THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 45, pp. 39623-39631, November 11,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Mutually Opposite Signal Modulation by Hypothalamic
Heterodimerization of Ghrelin and Melanocortin-3

Receptors™

Received for publication, July 29,2011, and in revised form, September 3, 2011 Published, JBC Papers in Press, September 22,2011, DOI 10.1074/jbcM111.287607

Anne Rediger*', Carolin L. Piechowski*', Chun-Xia Yi°', Patrick Tarnow®, Rainer Strotmann®, Annette Griiters®,
Heiko Krude*, Torsten Schéneberg”’, Matthias H. Tschop®, Gunnar Kleinau®, and Heike Biebermann*’

From the *Institute of Experimental Pediatric Endocrinology, Charité-Universitédtsmedizin Berlin, 13353 Berlin, Germany, the
SMetabolic Diseases Institute, Department of Internal Medicine, University of Cincinnati, Cincinnati, Ohio 45267, and the Yinstitute
of Biochemistry, Medical Faculty, University of Leipzig, 04103 Leipzig, Germany

weight regulation.

function.

weight regulation.

(Background: The melanocortin-3 (MC3R) and ghrelin (GHSR) receptors are important key components in hypothalamic

Results: MC3R and GHSR di/oligomerize and have an opposite impact on each other’s function.
Conclusion: The high basal activity of GHSR is a determinant of heterodimer function, and MC3R may constrain GHSR

Significance: Receptor di/oligomerization and its functional relevance contribute to the complex network of hypothalamic
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Interaction and cross-talk of G-protein-coupled receptors
(GPCRs) are of considerable interest because an increasing
number of examples implicate a profound functional and phys-
iological relevance of homo- or hetero-oligomeric GPCRs. The
ghrelin (growth hormone secretagogue receptor (GHSR)) and
melanocortin-3 (MC3R) receptors are both known to have
orexigenic effects on the hypothalamic control of body weight.
Because in vitro studies indicate heterodimerization of GHSR
and MC3R, we investigated their functional interplay. Com-
bined in situ hybridization and immunohistochemistry indi-
cated that the vast majority of GHSR-expressing neurons in the
arcuate nucleus also express MC3R. In vitro coexpression of
MC3R and GHSR promoted enhanced melanocortin-induced
intracellular cAMP accumulation compared with activation of
MC3R in the absence of GHSR. In contrast, agonist-indepen-
dent basal signaling activity and ghrelin-induced signaling of
GHSR were impaired, most likely due to interaction with MC3R.
By taking advantage of naturally occurring GHSR mutations and
an inverse agonist for GHSR, we demonstrate that the observed
enhanced MC3R signaling capability depends directly on the
basal activity of GHSR. In conclusion, we demonstrate a para-
digm-shifting example of GPCR heterodimerization allowing
for mutually opposite functional influence of two hypothalamic
receptors controlling body weight. We found that the agonist-
independent active conformation of one GPCR can determine
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the signaling modalities of another receptor in a heterodimer.
Our discovery also implies that mutations within one of two
interacting receptors might affect both receptors and different
pathways simultaneously. These findings uncover mechanisms
of important relevance for pharmacological targeting of GPCR
in general and hypothalamic body weight regulation in
particular.

G-protein-coupled receptors (GPCRs)? are involved into the
modulation of almost any physiological process (1). These
receptors are activated by a remarkable variety of different
ligands, including ions, nucleotides, biogenic amines, small
peptides, and large glycoprotein hormones, and they activate
various signaling pathways (2). GPCRs are popular therapeutic
targets, and >40% of approved drugs act on GPCRs (3).

Recently, it became evident that these receptors function in
di- or oligomeric complexes. Among such receptor complexes,
homodimeric (same GPCRs) or heterodimeric (different
GPCRs) interactions between protomers can occur (4, 5). These
types of structural and functional oligomer interactions are of
great interest when they differ from well established functional
characteristics of monomeric receptors (6). Relevant functional
changes could be modified G-protein coupling, different
ligand-receptor specificities, or altered ligand-induced recep-
tor internalization (7, 8). GPCR oligomerization could be of
particular interest for an improved molecular understanding of
pathophysiological mechanisms also, as >35 GPCRs are known
to be relevant for human diseases (9).

