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Abstract

Context: Whether mutations in the melanocortin-4 receptor (MC4R) are the cause of 

binge eating disorder was controversial.  In addition, the penetrance of mutations in the 

MC4R in causing obesity was debated.

Objective:  We investigated whether MC4R variants identified from obese patients with 

binge eating disorder (T11A, F51L, T112M, and M200V), and variants identified in non-

obese (I102T, F202L, and N240S) or obese subjects (I102S, A154D, and S295P) cause 

loss-of-function and what are the defects.

Design: Variant or wild-type MC4Rs were expressed in HEK293 cells and examined for 

their pharmacological characteristics. 

Setting: The study setting was in vitro bench-top laboratory experiments. 

Main Outcome Measures: Ligand binding, signaling and cell surface expression of the 

variant MC4Rs were compared with wild-type MC4R.  

Results: Our data clearly show a loss-of-function phenotype in vitro for I102T and 

N240S variants identified in non-obese individuals. Furthermore, not all MC4R variants 

identified in obese subjects exhibit a loss-of-function phenotype in vitro.  Finally, the 

MC4R variants T11A, F51L, T112M and M200V identified from patients with binge 
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eating disorder displayed normal function with regards to the parameters measured in 

our study. 

Conclusions: Patients harboring loss-of-function MC4R mutations do not always 

exhibit obesity. Novel MC4R variant identified from an obese patient cannot be 

assumed to be the cause of obesity without demonstrating a loss-of-function phenotype 

in vitro for the variant MC4R.  Whether MC4R mutations are involved in the 

pathogenesis of binge eating disorder needs further investigation.
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Introduction

The melanocortin-4 receptor (MC4R) is a member of the G protein-coupled receptor 

(GPCR) superfamily.  The topology of the MC4R is predicted to consist of seven 

transmembrane α-helices (TMs) connected by alternating extracellular and intracellular 

loops, with the N terminus lying on the outside of the cell, and the C terminus lying on 

the inside of the cell.  Upon hormone stimulation, MC4R activates adenylyl cyclase via 

the stimulatory G protein Gs to elevate intracellular cAMP levels.  The endogenous 

ligands for the MC4R include the agonist α-melanocyte stimulating hormone (α-MSH)

(derived from the post-translational processing of pro-opiomelanocortin) and the 

antagonist Agouti-related protein (AgRP).  Pharmacological and mouse genetic studies 

established the MC4R as one of the critical factors involved in regulating energy 

homeostasis (reviewed in (1)).  Leptin, produced by adipocytes, binds to its receptor in 

the arcuate nucleus to stimulate α-MSH production and inhibit AgRP production, 

resulting in decreased food intake (2).  Exogenous administration of α-MSH decreases 

food intake, whereas administration of AgRP increases food intake (3-5).  Disruption of 

the MC4R signaling pathway by deletion of MC4R or POMC or over-expression of 

AgRP leads to hyperphagia and obesity (6-9).  These mouse genetic studies were 

replicated in human genetic studies.  Frameshift mutations of the MC4R were first 

reported to be associated with early-onset severe obesity (10, 11).  More than 70 

different mutations have since been reported in various patient cohorts (see (12) for a 

recent review).  Remarkably, in some patient cohorts, up to 6% of the morbidly obese 

patients with early onset harbor MC4R mutations (13).  Detailed functional studies of the 
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variant MC4Rs revealed that intracellular retention of the mutant receptor is the 

predominant cause of loss-of-function (14-17) (reviewed in (12)). 

 Recently, Jacobson et al. questioned the importance of MC4R mutations in causing 

human obesity (18).  These investigators screened a total of 528 subjects for MC4R 

mutations by direct sequencing.  They were unable to identify any variants of the MC4R 

that were associated with obesity.  Interestingly, though, they identified three novel 

variants from normal weight subjects: I102T, F202L, and N240S.  However, they did not 

determine whether these variants cause functional impairments.  This is important 

because if any of the these variants results in functional defects, it will further strengthen 

the idea that MC4R mutations do not always cause obesity, i.e., the penetrance of 

MC4R mutations in causing obesity is not 100%. 

