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Abstract: Melanocortin 4 receptor (MC4R) is part of the leptin-melanocortin pathway and plays
an essential role in mediating energy homeostasis. Mutations in the MC4R are the most frequent
monogenic cause for obesity. Due to increasing numbers of people with excess body weight, the MC4R
has become a target of interest in the search of treatment options. We have previously reported that
the MC4R forms homodimers, affecting receptor Gs signaling properties. Recent studies introducing
setmelanotide, a novel synthetic MC4R agonist, suggest a predominant role of the Gq/11 pathway
regarding weight regulation. In this study, we analyzed effects of inhibiting homodimerization on
Gq/11 signaling using previously reported MC4R/CB1R chimeras. NanoBRETTM studies to determine
protein–protein interaction were conducted, confirming decreased homodimerization capacities of
chimeric receptors in HEK293 cells. Gq/11 signaling of chimeric receptors was analyzed using
luciferase-based reporter gene (NFAT) assays. Results demonstrate an improvement of alpha-MSH-
induced NFAT signaling of chimeras, reaching the level of setmelanotide signaling at wild-type MC4R
(MC4R-WT). In summary, our study shows that inhibiting homodimerization has a setmelanotide-like
effect on Gq/11 signaling, with chimeric receptors presenting increased potency compared to MC4R-
WT. These findings indicate the potential of inhibiting MC4R homodimerization as a therapeutic
target to treat obesity.

Keywords: melanocortin 4 receptor; MC4R; obesity; homodimer; Gq/11; signaling; GPCR

1. Introduction

The prevalence of obesity has increased immensely over the past years, not only
for the adult population but also among children and adolescents [1,2]. Obesity poses a
worldwide health challenge as it is a major risk factor for developing conditions such as
diabetes type 2 [3] and cardiovascular diseases [4]. This reality highlights the importance
of finding treatment options to target this strain on global health. Bariatric surgery has
strong evidence of efficacy and is especially recommended for specific patients with severe
obesity [5]. Surgery is, however, not an option for all patients suffering from obesity, es-
pecially not for children with weaknesses in the leptin–melanocortin pathway [6–9]. The
leptin–melanocortin signaling pathway regulates energy homeostasis in the hypothala-
mus, therefore playing a key role in regulating body weight [10]. Recently, we reported
setmelanotide as effective in treating patients with proopiomelanocortin (POMC) or leptin
receptor (LEPR) deficiency [11,12]. Only a small subset of patients profit from this medical
intervention. Therefore, an option for a broader group of patients is urgently needed.
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The melanocortin-4 receptor (MC4R) is one of the key G-protein-coupled receptors
(GPCR) in the leptin–melanocortin signaling pathway. Mutations in the MC4R account for
up to 5% of obesity cases and are the most frequent monogenic cause for obesity [13–15].
Due to the discovery that GPCRs can act as dimers, thus affecting signaling abilities, finding
ways to study dimerization behavior and respective effects has become a common field of
interest [16–18]. Although several instances of MC4R homo- and heterodimerization have
been reported over the years [19], the MC4R does not interact with the phylogenetically
close cannabinoid receptor type 1 (CB1R) [19,20]. By using MC4R/CB1R chimeras, we
were able to recently show that MC4R homodimer separation leads to an increase in Gs
activation in COS-7 cells [21]. Activation of Gs signaling is the major signaling pathway
of MC4R [22], and the 3D structures of various MC4R/Gs complexes have recently been
solved, including by us [23,24]. However over recent years, it was identified that other
pathways are activated as well [25]. In particular, Gq/11 signaling seems to play a so far
underestimated role in MC4R-induced weight regulation [12,26].

Therefore, the objective of this study was to investigate if homodimer separation of
the MC4R also has an effect on G q/11 activation. For this purpose, reported MC4R/CB1R
chimeras were investigated using human cell line HEK293 cells, specifically focusing on G
q/11 activation.

2. Materials and Methods
2.1. Ligands and Plasmids

The endogenous ligand alpha-MSH was purchased from Merck (Taufkirchen, Ger-
many). MC4R-WT, CB1R cDNA was amplified from genomic DNA and cloned into
eukaryotic expression vector pcDps. MC4R-H158R as well as MC4R/CB1R chimeric recep-
tors were recently generated in this expression vector [21]. For protein–protein interaction
NanoBRET™ assays, the cDNA of MC4R, CB1R, and H158R as well as chimeric constructs
1-7 were cloned into Flexi expression vectors, respectively, pFC14A (Promega, Mannheim,
Germany) and pFC32K (Promega, Mannheim, Germany), according to the manufacturer’s
protocol.

2.2. Cell Culture

Human embryonic kidney 293 (HEK293) cell line was purchased from ATCC and
regularly tested for mycoplasma contamination using DAPI staining. Cells were maintained
in minimal essential medium (MEM, Gibco, Waltham, MA, USA) supplemented with 5%
fetal bovine serum (FBS, Gibco, Waltham, MA, USA) and NEAA incubated at 37 ◦C in
humidified air containing 5% CO2. For the BRET assays, 4 × 105 HEK293 cells per well
were seeded in 6-well plates for transfection. For the donor saturation assays (DSA),
4 × 105 HEK293 cells per well were seeded in 12-well plates. For GloSensor™ assays,
1.5 × 104 cells per well were seeded in white 96-well plates (Corning, Costar, AZ, USA).
For the NFAT luciferase-based reporter gene assay, 1.5 × 104 cells per well were seeded
in poly-L-lysine-coated (Gibco, Waltham, MA, USA) 96-well translucent plates (Falcon,
Kaiserslautern, Germany) and incubated for 24 h.

2.3. Transfection

For BRET assays, HEK293 cells were transfected 4–6 h after seeding. Transfection was
performed using 8 µL FuGene HD (Promega, Mannheim, Germany) and 1.4 µg DNA in
Opti-MEM (Gibco, Waltham, MA, USA). The BRET partners were co-transfected using a
NL/HT ratio of 1:5 (200 ng: 1 µg). In addition, 200 ng Carrier DNA (pGEM3Z) was added.
For GloSensor™, HEK293 cells were transfected 24 h after seeding with 60 ng plasmid
DNA and 0.6 µL Metafectene (Biontex, Munich, Germany), according to the manufacturer’s
protocol. An additional 60 ng of pGloSensor™-22F cAMP Plasmid was added. For reporter
gene assays, HEK293 cells were transfected 24 h after seeding with 45 ng plasmid DNA
and 0.45 µL Metafectene (Biontex, Munich, Germany), according to the manufacturer’s
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protocol. A total of 45 ng of reporter DNA (pGL4.3(luc2P/NFAT/Hygro)) was additionally
transfected per well in MEM without supplements.

