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Melanocortin-4 receptor (MC4R)-induced anorexigenic sig-
naling in the hypothalamus controls body weight and energy
homeostasis. So far, MC4R-induced signaling has been exclu-
sively attributed to its coupling to Gs proteins. In line with this
monogamous G protein coupling profile, most MC4R mutants
isolated fromobese individuals showed a reduced ability to acti-
vate Gs. However, some mutants displayed enhanced Gs cou-
pling, suggesting that signalingpathways independent ofGsmay
be involved inMC4R-mediated anorexigenic signaling. Here we
report that theGs signaling-deficientMC4R-D90Nmutant acti-
vates G proteins in a pertussis toxin-sensitive manner, indicat-
ing that this mutant is able to selectively interact with Gi/o pro-
teins. Analyzing a hypothalamic cell line (GT1-7 cells), we
observed activation of pertussis toxin-sensitive G proteins by
the wild-type MC4R as well, reflecting multiple coupling of the
MC4R to Gs and Gi/o proteins in an endogenous cell system.
Surprisingly, the agouti-related protein, which has been classi-
fied as a MC4R antagonist, selectively activates Gi/o signaling in
GT1-7 cells. Thus, the agouti-related protein antagonizes
melanocortin-dependent Gs activation not only by competitive
antagonism but additionally by initiating Gi/o protein-induced
signaling as a biased agonist.

The melanocortin system has been shown to play a pivotal
role in food intake and energy homeostasis. Therefore, dysfunc-
tion of the melanocortin system inevitably leads to an obese
phenotype in mammals. Accordingly, targeted disruption of
the melanocortin-4 receptor (MC4R)2 gene in mice causes an
obesity-diabetes syndrome characterized by hyperphagia,
hyperinsulinemia, and hyperglycemia (1). The importance of

MC4R signaling in the regulation of human metabolism has
been highlighted by the finding that mutations in the MC4R
gene are the most frequent monogenic cause of severe obesity
(2–7).
Signaling pathways involved in MC4R-mediated regulation

of energy homeostasis have been attributed to its coupling toGs
proteins and the resulting activation of the protein kinase A
pathway (8, 9). Agouti and agouti-related protein (AGRP) are
the only known endogenously occurring neuropeptides that
block GPCR activity and are, therefore, classified as MCR
antagonists. AGRP has been shown to block melanocortin sig-
naling at MC3R and MC4R subtypes (10). In addition, it has
been proposed that AGRP decreases basal as well as forskolin-
promoted adenylyl cyclase activity, thus also acting as an
inverse agonist on basal MCR activity (11). However, recent
studies revealed that the effects of AGRP on appetite control
are independent of melanocortin signaling (12, 13). For exam-
ple, in mice deficient of the melanocortin precursor proopio-
melanocortin starvation after AGRP neuron ablation is inde-
pendent of melanocortin signaling (13). Thus, the orexigenic
effects induced by AGRP appear to be mediated in a melano-
cortin-independent manner by a so far unknown mechanism.
Interestingly, the aforementioned MC4R mutants isolated

from obese patients exerted inconsistent effects on Gs signal-
ing. For example, the MC4R-G181D or -S94R mutants showed
a loss-of-function phenotype, whereas the MC4R-P78L or
-R165W variants exhibited reduced function, whereas other
mutants (MC4R-G253S, -I317T, -I251L) showed no functional
alterations. Even more surprisingly, some mutants (MC4R-
S127L, -P230L) constitutively increasedGs-dependent adenylyl
cyclase activity (5). Therefore, no clear correlation could be
drawn between the cellular phenotype resulting from these
mutations and obesity observed in vivo.

Melanocortin-independent actions of AGRP and non-uni-
form effects of obesity-associated mutations on Gs signaling
suggest that the MC4R receptor may interact with G proteins
other than Gs. The D90N mutation of the MC4R has also been
associated with severe early onset obesity (14). ThisMC4R var-
iant bindsmelanocortinswith unchanged high affinity, but ago-
nist binding does not initiate Gs signaling (14). Thus, the D90N
variant represents an excellent tool to analyze putative Gs-in-
dependent signaling pathways of the MC4R.
Directly measuring incorporation of GTP�35S, we show

herein that the wild-type MC4R and the MC4R-D90N mutant
activate pertussis toxin (PTX)-sensitive Gi/o proteins. Multiple

* This work was supported by the “Bundesministerium für Bildung und Fors-
chung” as a part of the NGFN-2 (Nationales Genomforschungsnetzwerk
N2NV-S30T09) Network.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4.

1 To whom correspondence should be addressed: Walther-Straub-Institut
für Pharmakologie und Toxikologie, Ludwig-Maximilians-Universität,
Goethestrasse 33, 80336 München, Germany. Tel.: 49-89-2180-75755; Fax:
49-89-2180-75701; e-mail: andreas.breit@lrz.uni-muenchen.de.

2 The abbreviations used are: MC4R, melanocortin-4 receptor; AC, adenylyl
cyclase; AGRP, agouti-related protein; BSA, bovine serum albumin; CRE,
cAMP-response element; DMEM, Dulbecco’s modified Eagle’s medium;
GPCR, G protein-coupled receptor; GTP�35S, guanosine 5�-(�-thio)triphos-
phate; HEK, human embryonic kidney; MCR, melanocortin receptor; MSH,
melanocyte stimulating hormone; PBS, phosphate-buffered saline; RTQ-
PCR, real-time quantitative PCR; PTX, pertussis toxin; ERK, extracellular-
regulated kinase; Ex, Xpress.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 39, pp. 26411–26420, September 25, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

