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OrexinGprotein-coupled receptors (OxRs) and their cognate
agonists have been implicated in a number of disorders since
their recent discovery, ranging from narcolepsy to formation of
addictive behavior. Bioluminescence resonance energy transfer
assays of agonist-occupied OxRs provided evidence for a strong
dose-dependent interactionwith both trafficking proteins�-ar-
restin 1 and 2 that required unusually high agonist concentra-
tions compared with inositol phosphate signaling. This appears
to be reflected in functional differences in potency with respect
to orexin A (OxA) and OxR2-dependent ERK1/2 phosphory-
lation after 90 min compared with 2 min, potentially consistent
with �-arrestin-mediated versus G protein-mediated signaling,
respectively. Furthermore, extended bioluminescence reso-
nance energy transfer kinetic data monitoring OxA-dependent
receptor-�-arrestin and �-arrestin-ubiquitin proximity sug-
gested subtype-specific differences in receptor trafficking, with
OxR2 activation resulting in more sustained receptor-�-arres-
tin-ubiquitin complex formation than elicited by OxR1 activa-
tion. Enzyme-linked immunosorbent assay (ELISA) data also
revealed that OxR1 underwent significantly more rapid recy-
cling compared with OxR2. Finally, we have observed sustained
OxA-dependent ERK1/2 phosphorylation in the presence of
OxR2 comparedwithOxR1. Although bothOxR subtypes could
be classified as class B receptors for �-arrestin usage based on
the initial strength of interaction with both �-arrestins, our
temporal profiling revealed tangible differences between OxR
subtypes. Consequently, OxR1 appears to fit uneasily into the
commonly used �-arrestin classification scheme. More impor-
tantly, it is hoped that this improved profiling capability, ena-
bling the subtleties of protein complex formation, stability, and
duration to be assessed in live cells, will help unlock the thera-
peutic potential of targeting these receptors.

The orexin system is intimately involved in regulation and
integration of sleep-wake states withmetabolic energy levels, as

well as the development of addictive behavior (1–3). Over a
decade ago, the orexin system was characterized by a single
gene encoding precursor peptides orexin A (OxA)4 and orexin
B (OxB) in neurons of the lateral hypothalamus (4, 5) and also in
peripheral tissues (6). In the central nervous system, neurons
send dense projections to nearly all regions of the brain (7),
where orexins have specificity for two G protein-coupled
receptors (GPCRs), orexin receptors 1 and 2 (OxR1 andOxR2).
OxA displays similar potency for both receptors; however, OxB
is substantially less potent at OxR1 compared with OxR2, as
measured by ability to stimulate Ca2� release (4).
Agonist-induced GPCR activation promotes phosphoryla-

tion of intracellular serine/threonine residues of many GPCRs
by G protein-coupled receptor kinases (GRKs) (8). Typically,
this event promotes recruitment of the multiadaptor proteins
�-arrestin 1 and �-arrestin 2 (also known as arrestin-2 and
arrestin-3, respectively) that results in desensitization of G pro-
tein-mediated signaling, and it generally provides a scaffold for
internalization of the activated GPCR complex into endosomes
inside the cell (9).
It has been shown for a number of GPCRs that trafficking of

their activated complexesmay be �-arrestin-independent (10–
16). Indeed, there is notable evidence for some receptors not
preferentially internalizing with �-arrestins despite interacting
with them (13). However, the majority of GPCRs appear to
utilize�-arrestins at some stage in the trafficking process, and it
appears that an important factor in determining the ultimate
fate of the receptor-�-arrestin complex tends to be the strength
of the receptor-�-arrestin interaction.
In general terms, there are believed to be two possible out-

comes for the GPCR following internalization. Resensitization
may occur by dephosphorylation of the receptor complex
allowing recycling back to the cellmembrane. Alternatively, the
complexmay be targeted to late endosomes for proteosomal or
lysosomal degradation (17). Additionally, it has been shown
that GPCR-�-arrestin complexes can act as scaffolds for alter-
native downstream kinase signaling pathways, such as Src tyro-
sine kinases, Akt, and extracellular signal-regulated kinase
(ERK) 1/2, independently ofGprotein coupling of the receptors
(18–22). Importantly, this can alter the spatio-temporal nature
of receptor-mediated kinase signaling (23).

* This work was supported in part by the National Health and Medical
Research Council of Australia via Project Grant 404087 (to K. A. E. and
K. D. G. P.) and Fellowships 212064 and 353709 (to K. A. E. and K. D. G. P.,
respectively).
Author’s Choice—Final version full access.

1 Both authors contributed equally to this work.
2 Recipient of an Australian postgraduate award.
3 Australian Research Council Future Fellow supported by Grant

FT100100271. To whom correspondence should be addressed: Western
Australian Institute for Medical Research, B Block, QEII Medical Centre, Ned-
lands, Perth, Western Australia 6009, Australia. Tel.: 618-9346-1980; Fax:
618-9346-1818; E-mail: kpfleger@waimr.uwa.edu.au.

