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ABSTRACT: GPR37, also known as the parkin-associated endothelin-like receptor (Pael-R), is an orphan
G-protein-coupled receptor (GPCR) that exhibits poor plasmamembrane expression when expressed in most
cell types. We sought to find ways to enhance GPR37 trafficking to the cell surface to facilitate studies of
GPR37 functional activity in heterologous cells. In truncation studies, we found that removing theGPR37N-
terminus (NT) dramatically enhanced the receptor’s plasma membrane insertion. Further studies on
sequential NT truncations revealed that removal of the first 210 amino acids increased the level of surface
expression nearly as much as removal of the entire NT. In studies examining the effects of coexpression of
GPR37 with a variety of other GPCRs, we observed significant increases in the level of GPR37 surface
expression when the receptor was coexpressed with adenosine receptor A2AR or dopamine receptor D2R.
Co-immunoprecipitation experiments revealed that full-length GPR37 and, to a greater extent, the truncated
GPR37 were capable of robustly associating with D2R, resulting in modestly altered D2R affinity for both
agonists and antagonists. In studies examining potential interactions of GPR37 with PDZ scaffolds, we
observed a specific interaction between GPR37 and syntenin-1, which resulted in a dramatic increase in the
level of GPR37 surface expression in HEK-293 cells. These findings reveal three independent approaches
(N-terminal truncation, coexpression with other receptors, and coexpression with syntenin-1) by which
GPR37 surface trafficking in heterologous cells can be greatly enhanced to facilitate functional studies with
this orphan receptor.

The orphan G-protein-coupled receptor (GPCR)1 GPR37,
also known as the parkin-associated endothelin-like receptor
(Pael-R), is strongly expressed in the mammalian central nervous
system, but its function still remains largely unknown. GPR37 is
most closely related to another CNS-enriched orphan receptor
known as GPR37-like 1 (GPR37L1), and both orphans share
significant sequence homology with the endothelin B receptor
and other related peptide-activated GPCRs (1-5). However,
none of the mammalian peptides tested so far, including en-
dothelins, bombesin, and others, have produced activation of any
signaling pathways in heterologous cells or Xenopus oocytes
expressing either GPR37 or GPR37L1 (2-5). A peptide called
“head activator” (HA), which is derived from the freshwater
coelenterateHydra, has been reported to be capable of activating
GPR37 (6), but no peptide equivalent toHAhas been definitively
identified in vertebrates. Thus, GPR37 and GPR37L1 must still
be considered orphan GPCRs at present.

A major stumbling block impeding progress in understanding
the ligand binding and signaling of GPR37 is the receptor’s poor

trafficking to the plasma membrane in most heterologous cell
lines. GPR37 is commonlymisfolded and therefore aggregated in
the endoplasmic reticulum (ER) (1, 7-9). The E3 ubiquitin ligase
parkin ubiquitinates misfolded GPR37 in the ER, targeting it for
degradation and thus preventing detrimental aggregation. Muta-
tions to parkin, observed in postmortem brain tissue of patients
with autosomal recessive juvenile Parkinson’s disease (AR-JP),
inhibit proper functioning of parkin (1). It is believed that these
mutations allow for aggregation of GPR37 along with other
parkin substrates, leading to significant ER stress and eventually
neuronal cell death (1, 7-9). Additionally, GPR37 knockout
(KO) mice are resistant to MPTP-induced neurotoxicity, a
commonly used animal model of Parkinson’s disease (PD) (10).
Moreover, autophagosome accumulations are found in brain
samples of patients with PD, and recent findings suggest that
overexpression of GPR37 can induce autophagy (9). These
findings suggest that GPR37 may play a role in the pathology
of PD, which enhances the importance of gaining insight into the
trafficking and signaling of this orphan receptor.

Other GPCRs that exhibit trafficking defects in heterologous
cells, including GABABR1 (11-15), the CB1 cannabinoid re-
ceptor (16), and the R1D-adrenergic receptor (17-20), have been
shown to bemore efficiently transported following truncations of
either the receptor’s N-terminal (NT) or C-terminal (CT) re-
gion (21). Thus, in the studies reported here, we created truncated
forms of GPR37 to shed light on specific regions of GPR37 that
influence its plasma membrane expression. Moreover, since
interactions between GPCRs have been shown in some cases to
strongly influence receptor surface expression and functional
activity (21-25), we examined the capacity of GPR37 to
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associate with other GPCRs. Finally, because PDZ scaffolds
have the capacity to affect surface expression of certain recep-
tors (21, 26), we examined the capacity of the GPR37 CT to
interact with PDZ scaffold proteins. Our studies have revealed
that removal of a portion of the GPR37 NT results in a dramatic
enhancement of receptor surface expression, that coexpression
with certain other receptors enhances trafficking ofGPR37 to the
plasma membrane, and that interactions with the PDZ scaffold
protein syntenin-1 promote GPR37 surface expression.

