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Abstract

Gonadotropin-releasing hormones (GnRHs) play pivotal roles in control of reproduction via a hypothalamic–pituitary–
periphery endocrine system and nervous systems of not only vertebrates but also invertebrates. GnRHs trigger several signal
transduction cascades via GnRH receptors (GnRHRs), members of the G protein–coupled receptor (GPCR) family. Recently,
six GnRHs (tunicate GnRH [tGnRH]-3 to tGnRH-8) and four GnRHRs (Ciona intestinalis [Ci]-GnRHR1 to GnRHR-4),
including a species-specific paralog, Ci-GnRHR4 (R4) regarded as an orphan receptor or nonfunctional receptor, were
identified in the protochordate, C. intestinalis, which lacks the hypothalamic–pituitary system. Here, we show novel
functional modulation of GnRH signaling pathways via GPCR heterodimerization. Immunohistochemical analysis showed
colocalization of R1 and R4 in test cells of the ascidian ovary. The native R1–R4 heterodimerization was detected in the
Ciona ovary by coimmunoprecipitation analysis. The heterodimerization in HEK293 cells cotransfected with R1 and R4 was
also observed by coimmunoprecipitation and fluorescent energy transfer analyses. Binding assay revealed that R4 had no
affinity for tGnRHs, and the heterodimerization did not alter the binding affinity of R1 to the ligands. The R1–R4 elicited 10-
fold more potent Ca2þ mobilization than R1 exclusively by tGnRH-6, although R1-mediated cyclic AMP production was not
affected by any of tGnRHs via the R1–R4 heterodimer. Moreover, the R1–R4 heterodimer potentiated translocation of both
Ca2þ-dependent protein kinase C-a (PKCa) by tGnRH-6 and Ca2þ-independent PKCf by tGnRH-5 and tGnRH-6, eventually
leading to the upregulation of extracellular signal-regulated kinase (ERK) phosphorylation compared with R1 alone. These
results provide evidence that the species-specific GnRHR orphan paralog, R4, serves as an endogenous modulator for the
fine-tuning of activation of PKC subtype–selective signal transduction via heterodimerization with R1 and that the species-
specific GPCR heterodimerization, in concert with multiplication of tGnRHs and Ci-GnRHRs, participates in functional
evolution of neuropeptidergic GnRH signaling pathways highly conserved throughout the animal kingdom.
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Introduction
Gonadotropin-releasing hormones (GnRHs) are hypo-
thalamic decapeptides that regulate the hypothalamic–
pituitary–gonadal axis in vertebrates and essentially
conserve the consensus sequences of pyro-Glu1-His/Tyr2-
Trp3-Ser4, Gly6, Pro9-Gly10-NH2 across animal species, al-
though their species-specific paralogous forms have also
been determined (Kah et al. 2007; Millar et al. 2008). For
example, tetrapods possess two forms of GnRH, GnRH-I
and GnRH-II (Kah et al. 2007; Millar et al. 2008), whereas
teleosts and lampreys have three forms (Kavanaugh et al.
2008). Moreover, the gnrh-II gene is not present in certain
mammalian species, such as rodents and chimpanzee
(Kah et al. 2007; Millar et al. 2008). The endogenous recep-
tors, GnRH receptors (GnRHRs), belong to the class A G
protein–coupled receptor (GPCR) family and elevate ino-
sitol triphosphate (IP3) and intracellular calcium ions
(Shacham et al. 2001). Type I GnRHRs, which completely
lack a C-terminal tail region, are restricted to certain mam-
malian species, that is, the human, rodent, and cow. Type-II

GnRHRs, which bear a C-terminal tail, are widely distrib-
uted in almost all vertebrates (Kah et al. 2007; Millar
et al. 2008), whereas the type-II gnrhr gene is silenced
due to a deletion of functional domains or interruption
of full-length translation by the presence of a stop codon
in the human, chimpanzee, cow, and sheep (Kah et al.
2007; Millar et al. 2008). In mammals, type-I and type-II
GnRHRs are selective to GnRH-I and GnRH-II, respectively
(Shacham et al. 2001). In contrast, nonmammalian verte-
brate GnRHRsaredevoidofselectivity for thecognateGnRHs
(Ando and Urano 2005). These findings indicate molecular
and functional divergence of GnRHergic systems, although
the central roles of GnRHs or their evolutionarily related pep-
tides (e.g., insect and nematode adipokinetic hormones) in
the control of reproduction are conserved throughout all
known animal species (Millar et al. 2004; Satake and Kawada
2006; Tsai and Zhang 2008; Lindemans et al. 2009).