4 The abbreviations used are: OxA, orexin A; OxB, orexin B; OxR, orexin recep-
tor; B2R, bradykinin 2 receptor; BRET, bioluminescence resonance energy
transfer; C-tail, C-terminal tail; eBRET, extended BRET; EGFP, enhanced GFP;
GPCR, G protein-coupled receptor; GRK, G protein-coupled receptor
kinase; pERK1/2, phosphorylated ERK1/2; Rluc, Renilla luciferase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 19, pp. 16726 –16733, May 13, 2011
Author’s Choice © 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

16726 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 19 • MAY 13, 2011



Further functional outcomes of activated GPCR complexes
have been correlated with the stability of ubiquitination of both
GPCRs and �-arrestins (24, 25). Ubiquitination involves a mul-
tistep process culminating in the covalent attachment of ubiq-
uitin to a protein that is consequently targeted for degradation
through either the 26 S proteasomeor lysosomes (26, 27).How-
ever, it also appears that ubiquitin modification can also com-
partmentalize protein complexes directly, or through the bind-
ing of ubiquitin-binding elements, to host a range of other
nonproteolytic processes. These include regulation of endocy-
tosis and cellular signaling (28–30), depending on the conjuga-
tion site and multimeric state of ubiquitin (31). Recently, the
ubiquitination status of�-arrestin-boundGPCRcomplexes has
been shown to play roles in endosomal targeting, ERK1/2 acti-
vation (32), and determining the stability of�-arrestin-receptor
complexes (33). In addition, the state of these interactions
seems to parallel the duration and magnitude of ERK1/2 phos-
phorylation through the scaffold activity exhibited by the mul-
tiadaptor protein properties of �-arrestin (34, 35).
Here, we show that both human orexin receptor subtypes

interact with both�-arrestins 1 and 2 in an agonist dose-depen-
dent manner but with 2 orders of magnitude lower potency
than observed for G protein signaling. These potencies are
lower than we have observed for other GPCRs interacting with
�-arrestins. Furthermore, this difference is reflected in a
potency shift between early (2 min) and late (90 min) OxA-
induced ERK1/2 phosphorylation that is likely to result from
predominantly G protein-mediated versus predominantly �-
arrestin-mediated signaling, respectively (34, 35). Furthermore,
bioluminescence resonance energy transfer (BRET) data indi-
cate that the nature of the receptor-arrestin-ubiquitin complex
differs between OxR subtypes, with OxA-induced BRET kinet-
ics for proximity between receptor and �-arrestin or �-arrestin
and ubiquitin correlating with the kinetics of both receptor
recycling and ERK1/2 phosphorylation.

EXPERIMENTAL PROCEDURES

Materials—Wild type orexin receptor cDNAs were kindly
provided byM.Yanagisawa (HowardHughesMedical Institute,
Dallas, TX); �-arrestin 1 and �-arrestin 2 cDNAs were kindly
provided by J. Benovic (Kimmel Cancer Research Institute,
Philadelphia), and phosphorylation-independent �-arrestin
mutants (R169E and R170E) were generously provided by V.
Gurevich (Vanderbilt University Medical Centre, Nashville,
TN). cDNA sequences were PCR-amplified and subcloned into
pcDNA3.1� backbone vectors containing enhanced GFP
(EGFP), Venus yellow fluorescent protein, or Renilla luciferase
(Rluc or Rluc8) cDNA. The stop codon between the sequences
was removed to generate constructs capable of being translated
into fusion proteins upon transfection, as described previously
(36, 37). Venus was kindly provided by Atsushi Miyawaki
(RIKEN Brain Science Institute, Wako-city, Japan), and Rluc8
was kindly provided by Andreas Loening and Sanjiv Gambhir
(Stanford University, Stanford, CA). cDNA encoding ubiquitin
(Addgene plasmid 11928) (38) was similarly subcloned into a
Venus (no stop codon)-pcDNA3.1� vector. Because of the abil-
ity of ubiquitin to form polyubiquitin chains, lysine residues at
positions 48 and 63 were mutated to alanine. This has been

done previously when BRET assays involving ubiquitin have
been carried out, to avoid the potential for multiple acceptor
moieties causing quenching or interference phenomena (39).
Fusion cDNA constructs were verified by ABI Prism BigDye
terminator sequencing (Australian Genome Research Facility,
Brisbane, Australia) and compared with published sequence
data. Ligands used were OxA and OxB (American Peptide
Company).
Cell Culture and Transfection—COS-7, HEK293, and

HEK293FT cells were maintained at 37 °C in 5% CO2 and com-
plete media (Dulbecco’s modified Eagle’s medium (DMEM)
containing 0.3 mg/ml glutamine, 100 IU/ml penicillin, and 100
�g/ml streptomycin (Invitrogen) supplemented with 5% fetal
calf serum (FCS; Invitrogen)). HEK293FTmedia also contained
geneticin (G418; 400 �g/ml; Invitrogen). Transfections were
carried out 24 h after cell seeding using GeneJuice (Novagen)
according to the manufacturer’s instructions. HEK293 stable
cell lines were maintained in 400–500 �g/ml G418.
Inositol Phosphate Assays—COS-7 cells were seeded in