SEPTEMBER 25, 2009 • VOLUME 284 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26411

http://www.jbc.org/cgi/content/full/M109.039339/DC1


coupling of theMC4R toGs andGi/o proteins inHEK293 cells is
reflected by cAMP accumulation, as treatment of cells with
PTX significantly increased melanocortin-induced cAMP
accumulation, indicative of simultaneous activation of aden-
ylyl cyclase stimulating and inhibiting pathways. Using a
hypothalamic cell line (GT1-7 cells) endogenously express-
ing MC4R, we demonstrate PTX-sensitive melanocortin-in-
duced GTP�35S incorporation and an increase inMC4R-medi-
ated cAMP accumulation in response to toxin treatment. In
addition, we show that AGRP, assumed to be an antagonist of
the MC4R, promotes PTX-sensitive signaling in GT1-7 cells
and, thus, exhibits biased agonistic actions on MC4R in hypo-
thalamic cells. These data may explain melanocortin-inde-
pendent AGRP signaling and define the MC4R as an interface
integrating anorexigenic and orexigenic signaling depending
on the stimulus received.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum, penicillin/streptomycin, and L-glutamine
were purchased from PAA Inc. (Pasching, Austria). Metafect-
ene was obtained from Biontex (München, Germany). Anti-
mouse horseradish peroxidase-conjugated secondary antibod-
ies from sheep were purchased from Amersham Biosciences.
[3H]Adenine and GTP�35S were from PerkinElmer Life Sci-
ences. �-MSH and HSO-14 ([acetyl-Cys11,�-(2-naphthyl)-D-
Ala14,Cys18]-�-melanocyte hormone fragment 11–22) were
purchased from Sigma. The human AGRP fragment (amino
acids 86–132) was obtained from Peptides International (Lou-
isville, KY). Gallein was obtained from Calbiochem/Merck.
Plasmid Construction—For enzyme-linked immunosorbent

assay experiments we fused the coding sequence of the Xpress
peptide (Asp-Leu-Tyr-Asp-Asp-Asp-Asp-Lys) to the 5�-end of
both receptor variants. To this end, PCR fragments containing
the entire coding sequences of the mouseMC4R or theMC4R-
D90N mutant were subcloned into the pcDNA4 vector (from
Invitrogen) in a way that fused the Xpress peptide to the N
terminus of the MCR. The pAD-CRE-Fluc plasmid was kindly
provided by Dr. Himmler, Bender GmbH (Vienna, Austria).
Cell Culture and Transfection—HEK293 and GT1-7 cells

(kindly provided by Dr. Weiner, University of California, San
Francisco) were cultured in DMEM supplemented with 10%
fetal bovine serum and 2mM L-glutamine. For transient expres-
sion of recombinant proteins, cells were seeded at a density of
2 � 106 cells in 10-cm dishes, cultured for 24 h, and then trans-
fected with the appropriate amount of plasmid DNA using the
metafectene reagent as described by the manufacturer’s proto-
col. Twenty-four hours post-transfection, cells were detached
and seeded in new dishes as required for the following experi-
ment. For stable protein expression, transfected cells were
selected for 2–3 weeks with 400 �g/ml zeocin and then tested
for protein expression as described under “Results.”
cAMP Accumulation—To determine agonist-promoted

cAMP accumulation, �200,000 HEK293 or �300,000 GT1-7
cells were seeded in 12-well dishes coated with 0.1% poly-L-
lysine 24 h before the experiment and labeled in serum-free
DMEM containing 2 �Ci/ml [3H]adenine for 2–4 h. Cells were
stimulated for 45 min at 37 °C in DMEM containing 2.5 �M

3-isobutyl-1-methylxanthine along with various concentra-
tions of ligand. To block ��-subunits, cells were preincubated
with 3-isobutyl-1-methylxanthine and 10 �M gallein (2-(3,4,5-
trihydroxy-6-oxoxanthen-9-yl)-benzoic acid dehydrate) for 15
min at 37 °C. The reaction was terminated by removing the
mediumand adding ice-cold 5% trichloroacetic acid to the cells.
[3H]ATP and [3H]cAMPwere then purified by sequential chro-
matography (Dowex resin/aluminum oxide columns), and the
accumulation of [3H]cAMP was expressed as the ratio of
[3H]cAMP/([3H]cAMP � [3H]ATP).
Firefly Luciferase Reporter Gene Assay—A pAD-CRE-Fluc

plasmid containing the coding sequence of the firefly (Photinus
pyralis) luciferase (Fluc) under the control of theCREpromoter
was transfected into HEK293 cells using the metafectene rea-
gent according to the manufacturer’s protocol. Twenty-four
hours after transfection cells were seeded in 12-well dishes
coated with 0.1% poly-L-lysine. After 12 h, cells were serum-
starved for 12 h and stimulated in serum-free DMEM with
increasing concentrations of �-MSH. After 12 h of ligand stim-
ulation, cells were lysed, and Fluc activity was determined using
a luciferase reporter system (Promega, Mannheim, Germany)
according to the manufacturer’s protocol in a PolarSTAR plate
reader from BMG (Offenburg, Germany).
Enzyme-linked Immunosorbent Assay to Detect Cell Surface

Receptors—HEK293 cells stably expressing MCR were seeded
directly on 12-well dishes. Dishes were then placed on ice, and
cells were washed twice with ice-cold PBS containing 1% BSA.
After blocking unspecific binding sites for 5min on ice with the
same buffer, Xpress epitope-MCR fusion proteins on the cell
surface were detected by incubating the cells with 400 ng/ml
anti-Xpress antibody (Invitrogen) in PBS, 1% BSA for 1 h at
4 °C. After washing the cells twice with PBS containing 1%BSA,
cells were fixed for 15 min with 3–10% paraformaldehyde at
room temperature. Then cells were washed twice with PBS and
incubated for 45–60 min with anti-mouse horseradish peroxi-
dase-conjugated secondary antibodies from sheep (1:2000) in
PBS with 1% BSA at room temperature. Thereafter, cells were
washed twice for 20min with PBS containing 1% BSA and once
with pure PBS. The substrate o-phenylenediamine dihydro-
chloride (Sigma) was added according to the manufacturer’s
instructions. After 5–10 min the reaction was stopped with 3 N