Obesity is one of the world’s major health burdens of the 21st
century. During the last 20 years, our understanding of mech-

3 The abbreviations used are: GPCR, G-protein-coupled receptor; MC4R, mela-
nocortin-4 receptor; MC3R, melanocortin-3 receptor; GHSR, growth hor-
mone secretagogue receptor (ghrelin receptor); POMC, pro-opiomelano-
cortin; MSH, melanocyte-stimulating hormone; IP;, inositol 1,4,5-
trisphosphate; rM3R, rat muscarinic 3 receptor.
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FIGURE 1. Determinants of hypothalamic weight regulation. This sche-
matic overview focuses on energy homeostasis and feeding centrally requ-
lated in two subsets of neurons within the arcuate nucleus of the hypothala-
mus. The anorexigenic acting peptide leptin is secreted from adipocytes in
proportion to body fat (long-time regulation). Stimulation of the anorexi-
genic system by leptin leads to satiety achieved through expression of POMC
peptides like a-MSH, which acts on melanocortin receptors (MC3R and
MC4R), whereas the appetite-activating (orexigenic) system is repressed.
Neuropeptide Y (NPY) and agouti-related peptide (AgRP) expression by ghre-
lin results in appetite stimulation and the initiation of food intake. Ghrelin
concentration in the blood fluctuates throughout the day and therefore per-
mits short-time regulation of appetite and food intake. MC3R bridges
between the regulatory networks of both feeding systems as well as the dif-
ferent time frames.

anisms involved in body weight and appetite regulation has
increased tremendously. A remarkable number of key compo-
nents in hypothalamic body weight regulation turned out to be
GPCRs such as the melanocortin-4 receptor (MC4R), the mela-
nocortin-3 receptor (MC3R), and the growth hormone secre-
tagogue receptor (GHSR; ghrelin receptor) (Fig. 1). Especially
functional consequences of naturally occurring mutations in
these receptors have demonstrated their physiological impor-
tance for maintenance of body weight (10, 11).

GHSR and MC3R are of specific interest because their hypo-
thalamic activation induces food intake. GHSR is activated by
stomach-derived Ser>-acetylated ghrelin (12). Ghrelin activa-
tion is promoted by ghrelin o-acyltransferase (EC 2.3.1.-) inde-
pendent of dietary lipids (13, 14). Interestingly, ghrelin was
recently found to be of major importance to survive starvation
by modifying glucose homeostasis (15). Ghrelin o-acyltrans-
ferase knock-out mice lost the ability to stabilize glucose levels
during starvation due to the lack of functional active ghrelin to
stimulate growth hormone release (16). In contrast to the
peripheral orexigenic action of the ghrelin o-acyltransferase/
ghrelin/GHSR system, the orexigenic activation of MC3R is
induced by pro-opiomelanocortin (POMC)-derived y-melano-
cyte-stimulating hormone (MSH) produced in the hypothala-
mus (17). In addition, anticipatory food-seeking behaviors trig-
gered by food restriction and circadian metabolic control by
central circadian clock circuits have been reported to depend
on MC3R (18).

In this study, we investigated the functional relevance of
MC3R/GHSR  heterodimerization using a multidisciplinary
approach combining molecular biology, mutations with known
loss-of-function impact, and advanced receptor pharmacology.

39624 JOURNAL OF BIOLOGICAL CHEMISTRY

We show that interaction of GHSR and MC3R leads to
enhanced MC3R signaling efficacy (signaling surplus) while
simultaneously causing a decreased GHSR signaling capacity.
We further demonstrate that ligand-independent GHSR sig-
naling activity plays a key role in this mutual and opposite
receptor interrelation and is modulated by interaction with
MC3R. This series of observations supports the importance of
basal GHSR activity for body weight regulation (19) and for
functional impact of GPCR dimerization and likely translates
into the principal biology of other GPCRs characterized by a
permanent basally active conformation.

EXPERIMENTAL PROCEDURES

Determination of MC3R and GHSR in the Arcuate Nucleus—
In situ hybridization histochemistry was performed to map the
hypothalamic expression of MC3R. Immunohistochemistry of
B-galactosidase, the product of the lacZ gene driven by the
GHSR promoter in GHSR knock-out mice (20), was used to
visualize GHSR. GHSR knock-out mice were perfused and
post-fixed with 4 °C diethyl pyrocarbonate-treated paraformal-
dehyde and sank in 30% diethyl pyrocarbonate-treated sucrose
buffered with 0.1 m PBS. Brains were then cut with a cryostat
into 25-um slices and stored at —80 °C in antifreeze solution
until processing for in situ hybridization. Sections were treated
with 0.2 N HCI, 0.2% glycine buffer, and 0.1% Triton X-100 and
rinsed with 0.1 m PBS between each step. Brain sections were
then prehybridized for 30 min and hybridized in hybridization
buffer (Sigma-Aldrich) containing 100 nm Locked nuclei acid-
modified cDNA probes labeled with 6-carboxyfluorescein (for-
ward, 5'-AGGAAGAAGTACATGGGAGAGT; and reverse,
5-ATCTCCTTGAACGTGTTGCGCA) (Exiqon) for 8 h.
After stringent washing with 2X, 0.5X, and 0.2X SSC and rins-
ing with 0.1 M PBS, sections were incubated with rabbit anti-
fluorescein antibody (1:10,000; Invitrogen) and chicken anti-3-
galactosidase antibody (1:200; Abcam) at 4 °C for 16 h. After
rinsing with 0.1 M PBS, sections were incubated with both
DyLight 488-conjugated goat anti-rabbit (1:200) and Cy3-con-
jugated donkey anti-chicken (1:300) secondary antibodies
(Jackson ImmunoResearch Laboratories). After thorough rins-
ing, sections were mounted with Dabco® (Sigma-Aldrich) and
visualized by confocal microscopy.