100-mm dishes at a density of 700,000 cells/dish, and total ino-
sitol phosphate production was measured as described previ-
ously (37).
BRET Assays—COS-7 or HEK293FT cells transfected 48 h

earlier were harvested and prepared as described previously in
white 96-well plates (Nunc) (37). For BRET1 dose-response
assays, coelenterazine h substrate was added to a final concen-
tration of 5�M, and analysis was carried out immediately. Sam-
ples were incubated for 5 min in the presence of various con-
centrations of agonist and then measured for four sequential
reads. For extended BRET (eBRET) assays, cells were resus-
pended in HEPES-buffered (25 mM) phenol-red free DMEM
with 5% FCS to maintain viability. EnduRenTM substrate (Pro-
mega) was added to each well at a final concentration of 60 �M.
Cells were left for 2 h at 37 °C, 5% CO2 in order for the cell-
permeable substrate to equilibrate. Samples were sequentially
read using either aMithrasTMLB940 luminescence plate reader
(Berthold) or VICTOR LightTM 1420 luminescence counter
(PerkinElmer Life Sciences) using appropriate filter sets as
detailed below. eBRET kinetics were measured for �30 min to
obtain a basal signal. Cells were then treated with vehicle or
ligand and read continuously for several hours. BRET ratios for
�-arrestin recruitment to OxRs were calculated by subtracting
the ratio of �500 nm emission over the 400–475-nm emission
for a cell sample containing only the Rluc construct from the
same ratio for a sample containing both the Rluc and EGFP
fusion proteins as described previously (37). The ligand-in-
duced BRET signal for �-arrestin-ubiquitin proximity was cal-
culated by subtracting the ratio of 520–540-nm emission over
the 400–475-nm emission for a vehicle-treated cell sample
containing both Rluc8 and Venus fusion proteins from the
same ratio for a second aliquot of the same cells thatwas treated
with ligand as described previously (40). The final pretreatment
reading is presented at the zero time point (time of ligand or
vehicle addition).
Confocal Microscopy—HEK293 cells were seeded in 6-well

plates at a density of 650,000 cells/well, and confocal micros-
copy procedures were carried out as described previously (37).
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Enzyme-linked Immunosorbent Assay (ELISA)—OxR con-
structs were generated with a hemagglutinin (HA) epitope tag
incorporated at the N terminus of OxR1 and OxR2. Stably
transfected HEK293 cells expressing either HA-OxR1 or HA-
OxR2 were plated into 24-well plates at 200,000 cells/well with
completemedia. The next day,mediawere removed, and 0.5ml
of media containing a 1:2500 dilution of anti-HA serum (raised
in rabbit and generously provided by S. Schulz, Institute of
Pharmacology and Toxicology, University of Jena, Germany)
was added to wells. Cells were then incubated with antibody at
4 °C for 2 h. Media were removed and replaced with 0.5 ml of
media containing OxA. Cells were then incubated at 37 °C for
1 h. Following treatment, cells were washed with phosphate-
buffered saline (PBS). They were then fixed in 0.5 ml of Zam-
boni’s fixative at room temperature for �30 min, either imme-
diately (0minwashout) or following incubation for 20, 40, or 60
min in media. Fixative was removed, and the cells were washed
twice with PBS before adding 0.5 ml of PBS containing second-
ary antibody (anti-rabbit IgG, horseradish-peroxidase-linked
whole antibody raised in donkey; Amersham Biosciences). Sec-
ondary antibody was diluted 1:2000. Samples were incubated at
room temperature with gentle rocking for �2 h. Finally, cells
were washed twice with PBS before 250 �l of horseradish per-
oxidase substrate 2,2�-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (Sigma) was added to wells and incubated at room
temperature with rocking for �15 min. 200-�l aliquots were
then transferred to a clear-bottomed 96-well plate, and samples
were measured at 405 nm using an Envision 2102 multilabel
plate reader (PerkinElmer Life Sciences). All treatments were
performed in triplicate, and each assay included a primary anti-
body control.
Homogeneous Cell-based ERK1/2 Phosphorylation Assay—

ERK1/2 phosphorylation was measured using the SureFire
ERK1/2 phosphorylation kit (TGR Biosciences) with IgG Pro-
tein A AlphaScreen donor/acceptor beads (PerkinElmer Life
Sciences) (41). HEK293 cells stably expressingOxR cDNA con-
structs were seeded in white 96-well plates (Nunc) at a density
of 60,000 cells/well in serum-free DMEM. After 16 h, media
were replaced, and treatments were carried out 1 h later.
Treated cells were assayed according to the manufacturer’s
instructions, and samples were measured using an Envision
2102 multilabel plate reader (PerkinElmer Life Sciences).
Data Presentation and Statistical Analyses—Data were pre-

sented and analyzed using Prism 5.0 software (GraphPad). Sig-
moidal dose-response curves were fitted to the data for inositol
phosphate production, �-arrestin recruitment to OxRs, and
ERK1/2 phosphorylation using nonlinear regression. Statistical
comparisons of logEC50 values and recycling time course data
were assessed using two-way analysis of variance with Bonfer-
roni post-test analysis or Student’s t test where appropriate.
Statistical significance for eBRET and ERK1/2 phosphorylation
kinetic data was determined using a two-way repeatedmeasure
analysis of variance with Bonferroni post-test analysis.