HCl, and extinction was measured at 492 nm. To be able to
compare MC4R expression in HEK239-Ex-MC4R and in
GT1-7 cells, cell surface enzyme-linked immunosorbent assay
experiments were performed with the following modifications;
anti-MC4R-peptide antibody (ab24233: 400 ng/ml) from
Abcam plc (Cambridge, UK) was used, and the concentrations
of the secondary antibody (1:1000) and of the horseradish per-
oxidase substrate were increased (5-fold). The exposure time of
the substrate to horseradish peroxidase was also increased
(5-fold). Background values due to unspecific binding of the
secondary antibody to GT1-7 cells were determined in the
absence of the anti-MC4R-peptide antibody and subtracted
from the signal obtained in the presence of the anti-MC4R-
peptide antibody.
Radioligand Binding Assay—For ligand binding studies,

�100,000 cells were seeded in 48-well dishes coated with 0.1%
poly-D-lysine. After 24 h binding of [�-125I]MSH (0.1–5 nM)

Biased Agonistic Activity of AGRP

26412 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 39 • SEPTEMBER 25, 2009



was determined in the presence or absence of 1 �M �-MSH.
These radioligand binding assays were carried out on attached
cells for 2 h on ice in DMEMwith 100 mM HEPES, pH 7.4, and
0.1% of BSA. The amount of cell-bound radioactivity wasmeas-
ured after washing the cells twice with 0.5 ml of ice-cold bind-
ing buffer and lysing them with 0.1% SDS and 0.1 N NaOH.
Real-time quantitative PCR (RTQ-PCR)—To compare

expression levels from MC3R and MC4R subtypes in GT1-7
cells, total RNAwas isolated using theTriFast Reagent (PeqLab,
Erlangen, Germany). First-strand synthesis was carried out
with random hexamers as primers (pdN6, Amersham Bio-
sciences) using REVERTAID reverse transcriptase (MBI-Fer-
mentas, Sankt Leon-Roth, Germany). Products were amplified
using mouse MC3R (forward, 5�-tgggcaccctatatatccaca-3�;
reverse, 5�-cccttcatgcaggagtgc-3�)-, mouse MC4R (forward,
5�-ttccctccacctctggaas-3�; reverse, 5�-gggggaaacaaaaagttg-3�)-,
or as a control, mouse �-actin (forward, 5�-ccaaccgtgaaaagat-
gacc-3�; reverse, 5�-gtggtacgaccagaggcatac-3�)-specific primer
pairs. RTQ-PCR was done using the Quantitect SYBR Green
PCR kit (Qiagen, Hilden, Germany) containing a HotStar Taq
polymerase, the corresponding buffer, nucleotides, MgCl2
(final concentration, 2.5mM), and SYBRGreen. 10 pmol of each
primer pair and 0.2 �l from the first-strand synthesis were
added to the reaction mixture. RTQ-PCR reactions were car-
ried out using the following conditions: initial denaturation for
3 min at 94 °C, 45 cycles of 94 °C for 30 s, 55 °C for 30 s, and
72 °C for 1 min followed by a final extension at 72 °C for 7 min
using a LightCycler�2.0 from Roche Applied Science. To com-
pare expression levels of various adenylyl cyclase (AC) subtypes
in GT1-7 cells, RTQ-PCR has been performed as described
above using an aliquot of the same freshly prepared cDNA for
each sample and the following primer pairs: AC1 (forward,
5�-agatgggacttgacatgatcg-3�; reverse, 5�-cgcatgttcaggtctact-
tcag-3�); AC2 (forward, 5�-ctgctcgccgtcttcttc-3�; reverse,
5�-tgggaacggttattaaaaatgc-3�); AC3 (forward, 5�-ctcaatggcact-
gacagc-3�; reverse, 5�-ctcagcatcatgacgaacatc-3�); AC4 (for-
ward, 5�-cgggaggctcttagctctct-3�; reverse, 5�-gcaggaaggataga-
caagagga-3�); AC5 (forward, 5�-gggagaaccagcaacagg-3�;
reverse, 5�-catctccatggcaacatgac-3�); AC6 (forward, 5�-catctc-
catggcaacatgac-3�; reverse, 5�-aggtgctaccgatggtcttg-3�); AC7
(forward, 5�-aagctggatgggatcaacag-3�; reverse, 5�-acaggcccgtg-
gtttatg-3�). Fluorescence intensities were recorded after the
extension step at 80 °C of each cycle to exclude fluorescence of
primerdimersmelting at temperatures lower than80 °C.Crossing
pointswere determined by the software provided by themanufac-
turer. The relative gene expression was quantified using the for-
mula (2(crossing point of �-actin � crossing point of gene of interest))� 100�
% of reference gene expression (�-actin).
GTP�35S Assay—To directly monitor G protein activation,

the incorporation of non-hydrolysable GTP�35S into total
membrane fractions was detected. MC4R stably expressing
HEK293 or GT1-7 cells were detached on ice with 2 ml of ice-
cold PBS containing 2mMEDTA, and the totalmembrane frac-
tion was prepared as follows; cells were homogenized in ice-
cold membrane buffer (5 mM Tris/HCl, pH 7.4, 2 mM EDTA, 5
mg/ml leupeptin, 10mg/ml benzamidine, and 5mg/ml soybean
trypsin inhibitor) using a Polytron (ultra-turrax T24, IKA) for
10–15 s at maximum speed. Lysates were centrifuged at 500 �

g for 10 min at 4 °C. The resulting supernatant containing the
total membrane fraction was again centrifuged (20,000 � g for
20min), and the resulting pellet was collected in 20ml of mem-
brane buffer. After repetition of this centrifugation step and
resuspension of the pellet in 0.5–1.0 ml of assay buffer (20 mM

HEPES, pH 7.4, 100mMNaCl, 10 mMMgCl2, and 1mMCaCl2),
the amount of total proteins was determined according to the
protocol of Bradford. 20 �g (HEK293 cells) or 40 �g (GT1-7
cells) of totalmembraneswere used in a total volumeof 1ml per
sample. 10 min before agonist stimulation, 5 �M GDP was
added to the membranes to allow sufficient pre-coupling of the
receptor to G proteins. Finally, the reaction was started by add-
ing 0.1 nM GTP�35S and a given amount of the ligand. After 30
min at 30 °C, the reaction was stopped by separating bound
from free GTP�35S by filtration of the samples through glass
fiber filters in a cell harvester. After washing the filters twice
with PBS, the amount of GTP�35S bound was detected by scin-
tillation counting in a �-counter.
Data Analysis—Data obtained in reporter gene and cAMP

accumulation assays were analyzed using Prism3.0. Statistical
significance of differences in all assays was assessed by the two-
tail Student’s t test.