2.4. Determination of Protein–Protein Interaction via NanoBRET™

The interaction between MC4R-WT, CB1R, and the chimeric receptors was deter-
mined using NanoBRET™ (Promega, Mannheim, Germany). The receptors were either
C-terminally tagged with HaloTag (HT) as an energy acceptor or C-terminally fused with
NanoLuc (NL) as an energy donor. Then, 20 h after transfection, cells were detached from
the wells and centrifuged at 130× g for 5 min and the pellet was resuspended in Opti-MEM
(Gibco) without phenol red, supplemented with 4% FBS (Gibco). Cells were adjusted to
2 × 105 cells/mL and divided into two pools, adding either DMSO or HaloTag®Ligand
618. The cells were then reseeded into white opaque 96-well plates (Corning, Costar) and
incubated for 4–6 h at 37◦ and 5% CO2. Measurements were conducted using the Berthold
Mithras LB 940, injecting 25 µL/well of NanoGlo®substrate and measuring donor and
acceptor emission at 460 nm and 618 nm, respectively. The BRET Ratio was calculated
by dividing acceptor emission by donor emission. In order to correct for background
bleedthrough, the background ratio (no acceptor DMSO control) was subtracted, and the
unit was changed into miliBRET (mBU).

BRET Ratio =
emission acceptor (618 nm)

emission donor (460 nm)
(1)

BRET Ratio = (BRET Ratiosample − BRETRationo acceptor control)× 1000 (2)

For graphical depiction the delta BRET was calculated

∆BRET = BRETRatiochimeric receptor − BRETRatioWT−MC4R (3)

2.5. Determination of cAMP Accumulation via GloSensorTM

Gs signaling was measured using cAMP assay GloSensor™, enabling real-time mea-
surements of cAMP accumulation. HEK293 cells were transfected with either MC4R-WT or
chimeric receptors. Two days after transfection, cells were equilibrated with a mixture of
88% CO2-dependent medium (Gibco, Waltham, MA, USA), 10% FCS, and 2% GloSensor™
cAMP Reagent. In case of PTX pretreatment, 10 µL of 50 ng/mL PTX was added to cells
18 h before stimulation. Non-PTX-treated cells received 10 µL MEM without supplements
(Gibco Minimum Essential Media, Waltham, MA, USA) per well at the same time point. Bio-
luminescence was quantified using a Berthold Microplate Reader (Mithras LB940, Berthold
Technologies GmbH and Co., Bad Wildbad, Germany). After basal measurement for 10 min,
cells were stimulated with 1 µM alpha-MSH, or 1 µM setmelanotide, and measured for
21 times at 2 min intervals. Cells stimulated with 1 µM isoproterenol served as an internal
control. GloSensor™ results were expressed as relative luminescence units (RLU). The total
cAMP formation was assessed in the time–response curve by calculating the area under
the curve (AUC).

2.6. Measurements of PLC Aactivation Using Reporter Gene Assays

In order to determine phospholipase C (PLC) activation, luciferase-based reporter
gene assays were conducted. Then, 48 h after transfection, cells were challenged with
alpha-MSH or setmelanotide, using decreasing concentrations (10−5 M to 10−10 M) for
6 h at 37 ◦C and 5% CO2. In a case of PTX pretreatment experiments, 50 ng/mL PTX
was added to cells 18 h before stimulation. After incubation, stimulation was stopped by
discarding the media, and subsequent cell lysis was induced by adding 50 µL passive lysis
buffer (PLB; Promega, Mannheim, Germany). For measurements, 10 µL of the lysate was
transferred to a white opaque 96-well plate. Measurements were conducted by injecting
40 µL firefly luciferase substrate (Promega, Mannheim, Germany), and luminescence was
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determined with a plate reader (Mithras LB940). Signaling bias was analyzed using the
formula described by Kenakin [27]:

∆ log
(

Emax

EC50

)
= log

(
Emax, A

EC50,A

)
− log

(
Emax, B

EC50, B

)
(4)

with A referring to the respective chimeric receptor and B being the reference (MC4R-
WT). Emax was determined from concentration–response curves and depicts the maximal
response (efficacy); EC50 describes the potency. Bias was further calculated, creating the
antilog.

bias = 10∆ log ( Emax
EC50

) (5)

2.7. Statistical Analysis

All data represent mean ± SEM. Statistical testing and calculation of area under the
curve were performed using GraphPad Prism 9.3.1 software (San Diego, CA, USA). For
concentration–response curves, a non-linear regression model for sigmoidal response was
used. Hyperbolic curves were adapted by the non-linear regression of standard curves
to interpolate. Significance between parameters was either calculated using a one-way
ANOVA with Kruskal–Wallis test or the Mann–Whitney test, with p ≤ 0.05 set as significant.
For more details, see descriptions in the figures below.

3. Results

The aim of this study was to investigate MC4R oligomeric behavior and down-
stream signaling in a human cell model. Therefore, we worked with HEK293 cells, a
well-established cell model for working with GPCRs. We recently reported MC4R monomer-
ization in COS-7 cells using an ELISA approach [21]. For this study, the reported chimeric
constructs (Figure 1) were used for application of a NanoBRET™ assay studying protein–
protein interaction, and therefore appropriated tags were added.
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Figure 1. Arrangement of MC4R/CB1R chimeric constructs. The table illustrates amino acid se-
quences and regions interchanged with the CB1R via overlap PCR. Chimera specification: Chim 1:
substitution of TMH3; Chim 2: substitution of TMH4; Chim 3: substitution of TMH3 and TMH4 re-
gions; Chim 4: substitution of ICL2 and intracellular parts of TMH4; Chim 5: subsitution of ICL2;
Chim 6: substitution of intracellular parts of TMH3, ICL2, and intracellular parts of TMH4; Chim 7:
substitution of intracellular parts of TMH3 and ICL2 [21]. Cloning of HaloTag (HT) and NanoLuc
(NL) was performed using Sgfl and EcoICRI enzymes. The HT Tag is situated at the C-terminal end
of the gene after a HT7 linker and a TEV protease recognition sequence. The NL is also situated at the
C-terminal, NL protein coding region following after a Linker (region 14471461). The vectors were
obtained from Promega, and cloning was conducted according to Flexi® Vector Systems protocol.
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3.1. Homodimerization Capacities of Chimeric CB1R/MC4R and MC4R-H158R Mutation Were
Reduced when Compared to MC4R-WT