 The relevance of MC4R variants in eating disorders is not clear.  Based on its 

functions in regulating food intake, it is expected that constitutively activating mutations 

of the MC4R would be involved in anorexia nervosa, whereas loss-of-function mutations 

of the MC4R might be involved in bullemia nervosa.  So far, however, there are no 

reports of constitutively activating mutations in anorexia nervosa patients.  The only 

naturally occurring constitutively activating mutation reported thus far (L250Q) was, 

paradoxically, identified from an obese patient (19).  Recently, it was shown that this 

mutation has reduced cell surface expression, which might be the cause of obesity (14, 

16).  Although numerous reports of loss-of-function mutations in MC4R associated with 

obesity have been reported, the eating behavior of the obese patients with MC4R 
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mutations have not been documented in detail in most of these studies.  Obese patients 

with dominantly inherited MC4R mutations exhibit hyperphagia (20, 21), consistent with 

the observations in MC4R knockout mice (6).  They may (22) or may not (20, 21) exhibit 

preference for macronutrients.  With regards to binge eating disorder, earlier studies by 

Hebebrand and colleagues identified rare cases of binge eating patients with 

functionally relevant MC4R mutations (23, 24).  Recently, Branson et al. published a 

provocative and controversial article suggesting that all obese patients with MC4R 

“mutations” exhibited binge eating disorder (25).  However, 75% of the subjects with the 

so-called MC4R “mutations” have V103I, T112M, or I251L substitutions.  Extensive 

studies have shown normal functions for these three MC4R variants (19, 20, 26).  In 

addition, these variants were found at similar frequencies in obese and non-obese 

subjects (reviewed in (21)), again suggesting that they are not functionally relevant 

mutations.  Using the criteria proposed by O’Rahilly and colleagues that a MC4R 

mutation can be viewed as causative “only if it cosegregates with obesity in pedigrees, 

is absent in ethnically matched controls, and impairs the function of the encoded 

receptor” (27), these variants fail all three tests, casting serious doubt on the conclusion 

of the paper.  Branson et al. identified three novel variants T11A, F51L and M200V, 

which have not been reported in control subjects in their study or any other study (25).  

The functional characteristics of these novel variants were not known.   

 In addition, Schwartz and colleagues identified two novel variants of the MC4R 

(A154D and S295P) that cause partial hormone unresponsiveness (28).  However, it is 

not known what underlies the loss-of-function (i.e., decreased cell surface expression, 
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decreased ligand binding, and/or decreased agonist-stimulated activation of Gs).  A154 

is conserved in all melanocortin receptors (MCRs), whereas S295 is either Ser or Ala in 

other MCRs (http://www.gpcr.org, release 6.1).  Since these two codons are highly 

conserved in all MCRs, it is reasonable to expect that these two residues might be 

important in receptor function.

 In this study, we investigated the functional properties of the variants from these 

studies to address several questions: (1) How prevalent is intracellular retention in 

MC4R mutations that result in functional impairments?  (2) Are MC4R variants identified 

from patients with binge eating disorder functionally impaired, therefore pathogenic?  (3) 

Do all variants identified from obese patients cause a loss-of-function?  (4) How 

penetrant are loss-of-function mutations of MC4R in causing obesity? 

Materials and Methods 

In vitro mutagenesis of MC4R variants 

Wild-type (wt) MC4R with a myc epitope tag at the N terminus (after the initiating 

Met) has been described (17).  Mutant MC4Rs were generated using this construct by 

QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) as detailed 

previously (17, 29).  Briefly, primers incorporating the desired mutations were 

synthesized (Integrated DNA Technologies, Coralville, IA) and used to replace the wt 

sequence  by PCR using myc-MC4R in pBlueScript as the template and pfu Turbo DNA 
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polymerase (the sequences of the primers are available upon request from the 

corresponding author).   The PCR cycles consisted of denaturation at 95 C for 30 sec, 

and then 12 cycles of 95 C for 30 sec, 55 C for 30 sec, and 68 C for 12 min.  DpnI was 

used to digest the parental methylated DNA in pBlueScript in the reaction product (37C 

for 1 h), and the digested reaction product was transformed into the supercompetent 

XL1-Blue Escherichia coli cells (which repaired the nicked mutated plasmids).  