RESULTS

Inositol Phosphate Signaling—Wild type (WT) and EGFP-
tagged human OxR constructs for both subtypes were able to
induce robust inositol phosphate production in the presence of

either orexin ligand. In response to OxA or OxB treatment, the
signaling potencies of EGFP-taggedOxR1 andOxR2 constructs
were not significantly different from respective WT receptors
(Table 1). As expected, a nanomolar effective concentration of
agonist was shown to elicit a half-maximal response for OxA at
OxR1 and OxR2, as well as OxB at OxR2. Additionally, the
potency ofOxBwas substantially lower atOxR1 comparedwith
that observed with OxA at OxR1 or OxB at OxR2, as has been
similarly observed for G protein-mediated Ca2� signaling (4).
BRET Dose-Response Analysis of OxR-�-Arrestin Proximity—

BRET EC50 values for OxR-�-arrestin proximity were found to
be 2 orders of magnitude higher (Table 2) than the EC50 values
observed for inositol phosphate production (Table 1). These
data were generated using COS-7 cells; however, similar BRET
EC50 values were observed using HEK293FT cells (data not
shown). The use of phosphorylation-independent �-arrestin
mutants had little effect, indicating that receptor phos-
phorylationwas not generally a limiting factor under these con-
ditions. A small but significant difference in potency was
observed forOxR1 comparedwithOxR2 in COS-7 cells treated
with OxA (Table 2). This was also observed with the phos-
phorylation-independent mutants. Again, similar observations
were made with HEK293FT cells, although the differences

TABLE 1
EC50 data for inositol phosphate signaling dose-response assays com-
paring wild type with EGFP-tagged OxR subtypes
Inositol phosphate production was measured in COS-7 whole cell lysates trans-
fected with wild type (WT) or EGFP-tagged OxRs and treated with a range of
concentrations of OxA or OxB. Results are presented as mean � S.E. of three
independent experiments. Statistics were carried out using logEC50 values.

OxR1 EC50 OxR2 EC50

nM nM
OxA
Receptor-WT 5.2 � 1.1 2.6 � 0.5
Receptor-EGFP 9.6 � 1.8 4.3 � 0.9

OxB
Receptor-WT 59.4 � 14.1a,b 2.3 � 1.0
Receptor-EGFP 92.0 � 18.3a,b 2.9 � 0.7

a p � 0.05 compared with respective OxR2.
b p � 0.05 compared with respective receptor treated with OxA.

TABLE 2
EC50 data for BRET OxR-�-arrestin proximity dose-response assays
COS-7 cells were co-transfected with either OxR1 or OxR2 (EGFP-tagged) and
either a wild type (WT) or phosphorylation-independent mutant (R169E or R170E)
form of �-arrestin 1 or 2 (Rluc-tagged). Cells were treated with a range of concen-
trations of OxA or OxB at 37 °C. Results are presented as mean � S.E. of three
independent experiments. Statistics were carried out on logEC50 values.

OxR1 EC50 OxR2 EC50

nM nM
OxA

�-Arrestin 1-WT 777.0 � 54.6a 375.9 � 121.5
�-Arrestin 2-WT 719.4 � 102.2a 214.7 � 75.7
�-Arrestin 1-R169E 412.1 � 44.1a 138.7 � 22.7b
�-Arrestin 2-R170E 400.8 � 46.5a 161.5 � 18.2

OxB
�-Arrestin 1-WT Too high to determine 334.3 � 112.6
�-Arrestin 2-WT Too high to determine 383.6 � 203.3
�-Arrestin 1-R169E 3766.8 � 546.7a 228.3 � 65.5
�-Arrestin 2-R170E 3788.8 � 366.4a 278.2 � 148.1

a p � 0.05 compared with OxR2.
b p � 0.05 compared with the respective �-arrestin WT. Note that as EC50 values
for OxB-induced OxR1 proximity with �-arrestin 1 or 2 WT were too high to
determine, statistical comparisons involving these values could not be carried
out.
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between receptors treated with OxA were not statistically sig-
nificant in these cells (data not shown).
BRET EC50 values for OxR2 proximity to mutant �-arrestins

in the presence of OxB were significantly less than those
observed for OxR1 paired with the same �-arrestins (Table 2).
BRET EC50 values for OxR1 proximity to WT �-arrestins
treated with OxB could not be obtained, as sufficiently high
concentrations of OxB could not be tested (Table 2). This indi-
cates substantially lower potency than at OxR2, even if statisti-
cal analysis is precluded.OxBBRETEC50 values forOxR2prox-
imity to �-arrestins were not significantly different than
respective EC50 values from OxA dose-response analyses.

