylation, the PVDF membranes were
stripped of Igs and reprobed using the anti-ERK1/2 antibody.

Calcium signalling studies

Single cell Ca2+ imaging studies were performed in either Gαq/
Gα11 double-knock-out EF88 cells or HEK-293T cells, as de-
scribed previously [34].

Miscellaneous

All experiments were performed on a minimum of three oc-
casions.

RESULTS

Following co-expression in HEK-293T cells of the human or-
exin-1 receptor and β-arrestin-2, the receptor was targeted pre-
dominantly to the cell surface, whereas β-arrestin-2 was distri-
buted evenly throughout the cytoplasm (results not shown, but
see [15]). Addition of orexin A (0.5 µM) as agonist for 30 min
resulted in internalization of the receptor. This could be monitored
by a number of distinct strategies. Firstly, addition of TAMRA-
labelled orexin A as agonist allowed observation of internalization
of this ligand, bound to the receptor, into punctate intracellular
vesicles (Figure 1A). No specific binding or internalization
of TAMRA–orexin A was observed in mock-transfected cells
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Figure 3 A single cluster of hydroxy amino acids is responsible for sustained interactions between the orexin-1 receptor and β-arrestin-2

The cluster of four hydroxy amino acids between residues 418–422 (C1) and a second cluster of three hydroxy amino acids between residues 393–396 (C2) of the orexin-1 receptor were mutated
to alanine residues. These two sets of mutations were also combined (C1,C2) (A). These were transfected into HEK-293T cells along with β-arrestin-2–GFP and treated as described in Figure 2.
Representative data are shown for the C2 (B), C1 (C) and C1,C2 (D) mutants. The distribution of the orexin-1 receptor (i), β-arrestin-2 (ii) and a composite of these images (iii) are shown.

(results not shown). Interaction of β-arrestin-2–GFP with the
TAMRA–orexin-A-occupied orexin-1 receptor was monitored by
initial movement of β-arrestin-2–GFP to the plasma membrane
[15] followed by its internalization into punctate vesicles. When
the images corresponding to TAMRA–orexin A (red) and β-
arrestin-2–GFP (green) were merged, it resulted in a yellow
pattern of staining that indicates overlapping distribution of the
two signals (Figure 1A). Secondly, a form of the orexin-1 receptor
N-terminally tagged with the HA-epitope tag sequence was also
internalized in response to addition of orexin A. The combined
immunocytochemical detection of the receptor and image analysis
again confirmed an overlap of its intracellular distribution with
co-expressed β-arrestin-2–GFP (Figure 1B). Thirdly, orexin A
caused internalization of a form of the orexin-1 receptor C-ter-
minally tagged with eYFP (Figure 1C). The co-expression of
this construct with a form of β-arrestin-2 C-terminally tagged
with RFP from Anemonia sulcata again indicated the interaction
and intracellular co-localization of these two proteins following
agonist challenge (Figure 1C). Finally, a form of the receptor
modified at the N-terminus to include the VSV-G-epitope tag was
employed. The addition of a novel, pH-sensitive, cyanine dye
termed CypHer-5 [32] linked to an anti-VSV-G antibody resulted
in intracellular red fluorescence following stimulation with or-
exin A (Figure 1D). As this dye fluoresces only when in an acidic
environment (pKa = 6.1) [32,35], these results confirmed that the

receptor and expressed β-arrestin-2–GFP were co-internalized
into acidic endosomes.

