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C-terminus of OX2R significantly affects
downstream signaling pathways
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Abstract. The human orexin 2 receptor (OX2R) is a
G-protein-coupled receptor (GPCR) that has been implicated
in a number of diverse physiological functions. Recent studies
have identified a number of functions of the C-termini of
GPCRs. However, the importance of the OX2R C-terminus in
regulating signaling and surface expression remains unclear.
In the present study, the function of the OX2R C-terminus
was investigated using three C-terminal mutants, which were
truncated at residues 368, 384 and 414, respectively, and the
wild-type control, which expressed the full-length OX2R.
HEK-293 cells were transfected with the mutated and control
OX2R constructs. ELISA, western blot analysis and calcium
assays were used to investigate the effects of the mutations
on OX2R function. The present results demonstrated that
residues 385-414 and 415-444 exhibited a cumulative effect on
the surface expression of OX2R. Residues 369-384 exhibited
a significant influence on inositol phosphate production and
extracellular signal-regulated kinase 1/2 phosphorylation.
Residues 385-414 significantly influenced agonist-induced
internalization, whereas residues 369-384 and 385-414 signifi-
cantly influenced Ca*" release. The results of the present study
suggest that the C-terminus of OX2R is important for its role
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in various physiological and pathological processes, and may
therefore be associated with such disorders as depression and
anorexia.

Introduction

G-protein-coupled receptors (GPCRs) constitute one of the
largest receptor superfamilies. By binding to different ligands,
GPCRs activate different G subunits, which subsequently
induce different intracellular signaling pathways and lead to a
number of diverse biological effects (1,2). In general, GPCRs
contain an extracellular amino terminus, a seven-trans-
membrane helix, and an intracellular C-terminus (3). The
extracellular and transmembrane regions are primarily
involved in ligand recognition, while the cytoplasmic region
participates in the interaction with G-proteins or additional
proteins (4). The C-termini of GPCRs differ in terms of their
length and structure, implying their functional importance
and complexity (5). The C-terminus is indispensable for the
functions of GPCRs, including cell surface localization (6),
G-protein coupling (7), agonist-driven internalization (8) and
signal transduction (9). Therefore, mutations in the C-termini
of GPCRs have been associated with a variety of dysfunc-
tions and disease states (10,11).

The human orexin 2 receptor (OX2R), also known as the
hypocretin receptor, is a GPCR and exhibits an equal binding
affinity for its two ligands, orexin-A and orexin-B (12). OX2R
is involved in a number of diverse physiological actions,
including control of feeding and energy homeostasis (13),
control of the sleep-wake cycle (14), regulation of cardio-
vascular functions (15), and the neuroendocrine system (16).
Thus, OX2R is implicated as a potential therapeutic target
in various disorders associated with OX2R mutations. The
mRNA sequence of OX2R contains 1,843 bases that are trans-
lated into 444 amino acids (aa), and its C-terminus contains
78 residues. OX2R may interact with multiple G-proteins
(G, G, and G;) and stimulate cyclic adenosine monophos-
phate (cAMP) and inositol trisphosphate production (17).
Despite its functional implications, no comprehensive
studies have been conducted to date to determine the role
of the C-terminus in governing the surface expression and
signaling of OX2R.

Basic experiments to identify functional domains in the
C-termini of GPCRs usually focus on truncations of the
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C-terminus. Therefore, in the present study, 3 C-terminal
truncation mutants of OX2R were employed to determine
which segments are involved in its cell surface expression
and signal transduction. The three mutants were truncated
at the 368 (HA-M1), the 384 (HA-M2), and the 414 aa posi-
tions (HA-M3), respectively (Fig. 1A). The effects of these
mutations on the normal function of OX2R were subsequently
evaluated. The results may enhance the current under-
standing of the OX2R complex, and provide a theoretical
basis for elucidating the molecular mechanisms underlying
OX2R-associated diseases.