MATERIALS AND METHODS

Materials. Materials were obtained from the following
sources: human embryonic kidney 293 (HEK-293) cells
(ATCC, Manassas, VA); HA-A2AR, HA-A2BR, EE-GRi1, EE-
GRq, GPR37, HA-NPY1R, HA-NPY2R, HA-D2R, and HA-
D1R (Missouri S&T cDNA Resource Center, Rolla, MO);
FLAG-GPR37L1 (Multispan,Hayward, CA); Dulbecco’smodi-
fied Eagle’s medium (DMEM), Lipofectamine 2000, precast 4 to
20% Tris-glycine gels, AlexaFluor 488 and 800 goat anti-mouse
antibodies, and AlexaFluor 546 and 700 goat anti-rabbit anti-
bodies (Invitrogen, Carlsbad, CA); anti-FLAG M2 monoclonal
antibody, forskolin, isoproterenol, haloperidol, butaclamol, do-
pamine, (-)-quinpirole hydrochloride, cAMP, GDP, GTP, and
anti-FLAG M2 agarose (Sigma, St. Louis, MO); complete
protease inhibitors, anti-HA 3F10 polyclonal antibody, and
anti-HA 12CA5 monoclonal antibody (Roche, Indianapolis,
IN); DAPI (AppliChem, Ottoweg, Darmstadt, Germany);
ECL anti-mouse IgG, horseradish peroxidase-linked whole anti-
body, [3H]cAMP, and [3H]spiperone (GE Healthcare, Buckin-
ghamshire, U.K.); anti-Naþ/Kþ ATPase antibody (Upstate/
Millipore, Billerica, MA); penicillin/streptomycin solution, bo-
vine serum albumin (BSA), and ScintiSafe scintillation fluid
(Fisher, Herndon, VA); fetal bovine serum (FBS) (Atlanta
Biologicals, Atlanta, GA); QuickChange XL site-directed muta-
genesis kit (Stratagene, Cedar Creek, TX); head activator neuro-
peptide (Phoenix Pharmaceuticals, Belmont, CA, and Bachem
AG, Bubendorf, Switzerland); SuperSignal Elisa Pico ECL
reagent (Pierce, Rockford, IL); nitrocellulose membranes (Bio-
Rad, Hercules, CA); Brandel filters (Brandel Inc., Gaithersburg,
MD); p44/42 MAPK (ERK1/2) rabbit antibody and immobi-
lized phsopho-p44/42 MAPK (ERK1/2) mouse antibody (Cell
Signaling Technology, Danvers, MA); [3H]YM-019151-2
(Perkin-Elmer, Waltham, MA); [3H]adenine and [3H]adenosine
(American Radiolabeled Chemicals, Inc., St. Louis, MO).
Cell Culture and Transfection. HEK-293 cells were main-

tained in DMEM supplemented with 10% FBS and a 1%
penicillin/streptomycin solution at 37 �C with 5% CO2. Cells
in 10 cm tissue culture dishes at a confluency of 50-60% were
transfected with 1-3 μg of cDNA mixed with 15 μL of
Lipofectamine 2000 in 5 mL of serum-free medium. Following
a 4-5 h incubation, complete medium was added to stop the
transfection. The cDNAs used were FLAG-GPR37 in pCMV2b,
FLAG-GPR37L1 in pMEX2, ΔCT, Δ1-35, Δ1-70, Δ1-105,
Δ1-140, Δ1-175, Δ1-210, and Δ1-255 FLAG-GPR37 in pCMV2b,
3xHA-D2R, 3xHA-A2A, and A2BR, EE-tagged GRo and GRq

and HA-NPYR 1 and 2 in pCDNA3.1 (þ), DAT in pcDNA3.1
(-)/Neo, syntenin-1 in pMT-HA vector, and empty pCMV2b
vector. All cDNAs used were human.
Surface Luminometer Assay. HEK-293 cells transiently

transfected with FLAG-tagged or HA-tagged constructs were
split into poly-D-lysine-coated 35mmdishes and grownovernight

at 37 �C. For internalization assays, ligand was added into
incomplete medium and placed on cells for 30-60 min at
37 �C. The cells were washed with phosphate-buffered saline
(PBSþCa2þ), fixed for 30 min with 2% paraformaldehyde
(PFA), and washed with PBSþCa2þ again. The cells were
then incubated in blocking buffer [2% nonfat dry milk in
PBS (pH 7.4)] for 30 min at room temperature (RT), followed
by RT incubation with horseradish peroxidase-conjugated M2
anti-FLAG antibody (1:1000) or 12CA5-anti-HA antibody
(1:1000) in blocking buffer for 1 h. For tracking HA-tagged
receptors, cells were washed and incubated with anti-mouse IgG,
horseradish peroxidase-linked whole antibody (1:2500) for 30
min at RT. The cells were washed twice with blocking buffer,
washed once with PBSþCa2þ, and incubated with SuperSignal
Pico ECL reagent for 15 s. The luminescence of the entire 35 mm
dish was determined using a TD20/20 luminometer (Turner
Designs).
Flow Cytometry. HEK-293 cells that had been transiently

transfected were split into poly-D-lysine-coated 35mmdishes and
grown overnight at 37 �C. The cells were transferred to ice,
washed with PBSþCa2þ once, and incubated with M2 anti-
FLAG antibody (1:300) in 1% BSA for 1 h. Then, the cells were
washed once and incubated in the dark with Alexa Fluor 488
antimouse antibody (1:500) in 1% BSA for 1 h. Again, the cells
were washed once, incubated for 15 min with 10 mM Tris and
5 mM EDTA, shaken loose, and transferred to tubes containing
an equal volume of 4% PFA. Samples were spun down, and the
supernatant was aspirated and resuspended in 250 μL of 1%
BSA. Flow cytometric acquisition and analysis were performed
on at least 10000 acquired events on an LSR II flow cytometer
driven by FACSDiva (BD Biosciences). Data analysis was
performed using FlowJo (Tree Star).
Mutagenesis. Six forward primers and one reverse primer

were designed to make sequential truncations of GPR37. Trun-
cated constructs were generated via PCRusing those primers and
a cDNAcorresponding to full-lengthGPR37. The PCRproducts
were digested with BamHI and EcoRI and inserted into pre-
viously digested pCMV-2B, containing an N-terminal FLAG
epitope. All sequences of truncated receptors were confirmed by
sequence analysis (Agencourt, Beverly, MA).
WesternBlotting. Sampleswere resolvedby SDS-PAGEon