For many GPCRs the C-terminal tail plays an important role in
agonist-mediated internalization. The predicted C-terminal region
of the orexin-1 receptor is some 63 amino acids in length and
contains 16 aliphatic hydroxy amino acids. To ascertain the im-
portance of the C-terminal tail of the orexin-1 receptor in agonist-
induced internalization and in interaction with β-arrestin-2, a
series of C-terminally truncated forms of the receptor was pro-
duced that each contained the N-terminal HA-epitope tag (Fig-
ure 2A). Each of these truncated forms was internalized in res-
ponse to addition of orexin A when expressed in HEK-293T cells
(Figures 2B and 2C, and results not shown). However, when co-
expressed with β-arrestin-2–GFP there was no indication of
strong, maintained interactions of the truncated forms of the recep-
tor with the β-arrestin, because co-internalization of the two pro-
teins was not observed in response to addition of orexin A (Fig-
ures 2B and 2C, and results not shown). Whereas co-expression of
β-arrestin-2–GFP with the full-length orexin-1 receptor resulted
in the appearance of yellow intracellular vesicles, reflecting over-
lapping distribution of the receptor and β-arrestin-2 (Figure 1B),
for each of the truncation mutants the vesicles containing the
internalized receptors appeared red on a background of green that
reflects non-overlapping, cytoplasmic β-arrestin-2–GFP (Fig-
ures 2B and 2C). The truncation mutants eliminated two clusters
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Figure 4 Double, but not single, point mutations in C1 of the orexin-1 receptor disrupt sustained interactions with β-arrestin-2

The cluster of four hydroxy amino acids between residues 418–422 of the orexin-1 receptor were mutated either singly (A, B) or in pairs (C, D). These were transfected into HEK-293T cells along
with β-arrestin-2–GFP and treated as described in Figure 3. Representative data are shown for T418A (B, a), S419A (B, b), T421A (B, c), T422A (B, d), T418A/S419A (D, a), T418A/T421A (D, b),
T418A/T422A (D, c), S419A/T421A (D, d), S419A/T422A (D, e) and T421A/T422A (D, f). The distribution of the orexin-1 receptor (i), β-arrestin-2 (ii) and a composite of these images (iii) are
shown.

of hydroxy amino acids located at positions 393–396 and 418–
422. Such clusters of hydroxy amino acids have been suggested to
be important binding sites for β-arrestins [13–14]. We thus con-
verted the serine and threonine residues of these clusters into ala-
nine (Figure 3A). Mutation of all three serines in the cluster located
between amino acids 393–396 (C2) did not modify interaction
of the receptor with β-arrestin-2–GFP. This mutated receptor
behaved essentially as the wild-type in that its internalization
into punctate vesicles in response to orexin A was accompanied
by co-internalization of β-arrestin-2–GFP (Figure 3B). By con-
trast, alteration of all four hydroxy amino acids in the cluster
between amino acids 418–422 to alanines (C1) greatly reduced
translocation of β-arrestin-2–GFP from the cytoplasm to the

plasma membrane and resulted in internalization of the receptor
without co-internalization of β-arrestin-2–GFP (Figure 3C).
Combination of the two sets of mutants (C1C2 mutant) also
produced a form of the receptor that was unable to interact with
β-arrestin-2–GFP with high affinity. Internalization of this form
of the receptor in response to orexin A also occurred without co-
internalization of β-arrestin-2–GFP (Figure 3D). To investigate
the contribution of specific hydroxy amino acids in C1, each of
these four amino acids was individually modified to alanine (Fig-
ure 4A). Sustained agonist-mediated interaction with β-arrestin-
2–GFP was not abolished by any of these single point mutations,
because addition of orexin A resulted in the co-localization of the
receptor and β-arrestin-2–GFP in punctate intracellular vesicles
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Figure 5 C1 mutant binds β-arrestin-2 less well than the wild-type or-
exin 1 receptor

VSV-G-tagged forms of the wild-type (WT) and C1 orexin-1 receptor were transiently
co-expressed with β-arrestin-2–GFP (β-arr 2 GFP) in HEK-293T cells. Post-transfection (24 h)
the cells were stimulated with vehicle or 0.5 µM orexin A for 15 min. Following addition of 2 mM
dithiobis(succinimidyl propionate), β-arrestin-2–GFP was immunoprecipitated (IP) using an
anti-GFP serum and the samples resolved on SDS/PAGE. β-Arrestin-2–GFP and forms of the
receptor bound were monitored by immunoblotting (IB) with the anti-GFP and anti-VSV-G sera
respectively. Two further experiments produced similar results.