Materials and methods

Materials. Orexin-A and orexin-B were purchased
from Phoenix Pharmaceuticals (St. Joseph, MO, USA).
Lipofectamine 2000 and geneticin (G418) were obtained
from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). Forskolin and 3-isobutyl-1-methylxanthine
(IBMX) were obtained from Sigma-Aldrich; Merck Millipore
(Darmstadt, Germany). Primary antibodies against hemag-
glutinin (HA; cat no. 3724), phosphorylated (p)-extracellular
signal-regulated kinase 1/2 (ERK1/2; cat no. 9101), and
ERK1/2 (cat no. 4696) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Anti-B-actin primary
antibody (cat no. TA-09), polyclonal goat anti-rabbit (cat
no. ZB-2301) or anti-mouse secondary antibodies (cat
no. ZB-2305) were obtained from ZSGB-BIO (Beijing,
China).

Generation of expression constructs. The following 3 trun-
cated OX2R C-terminal region constructs were generated:
M1, terminating at Ser368 to remove the intracellular
C-terminal tail; M2, terminating at Leu384 to leave a
truncated intracellular C-terminal tail; M3, terminating at
Phe414 to leave an intracellular C-terminal tail. The oligo-
nucleotides 5'-CCCAAGCTTATGTCCGGCACCAAATTG
GAGG-3' and 5'-CGCGGATCCCTATTTTCCACTGAGA
AAATTATAAAT-3" introduced a stop codon following
serine 368. The oligonucleotide 5'-CGCGGATCCCTATCC
AAGGCAACAGCAAGAAAACGC-3' introduced a stop
codon following Leu384. The oligonucleotide 5'-CGCGGA
TCCCTAATCAAAGTTGCTGATTTGAGTGGT-3' intro-
duced a stop codon following Phe414. The full-length
human OX2R gene was cloned in the pcDNA3.1 vector
and was used as a template. The amplified gene fragments
were cloned into the HindIII and BamHI restriction sites
of the pcDNA3.1 (+) vector. All constructs were confirmed
by DNA sequencing using the DNA Analyzer ABI 3730x!/
(Applied Biosystems; Thermo Fisher Scientific, Inc.).
The following primer sequences were used: T7 promoter,
5'"TAATACGACTCACTATAGGG-3'"; and bovine growth
hormone reverse primer, 5-TAGAAGGCACAGTCGAGG-3'.

To generate HA-tagged OX2R fragments, the sequence
encoding the HA epitope tag (YPYDVPDYA) was inserted
into the pcDNA3.1-OX2R and the 3 truncated C-terminal
OX2R constructs at the N-terminus by polymerase chain reac-
tion. The resulting constructs (HA-OX2R, HA-M1, HA-M2,
and HA-M3) were confirmed by sequencing by Sangon
Biotech Co., Ltd. (Shanghai, China).
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Cell culture and transfection. HEK293 cells were cultured
in minimum essential medium (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% fetal calf serum (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in a 5% CO, incubator.
To generate cell lines stably expressing HA-OX2R, HA-M1,
HA-M2, and HA-M3, HEK?293 cells were transfected with
the plasmid constructs using Lipofectamine® 2000 according
to the manufacturer's protocol (Invitrogen; Thermo Fisher
Scientific, Inc.). At 48 h following transfection, the culture
media was removed and replaced with media containing G418
(0.5 mg/ml). Individual clones that survived 2 weeks were
cultured in positive selection medium for 8 weeks. Expression
of HA-OX2R, HA-M1, HA-M2, and HA-M3 was assessed by
western blotting using an anti-HA antibody (dilution, 1:1,000),
as described below. For some experiments, transient transfec-
tion was performed (as described below).

Enzyme-linked immunosorbent assay (ELISA) to assess total
and surface expression of mutants. Cells stably expressing
HA-OX2R, HA-M1, HA-M2, and HA-M3 were plated into
96-well plates at a density of 10* cells/well and incubated for
24 h. Cells were then fixed in 4% paraformaldehyde prepared
in phosphate-buffered saline (PBS) at 37°C for 1 h, with
or without 0.25% Triton X-100 for total HA or surface HA
expression analysis, respectively. Cells were subsequently
washed three times with PBS, and nonspecific binding sites
were blocked with blocking buffer (3% dry milk) at room
temperature for 1 h. Cells were incubated with a primary
polyclonal anti-HA antibody (dilution, 1:500) overnight at 4°C,
and then washed three times with PBS. The following day,
cells were incubated with a horseradish peroxidase-conjugated
goat anti-rabbit immuniglobulin (Ig) G secondary antibody
(dilution, 1:2,000) for 1 h at 37°C, and then washed three
times with PBS. 3,3',5,5'-tetramethylbenzidine substrate (200
pl; Sigma-Aldrich; Merck Millipore) was added and cells
were incubated for 30 min at 37°C. The enzymatic reaction
was stopped with 2N H,SO, solution. Finally, each well was
measured using an iMark™ Microplate Absorbance Reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) at a wave-
length of 450 nm.