RESULTS

To analyze the G protein coupling profile of the MC4R, we
stably expressed the mouse wild-type MC4R or the obesity-
associated D90Nmutant fused with the sequence of the Xpress
(Ex) epitope to their 5�-ends. Both cell pools showed a compa-
rable amount of Ex epitopes at the cell surface (Fig. 1A), indi-
cating similar cell membrane expression levels of both receptor
variants. The MC4R-D90N mutant has been shown to bind
�-MSH with unchanged high affinity, but no activation of Gs
proteins could be detected (14). In line with this previous find-
ing, we did not observe any �-MSH-promoted signaling in
MC4R-D90N-expressing cells when employing reporter gene
or cAMP accumulation assays, although MC4R-expressing
cells strongly reacted under the these conditions (Fig. 1, B
and C).
Next, we measured GTP�35S incorporation into total mem-

brane fractions derived from HEK293 cells. As shown in Fig.
2A, a saturating concentration of �-MSH (1 �M) induced
GTP�35S incorporation of 92 � 9 fmol/mg/h (at 30 min) in
membranes of HEK293-Ex-MC4R cells. However, despite the
absence of Gs signaling, �-MSH promoted GTP�35S incorpo-
ration in membranes of HEK293-Ex-MC4R-D90N cells. Ago-
nist-promoted GTP�35S incorporation amounted to 53 � 6
fmol/mg/h (Fig. 2A, 30 min), indicating that the Asp to Asn
substitution at position 90 of the MC4R did not preclude
G-protein coupling of the receptor. To investigate the effects of
PTX (50 ng/ml for 16 h), we took advantage of the endog-
enously expressed somatostatin receptor-2 subtype (15, 16). As
expected, PTX treatment completely blocked somatostatin-
promoted GTP�35S incorporation (Fig. 2B). The same mem-
branes showed a partial block (�50%) of �-MSH-induced (1
�M) GTP�35S incorporation (Fig. 2B). In contrast, the D90N
variant behaved like the SST-2 receptor, as �-MSH-induced (1
�M) GTP�35S incorporation was completely abolished after
toxin treatment (Fig. 2B). Hence, these data are indicative of the
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dual coupling of theMC4R to Gs and Gi/o proteins and demon-
strate that a single amino acid exchange in an obesity-associ-
ated MC4R mutant is sufficient to support a distinct active
receptor conformation that redirects coupling of the receptor
specifically to PTX-sensitive G proteins.
Given the opposing roles of Gs and Gi/o proteins in the reg-

ulation of the intracellular cAMP concentration, we next ana-
lyzed the effect of PTX (50 ng/ml for 16 h) on �-MSH-induced
cAMP accumulation. As shown in Fig. 3A, PTX did not impact
cAMP accumulation induced by direct forskolin-mediated
activation of AC, indicating that PTX had no overall detrimen-
tal effects on the ability of HEK293 cells to accumulate cAMP.
In contrast, toxin treatment increased �-MSH-induced cAMP
accumulation as evidenced by a 30% increase in the Emax value
of �-MSH concentration-response curves (Fig. 3B). Thus, it

FIGURE 1. Stable expression of the mouse MC4R and the MC4R-D90N
mutant in HEK293 cells. A, cell surface expression in HEK293 cells stably
expressing the MC4R wild type or the D90N mutant fused on the N terminus
with the Xpress epitope was monitored by the enzyme-linked immunosor-
bent assay technique with intact cells. B, HEK293-Ex-MC4R or HEK293-Ex-
MC4R-D90N cells were transiently transfected with a reporter gene construct
harboring the firefly luciferase gene under the control of the CRE promoter.
Thirty-six hours after transfection (including 12 h of cell starvation), cells were
stimulated with increasing concentrations of �-MSH. After lysis of the cells,
firefly luciferase activity was determined. Dose-response curves were drawn
from data obtained in three independent experiments carried out in tripli-
cate. C, cAMP accumulation in HEK293-Ex-MC4R or HEK293-Ex-MC4R-D90N
cells was assessed after labeling of the cells with [3H]adenine followed by the
purification of [3H]cAMP and [3H]ATP by sequential chromatography and
expressed as the ratio of [3H]cAMP/([3H]cAMP � [3H]ATP). Cells were stimu-
lated or not with 1 �M �-MSH for 30 min at 37 °C. As a control, cells were also
stimulated with the MC4R-independent direct adenylyl cyclase activator for-
skolin (FSK, 20 �M). Results are expressed as the mean � S.E. of five independ-
ent experiments performed in triplicate.

FIGURE 2. �-MSH-induced activation of pertussis toxin-sensitive G pro-
teins in HEK293-Ex-MC4R or HEK293-Ex-MC4R-D90N cells. A, 20 �g of
total membrane fractions derived from HEK293-Ex-MC4R or HEK293-Ex-
MC4R-D90N cells were incubated with 0. 1 nM non-hydrolysable GTP�35S for
5, 15, or 30 min at 30 °C. Signals from non-stimulated membranes are sub-
tracted from the signals of stimulated (1 �M �-MSH) cells. Results are
expressed as the mean � S.E. of two independent experiments performed in
quadruplicate. B, incorporation of GTP�35S (30 min) was monitored as
described under A. Additionally, membranes derived from control HEK293-
Ex-MC4R cells or from cells treated with the Gi/o-specific inhibitor PTX (50
ng/ml) for 16 –24 h at 37 °C were stimulated with 1 �M somatostatin (SST) to
activate endogenously expressed somatostatin-2 receptor subtypes as a con-
trol for a Gi/o-coupled receptor. Results are expressed as the mean � S.E. of
four independent experiments carried out in quadruplicate. Asterisks indicate
a significant (**, p � 0.01) difference between PTX-treated and non-treated
cells.
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appears that dual coupling of theMC4R toPTX-insensitive (Gs)
and -sensitive (Gi/o) proteins leads to counteracting effects on
AC. Given the selective Gi/o coupling of the D90N mutant, we
predicted that �-MSH would decrease basal cAMP concentra-
tions in HEK293-Ex-D90N cells. Accordingly, stimulation of
MC4R-D90N-expressing cells with�-MSH (1�M) significantly
decreased basal cAMP concentrations in a PTX-sensitive man-
ner (Fig. 3C).
To exclude that multiple G protein coupling of the MC4R is