(Figure 4B). By contrast, further mutation to produce all of the
possible combinations in which two of the four hydroxy amino
acids in this cluster were mutated to alanines (Figure 4C) eli-
minated any detectable co-internalization of β-arrestin-2–GFP
along with these forms of the receptor (Figure 4D). For all the
double mutants, cells in the field were observed in which there
was a degree of movement to the plasma membrane of β-arrestin-
2–GFP (Figure 4D). However, unlike in equivalent experiments
with the wild-type orexin-1 receptor, a substantial fraction of the
β-arrestin-2–GFP remained in the cytoplasm. To provide a bio-
chemical correlate for the above studies, β-arrestin-2–GFP was
co-expressed in HEK-293T cells with VSV-G-tagged forms of
either the wild-type or the C1 mutation of the orexin-1 receptor.
β-arrestin-2–GFP was immunoprecipitated with an anti-GFP
serum, samples resolved by SDS/PAGE and probed for the pre-
sence of either the wild-type or C1 forms of the receptor by
immunoblotting to detect the VSV-G epitope. Even without prior
stimulation with orexin A, some wild-type orexin-1 receptor was
present in the anti-GFP immunoprecipitates (Figure 5). Levels
were increased substantially by treatment of the cells with or-
exin A (0.5 µM, 15 min) (Figure 5). Lower amounts of the C1
mutant were present in GFP immunoprecipitates from unstimu-
lated cells and this was not increased by treatment with orexin A
(Figure 5).

To further explore the nature of the intracellular vesicles into
which the wild-type and C1 mutant of the orexin-1 receptor were
trafficked, we used the forms of these receptors N-terminally
modified to incorporate the VSV-G-epitope tag. After co-expres-
sion of β-arrestin-2–GFP and addition of CypHer-5-tagged anti-
VSV-G antibody followed by addition of orexin A for 30 min,
many of the intracellular vesicles containing the wild-type or-
exin-1 receptor appeared yellow due to the presence of both the
receptor and β-arrestin-2–GFP (Figure 6A). By contrast, in cells
expressing the C1 mutant and β-arrestin-2–GFP, the intracellular
vesicles appeared red (Figure 6A). This reflects the fact that
these vesicles are indeed acidic, but that β-arrestin-2–GFP did not
co-internalize with the C1 mutant. Despite this variation in inter-
action with β-arrestin-2–GFP, the pathways of internalization
were similar. Elevated osmolality provided by addition of 0.4 M
sucrose blocked internalization of the wild-type orexin-1 receptor
in response to agonist (Figure 6B). However, the presence of
sucrose did not prevent translocation of β-arrestin-2–GFP to the
plasma membrane or its appearance in punctate structures at or
close to the cell surface. These punctate structures were not acidic.
Red fluorescence corresponding to the protonated form of
CypHer-5 was not detected, and following merging of the signals

from the red and green channels, no yellow signal was produced
close to the plasma membrane (Figure 6B). Equally, in cells co-
expressing the C1 receptor mutant, no red signal was generated
following addition of orexin-A in the presence of sucrose, and
thus no internalization of the receptor into an acidic environment
could be observed. Clear translocation of β-arrestin-2–GFP to the
plasma membrane was observed (Figure 6B). However, compared
with the wild-type receptor much of the cellular β-arrestin-2–
GFP was not translocated, further indicating the interactions of
β-arrestin-2–GFP with the C1 mutant to be much reduced com-
pared with the wild-type receptor. Pre-treatment of cells with
either nystatin or filipin did not alter the patterns of interaction
between the receptor and β-arrestin-2–GFP or internalization of
either the wild-type or the C1 mutant (results not shown). These
results suggest that neither form of this receptor internalizes to
any significant extent in response to orexin A via cholesterol-rich
detergent-insensitive domains.