cAMP production assay. Stably transfected cells were cultured
in 12-well plates at a density of 5x10° cells/well and preincu-
bated in stimulation buffer consisting of Dulbecco's modified
Eagle's medium with 500 xM IBM X and 10 mM MgCl,,at 37°C
for 20 min. Cells were then stimulated with buffer containing
either orexin-A (0.1-1,000 nM), orexin-B (0.1-1,000 nM) for
10 min at 37°C. cAMP levels were determined using a Cyclic
AMP assay kit (Cell Signaling Technology, Inc.) according to
the manufacturer's instructions. Optical density at 450 nm was
measured using a microplate reader.

Inositol phosphate (IP) accumulation assay. Stably trans-
fected cells were plated in 24-well plates at a density of
2x10° cells/well. The following day, cells were treated with
orexin-A (100 nM) or orexin-B (100 nM) prepared in stimula-
tion buffer containing 10 mM HEPES, 1 mM CacCl,, 4.2 mM
KCl, 0.5 mM MgCl,, 146 mM NacCl, 50 mM LiCl and 5.5 mM
glucose (pH 7.4), for 1 h at 37°C. Cells were then lysed with
2.5% lysis reagent (Beyotime Institute of Biotechnology,
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Shanghai, China) in 5% CO, at 37°C for 30 min, according to
the manufacturer's protocol. IP levels were measured using a
Human Inositol Triphosphate ELISA kit (cat no. MBS024296;
MyBioSource, San Diego, CA, USA), according to the
manufacturer's protocol. The optical density at 490 nm was
measured using a microplate reader.

Calcium release. Calcium signals in cells were detected using
the Fluo-4 NW Calcium assay kit (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Stably transfected cells at a density of 10* cells/well were
cultured in a black poly-D-lysine-coated 96-well plate for 24 h.
The following day, cells were stimulated for 5 min with 100 nM
orexin-A or orexin-B, washed twice with assay buffer, and
100 1 loading dye solution was added to each well. Cells were
subsequently incubated at 37°C for 30 min, and then at room
temperature for an additional 30 min. The plates were washed
three times with assay buffer. Fluorescence was measured
using a TriStar LB 941 dual luciferase reporter-ready micro-
plate reader (Berthold Technologies GmbH, Bad Wildbad,
Germany), at an excitation wavelength of 485 nm and emission
wavelength of 525 nm.

Internalization of OX2R and truncation mutants. HEK293
cells were plated at a density of 2x10* cells in 96-well plates.
Cells transiently transfected with HA-OX2R,HA-M1,HA-M2,
or HA-M3 was co-transfected with pcDNA3.1-f-arrestinl or
pcDNA3.1-p-arrestin2 using Lipofectamine 2000 according
to the manufacturer's instructions (Invitrogen; Thermo Fisher
Scientific, Inc.). pcDNA3.1-B-arrestinl/pB-arrestin2 recom-
binant plasmids were kindly provided by Professor Karin
Eidne (QEII Medical Centre, Nedlands, Australia). Following
further incubation with 100 nM orexin-A or orexin-B for 10,
30 and 60 min, cells were fixed for 30 min at 37°C using 4%
paraformaldehyde prepared in PBS. Cells were then washed
with PBS and blocked at room temperature for 1 h using 3%
dry milk. Cells were subsequently incubated with a primary
polyclonal anti-HA antibody (dilution, 1:500) overnight at 4°C.
The following day, cells were washed three times with PBS,
and incubated with a horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody (dilution, 1:2,000) for 1 h at
room temperaure. Cells were then washed and incubated with
the 3,3',5,5'-tetramethylbenzidine substrate (Sigma-Aldrich;
Merck Millipore) for 30 min. Finally, the optical density was
measured at a wavelength of 450 nm using a microplate reader.