caused by overexpression of the recombinant protein, we took
advantage of the recently described GT1-7 cell line derived
from cultured murine hypothalamic neurons. Because endoge-
nous expression of MC3R and MC4R in GT1-7 cells has been
suggested (17–19), we first identified theMCR subtype present
in these cells. Using RTQ-PCR, we demonstrated that GT1-7
cells almost exclusively express the MC4R subtype (Fig. 4A).
Measuring cAMP accumulation in these cells, we obtained a
concentration-response curve for �-MSH with a potency of
2.6 � 1.5 nM and an efficacy of 90 � 8% over basal values (Fig.
4B). �- and �-MSH have been shown to bind the MC3R with a
similar affinity, whereas the MC4R subtype binds �-MSH with
a higher affinity than �-MSH. Thus, we determined concentra-
tion-response curves with �-MSH and GT1-7 cells. These
experiments revealed that�-MSH is less potent (153� 11.2 nM)
in GT1-7 cells than �-MSH, confirming that functional MC3R
were not detectable in these cells. Finally, to compare the
MC4R cell surface expression levels in GT1-7 and in HEK293-
Ex-MC4R cells, we employed an anti-MC4R-peptide antibody
raised against the N terminus of the mouse MC4R. This anti-
body revealed an �10-fold higher receptor density in HEK293-
Ex-MC4R cells when comparedwithGT1-7 cells (Fig. 4C). Per-
forming saturation binding experiments with [�-125I]MSH and
HEK293-Ex-MC4R cells (supplemental Fig. 1), we obtained a
B

max
value of 688 � 89 fmol/mg. Thus, we estimate the Bmax

value of GT1-7 cells to be �68 fmol/mg. This value is in good
agreement with the previously reported Bmax value of 43
fmol/mg obtained in saturation binding experiments with
[�-125I]NDP-MSH and GT1-7 cells (17).
As mentioned before, MC4R activity is not only regulated by

the agonistic actions of melanocortins but also by the inverse
agonistic effects of AGRP (11). However, so far no data are
available, demonstrating inverse agonistic effects of AGRP on
endogenously expressed MC4R. Thus, we determined AGRP-
dependent changes in cAMP levels in GT1-7 cells. As expected,
AGRP decreased basal cAMP production in GT1-7 cells in a
concentration-dependent manner (Fig. 4B). Next, we com-
pared �-MSH- (1 �M) and forskolin-induced (5 �M) cAMP
accumulation in PTX-treated and untreated cells. The efficacy
of �-MSH to induce cAMP production increased due to the
toxin treatment by 53 � 6% over basal conditions (no PTX
treatment), whereas the ability of forskolin to activate AC was
not affected by PTX (Fig. 5A). These data suggest that the
MC4R couples to Gi/o and Gs proteins in hypothalamic GT1-7
cells. Therefore, we next analyzedwhether blockingGi/o signal-
ing interferes with the ability of AGRP to reduce basal cAMP
levels. As shown in Fig. 5C, treatment of GT1-7 cells with PTX
(50 ng/ml for 16 h) inhibited AGRP-promoted (100 nM) reduc-
tion of basal cAMP levels. However, given the low expression

FIGURE 3. �-MSH-induced regulation of adenylyl cyclase activity is sensi-
tive to pertussis toxin in HEK293-Ex-MC4R or HEK293-Ex-MC4R-D90N
cells. A, cAMP accumulation in HEK293-Ex-MC4R cells was assessed after
labeling of the cells with [3H]adenine followed by the purification of [3H]cAMP
by sequential chromatography over Dowex resin and aluminum oxide col-
umns. Cells were treated or not with 50 ng/ml PTX for 16 –24 h at 37 °C and
then stimulated with increasing concentrations of forskolin for 30 min at
37 °C. Results are expressed as the mean � S.E. of three independent experi-
ments carried out in triplicate. B, ligand-promoted cAMP accumulation in
HEK293-Ex-MC4R cells was assessed as described in A, but here cells were
stimulated with increasing concentrations of �-MSH. Results are expressed as
the mean � S.E. of three independent experiments carried out in triplicate.
Maximal cAMP accumulation measured in non-PTX treated cells was set to
100%. Asterisks indicate a significant (**, p � 0.01) difference between PTX-
treated and untreated cells. C, basal cAMP accumulation in HEK293-Ex-MC4R-
D90N cells was assessed as described in A. PTX-treated or untreated cells were
stimulated with 1 �M �-MSH for 1 h at 37 °C. Data are given as percentage of
untreated and non-stimulated cells. Results are expressed as the mean � S.E.
of five independent experiments carried out in triplicate. Asterisks indicate a
significant (*, p � 0.05) difference between PTX-treated and non-treated cells.
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level of the MC4R in an endogenous expression system, weak
effects of PTX on AGRP-independent cAMP accumulation
(PTX decreased basal cAMP accumulation about 25%) may
have also contributed to this observation. Because a previous
report demonstrated strong effects of AGRP on forskolin-in-
duced cAMP production after overexpression of the MC4R in
B16/G4F cells (11), we tested the effects of PTX on putative
AGRP-promoted inhibition of forskolin-promoted cAMP
accumulation in GT1-7 cells. Surprisingly, in contrast to the