To define unequivocally the role of β-arrestins in the internaliz-
ation of the orexin-1 receptor, we employed MEF cells derived
from a β-arrestin-1 and β-arrestin-2 double knock-out mouse
[27]. Both these cells and equivalent wild-type MEF cells were
transiently transfected with C-terminally eYFP-tagged forms of
the wild-type receptor or the C1 mutant. Orexin A produced
internalization of both receptor constructs in the wild-type MEF
cells, but was unable to cause internalization of either the wild-
type or the C1 mutant in the β-arrestin-negative cells (Figure 7A).
Orexin A-mediated internalization of both forms of the orexin-1
receptor was reconstituted in the β-arrestin knock-out cells by
co-expression of β-arrestin-2–RFP (Figure 7B). These studies
re-capitulated those performed in HEK-293T cells in that co-
internalization of β-arrestin-2-RFP was observed with the wild-
type orexin-1 receptor, but β-arrestin-2–RFP did not co-inter-
nalize with the C1 mutant (Figure 7B).

It has been suggested that scaffolding of GPCRs with β-arres-
tins can determine the effectiveness and implications of agonist-
mediated activation of MAPK cascades [24–25]. We tested this
following expression of either the wild-type or C1 mutation of the
orexin-1 receptor in HEK-293T cells. In both cases 0.5 µM or-
exin A was able to stimulate the production of phosphorylated
forms of ERK1 and ERK2 (Figure 8). Despite this, clear differ-
ences were noted. Phosphorylation of ERK1 and ERK2 was main-
tained for a significantly longer period in cells expressing the wild-
type orexin-1 receptor compared with those expressing the C1
mutation (Figure 8). The extent of ERK1 and ERK2 phosphoryl-
ation produced by the C1 mutant, as measured by the area under
the curve in Figure 8, was only 65% of that produced by the wild-
type receptor. The C2 mutant produced orexin-A-mediated phos-
phorylation of ERK1 and ERK2 that was similar in extent and
duration to the wild-type receptor (results not shown). The differ-
ences in the kinetics and extent of ERK phosphorylation did not
reflect general poor signal transduction capacity of the C1 mutant.
The wild-type and C1 forms of the receptor displayed similar
capacities and characteristics in their ability to mediate elevation
of intracellular [Ca2+] in response to orexin A when expressed
in HEK-293T cells (Figure 9A). The C-terminally eYFP-tagged
forms of each of the wild-type, C1 and C2 mutants of the orexin-1
receptor also produced similar elevations of intracellular [Ca2+]
when co-expressed with Gα11 in Gq/G11 knock-out MEF cells
(Figure 9B).

DISCUSSION

There is great interest in the orexin receptor system and its use-
fulness in therapeutic intervention in both appetite control and
sleep regulation [6]. It is thus surprising that virtually nothing is
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Figure 6 Disruption of sustained interactions with β-arrestin-2 does not alter the pathways of agonist-induced internalization of the orexin-1 receptor

N-terminally VSV-G-tagged forms of the wild-type (a) or C1 mutant (b) of the orexin-1 receptor were transfected into HEK-293T cells along with β-arrestin-2–GFP. Cells were untreated (A) or treated
with sucrose (0.4 M) (B). Subsequent to addition of anti-VSV-G antibody labelled with CypHer-5, orexin A was added (0.5 µM, 30 min) and the cells visualized. The distribution of the orexin-1
receptor (i), β-arrestin-2 (ii) and a composite of these images (iii) are shown.

known about the regulation of the orexin receptors following
stimulation. As with many members of the rhodopsin family
of GPCRs, the C-terminal tail of the human orexin-1 receptor
contains a substantial number of aliphatic hydroxy amino acids.
In many cases, such amino acids can contribute to or provide
docking sites for β-arrestins subsequent to the binding of agonist
to the receptor. Interactions of the orexin-1 receptor with both
β-arrestin-1 and β-arrestin-2 have previously been observed by
monitoring the co-internalization of the receptor and GFP-tagged
forms of the β-arrestins in response to the natural ligand orexin A
[15]. In the present studies we have investigated the molecular
details of this interaction and the effects upon signal transduction
of modifying it. Although the C-terminal tail of the orexin-1
receptor contains 16 hydroxy amino acids, key interactions are
provided by a single cluster of four amino acids at the extreme C-
terminal tail. A series of studies have indicated that such clusters of