Western blotting. Stably transfected cells at a density of
1x10° cells/well were cultured in 6-well plates until they
reached 90% confluence. Following serum starvation for
3 h, cells were stimulated with 100 nM orexin-A or 100 nM
orexin-B for 10 min, immediately washed with ice-cold
PBS, and lysed in radioimmunoprecipitation assay lysis
buffer for 30 min at 4°C. The supernatants were collected by
centrifugation at 13,400 x g at 4°C for 30 min, and the protein
concentration was determined using a bicinchoninic assay kit
(Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Equal
amounts of extracted protein samples (50 mg) were separated
by 10% SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane. The membrane was blocked with 5%
skimmed milk at room temperature for 1 h and incubated with

a primary anti-p-ERK1/2 (Thr202/Tyr204) antibody (Cell
Signaling Technology, Inc.; dilution, 1:1,000) at 4°C overnight.
The following day, the membrane was washed three times with
TBS containing 0.1% Tween-20 (TBST), and then incubated
with ahorseradish peroxidase-conjugated anti-rabbit secondary
antibody (dilution, 1:2,000) for 1 h at room temperature. The
membrane was subsequently washed three times in TBST
and signals were detected by enhanced chemiluminescence
(ECL) using an ECL detection reagent (Beyotime Institute
of Biotechnology). As a loading control, the membranes were
stripped of the anti-p-ERK1/2 antibody using stripping buffer
(Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China; SW3020), and labeled with an anti-total (t)ERK1/2
antibody (Cell Signaling Technology, Inc.; dilution, 1:1,000) at
4°C overnight. Finally, the gray value of bands was calculated
using ImageJ software version 2.1.4.6 (National Institutes of
Health, Bethesda, MD, USA). The results are expressed as the
p-ERK/t-ERK ratio. $-actin was used as the loading control.

Statistical analysis. Quantitative data are presented as the
mean + standard error of the mean. GraphPad Prism software
(version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) was
used to analyze the results with multiple group comparisons.
One-way analysis of variance followed by a Tukey's post hoc
test was used for multiple group comparisons, and P<0.05 was
considered to indicate a statistically significant difference. All
experiments were repeated at least three times, and representa-
tive experiments are shown.

Results

The C-terminus of OX2R is important for its cell surface
expression. The C-terminus has been repeatedly demon-
strated to be an indispensable region of GPCRs that govern
their cell surface expression (6). In the present study, the
effect of C-terminal truncation on the surface expression of
OX2R was assessed using an ELISA. The cell surface expres-
sion of the three truncated receptors was significantly lower
when compared with that of the wild-type receptor (Fig. 1B).
The HA-M3 mutant, containing a 30-aa deletion at position
415-444 of the C-terminus, exhibited an 18.66% reduction
in cell surface expression (Fig. 1B). Cell surface expression
of the HA-M?2 mutant, containing a 60-aa deletion at posi-
tion 385-444, and the HA-M1 mutant, containing a 76-aa
deletion at position 369-444, were decreased by 29.51% and
28.73%, respectively (Fig. 1B). Expression of HA-M2 was
lower than that of HA-M3, implying that the 60 residues at
position 385-444 demonstrate a remarkable cumulative effect
on the surface expression of the OX2R receptor. No significant
difference in expression was observed between HA-M2 and
HA-MI1 mutants, which indicates that the aa residues at posi-
tion 369-384 demonstrate no obvious effect on OX2R surface
expression.

C-terminus of OX2R significantly affects downstream
effectors. The production of cAMP was detected following
stimulation of cells stably expressing OX2R and the three
truncated receptors with various concentrations of orexin-A
(0.1-1,000 nM) or orexin-B (0.1-1,000 nM). cAMP produc-
tion was not significantly altered among orexin-A or
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Figure 1. Schematic representation and cell surface expression of OX2R and 3 C-terminal truncation mutants. (A) The amino acid sequence and residue
numbers of the OX2R C-terminus downstream of TM7 is shown. OX2R and the three truncation mutants were tagged with the HA epitope at the N-terminus.
(B) Progressive truncation of the C-terminus decreased OX2R cell surface expression. “P<0.05 and “P<0.01 vs. HA-OX2R. OX2R, orexin 2 receptor; TM7,

transmembrane domain 7; HA, hemagglutinin.