recombinant overexpression system, AGRP did not decrease
but increased forskolin-induced cAMP production in GT1-7
cells (Fig. 5C). At first glance, these results appear to be para-
doxical. However, it should be taken into account that AC iso-
forms can be grouped into 3 subfamilies: group 1 (AC1, -3, and
-8), group 2 (AC2, -4, and -7), and group 3 (AC5 and -6) (20).
Members of group 2 have been shown to be less sensitive to
Gi/o-mediated inhibition but are sensitized by ��-subunits
released fromGi/o (21–24). Thus, expression ofAC2, -4, or -7 in
GT1-7 cells could account for the stimulatory effects of AGRP
on forskolin-induced cAMP production. As shown in Fig. 5D,
the widespread AC6 isoform is the predominant AC isoform
expressed inGT1-7 cells. However, transcripts of AC2 andAC4
are also detectable in GT1-7 cells. Transcripts of group 2 iso-
forms roughly amount to around one-third of all AC subtypes
analyzed. Thus, in GT1-7 cells AGRP-mediated activation of
Gi/o-signalingmight increase forskolin-induced cAMPproduc-
tion by sensitization of group 2 AC isoforms. To test this
hypothesis, we first analyzed the effect of PTX on AGRP-medi-
ated sensitization of forskolin-promoted AC activation. Pre-
treatment of GT1-7 cells with PTX blocked AGRP effects on
forskolin-induced cAMP accumulation (Fig. 5C), indicating
that in GT1-7 cells PTX-sensitive G proteins are involved in
AGRP-mediated regulation of cAMP production. Second, we
examined the effect of the recently described cell-permeable
�1�2-subunit inhibitor gallein (25) onAGRP-induced enhance-
ment of forskolin-promoted cAMP accumulation (Fig. 5E).
Pretreatment of GT1-7 cells with 10�Mgallein for 15min com-
pletely blocked the ability of AGRP to sensitize ACs for forsko-
lin by releasing��-subunits fromGi/o proteins. Finally, to iden-
tify the receptor involved inAGRP-mediated signaling, we took
advantage of the MC4R-specific antagonist HSO-14 (26, 27).
HSO-14 (500 nM) abrogated the ability of AGRP to block for-
skolin-induced cAMPproduction (Fig. 5C), defining theMC4R
subtype as the GPCR-mediating PTX-sensitive AGRP-induced
signaling in GT1-7 cells.
To evaluate melanocortin- and AGRP-promoted activation

of Gi/o proteins, we directly assessed G protein activation by
measuring the amount of GTP�35S incorporated in freshly pre-
pared membrane fractions of GT1-7 cells. As shown in Fig. 6m
A and B, despite the low expression level of MC4R in GT1-7
cells, the GTP�35S assay is suitable to detect ligand-mediated G
protein activation. Performing dose-response curves with
�-MSH, we obtained a Bmax value of 26 � 6 fmol/mg/h and an
EC50 value of 5.4 � 2.6 nM (Fig. 6C). Although AGRP has been
assumed to be an inverse agonist, it promoted the activation of
G proteins inGT1-7 cells, characterized by a Bmax value of 18�
3 fmol/mg/h and an EC50 value of 8.7 � 3.1 nM (Fig. 6C). PTX
treatment decreased �-MSH-induced GTP�35S incorporation
to 13 � 4 fmol/mg/h, clearly indicating that in line with our
results obtained in the cAMP accumulation assay, the MC4R
activates members of the Gs and Gi/o subfamily in a hypotha-
lamic cell line (Fig. 6D). Finally, AGRP almost completely lost
its propensity to activate G proteins in membranes derived
fromPTX-treated cells (Fig. 6D). Thus, in addition to its inverse
agonistic actions on MC4R-promoted Gs signaling, AGRP is
able to activate PTX-sensitive G proteins in GT1-7 cells and,

FIGURE 4. Hypothalamic GT1-7 cells exclusively express the MC4R sub-
type. A, the presence of MC3R or MC4R transcripts in GT1-7 cells was detected
by RTQ-PCR and is given relative to the expression of �-actin. As a control,
cDNA from HEK-293 cells was used. B, cAMP accumulation in GT1-7 cells was
assessed after labeling of the cells with [3H]adenine followed by the purifica-
tion of [3H]cAMP and [3H]ATP by sequential chromatography and expressed
in percentage of basal cAMP production. Cells were stimulated with increas-
ing concentrations of �-MSH, �-MSH, or AGRP for 30 min at 37 °C. Results are
expressed as the mean � S.E. of three independent experiments carried out
in triplicate. C, cell surface expression of the MC4R in HEK293 or GT1-7 cells
was monitored by performing an enzyme-linked immunosorbent assay with
intact cells using an anti-MC4R-peptide antibody raised against an N-terminal
peptide of the murine MC4R.
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thus, can be classified as one of the first naturally occurring
biased agonists identified so far.

DISCUSSION

The goal of the present study was to systematically dissect
MC4R-dependent signaling pathways that impinge on the reg-
ulation of energy homeostasis. Monitoring direct G protein
activation and cAMP production, we provide conclusive evi-
dence that in addition to coupling toGs proteins theMC4R also
interactswith PTX-sensitiveGproteins. Furthermore, we show
that an obesity-associated MC4R variant and the orexigenic
neuropeptide AGRP selectively engage MC4R-mediated Gi/o
signaling.
Although the G protein coupling profile of a given GPCR

may vary according to the cellular context, most GPCRs have
been classified based on their predominant coupling to one
given G protein subfamily. Interestingly, based on data
obtained from A Guide to Receptors and Channels (from Ste-
phen P. H. Alexander), we estimate that 17 members of 47
GPCR families (thus, �36%) interact with more than one G
protein. Hence, coupling of a GPCR to multiple G proteins
appears to be a common phenomenon. At first sight, dual cou-
pling of a receptor to opposing G proteins such as Gs and Gi/o
appears to be illogical and counterproductive. However, this
kind of coupling pattern has been reported for glycoprotein
hormone receptors (lutropin/chorionic gonadotropin receptor
and thyroid-stimulating hormone receptor) (28), the lysophos-
phatidic acid receptor-3 (29), relaxin family peptide receptors
(30), sphingosine 1-phosphate receptors (31), and for the
�2-adrenergic receptor (32). For the �2-adrenergic receptor, in
particular, sequential dual coupling has been proposed, as Gs-