serine and threonine residues can provide an effective binding site
for β-arrestins [13,14]. However, despite the presence of a second
such cluster in the C-terminal tail of the orexin-1 receptor between
amino acids 393–396, concerted mutation of these residues did
not alter interaction with β-arrestin-2 significantly. Although
these studies employed the human orexin-1 receptor, sequence
comparisons show that the rat and mouse forms of this receptor
also have a hydroxy amino acid cluster comparable with the C1
region of the human sequence, whereas the C2 sequence in the
human receptor is limited to only a pair of adjacent serine residues
in rat and mouse. Furthermore, although not examined in the
present study, the human, rat and mouse forms of the orexin-2
receptor also have a C-terminal hydroxy amino acid cluster that
is likely to define sustained interactions with β-arrestins.

In the present studies, mutation of the C-terminal cluster of
hydroxy amino acids or truncation of much of the C-terminal
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Figure 7 Internalization of both the wild-type orexin-1 receptor and the C1 mutant is β-arrestin-dependent

(A) Wild-type (a) or β-arrestin-1 and -2 double knock-out (b) MEF cells were transiently transfected with C-terminally eYFP-tagged forms of the wild-type (WT) orexin-1 receptor or the C1 mutant
(C1). Post-transfection (24 h) the cells were treated with vehicle (i) or agonist (0.5 µM orexin A, 30 min; ii), fixed and visualized. (B) β-Arrestin-2–RFP was co-transfected with eYFP-tagged forms
of the wild-type or the C1 mutant of orexin-1 receptor mutant. The cells were challenged with vehicle (a) or 0.5 µM orexin A for 30 min (b). The distribution of the orexin-1 receptor (i), β-arrestin-2
(ii) and a composite of these images (iii) are shown.

tail did not prevent orexin A-mediated internalization of the or-
exin-1 receptor. Furthermore, the pathway of internalization of the
orexin-1 receptor in HEK-293T cells seemed unaffected by the ef-
fectiveness of interaction with β-arrestin-2. This is interesting in
that alternative pathways for internalization in HEK-293 cells,
for at least the 5HT2A (5-hydroxytryptamine 2A) receptor, have
been demonstrated [36], but this is clearly not a general default
pathway for GPCR entry in these cells when interactions with

β-arrestins are either diminished or lacking. Despite no longer
interacting as robustly with β-arrestin-2 as the wild-type orexin-1
receptor, studies using β-arrestin knock-out MEF cells clearly
demonstrated that internalization of the C1 cluster mutation
remained β-arrestin dependent. Although not explored in these
studies, there is increasing evidence that the β-arrestin-1 and β-
arrestin-2 isoforms may play different roles in receptor function
[37,38], and it will be interesting, in time, to evaluate the effects
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Figure 8 Sustained interactions between β-arrestin-2 and the orexin-1
receptor prolong ERK1/2 activation

HEK-293T cells transiently expressing the wild-type orexin-1 receptor or the C1 mutant for 24 h
were serum starved for 2 h and then stimulated with 0.5 µM orexin A for the times indicated.
(A) The activation of ERK1 and 2 was assessed by immunoblotting with a anti-phospho-ERK1/2
antibody (P-ERK1/2). Expression levels of ERK1 and ERK2 were monitored using antibodies
directed against total population of ERK1 and ERK2. (B) Quantitation of densitometric analysis of
four similar experiments. The results are represented as the means +− S.E.M. Orexin-1 receptor
(�) or the C1 mutant (�).

of each β-arrestin isoform as the orexin-1 receptor is clearly able
to interact with both [15].