4 to 20% Tris-glycine gels, followed by transfer to nitrocellulose
membranes. The membranes were incubated in blocking buffer
(2% nonfat dry milk, 50 mM NaCl, 20 mM HEPES, and 0.1%
Tween 20) for 30 min and then incubated with primary antibody
either for 1 h at RT or overnight at 4 �C. Next, the membranes
were washed three times in blocking buffer and incubated with
either a fluorescent or HRP-conjugated secondary antibody
for 30 min, washed three times more, and finally visualized using
either the Odyssey imaging system (Li-Cor) or via ECL reagent
followed by exposure to film.
Confocal Microscopy. Cells transiently transfected with

FLAG-tagged constructs were grown on poly-D-lysine-coated
glass slides. The cells were rinsed with PBSþCa2þ, fixed with 2%
PFA at RT, and washed three times with PBSþCa2þ. Fixed cells
were permeabilized and blocked via incubation for 30 min at RT
in saponin buffer (1% BSA, 0.08% saponin, and PBSþCa2þ).
Next, the cells were washed three times and incubated with rabbit
anti-FLAG antibody (1:1000) and anti-Naþ/Kþ ATPase (1:500)
in 1% BSA at 37 �C for 1 h. After being washed twice with
PBSþCa2þ, cells were incubated in the dark with Alexa Fluor
anti-mouse 488 and anti-rabbit 546 antibodies (1:250) in 1%BSA
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for 1 h at RT. Cells were washed two more times for 5 min with
PBSþCa2þ, stained with DAPI for 10 min, rinsed twice with
water, and mounted with Vectashield mounting medium. Cells
were examined using a Zeiss LSM 510 laser scanning confocal
microscope. ForMATLAB analysis, confocal images were saved
as Photoshop files. The plasma membrane regions were then
outlined, and a section of the background of each image was also
outlined to be subtracted from the signal as nonspecific binding.
AMATLAB (Mathworks, Natick, MA) program was then used
to analyze all cells to quantify the amount of receptor (red) on the
cell surface (green).
Immunoprecipitation Studies. Transiently transfected

HEK-293 cells were harvested by being washed once in ice-cold
PBS and scraped in harvest buffer [10 mM HEPES, 100 mM
NaCl, 5 mM EDTA, 1 mM benzamidine, protease inhibitor
tablet, and 1% Triton X-100 (pH 7.4)]. Cell lysates were then
solubilized, immunoprecipitated with anti-FLAG M2 affinity
resin or protein A/G beads with anti-HA 3F10, and washed by
repeated centrifugation and homogenization. Samples were
heated and then probed via Western blotting using anti-FLAG
M2 or anti-HA 3F10 antibodies.
Ligand Binding Studies. For the preparation of cell lysates

to be used in ligand binding assays, transfected cells grownon 100
mm dishes were rinsed with 2 mL of PBSþCa2þ and then starved
for 1 h in 5mLof PBSþCa2þ. The cells were scraped into 1mLof
ice-cold binding buffer [20 mM HEPES, 100 mM NaCl, 5 mM
MgCl2, 1.5 mM CaCl, 5 mMKCl, 0.5 mM EDTA, and protease
inhibitor tablet (pH 7.4)]. Cells were frozen at -20 �C until they
were used. On the day of the assay, cells were thawed and
centrifuged at 13500 rpm for 15 min to separate membranes.
Membranes were then resuspended in 1 mL of binding buffer,
triturated, and incubated with increasing concentrations of
unlabeled ligands in the presence of 0.5 nM [3H]spiperone to
generate competition curves. The samples were incubated for 1 h
at 25 �C. Nonspecific binding was defined as [3H]spiperone
binding in the presence of 50 μM(þ)-butaclamol and represented
less than 10% of total binding in all experiments. Incubations
were terminated via filtration through GF/C filter paper, pre-
viously soaked in a 0.05% polyethyleneimine solution, using a
Brandel cell harvester. On the harvester, filters were rapidly
washed three times with ice-cold wash buffer (10 mM HEPES
and 50 mM NaCl), and radioactive ligand retained by the filters
was quantified via liquid scintillation spectrometry. The fitting of
curves for one site versus two sites was performed, and the
goodness of fit was quantified using F tests, comparing sum-of-
squares values for the one-site versus two-site fits.
Purification of Fusion Proteins. Wild-type and mutant