Cloning of WT MC3R and GHSR and Mutants for Functional
Characterization—MC3R was cloned from genomic DNA, and
GHSR cDNAs were purchased from the University of Missouri-
Rolla cDNA Resource Center. All constructs were cloned into
the eukaryotic expression vector pcDps (21) via Kpnl/Spel. For
HA and FLAG tagging of MC3R and GHSR, epitope-coding
primers were used. Mutant GHSR and MC3R were generated
using standard mutagenesis techniques and WT GHSR-pcDps
and WT MC3R-pcDps as templates.

Cell Culture and Transfection—COS-7 and HEK293 cells
were cultured in DMEM (Biochrom, Berlin, Germany), and
HEK?293 cells were cultured in MEM (Biochrom), both supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin,
and 100 ug/ml streptomycin, and incubated at 37°C in a
humidified 7% CO, incubator. For determination of total
receptor expression, 1 X 10° COS-7 cells were seeded in 6-cm
dishes and transfected with a total of 3 ug of DNA and 4 ul of
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Metafectene. Cell surface expression assays were performed in
48-well plates (5 X 10* cells/well), and cells were transfected
with 0.25 ug of DNA/well and 1 ul Metafectene/well. cAMP
assays and determination of inositol 1,4,5-trisphosphate (IP;)
were performed in 48-well plates (5 X 10* cells/well). Cells were
transfected with 80 ng of DNA/well and 0.93 ul of Metafectene/
well. For binding studies, COS-7 cells (5 X 10* cells/well)
were transfected with 0.25 ug of DNA and 0.4 ul of
Metafectene/well.

Cell Surface Expression Studies—To investigate cell surface
expression, receptors were N-terminally HA-tagged, and cell
surface ELISAs were performed. GFP served as a negative con-
trol. Three days after transfection, cells were washed, parafor-
maldehyde-fixed, and probed with biotin-labeled anti-HA anti-
body (Roche Applied Science). Bound anti-HA antibody was
detected by peroxidase-labeled streptavidin (Dianova, Ham-
burg, Germany) and a substrate/chromogen reaction (22).

Determination of Total Receptor Expression—Total receptor
expression was determined with N-terminally HA-tagged and
C-terminally FLAG-tagged receptors. Plasmids were trans-
fected in 6-cm dishes. HA-tagged MC3R was used as a negative
control. Forty-eight hours after transfection, cells were har-
vested and solubilized overnight. Lysates were incubated in
anti-FLAG antibody (Sigma-Aldrich)-coated 96-well plates for
2 h. Detection of the HA epitope was performed as described
(23).

Determination of Cell Surface-binding Properties—Forty-
eight hours after transfection, cells were washed and incubated
overnight in the presence of ['**I-Nle* b-Phe”]a-MSH (specific
activity of 2000 Ci/mmol, 120,000 cpm/well; Amersham Biosci-
ences) with increasing amounts of agonist ['*’I-Nle*p-Phe”]a-
MSH. After washing, specifically bound [**°’I-Nle*b-Phe”]a-
MSH was measured. B, values were calculated from
displacement curves by the method of Cheng and Prusoff (24).

Investigation of G, Activation and G, Activation after
Ligand Challenge—Intracellular cAMP was investigated after
transfection of COS-7 cells by a nonradioactive assay based on
AlphaScreen technology (PerkinElmer Life Science). Thus,
cells were seeded into 48-well plates and transfected on the next
day. One day after transfection, the transfection mixture was
replaced with medium. Stimulation of cells with agonists was
performed 48 h after transfection. Cells were incubated in
serum-free DMEM containing 1 mm 3-isobutyl-1-methylxan-
thine (Sigma-Aldrich) in the absence or presence of increasing
concentrations of agonists for 45 min at 37 °C. The reactions
were stopped by aspiration of the media, and cells were lysed in
50 wl of lysis buffer (see AlphaScreen manual) containing 1 mm
3-isobutyl-1-methylxanthine. From each well, 5 ul of lysate was
transferred to a 384-well plate. Acceptor beads (in stimulation
buffer) and donor beads were added according to the manufac-
turer’s protocol. cAMP accumulation data were analyzed by the
GraphPad Prism program.

For investigation of G, activation, we performed an IP;
reporter gene assay by cotransfecting HEK293 cells with plas-
mid DNA (MC3R or GHSR) and a reporter construct contain-
ing a response element and the firefly luciferase gene under the
control of NFAT (nuclear factor of activated T-cells). Two days
after transfection, cells were stimulated with ghrelin (Sigma-
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FIGURE 2. Co-localization of MC3R and GHSR in vivo. lacZ-immunoreactive
cells (representing GHSR) were labeled with Cy3 (red), and cells expressing
MC3R mRNA were labeled with Cy2 (green). Arrows indicate examples of neu-
rons expressing both GHSR and MC3R. Some of the MC3R-expressing neu-
rons did not express GHSR, whereas most of the GHSR-expressing neurons
were MC3R-positive.