Heterodimerization of MC4R-WT and CB1R as negative control was tested, pairing
BRET partners in two possible ways, assessing the interaction between MC4R tagged with
NL plus CB1R tagged with HT and an interaction of the pairing CB1R NL plus MC4R HT.
We found receptor heterodimerization of MC4R-WT and CB1R was significantly reduced
for both groupings when compared to MC4R-WT homodimerization as expected. CB1R ho-
modimerization was also decreased compared to MC4R-WT homodimerization (Figure 2A).
The NanoBRET™ assay was therefore chosen as a suitable method to investigate receptor
dimerization of chimeric MC4R/CB1R variants. Additionally, the MC4R H158R, a classified
gain-of-function mutation located in the second intracellular loop (ICL2) [25], which has
decreased ability to form homodimers, was included. The MC4R-CB1R chimeras Chim
1, Chim 2, and Chim 3 showed no significant (Chim 1) or increased (Chim 2, Chim 3)
receptor–receptor interaction, compared to MC4R-WT. Due to these results and the fact
that Chim 1, Chim 2, and Chim 3 have shown impaired cell surface expression in previous
experiments conducted in COS-7 cells, they were excluded from further experiments [21].
Chim 4, Chim 5, Chim 7, and the H158R gain-of function mutation showed significantly
impaired dimerization capacities. Chim 5 and Chim 7 exhibited the maximum suppression
of dimer formation (Figure 2B). The results are in line with previous results deriving from
sandwich ELISA experiments conducted in COS-7 cells [21]. Donor saturation assays (DSA)
were conducted for WT, Chim 7, and H158R to test the specificity of homodimer interaction.
A specific interaction could be verified for all three constructs (Supplementary Information,
Figure S1).
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Figure 2. Receptor dimerization of MC4R chimeras compared to MC4R-WT. Dimerization of
chimeric MC4R/CB1R receptors and H158R gain of function mutation was analyzed by performing
NanoBRET™ assays. HEK293 cells were co-transfected with either BRET partners, C-terminally
tagged with the energy donor NanoLuc or the protein tag HaloTag, able to bind the energy acceptor,
the NanoBRETTM ligand 618. (A) CB1R is a non-interactive partner of MC4R and served as the
negative control. Data are shown as BRET ratio in milliBRET units (mBU). (B) ∆BRET values were
calculated as difference between BRET ratios of chimeras and MC4R-WT. Negative values represent
a decrease in dimerization capacities compared to MC4R-WT dimerization. Data represent three
independent experiments, each performed in triplicate. Values represent mean ± SEM of calculated
BRET ratios. A one-way ANOVA with Kruskal–Wallis test was performed for statistical analysis,
and the mean of the WT column was compared to the mean of all the other columns. Statistical
significance was defined as ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.2. Effect of Homodimerization on cAMP Formation

In a previous study, we presented data showing chimeric receptors exhibiting higher
basal cAMP levels and higher NDP-alpha-MSH (a non-selective MCR agonist [23,28])
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stimulated cAMP levels, compared to MC4R-WT [21]. Results were based on cAMP
accumulation assays in COS-7 cells. In this study, we replicated the results for Chim 5, Chim
6, and Chim 7 in human HEK293 cells. Experiments were performed using GloSensorTM

assay enabling dynamic live cell measurement of cAMP increase. In order to compare the
results of this study with results previously achieved in COS-7 cells, we used the same
concentration of 1 µM for alpha-MSH and setmelanotide. In the current study, effects
of setmelanotide stimulation on cAMP production of chimeric receptors were evaluated.
GloSensorTM results showed that alpha-MSH stimulation of Chim 5, Chim 6, and Chim
7 exhibited elevated cAMP production compared to WT (Figure 3A). A one-way ANOVA
with Kruskal–Wallis test was performed, comparing area under the curve of MC4R-WT
to Chim5, Chim 6, and Chim 7, stimulated with alpha-MSH or setmelanotide. The results
turned out to be non-significant. The experiments were performed in triplicate of four
independent experiments. This discrepancy might be explained by the different cell system
and method used. Setmelanotide stimulation led to a similar increase in cAMP production
in the chimeric receptors, compared to respectively alpha-MSH-induced cAMP increase
(Figure 3B). Chim 5 to 7 exhibited qualitatively elevated basal cAMP levels compared to
WT (Figure 3C).
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Figure 3. Gs signaling properties of MC4R-WT and chimeric receptors under alpha-MSH and
setmelanotide stimulation. HEK293 cells were transfected with WT receptor or chimeric receptors
and GloSensor™ reporter. Cells were stimulated with (A) alpha-MSH (1 µM) or (B) setmelanotide
(1 µM) and assayed for increase in cAMP. The arrow indicates the start of ligand stimulation. cAMP
accumulation was assessed over time and quantified in relative light units (rlu). (C) Chimeric
receptors showed a higher basal Gs activity compared to MC4R-WT. The data are shown as area
under the curve (AUC) of luminescence values from live cell cAMP accumulation. For statistical
analysis, a one-way ANOVA with Kruskal–Wallis test was performed, comparing area under the
curve of MC4R-WT to chimeric receptors stimulated with alpha-MSH or setmelanotide. The results
turned out to be non-significant. Data represent four independent experiments, each performed in
triplicate. Values represent mean ± SEM.

3.3. Effects of Reduced Homodimerization on Gq/11 Signaling
3.3.1. Chimeric Receptors Exhibited Similar Basal Activity and Increased Efficacy as Well
as Improved Potency Compared to MC4R-WT