The�-arrestin proximity potency shift observed between the
different OxR subtypes activated by OxB (Table 2) appears to
reflect that observed for inositol phosphate production (Table
1), which in turn reflects published differences in OxB binding
affinity at the two receptors (4). Therefore, for the remainder of
the study, we focused our attention on investigating potential
differences between the OxR subtypes when activated by OxA,
which has similar binding affinity (4), and inositol phosphate
production potency (Table 1) at both receptors.

eBRET Monitoring of OxA-induced OxR-�-Arrestin Prox-
imity—Following treatmentwith 1�MOxA,COS-7 cells trans-
fected with BRET-tagged pairs of OxR and �-arrestin subtypes
elicited a robust initial increase in BRET response (Fig. 1,A and
B). The response was similarly observed for all OxR-�-arrestin
combinations, although slightly heightened for OxR interac-
tions with �-arrestin 2. However, subsequent kinetics differed
between OxR subtypes. OxR2-expressing cells displayed a sig-
nificantly more stable BRET signal with both �-arrestins in
comparison with OxR1 over 4 h of continual stimulation with
OxA. A significant divergence between OxR subtype kinetic
profiles was observed after 67 min for �-arrestin 1 (p � 0.05;
Fig. 1A), and 75 min for �-arrestin 2 (p � 0.05; Fig. 1B) and
continued over the rest of the 4-h measurement period.
Confocal Microscopy Indicates That Both OxR Subtypes

Internalize into Endosomes following OxA Treatment—
HEK293 cells transfected with OxR1-EGFP or OxR2-EGFP
exhibited fluorescence on the cell surface indicative of receptor
expression at the plasma membrane (Fig. 2). Following treat-
ment with 1 �M OxA for either 5 or 30 min, similar punctate
fluorescence was observed throughout the cytosol of cells con-
taining all combinations of EGFP-tagged OxRs and untagged
�-arrestins, consistent with similar internalization into endo-
somes (Fig. 2).
OxR Subtypes Recycle at Different Rates following OxA

Treatment—Recycling of the receptor back to the cell surface
was monitored after treatment with OxA for 60 min and sub-
sequent washing out of agonist for specified time periods (Fig.
3). After immediate cell fixation following agonist treatment,
both stably expressing cell lines exhibited a similar decrease in
cell surface HA immunoreactivity consistent with the similar
levels of receptor internalization observed with confocal
microscopy. However, after a 20-min washout period, a sig-
nificantly lower percentage of HA-OxR2 was detected at the
cell surface compared with HA-OxR1 (Fig. 3). This differ-
ence was not observed for washout periods of 40 min and
greater (Fig. 3).

�-Arrestin 2-Ubiquitin eBRET Kinetics Differ between OxR
Subtypes—Upon OxA treatment of cells co-expressing BRET-
tagged �-arrestin 2 and ubiquitin constructs, in addition to an
untagged OxR subtype, a robust increase in BRET signal was
observed for both receptors (Fig. 4). The maximal BRET signal

FIGURE 1. eBRET kinetic data for OxA-induced OxR proximity to �-arres-
tin 1 and 2. To assess EGFP-tagged OxR1 and OxR2 proximity to Rluc-tagged
�-arrestin 1 (A) and �-arrestin 2 (B), a basal BRET signal was established in the
absence of ligand for 30 min. Cells were then treated with either vehicle or
OxA and monitored in real time for up to 4 h. Results are presented as the
mean BRET ratio � S.E. of at least three independent experiments. *, p � 0.05
between OxR subtypes treated with OxA.

FIGURE 2. Confocal microscopy showing redistribution of OxRs following
OxA treatment. OxR1-EGFP or OxR2-EGFP was visualized in HEK293 cells
overexpressing untagged �-arrestin 1 or 2. The distribution of EGFP-tagged
OxRs is shown in untreated cells compared with those treated with OxA for
5 or 30 min as indicated.
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was significantly higher for cells expressing OxR2 compared
with OxR1 after 12 min of OxA stimulation and remained so
over the 4-h measurement period (Fig. 4). In addition, the time
at which the peak BRET signal for OxR2 was reached was later
than for OxR1. The BRET signal for OxR2 was relatively sus-
tained over the 4-hmeasurement period. In contrast, the OxR1
signal was transient, returning to and remaining at base line
after �75 min of ligand stimulation (Fig. 4).
OxR Subtypes Display Different ERK1/2 Phosphorylation