Aldrich) for 6 h and then lysed. G, activation is determined
as luciferase activity in the luciferase reporter gene assay
according to the manufacturer’s instructions (Promega, Madi-
son, WI).

Modeling of Structural MC3R and GHSR Conformations—
Crystal structures in the inactive conformation serving for
GPCR homology modeling have been published for several
family A GPCR members such as rhodopsin, adenosine, and
B-adrenergic receptors (reviewed in Refs. 25 and 26). For struc-
tural modeling of the human ghrelin receptor and MC3R, we
used the inactive rhodopsin structure (Protein Data Bank code
2135 (27)). Furthermore, we also designed a model of the active
conformation of GHSR based on opsin, a GPCR crystal struc-
ture with features of an activated GPCR conformation (Protein
Data Bank code 3CAP (28)). The principal modeling proce-
dures were derived according to Kleinau et al. (29). Structure
images were produced using PYMOL Version 1.03 software.

RESULTS

Coexpression of MC3R and GHSR in Hypothalamic Neurons—
We demonstrated previously that cotransfection of COS-7 or
HEK293 cells with equal amounts of MC3R and GHSR induces
the formation of the following pairs of receptor dimers (30):
MC3R homodimers, GHSR homodimers, and MC3R/GHSR
heterodimers. This finding, in combination with the physiolog-
ical relevance of both receptors for appetite regulation, directed
us to question the potential functional importance of GHSR
and MC3R heterodimerization.

The in vivo combination of in situ hybridization with tar-
geted mouse mutagenesis and immunohistochemistry indi-
cated that the vast majority of GHSR-expressing neurons in the
arcuate nucleus also express MC3R, but reciprocally, not all
MC3R-expressing neurons express GHSR (Fig. 2). This is con-
sistent with the assumption that MC3R is expressed on POMC
as well as on agouti-related peptide/neuropeptide Y (GHSR)
neurons (31) (Fig. 1).

Opposite Effects on Signaling Capacities in MC3R/GHSR
Heterodimers—GHSR couples to the G,,;,/phospholipase C3
system, whereas stimulation of MC3R results in activation of
the G /adenylyl cyclase system (Fig. 3B). To compare data from
cotransfection, constant levels of cotransfected DNA were
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FIGURE 3. Effects of MC3R/GHSR heterodimerization on protomeric signaling pathways. Assays were carried out 48 h after transient transfection with
equal amounts of MC3R and GHSR or with rM3R as transfection compensation in COS-7 cells (cAMP) and HEK293 cells (IP5 via reporter gene assay). A,
stimulation of the MC3R/GHSR heterodimer with 1 um a-MSH resulted in a significant increase in cAMP accumulation by a factor of 2 (p < 0.001) compared with
the MC3R homodimer. Assays were performed 48 h after cotransfection of COS-7 cells. Data are the means = S.E. of three independent experiments performed
in triplicates. B, illustration of the protomeric signaling transduction pathways. MC3R couples to the G/adenylyl cyclase (AC) system, whereas GHSR signals via
Gg/11 proteins. PLC, phospholipase C; DAG, diacylglycerol; PKC, protein kinase C. C, using the NFAT-luciferase reporter system, a reduction in basal (*, p < 0.001)
as well as agonist-induced signaling (¥, p < 0.001) of GHSR coexpressed with MC3R after incubation with 1 um ghrelin was observed. Statistical analysis was

performed by one-way analysis of variance and Tukey's tests. RLU, relative light units.

used. The rat muscarinic 3 receptor (rM3R) signals via the G
protein coupling system like GHSR, but dimerization of rM3R
with MC4R or MC3R could not be observed (23). Therefore, we
used cotransfection with rM3R to ensure equal amounts of
transfected plasmid DNA.

Stimulation of COS-7 cells coexpressing MC3R and GHSR
with a-MSH resulted in a 2-fold higher increase (Table 1) in
G,-induced cAMP accumulation (signaling cAMP surplus)
compared with MC3R in the absence of GHSR (Fig. 3A4). Using
luciferase reporter gene assays, we quantified changes in intra-
cellular Ca>* levels caused by GHSR signaling in the presence
or absence of its ligand. Cotransfection of MC3R and GHSR in
HEK293 cells for determination of G, activation revealed
diminished basal as well as impaired ghrelin-induced signaling
of the MC3R/GHSR heterodimer. Both basal and MSH-in-
duced signaling were reduced to ~60% compared with the sig-
naling properties of GHSR alone (Fig. 3C and Table 1).