Next, all chimeric receptors and the H158R mutation were tested for Gq/11 signaling
properties. For this purpose, we conducted reporter gene assays, measuring phospholipase
C (PLC) activity through nuclear factor of activated T cell (NFAT) responsive element
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(Figure 4). All tested MC4R/CB1R chimeras showed similar basal Gq/11 activity compared
to MC4R-WT. Chim 4, Chim 5, Chim 6, and Chim 7 exhibited significantly elevated PLC ac-
tivation via Gq/11 after alpha-MSH stimulation (1 µM). The mutation H158R also exhibited
higher efficacy (Emax) compared to MC4R-WT. Setmelanotide stimulation only led to a sig-
nificant increase in efficacy for Chim 7, compared to MC4R-WT (Figure 4A). Table 1 shows
the evaluation of chimeric receptor Gq/11 signaling capacities compared to MC4R-WT after
challenge with alpha-MSH or setmelanotide. The values are derived from concentration
response experiments (Figure 4B–E). Reduced homodimerization results in a prominent
effect on receptor potency. Intriguingly, EC50 values of Chim 6 (5.85 ± 1.29 nM) and of
Chim 7 (6.33 ± 1.1 nM) after alpha-MSH stimulation were similar to EC50 of MC4R-WT
after setmelanotide challenge (4.04 ± 0.5 nM). Of note, all chimeric receptors as well as the
H158R mutation presented improved potency, compared to MC4R-WT EC50 value after
alpha-MSH and after setmelanotide stimulation. Significant decrease in potency could be
shown for Chim 4, Chim 6, and Chim 7 after alpha-MSH stimulation and for Chim 4 and
Chim 7 after setmelanotide challenge, compared to MC4R-WT. The effects of impaired
MC4R homodimerization on Gq/11 signaling were also assessed through calculating the
signaling bias. In particular, after alpha-MSH stimulation, all chimeric receptors and the
H158R mutation showed a strong bias towards PLC activation compared to MC4R-WT.
Chimeric receptors and H158R mutation also demonstrated a bias towards PLC activation
after challenge with setmelanotide (Table 1).

Table 1. Efficacy (Emax), potency (EC50), and bias of ligand stimulated MC4R-WT, chimeric recep-
tors, and H158R. Concentration–response curves were used to determine potency under alpha-MSH
and setmelanotide stimulation. Data are given as the result of four to nine independent experiments
performed in triplicate. Values represent mean ± SEM. Statistical analysis was performed using
a one-way ANOVA with Kruskal–Wallis test comparing Emax of WT to variants or EC50 of WT to
the variants. Statistical significance is indicated by a * p < 0.05, b ** p < 0.01, c *** p < 0.001, and
d **** p < 0.0001. For calculation of bias, MC4R-WT serves as a reference and is plotted at a value of 1.
The bias (chimeras versus MC4R) is stronger after alpha-MSH stimulation than after setmelanotide
stimulation. The values are derived from EC50 and Emax values and originate from the concentration–
response curves. Data are given as a result of four to nine independent experiments performed in
triplicate. Data of relative dimerization compared to WT originates from Figure 2 NanoBRETTM data.

MC4R-WT/
MC4R/CB1R

Chimera
Alpha-MSH Setmelanotide NanoBRETTM

Emax at 1 µM
(Fold over
MC4R-WT
Stimulated

1 µMl)

EC50 (nM) Bias

Emax at 1 µM
(Fold over
MC4R-WT
Stimulated

1 µMl)

EC50 (nM) Bias
Relative

Dimerization
Compared to

WT

MC4R-WT 100 264 ± 65.9 1 100 4.04 ± 0.5 1 0
Chim 4 222.32 ± 47.50 a 14.7 ± 6.69 a 39.89 115.16 ± 15.10 0.71 ± 0.17 c 3.05 −32.55
Chim 5 274.42 ± 41.18 d 16.4 ± 6.06 44.22 87.31 ± 11.58 1.46 ± 0.38 6.58 −41.83
Chim 6 317.48 ± 70.5 c 5.85 ± 1.29 b 143.14 109.76 ± 13.20 1.25 ± 0.11 2.41 −15.19
Chim 7 259.59 ± 42.18 d 6.33 ± 1.1 c 108.13 182.83 ± 13.18 d 0.43 ± 0.12 d 17.32 −41.19
H158R 180.32 ± 37.67 49.2 ± 11.2 9.67 135.93 ± 17.16 1.8 ± 0.68 3.05 −28.94
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tors, and H158R. Concentration–response curves were used to determine potency under alpha-

Figure 4. Gq/11 signaling of chimeric receptors and the H158R mutation compared to MC4R-WT.
NFAT-reporter gene assay quantifying relative light units (rlu) to determine Gq/11 signaling capacities.
HEK 293 cells were transfected with MC4R-WT, chimeric receptors, or H158R mutation. (A) Basal
activity and 1 µM stimulated values of chimeric receptors and the H158R mutation compared to
MC4R-WT. Basal activity of chimeric receptors is very similar to MC4R-WT. Chim 4, Chim 5, Chim 6,
and Chim 7 displayed significant alpha-MSH induced increase in Gq/11 activity compared to alpha-
MSH stimulated MC4R-WT. Values represent fold over 1 µM stimulated MC4R-WT. For statistical
analysis, a one-way ANOVA with Kruskal–Wallis test was performed, comparing MC4R-WT to
chimeric receptors and the H158R mutation. Values represent mean ± SEM. Statistical significance is
indicated by * p < 0.05, *** p < 0.001, and **** p < 0.0001. Concentration response curves of Chim5,
Chim 6, and Chim 7 cells were stimulated with different concentrations of (B) alpha-MSH or (C)
setmelanotide. Concentration response curves of Chim 4 and H158R mutation were stimulated with
different concentrations of (D) alpha-MSH or (E) setmelanotide. Data are given as raw rlu. Data
represent WT (alphaMSH n = 10, setmelanotide n = 17), H158R (n = 4), Chim 4 (alpha-MSH n = 5,
setmelanotide n = 7), Chim 5 (n = 4), Chim 6 (alpha-MSH n = 4, setmelanotide n = 3), and Chim 7
(alpha-MSH n = 9, setmelanotide = 10) experiments, each performed in triplicate. Values represent
mean ± SEM. Emax and EC50 values are summarized in Table 1.

3.3.2. Treatment with Pertussis Toxin (PTX) to Discriminate between Gq/11 and Giβγ

Activation of PLC

PLC activation can be a mixture of Gq/11 activation and activation of βγ-subunits of
Gi/0 [29]. In order to determine whether the increase in PLC activation in chimeric receptors
can fully be attributed to Gq/11 activation, additional NFAT experiments were conducted
including MC4R-WT and Chim 7. Cells were pretreated with pertussis toxin (PTX), a Gi/0
inhibitor. In the presence of PTX, the Gi/0 subunits are locked in their inactivate state,
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blocking this pathway [30]. Concentration–response curves after alpha-MSH challenge in
the presence of PTX demonstrated a similar efficacy for MC4R-WT compared to signaling
in the absence of PTX. For Chim 7, a reduction in efficacy compared to non-PTX treatment
(significant) was observed. A shift towards lower EC50 values, indicating a significant
decrease in potency for Chim 7 occurred, but not for MC4R-WT (Figure 5A, Table 2). After
setmelanotide stimulation, the potency was only decreased for MC4R-WT but not for Chim
7 when comparing non-PTX to PTX data. As for efficacy, MC4R-WT as well as Chim
7 exhibited reduced maximal signaling via Gq/11 in the case of Gi/0 blockage through PTX
(Figure 5B, Table 2). Focusing on the alpha-MSH, the natural endogenous ligand of MC4R,
PTX treatment appeared to affect receptor efficacy more than it affected receptor potency.
The blocking of Gi/0 subunits led to a significant shift towards lower EC50 values for Chim
7 after alpha-MSH stimulation, indicating an increase in Gq/11 signaling for Chim 7.