There has been great interest recently in the suggestion that not
all aspects of GPCR-mediated signalling require activation of the
G protein. For example, activation of c-Src by the angiotensin II
AT1 receptor is still detected with a form of the receptor unable
to couple to G proteins [39]. Related studies using the same
receptor have shown that over-expression of β-arrestins facilitates
angiotensin II-stimulated activation of ERK MAPK activity [40],
whereas RNAi (RNA interference)-mediated depletion of β-arres-
tins impairs activation [41]. These studies implicate β-arrestins as
being a major component in G-protein-independent ERK MAPK
activation. Furthermore, the combined use of a mutant form of the
angiotensin II AT1 receptor, an analogue of angiotensin II that is
able to induce β-arrestin recruitment, but not G-protein activation,
and a RNAi strategy has demonstrated unequivocally the co-ex-
istence of G-protein- and β-arrestin-mediated pathways of ERK
activation in HEK-293 cells [42].

Direct binding of β-arrestins to ERK1/2 inhibits ERK-depen-
dent transcription as ERK coupled to β-arrestins is retained within
the cytosol [40]. Moreover, the activation of ERK bound to β-
arrestins is favoured in a setting of a stable receptor–β-arrestin
interaction, which is determined by the C-terminus of the receptor
[43]. However, the situation may be yet more complex, because
as noted above, β-arrestin-1 and β-arrestin-2 play very different
roles in these processes [37]. As noted above, considerable atten-
tion is being paid to the roles of β-arrestins in providing scaffolds
for alternative signalling by GPCRs ([44] and reviewed in
[45,46]). Due to the poor interaction properties of the C1 orexin-1
receptor mutant with β-arrestin-2 we compared the ability of the
wild-type orexin-1 receptor and the C1 mutant to regulate both
Ca2+ elevation and ERK MAPK phosphorylation. There was little
difference noted in orexin A-mediated elevation of intracellular
[Ca2+] and this may reflect that this is a rapid G-protein-mediated

Figure 9 Wild-type and C1 mutant forms of the orexin-1 receptor have
similar effects on intracellular [Ca2+]

(A) N-terminally VSV-G-tagged forms of the wild-type (WT) and C1 forms of the orexin-1
receptor (Orexin1R) were expressed in HEK-293T cells. (B) C-terminally eYFP-tagged forms of
the wild-type, C1 and C2 mutants of the orexin-1 receptor were transfected along with Gα11 into
Gαq/Gα11 knock-out MEF cells. The effect of 0.5 µM orexin A on intracellular [Ca2+] was then
recorded in individual cells. The results are pooled from 6 cells expressing each construct.

response. In contrast, phosphorylation of ERK1 and ERK2 was
significantly more prolonged when the wild-type orexin-1 recep-
tor was activated than when studies were performed with the C1
mutation. These results are contrary to what might be expected
if high-affinity binding of β-arrestin-2 resulted in desensitization
of all responses and provide further weight to the concept that
GPCR–β-arrestin interactions can generate or modulate a distinct
panoply of cellular responses from those mediated via G-protein
interaction.

The sustainability of interactions between GPCRs and β-arres-
tins can also control the speed of recycling of the GPCR back to
the plasma membrane, and thus the re-sensitization of functional
responses of the GPCR (reviewed in [9]). Although studies in
β-arrestin knock-out cells clearly indicate that this is not to be
a universal feature [28], it is frequently the case that sustained
interaction with a β-arrestin slows the rate of GPCR recycling.
It might thus be anticipated that the C-terminal mutants of the
orexin-1 receptor will recycle more rapidly and re-sensitize more
quickly than the wild-type receptor. This will require direct ana-
lysis, but the availability of the pH-sensitive cyanine dye CypHer-
5 [32,35] is likely to be valuable in this regard. The rate of clear-
ance of red fluorescence from the cells following challenge with
orexin-A and its removal may provide a real-time monitor of the
rate of exit from the acidic environment of the recycling endo-
somes. The C-terminal mutants of the orexin-1 receptor generated
and characterized in the present study should thus be valuable
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reagents to examine a range of issues of general interest, includ-
ing the importance of phosphorylation for internalization. In
combination with cell lines lacking expression of various G pro-
teins [34] and/or the use of siRNAs (small interfering RNAs)
against specific G proteins [38], they should also be valuable to
further delineate signals that reflect β-arrestin rather than G-pro-
tein function.

We thank the Wellcome Trust for support of part of these studies.
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