Recently, six GnRH forms (tunicate GnRH [tGnRH]-3 to
tGnRH-8)(Adamset al. 2003)andfourGnRHR subtypes(Cio-
na intestinalis GnRH4 to GnRH4) (Tello et al. 2005) were

© The Author 2009. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please
e-mail: journals.permissions@oxfordjournals.org

Mol. Biol. Evol. 27(5):1097–1106. 2010 doi:10.1093/molbev/msp319 Advance Access publication December 21, 2009 1097

R
esearch

article



identified in the protochordate, C. intestinalis, which lacks
a hypothalamic–pituitary–periphery endocrine system es-
sentially conserved in vertebrates (Campbell et al. 2004;
Satake and Kawada 2006). Ci-GnRHR2 (R2), R3, and, R4
are ascidian-specific paralogs of R1 generated via gene dupli-
cation (Tello et al. 2005). Only R1, likethe vertebrateGnRHRs,
activates IP3 generation in response to tGnRH-6, whereas R2
and R3, with their ligand selectivity, exclusively stimulate
cyclic AMP (cAMP) production in response to multiple
tGnRHs. In contrast, no tGnRHs activate R4, suggesting R4
to be an orphan or nonfunctional receptor (Tello et al. 2005).

Notably, heterodimerization of several GPCRs with their
orphan receptor subtypes results in modulation of ligand-
binding affinities, cell signaling, and/or receptor desensitiza-
tion of the corresponding protomers (Levoye, Dam, Ayoub,
Guillaume, Couturier, et al. 2006; Levoye, Dam, Ayoub,
Guillaume, Jockers, et al. 2006; Milasta et al. 2006). In the pres-
ent study, we show novel ligand-selective regulation of pro-
tein kinase C (PKC) subtype activation mediated via GPCR
heterodimerization. The present data provide evidence that
the orphan GnRHR paralog R4 is responsible for ‘‘fine-tuning’’
of the GnRHergic signaling pathways via heterodimerization
with R1 and that GPCR heterodimerization with its orphan
receptor paralog is involved in the functional diversity and
species-specific regulation of GnRHergic systems.

Materials and Methods

Antibodies
An 11-amino acid peptide of the extracellular domain 3 of R1
(YDWFIRYEDHT-NH2) conjugated with keyhole limpet he-
mocyanin and a 13-amino acid peptide of the extracellular
domain 3 of R4 (WFNEQHIERLPEG-NH2) with keyhole lim-
pet hemocyanin were used as respective antigens (Operon
Biotechnologies, Tokyo, Japan). An R1 antibody and an R4
antibody were raised in rabbit and chicken, respectively, by
Operon Biotechnologies. Western blotting analysis indicated
that the anti-R1 antibody recognized endogenous R1 ex-
pressed in the Ciona ovary and recombinant R1 transfected
intoHEK293MSRcells (supplementaryfig.S1,Supplementary
Material online). Likewise, the anti-R4 antibody recognized
recombinant R4 andendogenous receptors in the ovary (sup-
plementary fig. S1, Supplementary Material online).

Immunohistochemistry
Preparation and immunostaining of Ciona ovary sections
were performed as previously described (Satake et al.
2004; Aoyama et al. 2008). No specific immunostaining
was observed using a secondary antibody alone or the pre-
absorbed R1 antibody or R4 antibody. The preabsorbed R1
antibodyorR4antibody(1:1000)waspreparedby incubation
with the antigen peptides, which were used for generation of
the respective antibody (YDWFIRYEDHT-NH2 for the R1 an-
tibody and WFNEQHIERLPEG-NH2 for the R4 antibody) at
a final concentration of 10�5 M for overnight at 4 �C.

Transfections and Cells
HEK293MSR cells were grown under 5% CO2 in Dulbecco’s
modified eagle medium (DMEM) medium supplemented

with 10% heat-inactivated fetal bovine serum at 37 �C. R1
or R3 was cloned into a pcDNA4/V5 vector and R4 was
cloned into a pcDNA6/myc vector, respectively (Invitrogen,
Carlsbad, CA), and transfected into HEK293MSR cells using
Targefect F-1 reagent (Targeting Systems, Santee, CA). The
stable transfectants were selected in the medium containing
20 lg/ml blasticidin and/or 400 lg/ml zeocin.

Coimmunoprecipitation and Western Blotting
The Ciona ovary or pellets of HEK293MSR transfectants
were homogenized in 10 mM Tris, 0.1 mM ethyl-
enediaminetetraacetic acid (EDTA), and pH 7.4 (Tris–
ethylenediaminetetraacetic acid buffer) with protease
inhibitors, and the membrane fractions were obtained
by centrifugation at 50,000 � g for 60 min. The membrane
fractions were then lysed in radioimmunoprecipitation
assay buffer (Thermo Scientific, Waltham, MA) for 1 h
at 4 �C on a rotating wheel. The resultant supernatant
of the ovary or HEK293MSR transfectants was mixed
with 2 lg of anti-R1 rabbit antibody or 5 lg of anti-
Myc affinity agarose (Sigma, St Louis, MO) overnight
at 4 �C on a rotating wheel, respectively. The anti-R1
antibody–antigen complexes were precipitated by protein
G–linked Sepharose (GE Healthcare, Buckinghamshire,
United Kingdom). The denatured coimmunoprecipitation
products were subjected to sodium dodecyl sulfate
analysis and electroblotted onto polyvinylidene fluoride
membranes. Immunoreactivity was detected with anti-
R4 antibody and corresponding secondary antibody or
a horseradish peroxidase–linked anti-V5 antibody (Invitro-
gen). Bands were visualized by a chemiluminescent
detection system (ECL detection kit; GE Healthcare).