Biomolecules 2022, 12, x FOR PEER REVIEW 9 of 14 
 

MSH and setmelanotide stimulation. Data are given as the result of four to nine independent exper-
iments performed in triplicate. Values represent mean ± SEM. Statistical analysis was performed 
using a one-way ANOVA with Kruskal–Wallis test comparing Emax of WT to variants or EC50 of WT 
to the variants. Statistical significance is indicated by a* p < 0.05, b** p < 0.01, c*** < 0.001, and d**** 
p < 0.0001. For calculation of bias, MC4R-WT serves as a reference and is plotted at a value of 1. The 
bias (chimeras versus MC4R) is stronger after alpha-MSH stimulation than after setmelanotide stim-
ulation. The values are derived from EC50 and Emax values and originate from the concentration–
response curves. Data are given as a result of four to nine independent experiments performed in 
triplicate. Data of relative dimerization compared to WT originates from Figure 2 NanoBRETTM data. 

MC4R-WT/ 
MC4R/CB1R Chi-

mera 

Alpha-MSH 
 

Setmelanotide NanoBRETTM 

 
Emax at 1µM (Fold 
over MC4R-WT 

Stimulated 1µMl) 
EC50 (nM) Bias 

Emax at 1µM (Fold 
over MC4R-WT 

stimulated 1µMl) 
EC50 (nM) Bias 

Relative Dimeri-
zation Compared 

to WT 
MC4R-WT 100 264 ± 65.9  1 100 4.04 ± 0.5  1 0 

Chim 4 222.32 ± 47.50 a  14.7 ± 6.69 a  39.89 115.16 ± 15.10 0.71 ± 0.17 c 3.05 -32,55 
Chim 5 274.42 ± 41.18 d  16.4 ± 6.06  44.22 87.31 ± 11.58 1.46 ± 0.38 6.58 -41,83 
Chim 6 317.48 ± 70.5 c  5.85 ± 1.29 b  143.14 109.76 ± 13.20 1.25 ± 0.11 2.41 -15,19 
Chim 7 259.59 ± 42.18 d  6.33 ± 1.1 c  108.13 182.83 ± 13.18 d 0.43 ± 0.12 d 17.32 -41,19 
H158R 180.32 ± 37.67  49.2 ± 11.2  9.67 135.93 ± 17.16  1.8 ± 0.68 3.05 -28,94 

3.3.2. Treatment with Pertussis Toxin (PTX) to Discriminate between Gq/11 and Giβγ Acti-
vation of PLC 

PLC activation can be a mixture of Gq/11 activation and activation of βγ-subunits of 
Gi/0 [29]. In order to determine whether the increase in PLC activation in chimeric recep-
tors can fully be attributed to Gq/11 activation, additional NFAT experiments were con-
ducted including MC4R-WT and Chim 7. Cells were pretreated with pertussis toxin (PTX), 
a Gi/0 inhibitor. In the presence of PTX, the Gi/0 subunits are locked in their inactivate state, 
blocking this pathway [30]. Concentration–response curves after alpha-MSH challenge in 
the presence of PTX demonstrated a similar efficacy for MC4R-WT compared to signaling 
in the absence of PTX. For Chim 7, a reduction in efficacy compared to non-PTX treatment 
(significant) was observed. A shift towards lower EC50 values, indicating a significant de-
crease in potency for Chim 7 occurred, but not for MC4R-WT (Figure 5A, Table 2). After 
setmelanotide stimulation, the potency was only decreased for MC4R-WT but not for 
Chim 7 when comparing non-PTX to PTX data. As for efficacy, MC4R-WT as well as Chim 
7 exhibited reduced maximal signaling via Gq/11 in the case of Gi/0 blockage through PTX 
(Figure 5B, Table 2). Focusing on the alpha-MSH, the natural endogenous ligand of MC4R, 
PTX treatment appeared to affect receptor efficacy more than it affected receptor potency. 
The blocking of Gi/0 subunits led to a significant shift towards lower EC50 values for Chim 
7 after alpha-MSH stimulation, indicating an increase in Gq/11 signaling for Chim 7. 

   
Figure 5. NFAT reporter gene assay investigating signaling profile of PTX pretreated MC4R-WT-WT and Chim 7. Cal-
cium mobilization was measured using NFAT reporter gene assay. HEK293 cells were pretreated with PTX or not, as-
sessing possible increase in Ca2+ due to Gi signaling effects. Data are given in percentage of MC4R-WT-WT signaling. Cells 
were stimulated with (A) alpha-MSH (fold over MC4R-WT at 1µM was set as 100%) or with (B) setmelanotide (fold over 

Figure 5. NFAT reporter gene assay investigating signaling profile of PTX pretreated MC4R-WT-
WT and Chim 7. Calcium mobilization was measured using NFAT reporter gene assay. HEK293 cells
were pretreated with PTX or not, assessing possible increase in Ca2+ due to Gi signaling effects. Data
are given in percentage of MC4R-WT-WT signaling. Cells were stimulated with (A) alpha-MSH
(fold over MC4R-WT at 1 µM was set as 100%) or with (B) setmelanotide (fold over MC4R-WT at 1
µM was set as 100%). Emax and EC50 values are summarized in Table 2. Data represent two to nine
independent experiments, each performed in triplicate. Values represent mean ± SEM.

Table 2. Potency (EC50) of ligand stimulated MC4R-WT and Chim 7 including PTX pretreatment.
Concentration-response curves were used to determine potency under alpha-MSH and setmelanotide
stimulation. Data are given as the result of two to nine independent experiments performed in
triplicate. Values represent mean ± SEM. Statistical analysis was performed using the Mann–Whitney
test comparing Emax of WT or Chim 7 to respective WT + PTX or Chim 7 + PTX. The same testing
was performed for statistical EC50 analysis and comparison. Statistical significance is indicated by
* p < 0.05, ** p < 0.01, and **** p < 0.0001.