Individual colonies were grown and sequenced by automated DNA sequencing 

(performed by the DNA Core Facility of the University of Iowa Carver College of 

Medicine).  The plasmids with the correct mutation and without any spurious mutation 

introduced during PCR were ligated back into pcDNA3.1.  The final constructs in 

pcDNA3.1 were prepared with a Maxiprep kit (Qiagen, Valencia, CA) and were 

sequenced again before use in transfections.   

Cells and transfections 

HEK293 cells were maintained at 5% CO2 in DMEM containing 50 µg/ml gentamicin, 

10 mM HEPES, and 10% newborn calf serum.  Cells were plated on gelatin-coated 35-

mm six-well clusters (Corning, Corning, NY).  Calcium precipitation was used to 

transfect HEK293 cells, with 4 µg plasmid added to each 35-mm dish (30).  Cells were 

used 48 h after transfection to measure ligand binding and hormone stimulation of 

cAMP generation.  Nonclonal cells stably expressing MC4R were established by 

selecting cells in growth media containing 200 µg/ml geneticin for two weeks after 

transfection.  The cells were thereafter maintained in media containing geneticin. 
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[Nle4, D-Phe7]-α-MSH (NDP-MSH) binding to intact cells 

 The binding assay was described in detail before (17).  Briefly, 48 h after 

transfection, cells were washed twice with warm Waymouth’s MB752/1 media modified 

to contain 1 mg/ml BSA and 50 µg/ml gentamicin (hereafter referred to as 

Waymouth/BSA).  Fresh Waymouth/BSA was added to each well, together with 100,000 

cpm of [125I]-NDP-MSH (obtained from Perkin-Elmer Life and Analytical Sciences, 

Boston, MA) in 50 µl, with or without different concentrations of unlabelled NDP-MSH 

(purchased from Phoenix Pharmaceuticals, Belmont, CA), and incubated at 37C for 1 h.  

Then cells were placed on ice, and washed twice with cold Hank’s balanced salt 

solution containing 1 mg/ml BSA.  The cells were then dissolved in 100 µl 0.5 N NaOH, 

collected using cotton swabs, and counted in a γ-counter.  Binding capacity and IC50

were calculated using DeltaGraph software (Monterey, CA). 

Signaling properties of the mutant MC4Rs 

 Signaling properties of the MC4Rs were assessed by measuring intracellular cAMP 

levels in response to NDP-MSH stimulation (17).  Forty-eight hours after transfection, 

cells were washed twice with warm Waymouth/BSA, and 1 ml of fresh Waymouth/BSA 

containing 0.5 mM isobutyl methylxanthine was added to each well.  After 15 min 

incubation, either buffer alone or different concentrations of NDP-MSH were added and 

the cells were incubated for another hour at 37C.  Intracellular cAMP was extracted with 

0.5 N percholoric acid containing 180 µg/ml theophylline, and measured by RIA.  All 
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determinations were done in triplicate.  EC50’s and maximal responses (Rmax) were 

calculated using DeltaGraph.

Confocal imaging of mutant MC4Rs stably expressed in HEK293 cells 

 HEK293 cells stably expressing MC4Rs were prepared as described above.  The 

day before the experiment, HEK293 cells stably expressing wt or mutant MC4Rs were 

plated onto lysine-coated slides (Biocoat cellware, Falcon, Bedford, MA).  On the day of 

the experiment, cells were washed with filtered PBS-IH (consisting of 137 mM NaCl, 2.7 

mM KCl, 1.4 mM KH2PO4, 4.3 mM Na2HPO4, pH 7.4), and then incubated with blocking 

solution (5% BSA in PBS-IH) at room temperature for 1 h.  After aspirating the blocking 

solution, the cells were incubated for 1 h at room temperature with fluorescin-

conjugated monoclonal antibody 9E10 (Affinity Bioreagents, Golden, CO) diluted 1:100 

in PBS-IH containing 1 mg/ml BSA.  The cells were then washed five times with PBS-

IH, and sealed with Vectashield Mounting Media (Vector Laboratories, Burlingame, CA).  