Fluorescence Resonance Energy Transfer Imaging
For fluorescence resonance energy transfer (FRET) analysis,
receptor cDNAs for R1 and R4 were amplified by polymerase
chain reaction to generate stop codon–free fragments. The
fragments were then subcloned in frame into the 5#-end of
the CFP and YFP vectors, respectively. Cells were cultured on
glass bottom 35-mm tissue culture dishes and transfected
with expression vectors for appropriate CFP/YFP fusion
Ci-GnRHRs. Cells were visualized using confocal laser
microscopy, FLUOVIEW FV1000 (Olympus, Tokyo, Japan).
CFP and YFP were excited with the 458- and 515-nm lines
of an argon laser, respectively. The emitted fluorescence was
collected at 475–500 nm for CFP and 530–630 nm for YFP.
Cells expressing either R1-fused CFP (R1-CFP) or R4-fused
YFP (R4-YFP) alone or coexpressing these two constructs
were excited with the 458-nm line, and the emitted fluores-
cence was collected at 530–630 nm for FRET analysis.

Radioligand Binding
[3H]-tGnRH-6 (33 Ci/mmol) was prepared by the custom
order service of GE Healthcare. Saturation binding assays
were performed on intact stably transfected HEK293MSR
cells with [3H]-labeled tGnRH-6. For saturation binding as-
says, 5.0 � 104 cells were seeded into 96-well plates in 100
ll medium; these were grown for overnight at 37 �C in 5%
CO2. Cells were then replaced once in 50 ll DMEM,
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followed by incubation with increasing concentrations
of [3H]-tGnRH-6 (1–100 nM) in 50 ll of assay buffer
(50 mM Tris, 1 mM EDTA, 3 mM MgCl2, and pH 7.4)
for 3 h at 4 �C. Nonspecific binding was determined using
cells incubated with both [3H]-labeled tGnRH-6 and 10 lM
unlabeled tGnRH-6. After 3-h incubation, cells were
washed twice with 150 ll ice-cold phosphate-buffered
saline (PBS), solubilized, and subjected to scintillation
counting. All total binding samples were run in triplicate,
nonspecific binding samples were run in duplicate, and
each independent experiment was repeated three times.
Data were analyzed using Prism (GraphPad, La Jolla, CA).

Competitive binding properties of tGnRH-3, tGnRH-5,
and tGnRH-6 were performed using the transfected cells.
Cells were prepared as described above; however, the
[3H]-labeled tGnRH-6 concentration was held constant
at 25 nM, with either assay buffer (total binding) or increas-
ing concentrations of cold competing ligand in assay buffer
(ranging from 10�10 to 10�5 M) in 100 ll total volume for
3 h at 4 �C. Cells were washed and processed as described
above. All samples were run in triplicate, in three indepen-
dent experiments.

Determination of intracellular Ca21 and cAMP
levels
Real-time fluorescent kinetics for Ca2þ mobilization using
a Ca3 kit (Molecular Devices, Sunnyvale, CA) and end point
observation of cAMP production using CatchPoint� Cyclic
AMP Assay Kit (Molecular Devices) were performed on
FlexStation II according to the manufacturer’s instruction.

Measurement of ERK1/2 Activation
Phosphorylation of ERK1/2 in Ci-GnRHRs-expressing
HEK293MSR cells was measured by Western blotting. Total
and phosphorylated ERKs were extracted from the
HEK293MSR transfectants after stimulation with 5 nM
tGnRH-6 or 25 nM tGnRH-5 and was detected by ECL de-
tection kit (GE Healthcare) using polyclonal rabbit anti-
total ERK1/2 and rabbit anti-pp ERK1/2 (Cell Signaling
Technology, Danvers, MA) on duplicate membranes ac-
cording to manufacturer’s instruction. The bands were
scanned and quantified by densitometry.

PKC Translocation Assay
Cells on a collagen type I–coated glass slide (Becton Dick-
inson, Bedford, MA) were incubated in serum-free medium
for 15 h. After stimulation with 5 nM tGnRH-6 or 25 nM
tGnRH-5, cells were fixed in 4% formaldehyde for 15 min
and permeabilized with 0.2% Triton-X in PBS for 30 min.
The slide glasses were incubated with a blocking medium
followed by treatment with the PKC subtype–specific anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, CA). Alexa
488–conjugated goat anti-rabbit immunoglobulin G sec-
ondary antibody (Invitrogen) was used for visualization.
Stained PKCs in Ci-GnRHRs-expressing cells were assessed
on four images/coverslip, each of which contained an av-
erage of eight cells, using confocal microscopy, FLUOVIEW
FV1000, and FV10-ASW1.7 software (Olympus). Results are

expressed as the ratio of the immunostained intensities on
plasma membranes to cytosol.