(removal of final cysteine) GST-tagged constructs (termed
GPR37-CT and GPR37-Mut-CT, respectively) were created by
PCR followed by insertion into the pGEX-4T1 vector. Overnight
cultures of BL-21 DE Gold cells transformed with pGEX-4T1,
pGEX-4T1-CT, or pGEX-4T1-Mut were diluted 1:143 into 1 L
of LB broth supplemented with appropriate antibiotics and
grown to an optical density (A600) of 0.6-0.7 at 37 �C. IPTG
was then added to the culture and allowed to incubate for 2 h.
Bacteria were pelleted by centrifugation, and the GST, GPR37-
CT-GST, or GPR37-Mut-GST proteins were purified using
Sigma GSH agarose. The fusion proteins remained attached to
GST agarose for the syntenin-1 pull-down or were eluted for use
in overlays of the PDZ array. Eluted proteins were concentrated
using the Amicon Ultra protein concentration system via cen-
trifugation at 4 �C to remove excess glutathione, and the

concentrations of the purified proteins were determined by the
QuickStart Bradford protein assay according to the manufac-
turer’s protocols (Bio-Rad).
Fusion Protein Pull-Down Assays. HEK-293 cells transi-

ently transfected with HA-syntenin-1 (kindly provided by P.
Coffer,UMCUtrecht,Utrecht, TheNetherlands) were harvested
in a detergent-free harvest buffer (10 mMHEPES, 50 mMNaCl,
5 mMEDTA, and protease inhibitor tablet). The cells were spun
down to isolate the membranes, which were then incubated in
harvest buffer containing 1% Triton X-100 for 1 h at 4 �C with
end-over-end agitation. The samples were spun down again to
separate the soluble lysates from the insolublematerial. A sample
of the solubilized protein was retained to ensure syntenin-1
expression and solubilization. The remaining lysates were divided
evenly and incubated with glutathione-agarose beads loaded
with GST, GPR37-CT-GST, or GPR37-Mut-GST proteins
end over end for 1 h at 4 �C. The beads were washed five times
with harvest buffer containing 1% Triton X-100 and then heated
in sample buffer to strip proteins from the beads. The samples
were then analyzed via Western blot for pull-down of syntenin-1
using an anti-HA antibody.
Statistical Analysis. All statistical analyses were carried out

using GraphPad Prism (GraphPad Software Inc., San Diego,
CA).

RESULTS

N-Terminal Truncation of GPR37 Increases the Level of
Plasma Membrane Expression. HEK-293 cells were trans-
fected with FLAG-tagged GPR37 (Figure 1A) or GPR37L1
(Figure 1B). Plasma membrane trafficking of the receptors was
assessed using three independent techniques: a quantitative
luminometer-based assay, FACS analysis, and confocal micro-
scopy. In the luminometer-based surface expression assays, very
little plasma membrane expression of GPR37 was observed,
consistent with previous reports (1, 6, 8, 27). In contrast,
GPR37L1 was robustly transported to the plasma membrane
(Figure 1C). FACS analysis confirmed that GPR37L1 was
strongly expressed on the cell surface, whereasGPR37 expression
was barely detectable (Figure 1D) despite comparable levels of
Western blot staining for the two receptors (data not shown). To
confirm these findings via a third independent technique, con-
focal microscopy studies were performed using the Naþ/Kþ

ATPase as a plasma membrane marker. As shown in the
representative images in Figure 1, mainly punctate intracellular
staining was observed for GPR37 (Figure 1E), whereas
GPR37L1 was predominantly localized at the plasma membrane
(Figure 1F). MATLAB analysis of the images revealed that
approximately 42% of the overall transfected GPR37L1 exhib-
ited cell surface expression, whereas the cell surface expression for
wt GPR37 was undetectable by these methods (<1%). Thus,
despite the high degree of sequence similarity between the two
receptors, GPR37L1 exhibited robust surface expression in our
studies whereas GPR37 was weakly transported to the plasma
membrane.

Given the striking difference in plasma membrane expression
between GPR37 and GPR37L1, we next focused on determining
which region of these related receptors might account for this
difference. GPR37L1 shares 68% homology and 48% identity
with GPR37, with most of the sequence identity concentrated
in the receptors’ transmembrane regions (3, 5). Since the main
differences between the two receptors are found in their
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FIGURE 1: GPR37L1 exhibits robust plasma membrane expression, but GPR37 does not. GPR37 (A) and GPR37L1 (B) were transiently
transfected intoHEK-293 cells. Cell surface expressionwas assessed using a luminometer-based assay (C) and via flow cytometry (D). Values are
expressed asmeans( SEM for fold surface expression overmock transfected cells. Unpaired t tests were used to determine statistical significance
(n= 27 and 3, respectively; *p<0.05, and **p< 0.005). Confocal imaging of representative cells transfected with wt GPR37 (E) or GPR37L1
(F) was done using mouse anti-Naþ/Kþ ATPase, followed by Alexa Fluor 488, to mark the cell surface (green, left panels), rabbit anti-FLAG,
followed by Alexa Fluor 546, to detect the receptors (red, center panels), and DAPI to stain the nucleus (blue, right panels). Yellow indicates
colocalization of the receptor with the plasma membrane (C and D, right panels).

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013775&iName=master.img-000.jpg&w=427&h=614
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FIGURE 2: N-Terminal truncation of GPR37 enhances plasma membrane expression. Constructs corresponding to N-terminal truncation
(A) and C-terminal truncation (B) of GPR37 were prepared with N-terminal FLAG tags. HEK-293 cells were transiently transfected with wt
GPR37, ΔNT-GPR37, and ΔCT-GPR37. Surface expression was detected using a luminometer-based assay (C) and via flow cytometry (D).
Values are expressed as means ( SEM for fold increase over wt GPR37. One-way ANOVA followed by Tukey’s post hoc test was used to
determine statistical significance (n=3-6; *p<0.05, and ***p<0.0001). Confocal imaging of cells transfected withΔCT-GPR37 (E) orΔNT-
GPR37 (F) was conducted using mouse anti-Naþ/Kþ ATPase, followed by Alexa Fluor 488, to mark the cell surface (green, left panels), rabbit
anti-FLAG, followed by Alexa Fluor 546, to detect the receptors (red, center panels), and DAPI to stain the nucleus (blue, right panels). Yellow
indicates colocalization of the receptor with the plasma membrane (E and F, right panels).