FIGURE 5. Dual coupling of the MC4R to Gs and Gi/o proteins in hypotha-
lamic GT1-7 cells. A, cAMP accumulation in GT1-7 cells was assessed after
labeling of the cells with [3H]adenine followed by the purification of [3H]cAMP
and [3H]ATP by sequential chromatography and expressed as the ratio of
[3H]cAMP/([3H]cAMP � [3H]ATP). Cells were treated or not with 50 ng/ml PTX
for 16 -24 h at 37 °C and then stimulated with 1 �M �-MSH or 5 �M forskolin for
30 min at 37 °C. Results are expressed as the mean � S.E. of five independent
experiments carried out in triplicate. Asterisks indicate a significant (**, p �
0.01) difference between PTX-treated and non-treated cells. B, cAMP accumu-
lation in GT1-7 cells was assessed as described above. Cells were treated or
not with 50 ng/ml PTX for 16 –24 h at 37 °C and then stimulated with 100 nM

AGRP for 30 min at 37 °C. Results are expressed in percentage of untreated
and non-stimulated cells. Basal cAMP accumulation of each condition was set
to 100%. Asterisks indicate a significant (*, p � 0.05) difference between PTX-
treated and non-treated cells. C, cAMP accumulation in GT1-7 cells was
assessed as described above and presented as percentage of forskolin-pro-
moted cAMP accumulation. Cells were treated or not with 50 ng/ml PTX for
16 –24 h at 37 °C and then stimulated with increasing concentrations of AGRP
alone or together with 500 nM HSO-14 in the presence of 5 �M forskolin for 30
min at 37 °C. Results are expressed as a percentage of forskolin-induced cAMP
accumulation in the absence of AGRP and represent the mean � S.E. of five
independent experiments carried out in triplicate. Asterisks indicate a signif-
icant (*, p � 0.05) difference between PTX-treated and non-treated cells.
D, expression analysis of adenylyl cyclase isoforms (AC1–7) in GT1-7 cells was
performed by RTQ-PCR and is given relative to the expression of �-actin.
Results are expressed as the mean � S.D. of two independent experiments
carried out in duplicate. E, cAMP accumulation in GT1-7 cells was assessed as
described above. Cells were pretreated or not with 10 �M gallein for 15 min at
37 °C and then stimulated with 5 �M forskolin alone or along with 100 nM

AGRP for 30 min at 37 °C. Results of four experiments are compiled and
expressed in the percentage of untreated and non-stimulated cells. cAMP
accumulation of with forskolin (alone)-treated cells was set to 100%. Asterisks
indicate a significant (*, p � 0.05) difference between AGRP-treated and non-
treated cells.
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dependent phosphorylation of the receptor protein by protein
kinaseA increases the affinity toGi/o proteins, leading to dual G
protein coupling of the �2-adrenergic receptor (33). In the case
of the MC4R, inhibition of protein kinase A activity with a
selective inhibitor did not affect G protein coupling selectivity
(supplemental Fig. 2), suggesting that dual coupling of the
MC4R is not dependent on its signaling and occurs in parallel.
Directly measuring G protein activation in GT1-7 cells, we

observed that even more than 50% of the activated G protein
population is sensitive to PTX. However, the GTP�35S assay is
muchmore suitable for members of the Gi/o subfamily than for
Gs proteins, as Gi/o proteins are more abundant than other het-
erotrimeric GTPases and have a higher nucleotide exchange
rate (34, 35). Thus, a direct correlation between the proportion
of GTP�35S incorporated into different G protein subpopula-
tions and the proportion of actually activated G protein sub-
units cannot be drawn. At the cAMP level, �-MSH strongly
increased the production of this second messenger; thus, Gs
coupling appears to dominate the Gi/o coupling of the receptor.
However, treatment of GT1-7 cells with PTX increased
�-MSH-mediated cAMP accumulation, indicating that a sig-
nificant amount of Gi/o proteins is activated by �-MSH.
Multiple coupling of the MC4R to Gs and Gi/o proteins in

hypothalamic GT1-7 cells endogenously expressing the MC4R
raises the important question about the physiological relevance
of this new signaling pathway. AGRP exclusively activates PTX-
sensitive G proteins in GT1-7 cells, suggesting that AGRP
antagonizes melanocortin-inducedMC4R-mediated Gs activa-
tion not only by competitive antagonism but also by promoting
G protein-induced signaling on its own. Interestingly, AGRP-
mediated activation of PTX-sensitive G proteins sensitizes for-
skolin-induced cAMP production in GT1-7 cells, revealing the
first AGRP-promoted signaling pathway so far.
Distinct AC subtypes are differentially regulated by Gi/o.

Some AC subtypes (AC2, AC4, and AC7) have been shown to
be less sensitive to Gi/o-mediated inhibition but are sensitized
by��-subunits released fromG�i/o (21–24). Indeed, RTQ-PCR
experiments with cDNA derived from GT1-7 cells suggest that
G��-sensitive AC subtypes are expressed in these cells, and the
recently described cell-permeable �1�2-subunit inhibitor gal-
lein (25) blocked AGRP-mediated sensitization of forskolin-
induced cAMP accumulation.
These observations clearly contrast with data obtained in an

overexpression system (11), where AGRP dramatically
decreased forskolin-induced cAMP production. Thus, overex-
pression of the MC4R allows for the activation of alternative
signaling pathways by AGRP. In the HEK293-Ex-MC4R cells
used in the present study, AGRP induced GTP�35S incorpora-
tion in a PTX-sensitive manner (supplemental Fig. 3A) but
inhibited forskolin-induced cAMP production in a PTX-insen-
sitive way (supplemental Fig. 3B), suggesting that overexpres-