Statistical Analysis
Results are expressed as means ± standard error mean for
indicated number of observations. Data were analyzed by
one-way analysis of variance with Dunnett error protec-
tion. Differences were accepted as significant for P , 0.05.

Results

Detection of the R1–R4 Heterodimer
A prerequisite for the formation of R1–R4 heterodimers is
their coexpression in the same cells. The immunoreactivity
of R1 was detected exclusively in test cells residing inside of
inner follicles of oocytes (fig. 1), which are believed to be
involved in oocyte growth (Aoyama et al. 2008). The im-
munoreactivity of R4 was largely colocalized with that of
R1 (fig. 1). No positive signals were observed when anti-
gen-absorbed antibodies were applied, confirming the
specificity of the immunostaining (fig. 1B and D). Coimmu-
noprecipitation of the ovary membrane using anti-R1 and
anti-R4 antibodies detected the specific bands correspond-
ing to a R1 and R4 in the Ciona ovary at 100 kDa (fig. 2A). In
combination, these data provide evidence that R4 forms
a heterodimer with R1 in the Ciona ovary. To further ex-
amine the interaction between R1 and R4, we performed
coimmunoprecipitation of V5-tagged R1 and Myc-tagged
R4 stably transfected into HEK293 MSR cells without
tGnRHs ligand administration. Myc-tagged R4 in the

FIG. 1. Localization of R1 and R4 in the ovary. Immunostaining using
the R1- or R4-specific antibody followed by treatment with Alexa
488–conjugated secondary antibody (green for R1, panel A) and
Alexa 568–conjugated secondary antibody (red for R4, panel C). No
specific immunostaining was observed using the preabsorbed R1
antibody (B) and the preabsorbed R4 antibody (D). The merged
image clarifies the colocalization of R1 and R4 in test cells in the
ovary (E). The pictures are representative of three different
experiments. (F) Bright-field view of the gonad. IFC, inner follicular
cell; Yo, Yolk. Scale bar: 50 lm.
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membrane fraction was immunoprecipitated with mono-
clonal anti-Myc antibody, followed by western blotting of
the immunoprecipitate using a monoclonal anti-V5 anti-
body. As shown in figure 2B, the specific band correspond-
ing to an R1–R4 heterodimer was detected at 100 kDa only
in cells coexpressing both receptors (fig. 2B, lane 3) but not
in cells expressing the empty vector (lane 1) and either pro-
tomer (lane 2 and 4). Moreover, no bands were detectable
under the identical condition in an immunoprecipitate
mixture of the membrane fractions separately prepared
from the cells expressing each receptor (fig. 2B, lane 5), ex-
cluding the possibility that the R1–R4 heterodimer resulted
from artifacts. Additionally, coimmunoprecipitation of V5-
tagged R3 and Myc-tagged R4 generated no bands (fig. 2B,
lane 6), confirming the specificity of the heterodimerization
between R1 and R4. In combination, these data provide
evidence that R4 specifically forms a constitutive hetero-
dimer with R1. The constitutive R1–R4 heterodimer in liv-
ing HEK293MSR cells transfected with both the receptors
was also confirmed by FRET analysis, using cells expressing
either R1-CFP or R4-YFP alone or coexpressing these two
constructs. FRET signals were obtained from the R1-CFP–
and R4-YFP–coexpressing cells but not from R1-CFP– or
R4-YFP–expressed cells (fig. 3). In combination, these
data verified that R4 specifically forms a heterodimer with
R1.

Effects of the R1–R4 Heterodimer on Intracellular
Signaling
Reverse transcriptase–polymerase chain reaction and mass
spectrometry analyses revealed that tGnRH-3, tGnRH-5,
and tGnRH-6 (pQHWSYEFMPG-NH2, pQHWSYEYMPG-
NH2, and pQHWSKGYSPG-NH2, respectively), encoded
by the Ci-gnrh1 gene, are major active GnRH isoforms in
the adult ascidian, whereas the Ci-gnrh2 gene encoding
tGnRH-4, tGnRH-7, and tGnRH-8 is not expressed in any

adult tissues (Kawada et al. 2009). Consequently, we eval-
uated the activities of tGnRH-3, tGnRH-5, and tGnRH-6 at
Ci-GnRHRs. Furthermore, intracellular Ca2þ mobilization is
triggered exclusively by R1 bound to tGnRH-6 (Tello et al.
2005). Notably, as shown in figure 4A and B, tGnRH-6
exclusively exhibited �10-fold more potent Ca2þ mobiliza-
tion (EC50 5 0.55 nM) in the HEK293MSR cells expressing
R1–R4 than in the cells expressing R1 alone (EC50 5 6.92
nM), whereas no Ca2þ mobilization by tGnRH-3 or
tGnRH-5 was detected in any receptor-expressing cells
as previously reported (Tello et al. 2005). In addition,
dose-dependent effects of R4 expression levels on Ca2þ