MC4R-WT/Chim7 Alpha-MSH Setmelanotide

Emax at 1 µM (Fold
over MC4R-WT

Stimulated 1 µMl)
EC50 (nM)

Emax at 1 µM (Fold
over MC4R-WT

Stimulated 1 µMl)
EC50 (nM)

MC4R-WT 100 264 ± 65.9 100 4.04 ± 0.5
MC4R-WT + PTX 96.98 ± 14.22 396 ± 313 70.26 ± 9.13 ** 1.91 ± 0.36 *

Chim 7 259.59 ± 42.18 6.33 ± 1.1 182.83 ± 13.18 0.43 ± 0.12
Chim 7 + PTX 100.26 ± 13.8 ** 1.8 ± 0.51 * 67.17 ± 12.40 **** 0.45 ± 0.08

4. Discussion

The MC4R plays an essential role in weight regulation. Therefore, targeting the
MC4R for anti-obesity treatment appeared obvious, but was rather unsuccessful for a long
time [31]. The MC4R is a promiscuous receptor and able to activate different G proteins,
thus presenting a broad signaling profile [25]. Subsequently, it is highly important to
characterize the receptors’ full pharmacological profile and interaction capability. In this
study, we analyzed effects of MC4R homodimerization on Gq/11 subunit signaling, which
appears to be a promising target regarding obesity treatment [12].

We recently showed dimer separation of the MC4R has a positive effect on Gs signaling.
The study detected that multiple and single substitutions in the THM3-ICL2-TMH4 intra-
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cellular region of the MC4R inhibit dimerization, showing that these regions are important
for homodimer formation. Hindering dimer formation led to an increase in basal and
stimulated Gs signaling. These experiments were performed using COS-7 cells, and only
Gs signaling was investigated [21].

These findings could be replicated in the present study using HEK293 cells and the
GloSensorTM technique, enabling live cell measurements. HEK293 cells are well established
in GPCR research as they do not express the various MC receptors (MC1R-MC5R) [32]. COS-
7 cells are derived from African green monkey (Chlorocebus aethiops) cell line [33], whereas
HEK293 cells are derived from the human kidney cell line [34]. HEK 293 cell line is superior
to COS-7 cells as this cell model allows for a closer approximation to human physiology,
although in order to study MC4R function, it is still by far not optimal. One limitation of
this model is that HEK293 cells cannot provide the same physiological setting that is present
in the hypothalamic (paraventricular nucleus), where most MC4R activity related to weight
regulation is anticipated [10]. Additionally, the marginal presence of the melanocortin
2 receptor accessory protein 2 (MRAP2) in HEK293 cells, which possibly influences MC4R
signaling and is discussed in detail below, should be taken into consideration [35,36].

Due to recent studies discussing the prominent role of the Gq/11 activation, in terms
of regulating energy homeostasis, it was compelling to investigate whether these findings
also apply for MC4R dimer separation [7,26]. In this study, we showed that by inducing
dimer separation, Gq/11 subunit signaling was increased. Chim 6 and Chim 7 showed
strongly decreased EC50 values after alpha-MSH stimulation compared to MC4R-WT
potency. Setmelanotide was first approved in November 2020 by the U.S. FDA (USA)
and is a novel medication for treating obesity caused by POMC and LEPR deficiency [37].
This cyclic peptide is a MC4R agonist that shows a strong bias towards Gq/11 [7]. So far,
study results showed that setmelanotide is not as effective in rescuing signaling in MC4R
mutation patients, as it is in the treatment of POMC and LEPR deficiency [38]. Among other
things, a reason for this might be that certain mutations can alter the receptor ligand binding
domain, making it impossible for the ligand to bind to the mutated MC4R. Therefore, it
was highly interesting to prove if MC4R dimer hindrance can have comparable effects on
receptor potency compared to setmelanotide. Experimental results on the MC4R H158R
mutation are in line with already existing data on the H158R, showing a bias towards Gq/11
activation upon alpha-MSH stimulation [25]. We further provide data on the specificity
of the H158R homodimer formation via NanoBRETTM, which has not been shown before
(Figure S1).

In recent years, studies have revealed that GPCRs are expressed as a mixture of
monomers and dimers, thus affecting the way how GPCR signal transduction occurs,
e.g., [38,39]. New data identified that the expression pattern of monomer and dimer
formation can be dynamic. For the corticotropin-releasing factor receptor type 1a, a
monomer/dimer equilibrium was identified. These data suggest that other GPCRs might
exist in a state of a monomer/dimer equilibrium [40,41]. Such data are currently not
available for MC4R. Therefore, it would be of high importance to find out to what extent
the MC4R exists in a dimeric state (homo- or hetero-dimeric states) to allow better char-
acterization of the benefits that the induction of MC4R dimer separation might have on
downstream signaling effects.

It is striking that the induction of dimer separation had such a prominent effect on
ligand-induced Gq/11 signaling potency, as Chim 7 activated with alpha-MSH is comparable
to MC4R-WT stimulated with setmelanotide (Figure 6). A possible explanation why
dimer separation could lead to increased signaling capacities might be MC4R/G protein
stoichiometry. In a dimeric state, only one G protein molecule can access the receptor dimer,
due to steric reasons (stoichiometry 2:1). A monomerized receptor is able to couple one
G protein molecule to each receptor (stoichiometry 2:2); this might cause higher signaling
capacities due to doubled G protein activation [42]. This mechanism is important when
wanting to discuss possibilities for therapeutical interventions. A protein of interest could
be the accessory protein MRAP2. MRAP2 is hypothesized to interact with MC4R in
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particular by causing steric separation of the MC4R homodimers. Results showed that co-
expression of MRAP2 with MC4R enhances Gs signaling. This makes MRAP2 an interesting
endogenous allosteric factor when discussing dimer separation and its benefits [36].
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Figure 6. EC50 of Gq/11 signaling of MC4R-WT stimulated with setmelanotide compared to EC50

of Chim 7 stimulated with alpha-MSH. Concentration–response curves were used to determine
potency. EC50 of MC4R-WT after setmelanotide stimulation (4.04 ± 0.5 nM) appeared similar to
EC50 of Chim 7 after alpha-MSH stimulation (6.33 ± 1.1nM). Data are given as the result of 9 to
17 independent experiments performed in triplicate. Values represent mean ± SEM.