orexin-B-treated cells transfected with the truncated receptors
and cells transfected with wild-type OX2R. The half maximal
effective concentration (ECs,) values for orexin A-treated cells
were as follows: HA-M1,294.1 nM; HA-M2, 142 .9nM; HA-M3,
281.6 nM (Fig. 2A). The ECy, values for orexin-B-treated cells
were as follows: HA-M1, 202.2 nM; HA-M2, 302.5 nM; and
HA-M3, 352.2 nM (Fig. 2B). These results indicated that the
76-aa in the 369-444 C-terminal region demonstrated no
significant influence on cAMP production.

Following stimulation with orexin-A and orexin-B, Ca*
release was not significantly altered among cells expressing
HA-M3 and those expressing full-length HA-OX2R, which
demonstrated that the 30 aa sequence at position 415-444
was not responsible for affecting Ca** release (Fig. 2C and
D). Nevertheless, Ca?* release was markedly lower in cells
expressing HA-M1 and HA-M2 when compared with cells
expressing HA-OX2R. The ECy, values for orexin-A-treated
cells were as follows: HA-MI1, 255.2 nM; HA-M2,
250.5 nM; HA-M3, 123.9 nM (Fig. 2C). The ECy, values for
orexin-B-treated cells were as follows: HA-M1, 253.9 nM;
HA-M2, 233.5 nM; 147.1 nM for HA-M3 (Fig. 2D). These
results indicated that the 30-aa sequence at position 385-414,
which was deleted in HA-M2, and the 16-aa sequence at posi-
tion 369-384, which was deleted in HA-M1, (residues 369-414)
significantly influenced Ca** release.

To assess the effect of OX2R C-terminal truncation on G,
subunit protein coupling, the abilities of OX2R and the three
truncated receptors in stimulating IP production were exam-
ined. Following stimulation with 100 nM orexin-A or 100 nM
orexin-B, IP production was significantly higher in cells
expressing HA-M3 and HA-M2 when compared with their
respective non-simulated controls (Fig. 2E). This indicated
that the 30-aa sequence at position 415-444, which was deleted
in HA-M3, and the 30-aa sequence at position 385-414, which
was deleted in HA-M2, significantly influenced IP production.
By contrast, IP production in cells expressing HA-M1 was not
significantly altered between orexin-A or orexin-B-simulated
and non-simulated cells (Fig. 2E), indicating that the 16-aa
sequence at position 369-384, did not influence IP production.

C-terminus of OX2R is important for receptor internaliza-
tion. B-arrestin family members mediate desensitization of
many GPCRs by uncoupling the stimulated receptors from
their cognate G-proteins (18,19). To assess whether OX2R
and the C-terminal truncation mutants differ in their ability
to recruit arrestin proteins, their physical associations with
B-arrestinl and P-arrestin2 were tested using an ELISA.
Following co-transfection with [3-arrestinl, internalization
of HA-M3 after stimulation with orexin-A or orexin-B, was
not significantly affected at all time points examined (Fig. 3A
and B), which indicated that the 30-aa sequence at position
415-444 was not important for receptor internalization.
However, internalization of HA-M2 following stimula-
tion with orexin-A or orexin-B following transfection with
B-arrestinl, which lacked an additional 30-aa sequence at
the 385-414 position, was significantly affected between 0
and 60 min compared with the full-length OX2R (Fig. 3).
This suggests that the 30-aa sequence may be important
for receptor internalization. Internalization of HA-M1 and
HA-M2 in B-arrestin2-transfected cells following treat-
ment with orexin-A or -B were not significantly different
with each other, which suggests that residues 369-384 of the
OX2R C-terminal domain may not be important for receptor
internalization (Fig. 3). Similarly, this effect was observed
following co-transfection with B-arrestin2 and stimulation
with orexin-A (Fig. 3C) or orexin-B (Fig. 3D). Therefore, the
results suggest that the 385-414 region is the major site for
physical association with arrestin.