mobilization by tGnRH-6 at R1 stably transfectant were de-
tected (supplementary table S1 and fig. S2, Supplementary
Material online). On the other hand, no alteration of cAMP
production was detected in the R1- and R4-coexpressing
cells compared with the R1-expressing cells (fig. 4C and
D). Binding assays demonstrated that tGnRH-6 exhibited
high affinity to R1 and the order of the affinity of tGnRH
was tGnRH-6 . tGnRH-5 . tGnRH-3 (table 2 and fig. 5),
whereas R4 had no affinity for tGnRHs (table 1 and fig. 5).
Moreover, the R1–R4 heterodimer exhibited equivalent
binding affinity for tGnRHs to R1 (tables 1 and 2 and
fig. 5). Collectively, these results indicate that the hetero-
dimerization elevates Ca2þ mobilization by tGnRH-6
without alteration in the ligand-binding affinity of R1.

ERK1/2 Phosphorylation and PKC Translocation
by tGnRH via R1 or R1–R4
GnRHRs have been shown to induce ERK1/2 phosphoryla-
tion in mitogen-activated protein kinase (MAPK) pathways
mainly via activation of PKCs in a Ca2þ-dependent or Ca2þ-
independent fashion (Shacham et al. 2001). In cells express-
ing R1 alone, typical ERK1/2 phosphorylation was induced
by 5 nM tGnRH-6, with the maximal effect at 5 min after
ligand addition and the signal returned to the basal level

FIG. 2. Heterodimerization between R1 and R4. (A) Detection of R1–
R4 heterodimer in the plasma membrane prepared from the Ciona
ovary. The ovary membrane was immunoprecipitated with anti-R1
antibody and then immunoblotted with anti-R4 antibody. (B) R1–
R4 heterodimer was also detected on the membrane of HEK293MSR
cells expressing both V5-tagged R1 and Myc-tagged R4. The R1, R4,
and R1–R4 transfectants were prepared, and immunoprecipitation
with anti-Myc affinity agarose was followed by immunoblotting
with anti-V5 antibody detecting the R1–R4 heterodimer (lane 3).
No corresponding bands were detected in any membrane fractions
from the R1 or R4 transfectants (lanes 2 and 4), an immunopre-
cipitate mixture of the membrane fractions separately prepared
from the cells expressing each receptor (lane 5) or the fraction from
R3- and R4-coexpressing transfectant (lane 6).

FIG. 3. FRET imaging constitutive R1–R4 heterodimeric interactions.
R1-CFP (upper panels) and R4-YFP (middle panels) were expressed
individually or coexpressed (lower panels) in HEK293MSR cells.
Individual cells were imaged. Left-hand panels, CFP; center panels,
YFP; right-hand panels, FRET.
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within 15 min (fig. 6A). Intriguingly, a similar induction of
ERK1/2 phosphorylation was observed by the addition of
25 nM tGnRH-5 (fig. 6B), which fails to elevate intracellular
Ca2þ. ERK1/2 phosphorylation was not induced in cells
expressing R1, R4, or R1–R4 by any other tGnRH, includ-
ing tGnRH-3 (data not shown), which is encoded with
tGnRH-5 and tGnRH-6 by Ci-gnrh1 (Adams et al. 2003).
The striking feature is that coexpression of R1 and R4
in HEK293MSR cells upregulated 3- and 5-fold more
ERK1/2 phosphorylation by tGnRH-5 and tGnRH-6 than
that of R1, respectively (fig. 6A and B). Administration
of Gö6983, an inhibitor of PKCa, b, c, d, and f, resulted
in a significant decrease in the ERK1/2 phosphorylation in-
duced by tGnRH-5 or tGnRH-6 in R1 cells (41% and 40% of
the inhibitor-untreated cells, respectively), confirming that
the ERK1/2 phosphorylation by tGnRH-5 or tGnRH-6 via
R1 is mediated largely by PKC subtypes. As depicted in
figure 6C and D, the inhibition by Gö6983 was more dra-
matically enhanced in the heterodimer-expressing cells
(13% and 20% of the inhibitor-untreated cells, respectively),
indicating that the R1–R4 heterodimer–mediated upreg-
ulation of ERK1/2 phosphorylation is more closely de-
pendent on PKC activation compared with R1 alone.
Activation of PKCs resulted from their rapid translo-
cation from the cytoplasm onto the plasma membrane
(Kratzmeier et al. 1996; Farshori et al. 2003; Shah et al.
2003). We thus observed the translocation of Gö6983-
sensitive PKC subtypes, namely PKCa, b, c, d, and f, in
R1- or R1- to R4-expressing cells at 5 min after administra-
tion of either tGnRH-5 or tGnRH-6, revealing that PKCa
was translocated by tGnRH-6 alone, and translocation of
PKCf was induced in response to tGnRH-5 and tGnRH-6