Co-stimulation of -MSH and ghrelin did not change signal-
ing properties profoundly; however, the cAMP response after
co-stimulation of a-MSH and ghrelin was further enhanced
(Table 1). In summary, our study indicates that MC3R/GHSR
coexpression and heterodimerization lead to a mutual and
opposite effect on their respective signaling capacities.

Basal Activity of GHSR Is Related to a-MSH-induced MC3R
Hyperstimulation in Heterodimers—Because of these findings,
we were eager to clarify the molecular reasons for the observed
increased capacity of MC3R to induce cAMP accumulation.
Three potential mechanisms were under consideration. (i) Up-
regulation of MC3R cell surface expression by heterodimeriza-
tion with GHSR should cause an increased signaling capacity of
MC3R in response to a-MSH. The maximal ligand-binding
capacity of GPCR depends on the number of receptors
expressed on the cell surface. By total receptor expression (Fig.
4A), cell surface expression (Fig. 4B), and ligand binding studies
(Fig. 4C), we determined that MC3R expression was not
increased in the MC3R/GHSR heterodimer. In conclusion, the
MSH-induced signaling surplus in cAMP formation is not due
to an increase in MC3R expression.
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(ii) Hyperstimulation of the G, pathway might be induced by
GHSR or other factors and not by a-MSH-induced MC3R acti-
vation. If this holds true, then GHSR might mediate cAMP
accumulation in the absence of functional MC3R. To test this
hypothesis, we cotransfected a complete loss-of-function
mutant of MC3R, 1183N (32), together with GHSR and meas-
ured a-MSH-induced cAMP accumulation (Fig. 5A4). The
MC3R mutant was still able to bind a-MSH, although with a
reduced affinity, and to form dimers with wild-type MC3R and
GHSR (supplemental “Materials and Methods” and Fig. S1).
However, coupling of the MC3R mutant to its intracellular
effectors was greatly diminished (33). In other words, the com-
plete loss of MC3R signaling by introduction of the 1183N
mutation prevented the observed surplus in cAMP formation
in cells cotransfected with MC3R and GHSR (Fig. 54). We
therefore conclude that the a-MSH-induced cAMP surplus is
dependent on MC3R activation and is not due to G-protein-
independent regulation of adenylyl cyclase (for example, by
Ca?”" or calmodulin (34)).

(iii) The basally active conformation of GHSR increases the
capacity of MC3R for G, activation and cAMP accumulation
after MSH binding. To test this hypothesis, we investigated the
impact of basally active GHSR using naturally occurring GHSR
mutations with diminished basal signaling activity as well as the
inverse agonist substance P, which has been reported to sup-
press ligand-independent basal activity (35). We used two nat-
urally occurring GHSR mutations that lead to either partial or
complete lack of basal ligand-independent activity: A204E and
F279L (supplemental Fig. S2) (36, 37). Such mutations can be
termed silencing mutations, inverse agonistic mutations, or
constitutively inactivating mutations. We assume that both
mutations are not located directly in the potential dimerization
interface (Fig. 6A). Both mutant receptors were able to
homodimerize with wild-type GHSR and to heterodimerize
with MC3R (supplemental “Materials and Methods” and Fig.
S3). After cotransfection of MC3R with these GHSR mutants,
a-MSH challenge demonstrated a reduced or completely abol-
ished cAMP signaling surplus down to the level of MC3R with-
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TABLE 1
Summary of functional characterization of MC3R, GHSR, and MC3R/GHSR coexpression

Functional in vitro assays were performed in transiently transfected COS-7 or HEK293 cells to investigate G,-mediated cAMP accumulation and G, mediated IP,
activation via a Ca®*-dependent reporter gene assay. To ensure equal concentrations of transfected DNA, we cotransfected MC3R and GHSR with rM3R when examining
the functional characteristics of both receptors. We have demonstrated previously that rM3R is able to interact neither with MC3R nor with GHSR and does not influence
the signaling capability (30). All data indicate -fold increases in the MC3R + rM3R basal activity of 3.77 = 2.34 for cAMP and 51,670 * 28,495 for IP,, which was set as 1.
Co-stimulation of a-MSH and ghrelin was performed in equimolar concentrations. EC, values were calculated using the computer program GraphPad Prism. Data are
means = S.D. of four experiments performed in triplicates for cAMP accumulation (with the exception of two experiments performed for ghrelin stimulation) and of six
experiments performed in sextuplicates for G, activation.