C-terminus of OX2R affects ERKI1/2 phosphorylation. In
order to determine the effect of the C-terminal region of
OX2R on ERK1/2 phosphorylation, the protein expression
levels of p-ERK were determined following transfection of
cells with the three C-terminal truncation mutations and a
full-length OX2R C-terminal sequence. Stably transfected
cells were treated with 100 nM orexin-A or orexin-B for
10 min and the level of ERK1/2 phosphorylation was detected.
As shown in Fig. 4, ERK1/2 phosphorylation was significantly
lower in orexin-A and orexin-B-treated cells stably transfected
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Figure 2. Influence of the full-length OX2R C-terminal region and three truncation mutants on downstream effectors. cAMP production was not signifi-
cantly altered between cells transfected with the three truncation mutants and cells transfected with HA-OX2R following stimulation with (A) orexin-A
or (B) orexin-B. Ca* release in cells transfected with full-length HA-OX2R or the three truncation mutants following stimulation with (C) orexin-A or
(D) orexin-B. Ca* release was not significantly altered between cells expressing HA-M3 and cells expressing HA-OX2R following stimulation with orexin-A
or orexin-B. By contrast, Ca’* release was lower in cells expressing HA-M1 and HA-M2 when compared with cells expressing HA-OX2R. (E) A significant
difference in IP production was observed between orexin-A (100 nM) or orexin-B (100 nM)-stimulated cells and non-simulated cells expressing HA-M3
and HA-M2, whereas, no significant difference between stimulated cells and non-simulated cells expressing HA-M1 was observed. 'P<0.05 and “P<0.01 vs.
untreated cells transfected with HA-OX2R; #P<0.01 vs. untreated cells transfected with OXR-M2; 5P<0.05 vs. untreated cells transfected with OX2R-M3.
OX2R, orexin 2 receptor; cAMP, cyclic adenosine monophosphate; HA, hemagglutinin.

with HA-M1 when compared with the full-length sequence.
By contrast, ERK1/2 phosphorylation was not significantly
different in cells stably transfected with HA-M?2 and HA-M3
when compared with those transfected with the full-length
sequence (Fig. 4). The results indicate that the 16-aa sequence
at position 369-384 in OX2R may influence ERK1/2 phos-
phorylation and potentially the downstream signaling pathway.

Discussion

The C-terminus is known to be involved in mediating the cell
surface expression of GPCRs. For instance, serial truncation
of the C-C chemokine receptor type 5 may result in progres-
sive loss of its cell surface expression (20). Tetsuka er al (21)
demonstrated that C-terminal mutants of melanin-concen-
trating hormone receptor 1 (MCHIR) exhibit progressively
reduced expression levels when compared with the wild-type
protein. When progressive truncations were introduced at the

C-terminus of the gonadotropin-releasing hormone receptor
(GnRH-R), the stop331 and stop337 mutants exhibited 40%
cell surface expression when compared with wild-type
GnRH-R (22). Alanine residues at the C-terminus are neces-
sary for the cell surface expression of the glucagon-like
peptide-2 receptor (23). In order to investigate the effect of
the C-terminus on the cell surface expression of OX2R in
the present study, three truncation mutants of OX2R were
constructed. The three mutant receptors lacking aa sequences
at the C-terminus exhibited significantly reduced expression at
the cell surface. Cell surface expression was not significantly
altered between HA-M?2 and HA-M1 mutants, which indi-
cated that the aa sequence at position 369-384 demonstrated
no obvious effect on the surface expression of this receptor.
Therefore, aa sequences in the 385-444 region of the OX2R
C-terminus are a key determinant for the localization or
stability of the receptor at the cell surface. This domain must
therefore contain sites essential for cell surface expression, and



164

>

Expression

WANG et al: FUNCTION OF OX2R C-TERMINUS

Orexin-A

3 0 min
1 23 10 min
E 30 min
@ 60 min

HA-OX2R+ HA-M1+ HA-M2+
B-arrestin1  B-arrestini B-arrestini
Orexin-A

Expression

HA-OX2R+ HA-M1+
(-arrestin2 p-arrestin2

HA-M2+
p-arrestin2

L
HA-M3+
B-arrestin1

= 0min

E3 10 min
E 30 min
D 60 min

HA-M3+
p-arrestin2

Expression

Expression

Srexin R T 3 0min

] # E3 10 min
E 30 min

[ 60 min

T T L
HA-OX2R+ HA-M1+ HA-M2+ HA-M3+
B-arrestin1 B-arrestinl  B-arrestin1 B-arrestini

Orexin-B

'l' 3 0 min

1 E3 10 min
E 30 min
[0 60 min

T T
HA-OX2ZR+ HA-M1+ HA-M2+ HA-M3+
p-arrestin2 B-arrestin2  f-arrestin2 p-arrestin2
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future studies will focus on identifying and mutating these
sites in order to confirm their functional role.