in the R1-expressing cells (fig. 7 and supplementary table
S2, Supplementary Material online). These results are com-
patible with previous studies showing that GnRH induced
translocation of PKCa (Farshori et al. 2003; Shah et al. 2003)
and PKCf (Kratzmeier et al. 1996). In addition, such mag-
nitudes and subtype species of the translocated PKCs are
compatible with those by mammalian GnRH signaling in
various cell lines, excluding the possibility that these data
are cell context specific (Kratzmeier et al. 1996; Shah et al.
2003). In the R1–R4 heterodimer–expressing cells, tGnRH-6
elicited 2-fold translocation of PKCa compared with R1-
expressing cells (fig. 7 and supplementary table S2, Supple-
mentary Material online). Likewise, the translocation of
PKCf in the R1–R4 heterodimer–expressing cells by
tGnRH-5 and tGnRH-6 was 1.8- and 1.7-fold enhanced, re-
spectively, compared with R1-expressing cells (fig. 7 and
supplementary table S2, Supplementary Material online).
These results provide evidence that the R1–R4 hetero-
dimer induces more prominent translocation of PKCa
by tGnRH-6 and PKCf by tGnRH-5 and tGnRH-6.

Discussion
The present data verified that the heterodimerization of R1
with an orphan receptor paralog, R4, modulates PKC-
mediated MAPK pathways regulated by R1 (fig. 8). Of par-
ticular significance is that the activation of specific PKC
subtypes, eventually leading to ERK phosphorylation, is
differentially upregulated by heterodimerization between
a GnRH receptor and its orphan receptor paralog in a
ligand-selective manner. To the best of our knowledge, this
is the first characterization of the modulation of GnRH re-
ceptor–mediated signaling pathways (figs. 4 and 6) via

FIG. 4. Effect of the heterodimer on intracellular signaling. (A and B) Dose-response curves for calcium mobilization by tGnRH-6 (filled circles)
at R1 (A) and R1–R4 (B) expressed in HEK293MSR cells. Fluorescent responses by 1 lM tGnRH-6 are taken as 100% activation. (C and D)
Concentration-dependent cAMP production obtained by a fluorescence competitive immunoassay. Dose-response curves for tGnRH-6 (open
triangles) on R1 (C) and R1–R4 (D) expressed in HEK293MSR cells. No alteration of cAMP production was detected in R1- to R4-expressing cells
compared with R1-expressing cells. Results are shown as means ± standard error mean of three individual experiments.
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GPCR heterodimerization, modulatory effects of GPCR het-
erodimerization on PKC activation, and ligand-selective
differential activation of PKC subtypes via GPCR heterodi-
merization (fig. 7). Moreover, the Ciona genome contains
MAPK cascade-relevant orthologs, including phospholipase
Cs, PKCa, PKCf, and ERKs (Sasakura et al. 2003; Satou et al.
2003), and the R1–R4 heterodimer was detected in theCiona
ovary (fig. 1). Together, these results reveal a novel GPCR
heterodimerization–directed regulation of the GnRHergic
system. In addition, it is likely that R1 and R4 form a hetero-
dimer with other GPCRs families, as seen in diverse GPCR
heterodimers, given that distribution of R1 largely, but
not completely, accorded with that of R4 in the ovary. Thus,
our present study provides a valuable paradigm for func-

tional diversity in essentially conserved signaling cascade
via species-specific GPCR heterodimerization.

One Ca2þ-dependent PKC subtype, PKCa, was activated
exclusively by tGnRH-6 via R1, and the translocation was
markedly potentiated by heterodimerization of R1 with
R4 (fig. 7). These results are consistent with the second
messenger assay showing that tGnRH-6 elicited 10-fold po-
tent Ca2þ mobilization through the R1–R4 heterodimer
compared with R1 alone (fig. 4). tGnRH-6 also enhanced
a Ca2þ-independent PKC, PKCf (fig. 7), indicating that
tGnRH-6 is responsible for the activation of both Ca2þ-
dependent and Ca2þ-independent MAPK pathways. More-
over, translocation of PKCf was induced by tGnRH-5
(fig. 7), which does not exhibit any Ca2þ mobilization at
R1 or R1–R4. These data indicate that R1 mediates the
PKC activation pathways, which are differentially triggered
by different tGnRH isoforms. In addition, R1-mediated
cAMP production was not affected by the heterodimeriza-
tion (fig. 4C and D). Furthermore, the inhibitory effects of
Gö6983 on ERK phosphorylation via the Ci-GnRHRs (fig. 6C
and D) demonstrated that activation of the two PKC sub-
types plays a more important role in ERK phosphorylation
via R1–R4 than via R1, given that ERK phosphorylation via
R1–R4 is more potently suppressed by Gö6983 than ERK
phosphorylation via R1 (fig. 6C and D). Collectively, these
results lead to the conclusion that R4 specifically partici-
pates in the upregulation of the PKCa- and PKCf-mediated
MAPK pathways via heterodimerization with R1 (fig. 8).