cAMP 1P,
Basal Stimulated (1 pum) Basal Stimulated (1 pm)
-fold MC3R + rM3R basal -fold MC3R + rM3R basal
a-MSH
MC3R + rM3R 1.00 * 0.24 16.7 * 3.68 1.00 * 0.17 1.36 + 031
MC3R + GHSR 1.67 * 0.64 325 + 7.98 2.80 + 0.71 1.93 = 0.78
GHSR + rM3R 263 + 1.53 6.21 * 2.66 4.62 + 1.64 492 + 1.31
Ghrelin
MC3R + rM3R 1.00 * 0.53 0.73 + 0.43 1.00 * 0.17 1.30 *+ 0.33
MC3R + GHSR 1.93 = 1.14 1.68 * 1.02 2.80 + 0.71 432 * 1.09
GHSR + rM3R 0.59 + 0.26 2.20 + 0.35 4.62 + 1.64 6.15 + 2.00
a-MSH + ghrelin
MC3R + rM3R 1.00 * 0.19 213 +5.87 1.00 * 0.17 1.87 * 0.55
MC3R + GHSR 1.44 + 0.85 34.6 * 8.04 2.80 + 0.71 291 = 1.05
GHSR + rM3R 1.37 + 0.42 5.67 + 3.14 4.62 + 1.64 6.38 + 1.54
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FIGURE 4. Expression and binding studies of the MC3R/GHSR heterodimer. A, total receptor expression was determined with N-terminally HA (NHA) and
C-terminally FLAG-tagged (CFLAG) constructs. N-terminally HA-tagged MC3R served as a negative control. Three days after transfection, cells were lysed, and
total receptor expression was determined as described under “Experimental Procedures.” B, for determination of cell surface expression, COS-7 cells were
cotransfected with equal amounts of plasmid DNA coding for N-terminally HA-tagged MC3R or GHSR and the C-terminally FLAG-tagged control (thyrotropin
receptor). ELISA measurements were carried out with intact COS-7 cells in 48-well plates as described under “Experimental Procedures.” Values are given as
-fold over GFP expression. C, to investigate the binding properties of MC3R and MC3R/GHSR, COS-7 cells were transiently transfected, and after 48 h,
['2°I-Nle*,p-Phe”]a-MSH ("2*-NDP-a-MSH) displacement binding was performed as described under “Experimental Procedures.” Comparison of the binding
properties of MC3R coexpressed with GHSR or with GFP to keep DNA amounts equal implicated no changes in ligand binding between MC3R and MC3R/GHSR.
GHSRs were used as a negative control. Displacement with unlabeled a-MSH resulted in ICy, values of 53 nm for the MC3R homodimer and 39 nm for the
MC3R/GHSR heterodimer. IC5, values were obtained using GraphPad Prism software.

out interactions with GHSR. This observation indicated that
the MC3R-related signaling surplus depended entirely on the
basal GHSR activity (Fig. 5C).

Interestingly, we showed that the signaling properties of
GHSR mutants coexpressed with MC3R did not differ from
those of the GHSR mutants expressed alone (Fig. 5D and sup-
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plemental Fig. S2). Moreover, the complete loss-of-function
MCS3R variant 1183N (Fig. 68) did not increase the inhibitory
effect of MC3R on the basal GHSR signaling activity (Fig. 5B).

These results point to a fundamental role of the basally active
conformation and signaling of GHSR for functionalities of the
MC3R/GHSR heterodimer. This finding is further confirmed
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FIGURE 5. Functional investigation of pathogenic mutations in MC3R and GHSR. Investigations of functional properties were performed 48 h after
transient transfection in COS-7 cells for determination of cAMP accumulation (A and C) and in HEK293 cells for investigation of G,,,, activation (B and D) as
described under “Experimental Procedures.” A, MC3R loss-of-function mutant 1183N coexpressed with GHSR completely blocked cAMP surplus formation in
response to a-MSH stimulation. B, reduction of basal and ligand-induced signaling of GHSR coexpressed with MC3R 1183N was detectable (*, p > 0.05) as seen
for wild-type MC3R (¥, p > 0.05). RLU, relative light units. C, cotransfection of MC3R with GHSR mutant A204E as well as F279L completely abolished the cAMP
surplus. D, cotransfection with MC3R did not influence the signaling properties of GHSR mutants. In the case of cAMP assays, the means = S.E. of three
independent experiments performed in triplicates are shown. Data based on the NFAT-luciferase reporter system are means = S.E. of one representative

experiment performed in sextuplicates (see also Table 1). Statistical analysis was performed by one-way analysis of variance and Tukey's tests.

by experiments using a GHSR inverse agonist, substance P (Fig.
7C). In a concentration-dependent manner, substance P
reduced the maximal MC3R cAMP surplus (obtained after
challenge with 1000 nm a-MSH) (Fig. 7A). We independently
confirmed that substance P acts as an inverse agonist of GHSR
(Fig. 7B).

DISCUSSION

Heterodimer Formation between GHSR and MC3R Leads to
Mutual Signaling Interference—We found that a direct inter-
play between both receptors, GHSR and MC3R, leads to mutu-
ally opposite effects on their signaling capacities (Fig. 3). In the
heterodimer, an increased capacity for signaling of MC3R to
stimulate cCAMP after ligand treatment was observed, but, in
contrast, the capacity of GHSR to stimulate inositol phosphate
accumulation in the basal and ligand-induced states was dimin-
ished. Remarkably, in our approach, we found that partial inac-
tivation of one receptor was caused just by interaction with a
second receptor. In other words, we observed an opposite mod-
ification of signaling potentials caused by physical interactions
of two different receptors. We are aware of the fact that the
described findings were obtained from in vitro studies using
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overexpressing systems. However, low amounts of transfected
DNA (see “Experimental Procedure”) and the circumstance
that rM3R is not able to interact with MC3R and GHSR (30)
support the fact that the influence of signaling properties of
MC3R and GHSR is not due to non-physiological high expres-
sion levels.