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013775&iName=master.img-001.jpg&w=421&h=601
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diverging NT and CT sequences, we created two N-terminally
FLAG-tagged truncatedmutants ofGPR37, one inwhich 255N-
terminal amino acids were deleted [ΔNT-GPR37 (Figure 2A)]
and a second in which 58 C-terminal amino acids were deleted

[ΔCT-GPR37 (Figure 2B)]. In the luminometer-based assay, the
surface expression ofΔCT-GPR37was observed to be equivalent
to that of full-length GPR37, hereafter identified as wild-type
GPR37 (wt GPR37). However, the ΔNT-GPR37 mutant ex-

FIGURE 3: Regions on the GPR37 N-terminus influencing receptor surface expression. (A) Representative Western blot of N-terminally
truncated constructs. HEK-293 cells expressing empty pCMV2b vector, wtGPR37,Δ1-35,Δ1-70,Δ1-105,Δ1-140,Δ1-175,Δ1-210, andΔNTwere
harvested, run on SDS-PAGE gels, transferred, and blotted with anti-FLAGantibody. Themonomeric species of interest is indicated with a red
asterisk to the left of each band. High-molecular weight species represent aggregated receptor, as is often seen for GPR37. (B) Surface expression
of these receptorswas assessedusing a luminometer-based assay.Values are expressed asmeans(SEMfor fold increaseoverwtGPR37.One-way
ANOVA followed byDunnett’s post hoc test was used to determine statistical significance. (n=5; *p<0.05, and **p<0.01). Confocal imaging
of HEK-293 cells expressing Δ1-210 GPR37 (C) was done using mouse anti-Naþ/Kþ ATPase, followed by Alexa Fluor 488, to mark the cell
surface (green, left panel), rabbit anti-FLAG, followed by Alexa Fluor 546, to detect the receptors (red, center panel), and DAPI to stain the
nucleus (blue, right panel). Yellow indicates colocalization of the receptor with the plasma membrane (C, right panel).

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013775&iName=master.img-002.jpg&w=425&h=556
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FIGURE 4: Physical associationbetweenD2RandGPR37.HEK-293 cellswere transiently transfectedwithFLAG-taggedGPR37withorwithout
DAT, HA-D2R, HA-NPY1, HA-NPY2, HA-A2BR, or HA-A2AR. (A) Surface expression of GPR37 was assessed using a luminometer-based
assay. Values are expressed as means( the standard error of the mean for fold increase over wt GPR37. A Student’s t test was used to determine
statistical significance (n = 3-8; *p < 0.05, and **p < 0.005). (B-E) Cells were harvested, lysed, and immunoprecipitated (IP) with an anti-
FLAG antibody. Western blot detection of membrane (M), soluble lysate (L), and IP fractions with anti-FLAG (B and C) or anti-HA antibody
(D and E) revealed robust co-immunoprecipitation of D2R with both GPR37 (B and D) and mutant Δ1-210 GPR37 (C and E). The D2R was
observed at its expectedmolecular mass of 48-52 kDa, with the different bands most likely corresponding to differentially glycosylated forms of
the receptor.

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013775&iName=master.img-003.jpg&w=417&h=612
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hibited a striking increase in surface expression relative to either
of the other constructs (Figure 2C). These findings were con-
firmed in flow cytometry experiments (Figure 2D), as well as with
confocal microscopy, in which ΔCT-GPR37 exhibited the
same intracellular distribution as wt GPR37 (Figure 2E), while
ΔNT-GPR37 was predominantly associated with the plasma
membrane (Figure 2F). Again,MATLABanalysis confirmed the
qualitative observations, with∼38%of transfectedΔNT-GPR37
being expressed at the cell surface.
Regions of the GPR37 N-Terminus Control Receptor

Surface Expression. The results with the ΔNT-GPR37 mutant
suggested that a motif on the GPR37NT is a critical determinant
of the plasma membrane localization of GPR37. To determine
the location and sequence of this potentialmotif, we generated six
sequentially truncated constructs of GPR37 (Δ1-35, Δ1-70,
Δ1-105, Δ1-140, Δ1-175, and Δ1-210 GPR37) by removing 35
additional amino acids from the NT in each additional construct
(Figure 3A). Evaluation of the cell surface expression of these
constructs was performed using the luminometer-based assay. As
shown in Figure 3B, very little surface expressionwas observed in
the first four mutants, and the Δ1-175 mutant exhibited only a
slight increase over wt GPR37. However, the Δ1-210 mutant
exhibited a robust enhancement of cell surface expression, similar
to that of ΔNT-GPR37. Confocal images revealing colocaliza-
tion between Δ1-210 GPR37 and the Naþ/Kþ ATPase, a plasma
membranemarker, confirmed the findings from the luminometer
experiments (Figure 3C); analysis of the images usingMATLAB
revealed that approximately 25% of the overall transfected
Δ1-210 GPR37 exhibited cell surface expression.