R1–R4 heterodimerization did not alter the binding af-
finity of R1 to any of tGnRHs and its expression (fig. 5 and
tables 1 and 2), although R4 modulated R1-triggered signal-
ing cascades (figs. 4, 6, and 7). Furthermore, no alteration in
expression of R1-CFP or R4-YFP was detected in the R1-
CFP– and R4-YFP–coexpressing cells compared with the
R1-CFP– or R4-YFP–expressing cells (fig. 3). In addition,
no difference in internalization between the R1–R4 and

FIG. 5. Binding assays for R1 alone and R1–R4 heterodimer. (A)
Saturation binding analysis of [3H]-tGnRH-6 for R1, R1–R4, R4, or
mock. R4 showed no binding to [3H]-tGnRH-6, and R1–R4
heterodimer showed binding affinity to tGnRHs comparable with
R1. Data are shown as means ± standard error mean (SEM) of three
individual experiments. (B) Competitive binding analysis of [3H]-
tGnRH-6 with increasing concentrations of tGnRH-6. Data shown as
means ± SEM (n 5 3) of specific binding demonstrate that the R1–
R4 heterodimer exhibited equivalent binding affinity for tGnRH-6 to
R1. (C) tGnRH-3, tGnRH-5, and tGnRH-6 elicit competitive binding
affinity to R1 and R1–R4 in the presence of [3H]-tGnRH-6.

Table 1. Ligand-Binding Properties of R1, R1–R4 Heterodimer, and
R4.

[3H]-tGnRH-6 Binding

Kd (nM) Bmax (fmol/well)

R1 R1–R4 R4 R1 R1–R4 R4

29.7 6 8.5 27.6 6 9.4 ND 450.3 6 47.4 492.1 6 55.3 ND

NOTE.—The dissociation constant (Kd) and number of [3H]-tGnRH-6-binding
sites (Bmax) were calculated by Scatchard analysis. The data are presented as the
means ± standard error mean of three independent experiments performed in
triplicate. ND, not detected.

Table 2. The Half-Maximal Inhibitory Concentrations (IC50) of
tGnRH-3, tGnRH-5, and tGnRH-6.

[3H]-tGnRH-6-Binding Affinity IC50 (nM)

Ligands R1 R1–R4 R4

tGnRH-3 130.7 6 30.5 112.8 6 40.6 >1,000
tGnRH-5 36.1 6 11.3 32.4 6 13.5 >1,000
tGnRH-6 7.5 6 3.2 8.1 6 3.6 >1,000

The data are presented as the means ± standard error mean of three
independent experiments performed in triplicate.
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R1 was observed (data not shown). These data indicated
that the modulation of the R1-mediated signaling cascades
via heterodimerization with R4 is attributable to alterations
neither in the ligand-binding affinity nor in the expression
on the cell membrane. Recently, there has been a growing
body of evidence that GPCRs assume multiple active con-
formations induced by agonists, leading to the activation of
various different signaling pathways (Caunt et al. 2006;
Dobkin-Bekman et al. 2006; Milligan and Smith 2007;
Satake and Sakai 2008). These findings indicate that differ-
ent active conformations of R1 are induced by tGnRH-5
and tGnRH-6 and that such distinctly different active con-
formations, leading to differential activation of PKCa and
PKCf, are enhanced via heterodimerization with R4. In
other words, R4 is highly likely to stabilize several forms
of the active conformations of R1 as an endogenous allo-
steric modulator. In mammals, several orphan receptors

have been reported to act as a heterodimer unit: the or-
phan receptors Mas-related gene E and GPR50 heterodi-
merize with the b-alanine receptor MrgD and melatonin
receptors, respectively (Levoye, Dam, Ayoub, Guillaume,
Couturier, et al. 2006; Levoye, Dam, Ayoub, Guillaume,
Jockers, et al. 2006; Milasta et al. 2006). These findings
are consistent with the present data and suggest that sev-
eral ‘‘orphan’’ receptors serve as functional modulators of
nonorphan GPCRs via heterodimerization rather than as
signal transducers directly activated through specific inter-
actions with unidentified ligands. Also of interest is the
regulation of the expression of R1–R4 heterodimer. The im-
munoreactivity of R4 in the ovary largely, but not com-
pletely, coincides with that of R1 (fig. 1), suggesting
both common and specific regulatory mechanisms in ex-
pression of R1 and R4. Unfortunately, transcriptional reg-
ulation of R1 or R4 has yet to be investigated. Elucidation of
the regulatory mechanisms will reveal the spatiotemporal
regulation of R1–R4 heterodimer in details, leading to the
clarification of the biological significance of the species-
specific heterodimer.