The known mechanisms of GPCR interaction, such as cross-
talk of signaling pathways or cross-activation by one ligand, are
likely not relevant in the models studied here. Our findings
differ from several studies regarding other GPCR dimers, espe-
cially concerning the molecular reasons for particular func-
tional dimer properties. Enhanced signaling after ligand bind-
ing, as we found here for MC3R, has been reported for
heterodimers between thromboxane receptor isoforms (38). In
contrast to our results, however, this effect was related to spec-
ificities of ligands, and investigated receptors were of the same
group, sharing identical G-protein preferences. Inhibitory
effects in dimer constellations were reported for the GPR50/
MT1 melatonin receptor heterodimer (7), but those were
restricted to ligand binding. This was not the case in our study,
where effects are caused by constitutive activity of GHSR. Only
one published study reported that a GPCR heterodimer (seroton-
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FIGURE 6. Pathogenic MC3R and GHSR loss-of-function mutations are not directly located at potential dimer interfaces. We explored structural MC3R
and GHSR models to gain insights into the location and potential involvement of the pathogenic variations used in this study in direct dimer interactions. A, the
GHSR mutations leading to a loss of ligand-independent basal signaling activity are localized in ECL2 (A204E) and in transmembrane helix TMH6 (F279L). The
aromatic wild-type amino acid Phe?’? (red) is tightly embedded in a cluster of aromatic residues (green) between TMH6 and TMH7. Although the leucine side
chain is hydrophobic like phenylalanine, this non-aromatic substitution leads to a hindrance of aromatic cluster interactions, which prevents signal transduc-
tion-related movement of TMH6. In mutant A204E (ECL2), the introduction of a large negatively charged hydrophilic side chain instead of the small hydro-
phobicalanine leads to new interaction(s) within particular residues within ECL2 (blue sticks). In consequence, ECL2 properties important for receptor signaling
regulation such as structural flexibility, spatial adjustment, and interactions with residues at the transmembrane helices are modified. B, two different homol-
ogy models of human MC3R based on either inactive (gray backbone) or active (l/ilac backbone) GPCR crystal structure conformation are shown superimposed.
The hydrophobic isoleucine at position 183 at the intracellular site of TMH3 (red stick) points directly between helices 5 and 6 and is flanked by Phe?*° (TMH5)
and Cys®”* (TMH6). The 1183N side chain substitution likely leads to a new hydrophilic interaction with GIn?”" at TMH6, which locks both TMH3 and TMH6 and
prevents helical movement (arrow) necessary for G-protein activation.
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FIGURE 7. Substance P, an inverse agonist of GHSR, blocks cAMP surplus of MC3R/GHSR. HEK293 cells were transfected, and assays were performed as
described under “Experimental Procedures.” A, determination of cAMP accumulation after stimulation with constant amounts of 1 um a-MSH and co-stimu-
lation with substance P in a dose-response manner (0.1-1 um). The a-MSH-induced cAMP surplus of MC3R/GHSR was blocked by increasing amounts of
substance P to a level comparable with MC3R expressed alone. The means = S.E. of three independent transfection experiments performed in triplicates are
shown. B, testing the efficiency of substance P on G, signaling after stimulation in a concentration-dependent manner (0.1 nm to 1 um). RLU, relative light
units. C, schematic illustration of the functional effects of substance P (SP) on the signaling properties of MC3R, GHSR, and the MC3R/GHSR heterodimer. NF,
nuclear factor; NFAT, nuclear factor of activated T-cells.

in-2A receptor and glutamate-2 receptor) up-regulated signaling
at one receptor with simultaneous down-regulation at the other
receptor (39). However, in contrast to our findings, ligand binding
of the receptors was modified in a reciprocal way.