Kinetics—Using the homogeneous cell-based SureFire assay,
ERK1/2 phosphorylation was monitored over a period of 4 h
following stimulation with a maximal dose of OxA in cells sta-
bly transfected with either OxR subtype (Fig. 5A). Maximal lev-
els of phosphorylated ERK1/2 (pERK1/2) were observed 2 min
after agonist stimulation, and all subsequentmeasurement data
were normalized to this maximal value. Relative levels of

pERK1/2 were similar at 5 min post-agonist stimulation; how-
ever, a significantly lower level of pERK1/2 was observed for
OxR1 compared with OxR2 at 10 min and up to 2 h following
sustained agonist stimulation (Fig. 5A). Kinetically, OxR2-ex-
pressing cells exhibited amore stable, prolonged pERK1/2 pro-
file compared with OxR1. pERK1/2 levels in OxR1-expressing
cells dropped to �30% of maximal levels after 60 min and were
similar throughout the remainder of the 4-h time course,
whereasOxR2 exhibited amore gradual decrease over the same
time period (Fig. 5A).
OxR2 Exhibits a Time-dependent Shift in ERK1/2 Phosphor-

ylation Potency—OxA-induced ERK1/2 phosphorylation dose-
response data were generated at two distinct time points, 2 and
90 min post-agonist stimulation. For OxR1 at 90 min, the
ERK1/2 phosphorylation exhibited insufficient dose depen-
dence to generate meaningful data, and so comparison of the
2- and 90-min time points could not be made. However, for
OxR2 a significantly higher dose of OxAwas required at 90min
(EC50 � S.E. of 47.3 � 12.3 nM) compared with 2 min (EC50 �

FIGURE 3. OxR recycling rates following OxA treatment. HA-OxR1 and HA-
OxR2 stable cell lines were treated for 60 min with OxA, following which cells
were either washed and fixed immediately (0 min washout) or washed and
incubated in media for varying time periods before fixing. Data are presented
as the percentage of receptors at the cell surface relative to untreated sam-
ples (mean � S.E.) from three independent experiments. *, p � 0.05 com-
pared with OxR1 at same time point.

FIGURE 4. eBRET kinetic data for OxA-induced �-arrestin 2-ubiquitin
proximity in the presence of OxR1 or OxR2. Kinetic profiles of changes
in proximity between Rluc8-tagged �-arrestin 2 and Venus-tagged ubiq-
uitin in the presence of untagged OxR1 or OxR2 transiently transfected in
HEK293FT cells. Cells were treated with OxA and measured over a 4-h
period. Data are expressed as mean � S.E. of three independent experi-
ments; *, p � 0.05 between OxR1 and OxR2 from 12 min up to 4 h post-
agonist stimulation.

FIGURE 5. ERK1/2 phosphorylation data for OxR1 and OxR2 stably
transfected in HEK293 cells. A, stably transfected HEK293 cells were
treated with OxA and measured over a 4-h period. Data were normalized
to time-matched vehicle treatments and are expressed as a percentage of
the maximal response induced at 2 min post-agonist treatment. Data are
expressed as mean � S.E. of four independent experiments. *, p � 0.05
between OxR1 and OxR2 from 10 to 120 min post-agonist stimulation.
B, dose-response data were collected at 2 and 90 min post OxA treatment
of OxR2-expressing cells. Data were expressed as a percentage of the
maximal response induced at the time point. Data are expressed as
mean � S.E. of four independent experiments.
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S.E. of 7.5� 1.3 nM) to achieve a similar proportion of pERK1/2
(p � 0.05 evaluated using logEC50 values; Fig. 5B).

DISCUSSION

Potency of�-Arrestin Recruitment toOxRs—The potencies of
�-arrestin recruitment to both OxRs were surprisingly low,
being 2 orders of magnitude lower than observed for inositol
phosphate production. These potencies are lower than we have
observed for other GPCRs interacting with �-arrestins using
BRET, including angiotensin II receptor type 1 (37), thyrotro-
pin-releasing hormone receptor (40), and chemokine receptors
CCR5 and CXCR4 (42). Investigations of the role of receptor
phosphorylation in receptor-�-arrestin interactions, and sub-
sequent receptor internalization, have taken advantage of the
properties of mutant �-arrestins (43–46). Mutant �-arrestins
(R169E and R170E) do not require receptor phosphorylation
for activation (47) and were included in the study to assess
whether receptor phosphorylation was a limiting factor for the
potency of �-arrestin recruitment to OxRs in these cells. Over-
all, this would appear not to be the case as the only statistically
significant difference when comparing WT and mutant �-ar-
restins was with OxA acting on the combination of �-arrestin 1
and OxR2 in COS-7 cells (2.7-fold shift). These data suggest
that either nonlimiting amounts of GRK were present or that
GRK phosphorylationmay not be required for �-arrestin bind-
ing. However, as a previous study observed that elimination of a
particular GRK phosphorylation motif in OxR1 resulted in a
loss ofOxR1 internalization and�-arrestin co-localization (48),
it is likely that GRK phosphorylation is required for OxR-�-
arrestin binding.
Temporal Differences between OxR Subtypes with Respect to

�-Arrestin Recruitment—Our eBRET data imply that although
both OxRs are capable of associating with both �-arrestins fol-
lowing OxA activation, OxR2 appears to have a more stable
interaction with �-arrestins that is sustained significantly lon-
ger compared with OxR1, with this being reflected in the BRET
signal from populations ofmany individual receptor-�-arrestin
interactions in many cells. The small but significant difference
in BRET EC50 values between OxR subtypes, at least in COS-7
cells (Table 2), is also consistent with OxR2 interacting with
�-arrestins more avidly than OxR1.