Taken together, the study results provide information on the positive effect that
inducing dimer separation of the MC4R has on Gs as well as Gq/11 signaling capacities
in human HEK293 cells. The results showed that dimer separation especially affects
receptor potency, resulting in a shift towards lower EC50 values. Further investigation on
MC4R monomer/dimer equilibrium is required to fully understand possible benefits of
this approach. Future experiments ought to focus on finding ways to successfully induce
dimer separation of the MC4R, perhaps allowing dimer separation to become a means of
therapeutical intervention, helping a broader spectrum of obese patients.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biom12081119/s1, Figure S1: Donor saturation assays (DSA)
investigating the specificity of receptor–receptor interaction of WT, Chim 7, and H158R.
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18. Işbilir, A.; Möller, J.; Arimont, M.; Bobkov, V.; Perpiñá-Viciano, C.; Hoffmann, C.; Inoue, A.; Heukers, R.; de Graaf, C.; Smit,
M.J.; et al. Advanced fluorescence microscopy reveals disruption of dynamic CXCR4 dimerization by subpocket-specific inverse
agonists. Proc. Natl. Acad. Sci. USA 2020, 117, 29144–29154. [CrossRef]

19. Rediger, A.; Tarnow, P.; Bickenbach, A.; Schaefer, M.; Krude, H.; Grüters, A.; Biebermann, H. Heterodimerization of Hypothalamic
G-Protein-Coupled Receptors Involved in Weight Regulation. Obes. Facts 2009, 2, 80–86. [CrossRef]

20. Biebermann, H.; Krude, H.; Elsner, A.; Chubanov, V.; Gudermann, T.; Grüters, A. Autosomal-Dominant Mode of Inheritance of a
Melanocortin-4 Receptor Mutation in a Patient with Severe Early-Onset Obesity Is Due to a Dominant-Negative Effect Caused by
Receptor Dimerization. Diabetes 2003, 52, 2984–2988. [CrossRef]

21. Piechowski, C.L.; Rediger, A.; Lagemann, C.; Mühlhaus, J.; Müller, A.; Pratzka, J.; Tarnow, P.; Grüters, A.; Krude, H.; Kleinau,
G.; et al. Inhibition of melanocortin-4 receptor dimerization by substitutions in intracellular loop 2. J. Mol. Endocrinol. 2013, 51,
109–118. [CrossRef] [PubMed]

22. Gantz, I.; Miwa, H.; Konda, Y.; Shimoto, Y.; Tashiro, T.; Watson, S.J.; Delvalle, J.; Yamada, T. Molecular cloning, expression, and
gene localization of a fourth melanocortin receptor. J. Biol. Chem. 1993, 268. [CrossRef]

23. Heyder, N.A.; Kleinau, G.; Speck, D.; Schmidt, A.; Paisdzior, S.; Szczepek, M.; Bauer, B.; Koch, A.; Gallandi, M.; Kwiatkowski, D.;
et al. Structures of active melanocortin-4 receptor–Gs-protein complexes with NDP-α-MSH and setmelanotide. Cell Res. 2021, 31,
1176–1189. [CrossRef]

24. Israeli, H.; Degtjarik, O.; Fierro, F.; Chunilal, V.; Gill, A.K.; Roth, N.J.; Botta, J.; Prabahar, V.; Peleg, Y.; Chan, L.F.; et al. Structure
reveals the activation mechanism of the MC4 receptor to initiate satiation signaling. Science 2021, 372, 808–814. [CrossRef]
[PubMed]

http://doi.org/10.1038/s41574-019-0176-8
http://doi.org/10.1056/NEJMoa1713231
http://www.ncbi.nlm.nih.gov/pubmed/29617589
http://doi.org/10.1056/NEJMoa1503840
http://www.ncbi.nlm.nih.gov/pubmed/27074389
http://doi.org/10.1001/jama.2020.12567
http://doi.org/10.1530/JOE-14-0480
http://doi.org/10.1038/32911
http://doi.org/10.1038/ijo.2010.168
http://doi.org/10.1016/j.soard.2021.04.020
http://doi.org/10.1038/nn1455
http://doi.org/10.1056/NEJMoa1512693
http://www.ncbi.nlm.nih.gov/pubmed/27468060
http://doi.org/10.1038/s41591-018-0015-9
http://www.ncbi.nlm.nih.gov/pubmed/29736023
http://doi.org/10.1172/JCI9238
http://www.ncbi.nlm.nih.gov/pubmed/10903341
http://doi.org/10.1172/JCI9397
http://www.ncbi.nlm.nih.gov/pubmed/10903343
http://doi.org/10.3389/fendo.2019.00515
http://doi.org/10.1073/pnas.90.7.3103
http://doi.org/10.1146/annurev.pharmtox.42.091701.082314
http://doi.org/10.1073/pnas.2013319117
http://doi.org/10.1159/000209862
http://doi.org/10.2337/diabetes.52.12.2984
http://doi.org/10.1530/JME-13-0061
http://www.ncbi.nlm.nih.gov/pubmed/23674133
http://doi.org/10.1016/S0021-9258(18)82452-8
http://doi.org/10.1038/s41422-021-00569-8
http://doi.org/10.1126/science.abf7958
http://www.ncbi.nlm.nih.gov/pubmed/33858992


Biomolecules 2022, 12, 1119 13 of 13

25. Paisdzior, S.; Dimitriou, I.M.; Schöpe, P.C.; Annibale, P.; Scheerer, P.; Krude, H.; Lohse, M.J.; Biebermann, H.; Kühnen, P.
Differential Signaling Profiles of MC4R Mutations with Three Different Ligands. Int. J. Mol. Sci. 2020, 21, 1224. [CrossRef]
[PubMed]

26. Li, Y.Q.; Shrestha, Y.; Pandey, M.; Chen, M.; Kablan, A.; Gravrilova, O.; Offermanns, S.; Weinstein, L.S. G(q/11)α and G(s)α
mediate distinct physiological responses to central melanocortins. J. Clin. Invest. 2016, 126, 40–49. [CrossRef] [PubMed]

27. Kenakin, T.P. A Scale of Agonism and Allosteric Modulation for Assessment of Selectivity, Bias, and Receptor Mutation. Mol.
Pharmacol. 2017, 92, 414–424. [CrossRef]

28. Sawyer, T.K.; Sanfilippo, P.J.; Hruby, V.J.; Engel, M.H.; Heward, C.B.; Burnett, J.B.; E Hadley, M. 4-Norleucine, 7-D-phenylalanine-
alpha-melanocyte-stimulating hormone: A highly potent alpha-melanotropin with ultralong biological activity. Proc. Natl. Acad.
Sci. USA 1980, 77, 5754–5758. [CrossRef]