GHSR Basal Activity Is a Determinant for Signaling Regula-
tion in Heterodimers with MC3R and Can Be Modified by Path-
ogenic Mutations—Coexpression of MC3R and mutants of
GHSRs (naturally occurring mutations silencing the basal (con-
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stitutive) signaling activity) revealed that a-MSH-induced
MC3R hyperstimulation observed for cAMP (surplus) is
dependent on the basal activity of GHSR (Fig. 3). This finding
points to a fundamental role of a basally active GHSR confor-
mation for signaling regulation in the heterodimer. It has been
described that the basally activated state of GHSR represents a
signaling set point in energy balance regulation (10). Basal
activity was found to be of importance for other GPCRs and in
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a pathophysiological context also (40—42). However, the
molecular underpinnings for the mutually opposite influence
on signaling capacities between MC3R and GHSR described
here remain unknown. We presume that the discovered effects
might be caused by specific modalities of the direct but multi-
layered structural interplay between GHSR and MC3R. Several
studies of GPCR support such relevant structure-function rela-
tionships within GPCR dimers. (i) For homodimers of dop-
amine receptors, it has been shown that the interface between
the protomers at transmembrane helix 4 determines receptor
activation (43). (ii) Activation of the dimeric metabotropic glu-
tamate receptor is related to helical intersubunit rearrange-
ments (44) proven by helix exchanges. (iii) Conformational
changes between «,,-adrenergic and w-opioid receptor het-
erodimers have been reported whereby the propagated confor-
mational change from one receptor caused inactivation of the
second receptor (45). (iv) Studies on homodimeric GPCR have
shown that after agonist-mediated activation in the presence of
G-proteins, only G-protein coupling at one protomer might
occur, which leads to asymmetric conformations of the recep-
tors (46), indicating that G-protein coupling prevents symmet-
ric functioning of the dimer. Considering points i—iv for the
MC3R/GHSR dimer with the mutual and opposite signaling
effects on each other reported here, a structural interplay is to
be assumed, where the receptor interfaces on one hand mediate
constraints on GHSR and on the other hand improve signaling
at MC3R.

Our study emphasizes the important role of GPCR het-
erodimerization for signaling regulation by two major findings.
1) The heterodimeric organization of two GPCRs with prefer-
ences for different G-proteins can modulate mutually and
oppositely the signaling capacities of both receptors. 2) An ago-
nist-independent basal signaling activity of one receptor mole-
cule can determine the functional signaling modalities of the
second GPCR in a dimer. Such importance of basal signaling
activity was also reported recently for TAAR1 (trace amine
associated receptor 1) and the dopamine-2 receptor (47). It was
found that the acute application of an inverse agonist for
TAARLI increases the potency of dopamine at neuronal dop-
amine-2 receptors.

Implications for Physiology and Drug Development—Our
findings offer new implications for the current established
model of hypothalamic body weight regulation. The basal activ-
ity of GHSR was thought to be one key determinant for this
orexigenic pathway (48), in which the activation of Ca®>*/cal-
modulin-induced CREB (cAMP-responsive element-binding
protein) enhancement may play an important role. Here, we
have provided evidence that GHSR interacts with MC3R, which
results in hyperstimulation of the a-MSH-induced cAMP sig-
naling pathway and could potentially further increase CREB
formation. So far, MC3R is thought to be an inhibitory auto-
crine regulated receptor located on POMC neurons (31).
Peripheral application of a selective MC3R agonist does indeed
stimulate feeding (49). Our study adds an additional role for
MC3R as a potential regulatory receptor on agouti-related pep-
tide/neuropeptide Y neurons.

To circumvent leptin resistance in obese patients, the activa-
tion of anorexigenic pathways downstream of the leptin recep-
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tor, e.g. MCA4R, represents an attractive strategy: activation of
MC4R by POMC-derived a- and B-MSH results in a reduction
of food intake and an increase in energy expenditure (50).
Unfortunately, the drugs developed so far are only effective in
mice, and these drugs have failed to offer a therapeutic window
in humans that would make them suitable for clinical use (51).
One has to keep in mind that the interplay of all GPCRs on a
neuron of interest has to be considered to estimate the effect of
potential drug-like molecules for treatment. For example,
female MC3R knock-out mice demonstrate a reduced response
to ghrelin (52), indicating that more components are probably
involved in this homeostatic system. Alternative therapeutic
strategies focus on the inactivation of leptin-independent path-
ways such as ghrelin and its receptor (53, 54).

The results presented here also reveal implications for poten-
tial drug-induced side effects. To ensure effectiveness even
under changing disease conditions, detailed knowledge not
only on the targeted protomer but also on possible interaction
partners of GPCR in the targeted tissue is important and may
represent a new area of high potential. For example, in the case
of asthma treatment, 3,-adrenergic receptor agonists are used
for bronchodilatation; however, because of frequently occur-
ring infections, the concentration of prostaglandins in the
lung increases and activates their receptors. Interestingly,
the B,-adrenergic receptor can interact with the prostaglan-
din receptor. Activation of the prostaglandin receptors
uncouple 3,-adrenergic receptors from their signaling path-
way, which could theoretically interfere with the activity of
conventional asthma treatment (55, 56). As an example for
the complexity of interference by receptor/receptor interac-
tions, it was shown that drugs targeting the metabotropic
glutamate receptor compete with hallucinogenic agonists of
the serotonin 5-hydroxytryptamine type 2A receptors and
vice versa (39). In conclusion, efficient development of spe-
cific and safe drug candidates targeting particular GPCRs
might require considering the possibility of functionally rel-
evant receptor heterodimerization.
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