Following activation of a GPCR, several dispersed loci
facilitate internalization. Phosphorylation of aa sequences
at the C-terminus is required for interaction with [3-arrestin,
leading to receptor internalization. The precise molecular
nature of GPCR internalization is complicated and involves
numerous protein partners (24,25). Using a series of truncation
and deletion mutants, Chaki er al (26) demonstrated that the
310-327 region is required for internalization of the rat angio-
tensin II type 1A receptor. The non-mammalian GnRH-R
shows rapid desensitization (22) and agonist-induced inter-
nalization (27) when aa sequences are phosphorylated in its
C-terminal tail. The C-terminus of the human prostaglandin
E2 receptor subtype EP4 contains 38 Ser/Thr phosphorylation
sites. These residues are necessary for [3-arrestinl recruitment
and agonist-induced internalization (28). The results of the
present study demonstrated that the aa sequences at position
385-414 of the OX2R C-terminal domain may be the major
site for agonist-induced internalization. This domain contains
ten potential Ser/Thr phosphorylation sites important for
coupling to P-arrestin, leading to internalization (29,30).
The results of the current study are consistent with those
presented by Golan et al (25), which demonstrated that puta-
tive Ser/Thr clusters in the C-terminus of OX2R are involved
in receptor-f3-arrestin-ubiquitin complex formation.

The signal transduction of GPCRs is primarily mediated by
the third intracellular loop and the C-terminal sequence (31).
Over the past few years, a number of studies have increasingly
highlighted the importance of the C-terminal sequence for
intracellular signal transduction. Lehmann ez al (19) analyzed
two C-terminal mutants of MCHIR, one of which contained
a 36-aa deletion, while the other possessed a 32-aa deletion.
The sequence between Phe318 and Arg321 was observed to
be responsible for signal transduction. In addition, mutation of
either Arg319 or Lys320, but not Arg321, significantly reduced
Ca?* influx (21). For the glucagon-like peptide-2 receptor, the
major C-terminal sequence is dispensable for cAMP accumu-
lation, ERK1/2 activation and endocytosis (23). Tang et al (17)
reported that OX2R may activate the ERK1/2 signaling
pathway via G, G,, and G; subunits; with G, being the major
mediator. In the present study, the OX2R truncation mutations
demonstrated no significant effects on cAMP production.
This result is consistent with the finding that the C-terminal
tail of one family B GPCR is not required for coupling to the
G, subunit (32). However, the OX2R truncation mutations
demonstrated a marked effect on IP production and Ca*
release in the current study. This implied that the C-terminus
of OX2R may be indispensable for the G, signaling pathway.
In addition, residues 369-384 at the C-terminus influenced the
expression of p-ERK1/2. Willars et al (27) demonstrated that
orexin A (100 nM) increased the labeling of OX2R with G,
and G subunits, however the same effect was not observed
for G, and G, subunits. In addition, the authors indicated that
OX2R binds to G, and G; subunits in the human fetal adrenal
cortex, whereas a shift towards G, and less towards G; occurs
in the adult adrenal gland (28). Therefore, the authors of the
present study hypothesized that the coupling of orexin recep-
tors to multiple G proteins may be diverse in different cell
lines and under different stimulus conditions.
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The present study demonstrated that aa residues in the
C-terminus serve an important role in the expression and signal
transduction of OX2R. In addition, the aa residues in different
locations possess evidentially different roles. The aa residues in
the C-terminus of OX2R were analyzed using bioinformatics.
A series of conserved residues were identified, which report-
edly serve an indispensable role in receptor expression and the
downstream signaling pathways (unpublished data). In future
studies, C-terminal mutants will be constructed whereby one
or several of the conserved residues are mutated, in order to
determine the effects of these mutations on the expression and
signal transduction of the OX2R receptor.
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