The role of GRK phosphorylation in �-arrestin binding to
activatedGPCRs has been discussed previously (20, 49–51), the
stability of which has been found to be positively correlated
with the composition and quantity of serine/threonine residue
clusters in the C-tail of receptors (49, 51). Sequence analysis of
amino acid residues in the C-tail of OxR subtypes indicates that
OxR1 has two putative GRK-specific phosphorylation sites (17,
48, 52, 53), only one ofwhich appears to play a significant role in
�-arrestin interaction (48). In contrast, OxR2 contains three of
these motifs (17). Thus, the potential for more extensive phos-
phorylation of theOxR2 subtype following agonist bindingmay
contribute to the more stable interaction observed between
OxR2 and �-arrestins compared with OxR1.
It should be noted that other intracellular serine/threonine

residues outside the C-tail of GPCRs could also play a role in
�-arrestin recruitment. Neuropeptide Y receptor subtype 5
exhibits a robust interaction with �-arrestin 2 measured using

BRETdespite possessing a relatively short C-tail with few phos-
phorylation sites (54). However, Y receptor subtype 5 has an
extended third intracellular loop with phosphorylation sites
(54). In addition, membrane association of the C-tail by palmi-
toylation can also affect �-arrestin-binding stability (55–57).
However, both OxRs possess similar putative palmitoylation
sites in the proximal C-tail and GRK phosphorylation sites in
the third intracellular loop.
OxR1 Recycles More Rapidly than OxR2—Results from stud-

ies of receptor-�-arrestin coupling using chimeric receptors in
which the C-tails of GPCRs were swapped indicated that, at
least for the receptors investigated, the rate of �-arrestin-de-
pendentGPCR recycling and resensitization directly correlated
with the presence or absence of highly conserved serine/threo-
nine clusters within the C-tail of the receptor (58, 59). The fate
of the receptor-�-arrestin complex is often correlated with the
strength and stability of this interaction, which is itself typically
dependent upon the amino acid composition of the receptor
C-tail (19, 53, 59). Work with the somatostatin receptor sub-
types, for example, showed that receptor degradation, recy-
cling, and up/down-regulation were all determined, to an
extent, by receptor phosphorylation and �-arrestin coupling
(60). From our study, it would appear that the higher rate of
OxR1 dissociation from either form of �-arrestin, despite a
strong initial interaction (as evidenced by the eBRET kinetic
assays), is associated with more rapid recycling back to the
plasma membrane compared with OxR2.
OxA-induced �-Arrestin-Ubiquitin Proximity Provides Fur-

ther Insights into OxR Complex Stability—Covalent modifica-
tion of receptors and their binding partners appears to be crit-
ical for regulating the activity of many activated GPCRs (61).
Ubiquitination seems unique in its ability to potentially govern
multiple facets of receptor function, including internalization,
compartmentalization, signaling, and degradation of the recep-
tor complex, depending on the stability and secondary struc-
ture of ubiquitin linkages to target proteins (31). �-Arrestin
ubiquitination may be influential in regulating some of these
receptor-mediated events with certain GPCRs (25, 32, 62). Fur-
thermore, loss-of-function mutation of �-arrestin with respect
to receptor-specific �-arrestin ubiquitination may result in the
inability of some receptor complexes to internalize into endo-
somes (24, 32) and alter the ability of �-arrestin to scaffold and
compartmentalize pERK1/2 signaling complexes (24). Charac-
terization of the temporal aspects of �-arrestin-ubiquitin prox-
imity is potentially informative for investigating the stability of
receptor complexes and the influence it may exert on �-arres-
tin-mediated activities. Using BRET, the kinetics of �-arrestin-
ubiquitin proximity has been explored for two GPCRs, �2-ad-
renergic receptor and vasopressin receptor 2, that represent
class A and B �-arrestin-binding receptors, respectively (39).
There is some evidence for enzymes that co-regulate ubiquiti-
nation and deubiquitination events associating with the re-
ceptor complex in a class-dependent manner to allow stable
ubiquitination of vasopressin receptor 2 and more transient
ubiquitination of �2-adrenergic receptors upon agonist stimu-
lation (62). Similarly, chimeric �2-adrenergic receptors and
vasopressin receptor 2 with swapped C-tails appear to exhibit
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�-arrestin ubiquitination stability dependent on the origin of
the C-tail (33).
In this study, OxR2-expressing cells display a more stable,