The Hydra peptide head activator (HA) has been reported to
be a ligand that activates and induces internalization ofGPR37 in
a pertussis toxin sensitive manner, indicating that HA might
promote coupling of GPR37 to GRi or GRo (6). To test if the
GPR37 mutants that exhibited enhanced trafficking, ΔNT-
GPR37 and Δ1-210 GPR37, also exhibited functional activity
in response to the HA peptide, HEK-293 cells were transfected
with either ΔNT,Δ1-210, or wt GPR37 and then stimulated with
HA. Luminometer-based surface expression assays were per-
formed to measure HA-induced receptor internalization; phos-
pho-ERK assays were performed to assess HA-stimulated
ERK1/2 phosphorylation, and cyclic AMP assays were con-
ducted to test for HA-induced inhibition of adenylyl cyclase
activity. However, despite repeated studies with the HA peptide
from different sources over a range of concentrations, we were
unable to find evidence of HA-induced activation of ΔNT,
Δ1-210, or wt GPR37 in these studies (data not shown).

Dopamine Receptor D2R Interacts with GPR37. Studies
of other poorly transported GPCRs, such as the aforementioned
GABABR1 and R1D-AR, have revealed that receptor surface
expression can sometimes be greatly enhanced upon coexpression
with interacting GPCRs (21-25). GPR37 has been reported to
associate with the dopamine transporter (DAT) (28), but there
have not yet been any studies of possible interactions of GPR37
with other GPCRs. Thus, we coexpressed GPR37 in HEK-293
cells with DAT, as well as a handful of GPCRs that possess
similar regional expression patterns in the brain, and quantified
GPR37 surface expression. In comparison with GPR37 ex-
pressed alone, the luminometer-based cell surface assay revealed
an increase in the level of GPR37 surface expression when
coexpressed with the adenosine A2A receptor, as well as a much
larger increase when coexpressed with dopamine D2R
(Figure 4A). Neither DAT nor any of the other receptors
(A2BR and neuropeptide receptors NPY1 and NPY2) had any
effect on the surface expression of GPR37. To examine whether
D2R might form complexes with GPR37 in cells, we performed
co-immunoprecipitation studies, which revealed a robust inter-
action between GPR37 and D2R (Figure 4B-E). Both wt
GPR37 (Figure 4D) and the Δ1-210 mutant (Figure 4E) co-
immunoprecipitated with both the immature (unprocessed) and
mature (glycosylated) forms of D2R (bottom and top bands,
respectively), indicating the interaction between these two recep-
tors likely occurs in the ER and is maintained after glycosylation.
The Δ1-210 mutant exhibited a consistently stronger interaction
with D2R than did wt GPR37, probably due to the enhanced
plasma membrane expression of the mutant receptor. Therefore,
we used the Δ1-210 mutant for further studies on the effects of
GPR37 on D2R properties.

Receptor-receptor interactions often modulate the endocytic
trafficking of GPCRs (22-25). In some cases, interaction with a
partner receptor can inhibit normal agonist-induced internaliza-
tion of a given GPCR, whereas in other cases, stimulation by
the ligand of one receptor can induce an interacting receptor to be
co-internalized (29-31). To observe the effects ofΔ1-210 GPR37
coexpression on the agonist-induced internalization rate of D2R,
and also to assess the possibility ofΔ1-210 GPR37 co-internaliza-
tion upon D2R agonist stimulation, luminometer-based surface
expression assays were conducted. Upon treatment with the D2R
agonist quinpirole for 30 min, the individually expressed D2R
was internalized by 32 ( 9%. Similarly, when coexpressed with
Δ1-210 GPR37, quinpirole-stimulated D2R was internalized by
33( 2%. Co-internalization of Δ1-210 GPR37 was not observed
upon coexpression with D2R and quinpirole stimulation, and

Table 1: Coexpression with Δ1-210 GPR37 Modulates D2R Ligand Binding Affinitya

dopamine quinpirole

D2R D2R-GPR37 D2R D2R-GPR37

Ki ( SEM (nM) 97 ( 27 41 ( 10 82 ( 38 36 ( 9

haloperidol spiperone YM-09151

D2R D2R-GPR37 D2R D2R-GPR37 D2R D2R-GPR37

KD/Ki ( SEM (pM) 1114 ( 86 480 ( 76 72 ( 20 43 ( 10 1228 ( 567 621 ( 193

aLigand binding studies were performed, as described in Materials and Methods, on membranes derived from HEK-293 cells that had been transfected to
transiently express HA-D2R in the absence and presence of FLAG-tagged Δ1-210 GPR37, due to the better expression of the truncated mutant of GPR37 and
its robust association with D2R. Estimates of Ki or KD ((SEM) for each ligand are provided. For the curves of dopamine and quinpirole displacement of
[3H]spiperone binding, two-site fits were not significantly better than one-site fits; therefore, one-site fit values are shown.
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co-immunoprecipitation experiments performed in the absence
andpresence of quinpirole treatment revealed that the interaction
between D2R and GPR37 was unchanged upon agonist stimula-
tion (data not shown). Thus, we found no evidence of agonist
regulation of the interaction, and also no evidence that the
interaction altered agonist-promoted internalization of D2R.
Coexpression with Δ1-210 GPR37 Alters D2R Ligand

Binding Properties. To determine if the physical interaction
between GPR37 and D2R might have effects on D2R function-
ality, ligand binding studies were performed using radiolabeled
versions of the D2R antagonists spiperone and YM-09151. Both
ligands exhibited modest but significant increases in affinity for
D2R when D2R was coexpressed with Δ1-210 GPR37 (Table 1).
Competition curves were also determined for displacement of
[3H]spiperone binding by unlabeled versions of the D2R agonists
dopamine and quinpirole and the D2R antagonist haloperidol.
The affinities of these ligands for D2R were also somewhat
altered when D2R was coexpressed withΔ1-210 GPR37, with the
magnitude of the change being ligand-specific (Table 1). To
investigate whether these differences in ligand binding might

correspond to changes in functional activity, [35S]GTPγS binding
studies were performed on membranes derived from cells over-
expressing GRo protein and D2R in the absence and presence of
Δ1-210 GPR37. However, no significant shift in EC50 was
observed when Δ1-210 GPR37 was coexpressed with D2R,
compared to D2R alone (data not shown).
Coexpression of GPR37 with Syntenin-1 Enhances