29. Boyer, J.L.; Graber, S.G.; Waldo, G.L.; Harden, T.K.; Garrison, J.C. Selective activation of phospholipase C by recombinant
G-protein alpha- and beta gamma-subunits. J. Biol. Chem. 1994, 269. [CrossRef]

30. Katada, T. The Inhibitory G Protein Gi Identified as Pertussis Toxin-Catalyzed ADP-Ribosylation. Biol. Pharm. Bull. 2012, 35,
2103–2111. [CrossRef]

31. Kühnen, P.; Krude, H.; Biebermann, H. Melanocortin-4 Receptor Signalling: Importance for Weight Regulation and Obesity
Treatment. Trends Mol. Med. 2019, 25, 136–148. [CrossRef] [PubMed]

32. Rached, M.; El Mourabit, H.; Buronfosse, A.; Blondet, A.; Naville, D.; Begeot, M.; Penhoat, A. Expression of the human
melanocortin-2 receptor in different eukaryotic cells. Peptides 2005, 26, 1842–1847. [CrossRef] [PubMed]

33. Hancock, J.F. COS Cell Expression. Methods Mol. Biol. 1992, 8, 153–158. [PubMed]
34. Graham, F.L.; Smiley, J.; Russell, W.C.; Nairn, R. Characteristics of a Human Cell Line Transformed by DNA from Human

Adenovirus Type 5. J. Gen. Virol. 1977, 36, 59–74. [CrossRef]
35. Sebag, J.A.; Zhang, C.; Hinkle, P.M.; Bradshaw, A.M.; Cone, R.D. Developmental Control of the Melanocortin-4 Receptor by

MRAP2 Proteins in Zebrafish. Science 2013, 341, 278–281. [CrossRef]
36. Schonnop, L.; Kleinau, G.; Herrfurth, N.; Volckmar, A.-L.; Cetindag, C.; Müller, A.; Peters, T.; Herpertz, S.; Antel, J.; Hebebrand,

J.; et al. Decreased melanocortin-4 receptor function conferred by an infrequent variant at the human melanocortin receptor
accessory protein 2 gene. Obesity 2016, 24, 1976–1982. [CrossRef]

37. Clément, K.; Akker, E.V.D.; Argente, J.; Bahm, A.; Chung, W.K.; Connors, H.; De Waele, K.; Farooqi, I.S.; Gonneau-Lejeune, J.;
Gordon, G.; et al. Efficacy and safety of setmelanotide, an MC4R agonist, in individuals with severe obesity due to LEPR or
POMC deficiency: Single-arm, open-label, multicentre, phase 3 trials. Lancet Diabetes Endocrinol. 2020, 8, 960–970. [CrossRef]

38. Collet, T.H.; Dubern, B.; Mokrosinski, J.; Connors, H.; Keogh, J.M.; Mendes de Oliveira, E.; Henning, E.; Poitou-Bernert, C.;
Oppert, J.M.; Tounian, P.; et al. Evaluation of a melanocortin-4 receptor (MC4R) agonist (Setmelanotide) in MC4R deficiency. Mol.
Metab. 2017, 6, 1321–1329. [CrossRef]

39. Terrillon, S.; Bouvier, M. Roles of G-protein-coupled receptor dimerization. EMBO Rep. 2004, 5, 30–34. [CrossRef]
40. Kasai, R.S.; Suzuki, K.G.N.; Prossnitz, E.R.; Koyama-Honda, I.; Nakada, C.; Fujiwara, T.K.; Kusumi, A. Full character-ization of

GPCR monomer–dimer dynamic equilibrium by single molecule imaging. J. Cell Biol. 2011, 192, 463–480. [CrossRef]
41. Teichmann, A.; Gibert, A.; Lampe, A.; Grzesik, P.; Rutz, C.; Furkert, J.; Schmoranzer, J.; Krause, G.; Wiesner, B.; Schülein, R. The

Specific Monomer/Dimer Equilibrium of the Corticotropin-releasing Factor Receptor Type 1 Is Established in the Endoplasmic
Reticulum. J. Biol. Chem. 2014, 289, 24250–24262. [CrossRef] [PubMed]

42. Kleinau, G.; Heyder, N.A.; Tao, Y.-X.; Scheerer, P. Structural Complexity and Plasticity of Signaling Regulation at the Melanocortin-
4 Receptor. Int. J. Mol. Sci. 2020, 21, 5728. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21041224
http://www.ncbi.nlm.nih.gov/pubmed/32059383
http://doi.org/10.1172/JCI76348
http://www.ncbi.nlm.nih.gov/pubmed/26595811
http://doi.org/10.1124/mol.117.108787
http://doi.org/10.1073/pnas.77.10.5754
http://doi.org/10.1016/S0021-9258(17)42015-1
http://doi.org/10.1248/bpb.b212024
http://doi.org/10.1016/j.molmed.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30642682
http://doi.org/10.1016/j.peptides.2004.11.037
http://www.ncbi.nlm.nih.gov/pubmed/15982783
http://www.ncbi.nlm.nih.gov/pubmed/21390709
http://doi.org/10.1099/0022-1317-36-1-59
http://doi.org/10.1126/science.1232995
http://doi.org/10.1002/oby.21576
http://doi.org/10.1016/S2213-8587(20)30364-8
http://doi.org/10.1016/j.molmet.2017.06.015
http://doi.org/10.1038/sj.embor.7400052
http://doi.org/10.1083/jcb.201009128
http://doi.org/10.1074/jbc.M114.553644
http://www.ncbi.nlm.nih.gov/pubmed/24966326
http://doi.org/10.3390/ijms21165728
http://www.ncbi.nlm.nih.gov/pubmed/32785054

	Introduction 
	Materials and Methods 
	Ligands and Plasmids 
	Cell Culture 
	Transfection 
	Determination of Protein–Protein Interaction via NanoBRET™ 
	Determination of cAMP Accumulation via GloSensorTM 
	Measurements of PLC Aactivation Using Reporter Gene Assays 
	Statistical Analysis 

	Results 
	Homodimerization Capacities of Chimeric CB1R/MC4R and MC4R-H158R Mutation Were Reduced when Compared to MC4R-WT 
	Effect of Homodimerization on cAMP Formation 
	Effects of Reduced Homodimerization on Gq/11 Signaling 
	Chimeric Receptors Exhibited Similar Basal Activity and Increased Efficacy as Well as Improved Potency Compared to MC4R-WT 
	Treatment with Pertussis Toxin (PTX) to Discriminate between Gq/11 and Gi Activation of PLC 


	Discussion 
	References