FIG. 6. Ci-GnRHR-mediated ERK1/2 activation in HEK293MSR cells–
expressing R1 or R1–R4 were stimulated with 25 nM tGnRH-5 or 5
nM tGnRH-6. (A) Western blots for phosphorylated ERK1/2 via R1
(top) and R1–R4 (bottom) stimulated by tGnRH-5 or tGnRH-6 for
0–60 min, as indicated. (B) Results were quantified by densitometric
analysis. The data were expressed as the fold ERK1/2 phosphory-
lation over the basal value at 0 min treated cells (n 5 3
experiments). (C) ERK phosphorylation by tGnRH-5 or tGnRH-6 in
R1-expressing cells was partially suppressed in the presence of 1 lM
Gö6983, and the suppression in R1- to R4-expressing cells was more
prominent than in R1-expressing cells. 0.1% dimethyl sulfoxide was
administrated as control for the inhibitor. Cell expressing the empty
vector indicated no ERK1/2 phosphorylation by administration of
either tGnRH-5 or tGnRH-6. (D) Quantification of inhibitory effect
of Gö6983 is shown. Results are shown as means ± standard error
mean of three individual experiments.

FIG. 7. Translocation of PKCa and PKCf induced by 25 nM tGnRH-5
or 5 nM tGnRH-6 to the plasma membrane of HEK293MSR cells–
expressing R1 or R1–R4. Cells stably transfected with R1 or R1–R4
were treated with tGnRHs or PBS as control for 5 min before
fixation. (A) Representative immunostaining using a PKCa (sc-208;
Santa Cruz Biotechnology) and PKCf (sc-216) antibodies is shown
(n 5 3 experiments). Scale bar: 10 lm. (B) The ratio of intensity of
stained PKCs on plasma membranes to cytosol was quantified using
confocal microscopy and FV10-ASW1.7 software (Olympus). Results
are shown as means ± standard error mean of three individual
experiments. *P , 0.05 compared with the corresponding control
group.
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Gly6 is evolutionarily conserved in all the GnRHs that
trigger Ca2þ mobilization, including that of the octopus
(Iwakoshi-Ukena et al. 2004; Kanda et al. 2006) and in
the sea lamprey (Kavanaugh et al. 2008). A recent study
indicated that protostomian GnRHs possess a Gly at the
corresponding position of vertebrate GnRHs (Tsai and
Zhang 2008). These findings suggest that ancestral GnRHs
possess Gly6. In Ciona, only tGnRH-6 possesses Gly6 (Adams
et al. 2003) and upregulates Ca2þ mobilization through R1
(Tello et al. 2005). Consequently, it is presumed that an
R1–tGnRH-6 pair is the common GnRH signaling system,
which originated from a common ancestor, and that other
tGnRHs are Ciona-specific paralogs. Moreover, molecular
phylogenetic analysis showed that R2, R3, and R4 were
Ciona-specific GnRH receptor paralogs generated via gene
duplication (Kusakabe et al. 2003; Tello et al. 2005).
Combined with the findings that R1, R2, and R3 mediate
differential signaling pathways with different ligand speci-
ficity (Tello et al. 2005), the ligand-selective modulation of
multiple signaling pathways by the R1–R4 heterodimer is
implicated with the molecular and functional evolution
of Ciona GnRHergic systems. It is noteworthy that ascid-
ians lack a hypothalamic–pituitary–periphery endocrine
system, which is essentially conserved in vertebrates
(Campbell et al. 2004; Satake and Kawada 2006). These

findings support the view that ascidians lack a GnRHergic
endocrine hypothalamic–pituitary–ovary axis, which is
a prerequisite for appropriate reproductive function in ver-
tebrates, and thus, tGnRHs do not act as a hypothalamic
hormone. Instead, tGnRHergic neurons are directly pro-
jected to the ovary (Terakado 2001; Adams et al. 2003),
and Ci-GnRHRs are expressed in ovarian cells (fig. 1). These
results indicate that tGnRHs are involved in the regulation
of ovarian functions in an exclusively neuropeptidergic
fashion. Collectively, it is presumed that the modulation
of multiple signaling pathways by the R1–R4 heterodimer,
in concert with multiplication of tGnRHs and Ci-GnRHRs,
enables spatiotemporal fine-tuning of the primitive neuro-
peptidergic GnRH signaling pathways, which is comparable
with the hormonal GnRHergic systems in vertebrates. Fur-
thermore, considering the fact that several species-specific
GnRH and/or GnRHR forms have been identified in various
species and the possibility that species-specific orphan
GPCRs are present, we presume that heterodimerization
of GPCRs, including GnRHRs, with their orphan subtypes
has led to the evolution of species-specific fine-tuning of
biological functions of signaling molecules.

In conclusion, we have substantiated a novel ligand-
dependent modulation of GPCR functions through hetero-
dimerization with an orphan receptor paralog. The present

FIG. 8. Model of signaling modulation via R1–R4 heterodimerization. The activation of specific PKC subtypes, eventually leading to ERK
phosphorylation, is differentially upregulated by heterodimerization between Ciona GnRH receptor, R1, and its orphan receptor paralog, R4 in
a ligand-selective manner.
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study originally shows that GPCR heterodimerization con-
fers functional diversity on signaling mechanisms widely con-
served in various organisms and presumes the presence of
species-specific GPCR heterodimer–directed signaling mod-
ulatory systems in any other organisms including human.

Supplementary Material
Supplementary tables S1 and S2, figures S1 and S2,
and legends to the supplementary figures are available
at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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