FIGURE 6. Direct activation of Gi/o proteins by AGRP in hypothalamic
GT1-7 cells. 40 �g of total membrane fractions derived from GT1-7 cells were
incubated with 0. 1 nM non-hydrolysable GTP�35S for 30 min at 30 °C. A, mem-
branes were incubated with either 10 �M GTP�S, 1 �M �-MSH, or 100 nM

AGRP. Incorporated GTP�35S is given as total dpm. Data from one represent-
ative experiment performed in triplicate are shown. Asterisks indicate a sig-
nificant (**, p � 0.01; ***, p � 0.005) difference between ligand-treated and
non-treated cells. B, membranes were incubated with either 1 �M �-MSH or
100 nM AGRP for 5, 15, or 30 min. Results are expressed as the mean � S.D. of
two independent experiments carried out in duplicate. C, membranes were
incubated with increasing concentrations of either �-MSH or AGRP for 30
min. Results are expressed as the mean � S.D. of two independent

experiments carried out in quadruplicate. D, before the membrane prepara-
tion cells were treated or not with 50 ng/ml PTX for 16 –24 h at 37 °C. Incor-
porated GTP�35S of membranes stimulated with 1 �M �-MSH or 100 nM AGRP
is given as fmol/mg/h. Results are expressed as the mean � S.E. of five inde-
pendent experiments performed in quadruplicate. Asterisks indicate a signif-
icant (**, p � 0.01) difference between PTX-treated and non-treated cells.
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sion of the MC4R fundamentally affects the pharmacological
properties of AGRP.
Given the opposing physiological role of melanocortins and

AGRP on appetite control, we do not assume that sensitiz-
ing AC is the biological role of PTX-sensitive AGRP signaling.
Although Gi/o proteins have been established as regulators of
AC activity, other downstream effectors regulated by Gi/o pro-
teins have been described. In GT1–1 cells, which are closely
related to theGT1-7 cell line used in the present study,�-MSH-
induced activation of extracellular-regulated kinases (ERK) has
been shown (36). This observation is of particular interest, first
because a specific inhibitor of ERK-blunted �-MSH-induced
reduction of food intake in rats (37), and second, because Gi/o
proteins activate the ERKpathway (38–40). However,�-MSH-
induced ERK activation in GT1–1 cells is dependent on protein
kinase C and is not blocked by PTX (36). Interestingly, in the
same study �-MSH-induced ERK activation has been shown to
be sensitive to PTX in HEK293 cells, again indicating that the
MC4R exhibits different G protein coupling profiles in recom-
binant and endogenous expression systems.
Otherwell established downstreameffectors ofGi/o signaling

are ion channels and phospholipase C�. Thus, we analyzed
�-MSH- or AGRP-promoted increases in intracellular calcium
concentrations due to phospholipase C� activation, but activa-
tion of this signaling pathway by the MC4R in GT1-7 cells was
not detectable (supplemental Fig. 4). The regulation of ion
channel activities in MC4R-expressing neurons could impact
the release of appetite-regulating peptides by these neurons.
Recently, it has been described that melanocortins modulate
the excitability of hypothalamic neurons by alterations of rest-
ing potassium conductance (41). Interestingly, inward-rectifier
potassium channels (KIR3.x) are regulated by ��-subunits
released from G�i/o (42, 43). Furthermore, AGRP inhibits
hypothalamic neurons in a PTX-sensitive manner (44). Based
on the exclusive Gs coupling of the MC4R postulated so far, it
has been contended by the authors that PTX-sensitive signaling
of AGRP cannot be mediated by the MC4R and probably is
mediated by another, unidentified GPCR. Based on the data
presented in our paper, it will be enlightening to clarify whether
AGRP-mediated PTX-sensitive inhibition of hypothalamic
neurons is blocked by MC4R-selective antagonists, indicating
that this effect is mediated by MC4R-dependent activation of
Gi/o proteins as discovered here.

In line with the hypothesis that AGRP induces its orexigenic
effects by directly activating PTX-sensitive G proteins, we
observed that the D90N mutant, which has been shown to be
associated with severe obesity, selectively activates Gi/o. This
finding raises the intriguing possibility that the D90N mutant
does not only fail to induce anorexigenic Gs-mediated effects
but also activates putative Gi/o-induced orexigenic signaling
pathways. Thus, signaling pathways other than Gs activation
have to be considered when assessing the functional conse-
quences of obesity-associated MC4R mutations.
Besides the importance of our data for the understanding of

the physiological effects of melanocortins, they provide new
insights into the molecular mechanism of MC4R-mediated G
protein activation. It has been proposed that receptors exist in
an inactive, G protein-uncoupled (R) and in an active, G pro-

tein-coupled (R*) conformation (45). Over the last decade it has
been debated whether GPCRs form only one or more R* con-
formations (46, 47). This is of particular interest in the case of a
receptor subtype coupling to different G proteins. Our data
obtained with the D90N mutant indicate that a single-point
mutation in the coding sequence of the MC4R allows the spe-
cific activation of Gi/o but not of Gs. Hence, we postulate that
theMC4R exists in R* conformation specific for Gs or Gi/o pro-
teins, indicating that MC4R-propagated signaling is best
described in a model consistent with multiple R* conforma-
tions. A multi-state model of receptor activation raises the
intriguing possibility that distinct ligands might be able to dif-
ferentially stabilize distinct R* conformations and, therefore,
selectively activate a particular signaling pathway. Such
so-called “biased agonists” have recently been identified for
members of other GPCR families (48–51).
Here, we suggest a new model in which the AGRP peptide

acts as a naturally occurring biased agonist that selectively acti-
vates potential Gi/o-mediated orexigenic and simultaneously
blocks Gs-induced anorexigenic signaling pathways. The dis-
covery of synthetic biased agonists that selectively induce dif-
ferent signaling pathways via the MC4R may offer an interest-
ing strategy for the development of new drugs regulating
appetite and energy homeostasis in either direction.
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