GPR37 Surface Expression. The GPR37 CT possesses a
consensus class 1 PDZ domain-binding motif (G-T-H-C). To
examine whether GPR37 might interact via this motif with
PDZ domain-containing scaffold proteins, we prepared the
GPR37 CT as a GST fusion protein and screened it against a
proteomic array of 96 purified PDZ domains (32, 33). However,
the GPR37-CT-GST fusion protein did not exhibit detectable
binding to any of the PDZ domains on the array (data not
shown). In addition to this proteomic approach toward searching
for GPR37-interacting partners, we also took a bioinformatics
approach and noted that GPR37 terminates in precisely the same
C-terminal motif as the glycine transporter GlyT2 (G-T-x-C).
Since GlyT2 has been shown to interact via this motif with the
atypical PDZ scaffold syntenin-1 (34, 35), which is not included
in our array, we specifically examined whether GPR37 and
syntenin-1 might interact. As shown in Figure 5A, pull-down
analyses revealed a robust interaction between the GPR37-
CT-GST fusion protein and syntenin-1. This interaction was
not seen using a mutated version of the GPR37-CT-GST
fusion protein (GPR37-Mut-GST), in which the final cysteine
residue had been removed to disrupt the PDZ-binding motif.
Moreover, when syntenin-1 was coexpressed with full-length
GPR37 in HEK-293 cells, the result was a striking 10-fold
increase in the amount of GPR37 that could be detected in the
plasma membrane (Figure 5B). Interestingly, coexpression of
syntenin-1 withΔ1-210 GPR37 still resulted in a 3-fold increase in
the level of surface expression of the truncated mutant receptor,
revealing that a combination of approaches (truncation of the
receptor’s NT and coexpression of the receptor with a CT-
binding partner) can work synergistically tomaximize trafficking
of GPR37 to the plasma membrane in heterologous cells
(Figure 5B).

DISCUSSION

Most GPCRs must reach the plasma membrane to achieve
proper functional activity. Thus, the identification of ligands
for orphan GPCRs can be greatly impeded if the receptors
exhibit trafficking defects when expressed in heterologous cells.
For this reason, we sought to find ways to enhance the surface
trafficking of GPR37, an orphan receptor that is well-known to
suffer from trafficking defects upon heterologous expression
(1, 6, 8, 27). We have identified three distinct approaches by
which trafficking of GPR37 to the plasma membrane can be
enhanced: truncation of the receptor’s N-terminus, coexpression
with certain GPCRs, and coexpression with the PDZ scaffold
syntenin-1.

The effects of truncating the N-terminus of GPR37 are similar
to the effects of N-terminal truncations on the surface trafficking
of the CB1 cannabinoid receptor (16, 36) and the R1D-adrenergic
receptor (17-20). For both of these receptors, N-terminal
truncations greatly improve receptor surface expression,
although it is not certain if the receptors’ N-termini possess
specific ER retention motifs that are removed by the truncations
or if instead there are global difficulties in folding that are

FIGURE 5: Physical association between GPR37 and syntenin-1.
(A) Pull-down studies were performed via examination of interac-
tions of syntenin-1 with control GST, the GPR37-CT-GST fusion
protein, andamutant versionof theGPR37-CT-GSTfusionprotein
(GPR37-Mut-GST) with the PDZ-binding motif removed. Robust
binding of syntenin-1 was observed only with wild-type GPR37-
CT-GST fusion protein. (B) HEK-293 cells were transiently trans-
fected with wt GPR37 orΔ1-210 GPR37 in the absence and presence
of coexpressed HA-syntenin-1. Surface expression of the receptors
was assessed using a luminometer-based assay. Values are expressed
as means ( SEM and as the fold increase over wt GPR37 alone
(n= 3-4; *p< 0.05).

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013775&iName=master.img-004.jpg&w=236&h=342
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resolved through the removal of hard-to-fold regions. It is
unlikely that removal of glycosylation sites could account for
the observed effects ofN-terminal truncation in our studies, since
removal of glycosylation sites almost invariably causes impair-
ment in the surface expression of GPCRs rather than
enhancement (37-40). Indeed, there are three putative sites of
N-linked glycosylation sites on the NT of GPR37, but none of
these sites is found between amino acids 175 and 210, which we
determined to be the critical region for determining the receptor’s
surface expression.

After observing that N-terminal truncations could greatly
enhance GPR37 surface trafficking in heterologous cells, we
sought to determine if the surface-expressed truncated mutant
versions of GPR37 were functionally active. Since the Hydra
peptide head activator (HA) has been reported to be an agonist
for GPR37, we explored potential HA-mediated stimulation of
wt GPR37 and the truncated versions of GPR37. However, in a
variety of assays under a variety of different conditions, we were
unable to detect any evidence of HA-induced activation of
GPR37, GPR37L1, or any of the mutant versions of GPR37
that we had created. It is possible, of course, that truncations of
the GPR37 N-terminus might destroy the binding site for HA,
but comparable N-terminal truncations to the endothelin B
receptor, the receptor most closely related to GPR37 and
GPR37L1, do not disrupt ligand binding (41, 42). Thus, there
is reason to believe that the truncated GPR37 mutants still may
be functionally active. As for our studies on full-length GPR37,
the discrepancy between the positive findings of Rezgaoui
et al. (6) and our negative findings for HA stimulation of wild-
type GPR37 might be explained by differences in the cell lines
used or other technical factors. Regardless of the explanation, it
seems that GPR37 and GPR37L1 should still be considered as
orphan receptors at present, especially since it is not clear that a
peptide similar to HA exists in vertebrates. Though there were a
handful of papers several decades ago reporting HA-like im-
munoreactivity in sections of mammalian brains (43-45), there
have not been any positive follow-up studies in the past 20 years
to confirm these early observations.