prolonged BRET signal for energy transfer between tags on
�-arrestin 2 and ubiquitin that is kinetically similar to that of
�-arrestin recruitment to this receptor, whereas OxR1-ex-
pressing cells display a more transient BRET signal indicating
more transient receptor-arrestin-ubiquitin complex formation
compared with OxR2. Note that we have not directly assessed
either �-arrestin or receptor ubiquitination per se, and
although most of the BRET signal is presumed to result from
�-arrestin interaction with ubiquitin, as these are the BRET-
tagged proteins in the complex, it cannot be excluded that a
component of the signal results from ubiquitin interacting
directly with the OxR or other proteins in the macromolecular
complex. This would bring the Venus tag on ubiquitin into
close proximity to the Rluc8 tag on the �-arrestin that is also
interacting with the receptor complex. Either way, the observa-
tions that more sustained ubiquitination correlates with
increased stability of the receptor-�-arrestin complex are con-
sistent with previous findings (33, 39, 62) and support our
observations from the eBRET assays monitoring receptor-�-
arrestin proximity and the recycling assays.
Correlation with ERK1/2 Phosphorylation—We observed

significantly elevated and sustained pERK1/2 following activa-
tion ofOxR2 comparedwithOxR1 at time points typically asso-
ciated with non-G protein-mediated ERK1/2 phosphorylation
(34, 63). The elevated level of pERK1/2 for OxR2 at the later
time points compared with OxR1 is consistent with OxR2
forming amore stable secondary signaling complex that is likely
to involve �-arrestin. Consequently, this may also indicate that
OxR2 scaffolds and maintains pERK1/2 in the cytosol rather
than allowing nuclear translocation as has been observed for
non-G protein-mediated ERK1/2 signaling (64–66). Indeed,
the possibility of non-G protein-mediated ERK1/2 signaling
has been observed in a study involving chemical inhibition of
the G protein-mediated pERK1/2 pathway for OxR2 (67). Fur-
thermore, significant differences inOxApotency atOxR2when
comparing 2- and 90-min stimulation time points also indicate
that ERK1/2 activation occurs via different mechanisms at the
different time points. Indeed, the observed ERK1/2 activation
that is presumed to be predominantly via a non-G protein-
mediated pathway occurs at higher doses, consistent with the
lower potency of receptor-�-arrestin proximity compared with
G protein-mediated signaling.
Do Both OxRs Fit the Current Classification for �-Arrestin

Usage?—GPCRs exhibiting weak, transient �-arrestin interac-
tions with an apparent preference for �-arrestin 2 tend to be
deemed class A receptors, although GPCRs that form strong,
stable interactions with both �-arrestins tend to be denoted
class B receptors for �-arrestin usage (59). Results from the
eBRET kinetic studies indicate that both OxRs can associate
robustly with both �-arrestins, superficially making them both
candidates for class B classification according to �-arrestin
usage (52, 59). Indeed, previous confocal microscopy studies
have shown�-arrestin 2 co-localizedwithOxR1 in acidic endo-
somes following OxA stimulation (48). The class B assignment
is also supported by the combination of our confocal micros-

copy and ELISA data showing that both OxRs are internalized
to similar degrees. Furthermore, although OxR1 displays a
more transient association than OxR2, the profiles are similar
for both �-arrestins. However, the rapid recycling observed
with OxR1 does not fit the class B categorization well and nei-
ther does the relatively weak and transient ubiquitination pro-
file. Interestingly, such unusual behavior resembles that
observed with somatostatin sst2A receptor that was classified
uneasily as class B for �-arrestin usage as it formed stable com-
plexes with both �-arrestins, yet was rapidly resensitized and
recycled to the plasma membrane without detectable receptor
ubiquitination (60). Bradykinin 2 receptor is another notable
example as it appears to interact strongly with �-arrestin 2
when bradykinin is present (42, 68), but it recycles rapidly fol-
lowing agonist washout (68), similar to our observations with
OxR1. Moreover, the functional differences revealed by the
pERK1/2 kinetic profiles further highlight the differences
between the OxR subtypes. It has been considered previously
(60, 68) and our data further indicate that the taxonomy of
GPCRs according to �-arrestin usage may need to be refined to
discriminate between receptors that interact stronglywith both
�-arrestins yet exhibit divergent kinetic profiles. Perhaps a class
C for �-arrestin usage is required, as suggested by Simaan et al.
(68), for bradykinin 2 receptor, with OxR1 and sst2A receptor
fitting into this category. Furthermore, our findings indicate
that temporal characterization of the receptor-arrestin-ubiqui-
tin complex may help to differentiate potential members of the
different classes, with the ultimate aim of improving our under-
standing of receptor systems in vitro so that they can be corre-
lated more effectively to physiological and pathological roles
in vivo.
In conclusion, the orexin neuroendocrine system is an

intriguing physiological entity with vast potential as a target for
therapeutic intervention, particularly as it appears to play a
unique and fundamental role in regulating and integrating so
many key biological systems from sleep-wake tometabolism. A
greater understanding of the mechanisms regulating its func-
tion is crucial if this pharmacological potential is to be tapped.
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