In addition to truncations to theGPR37N-terminus, we found
a second approach that resulted in enhanced GPR37 surface
expression in heterologous cells, coexpression with certain other
GPCRs, notably the dopamine D2 receptor and adenosine A2A

receptor. Interestingly, D2R and A2AR are known to be capable
of functional interactions with each other and are also known to
be found abundantly in the striatum (46), a brain region where
GPR37 is strongly expressed (2, 47). Many studies on cross-talk
betweenD2R andA2AR have focused on how stimulation of one
of the receptors can directly influence the properties of the other
partner (46). However, in the absence of a functional ligand for
GPR37, such cross-talk studies on the putative heterodimers
(GPR37-D2R and GPR37-A2AR) are not possible at present.
Thus, we focused on determining whether coexpression with
GPR37 might alter the properties of D2R.

In ligand binding studies, we found that coexpression with
GPR37 induced modest shifts in the affinity of D2R for various
ligands. Although these shifts were only in the range of 1.5-2.5-
fold, the truemagnitude of the changesmay be underestimated in
our studies, since our transfection efficiency was not 100%.
Moreover, it is unlikely that there would be 100% efficient
coassembly of the receptors even in cells that were doubly
transfected with D2R and GPR37. Thus, any observed changes
in the properties of the D2R-GPR37 heterodimer relative to

D2R alone would likely be underestimated in coexpression
studies of this type. As for the potential in vivo relevance of the
effects of GPR37 on D2R properties, it is interesting to note that
the affinity of D2R for [3H]YM-09151-2 in GPR37 knockout
mice is decreased by approximately 2-fold (28), which is strikingly
consistent with the approximately 2-fold increase in the affinity of
D2R for [3H]YM-09151-2 that we observed upon cotransfection
of D2R with GPR37. If it is true that associations between
GPR37 and D2R can subtly influence D2R antagonist binding
properties in vivo, this is a point of significant clinical interest
given the widespread use of D2R antagonists in treating schizo-
phrenia (48). Since GPR37 is coexpressed in vivo with D2R in
some neuronal populations but not others (47), itmay be possible
to develop D2R antagonists with enhanced regional selectivity
by developing compounds that preferentially target the D2R-
GPR37 complex relative to D2R alone (or vice versa).

The third and final approach that we found to result in
enhanced surface expression of GPR37 was coexpression with
the PDZ scaffold syntenin-1. These findings are similar to
previous observations that surface trafficking of the R1D-adre-
nergic receptor can be strongly promoted by interactions of the
receptor with a distinct class of PDZ scaffolds, the syntro-
phins (49, 50). The interaction of GPR37 with syntenin-1 was
quite specific, as screens of a proteomic array consisting of 96
other PDZ domains with the CT of GPR37 did not reveal
detectable interactions with any other PDZ domains. GPR37
terminates in a motif, G-T-x-C, that is identical to the motif
found at the C-terminus of the syntenin-1 binding partner
GlyT2 (34, 35). For GlyT2, the primary functional consequence
of interaction with syntenin-1 is enhanced trafficking to sy-
napses (35). For several other syntenin-1-interacting proteins,
including pro-transforming growth factor R (51), CD63 (52), and
the Notch ligand Delta1 (53), coexpression with syntenin-1 has
been shown to markedly enhance trafficking to the plasma
membrane, similar to the effects on GPR37 that we observed
in our studies. Interestingly, syntenin-1 is known to be strongly
expressed in oligodendrocytes (54), the cell type in which GPR37
is most abundantly expressed (1). Since GPR37 is an orphan
receptor, it is not possible at present to test whether the
GPR37-syntenin-1 association has effects on the receptor’s
functional properties, but the dramatic effects of syntenin-1 on
GPR37 surface expression may prove to be useful in screens for
potential GPR37 ligands that would allow for deorphanization
of the receptor.

In summary, we have elucidated three distinct approaches by
which the trafficking of GPR37 to the plasma membrane can be
enhanced. Moreover, we have shown that GPR37L1, a close
relative of GPR37, exhibits robust surface expression in hetero-
logous cells. Thus, if it is assumed thatGPR37 andGPR37L1 are
activated by the same ligand, or at least related ligands, it seems
that GPR37L1 might prove to be the superior choice for screens
attempting to identify the ligand(s) for this orphan receptor pair.
However, screens focused solely on GPR37 may benefit from
application of one or several of the approaches described here,
including N-terminal truncation, coexpression with partner
receptors, and/or coexpression with syntenin-1, to achieve im-
proved surface trafficking and enhanced functionality of GPR37.
Furthermore, when more is known about the ligand binding and
signaling capabilities of GPR37, the interactions described here
betweenGPR37 and other receptors and the GPR37-syntenin-1
complex may eventually help to shed light on the regulation of
GPR37 functional activity in vivo.
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