Images were collected with a 1024 laser confocal microscope (BioRad, Hercules, CA).

Results

 In this study, we investigated the functional properties of ten variants previously 

identified in several studies.  These variants include: T11A in the extracellular domain, 

F51L in TM1, I102S and I102T in TM2, T112M in the first extracellular loop, A154D in 

the second intracellular loop, M200V and F202L in TM5, N240S in TM6, and S295P in 
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TM7 (shown schematically in Fig. 1).  These variants were identified from normal weight 

subjects (I102T, T112M, F202L, and N240S), obese patients (I102S, A154D, and 

S295P), or obese patients with binge eating disorder (F51L, T112M, and M200V).  The 

functional properties of these variants were previously either not investigated or 

conflicting results were reported.  Therefore, we systematically studied the cell surface 

expression, ligand binding, and signaling properties of these variants.

 Since previous studies showed that intracellular retention is the major defect 

underlying loss-of-function MC4R mutants, we studied the cellular localization of the 

MC4R variants.  Cells stably expressing wt or mutant MC4Rs were immuno-stained with 

9E10 monoclonal antibody against the myc epitope and visualized by confocal 

microscopy.  Although this method does not permit quantification of receptor 

expression, the results clearly show that all the mutants are expressed on the cell 

surface (Fig. 2). 

 To study whether the MC4R variants expressed on the cell surface could bind 

agonist, whole cell binding assays were performed.  Of the ten variants, I102S and 

I102T showed dramatic decreases in maximal binding (Fig. 3 and Table 1).  I102S 

MC4R (identified from an obese patient) exhibited minimal binding, whereas I102T 

MC4R (identified from a normal weight subject) retained 20% of wt binding capacity.  

N240S MC4R (identified from a non-obese subject) showed a partial decrease in 

maximal binding.  The other seven variants had binding capacities and affinities similar 

to the wt MC4R (Fig. 1 and Table 1). 
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 To investigate whether the variant MC4Rs retained normal signaling properties, cells 

transiently transfected with wt or mutant MC4Rs were stimulated with different 

concentrations of the superpotent agonist NDP-MSH, and intracellular accumulation of 

cAMP was measured.  As shown in Fig. 4 and Table 1, all mutants except I102S (from 

an obese patient) and N240S (from a normal weight subject) responded to NDP-MSH 

stimulation with similar maximal responses as the wt MC4R.  N240S MC4R showed a 

small decrease in the maximal response.  I102S MC4R had a maximal response equal 

to 50% of wt MC4R, and its EC50 was increased about 15-fold.  The EC50 was increased 

by 4-fold in A154D MC4R (identified from an obese patient).  The EC50’s for the other 

mutants were similar as the wt MC4R.

 Vaisse and colleagues recently suggested that constitutive activity of the MC4R also 

plays a role in determining food intake (31).  Therefore, we also compared the basal 

activities of the mutants.  We found that I102S, I102T, A154D, F202L, and N240S have 

decreased basal activities, whereas T11A, F51L, T112M, and S295P have similar basal 

activities as compared to the wt MC4R (Fig. 5).

Discussion 

Since the initial reports of MC4R mutations associated with early-onset severe 

obesity (10, 11), more than 70 variants have been reported from various patient cohorts 

(summarized in (12)).  Until recently, the functional consequences of the variants 
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identified in many of these studies were not investigated.  Therefore, only an 

association rather than a cause and effect relationship could be provided.   Several 

studies attempted to provide this missing link.  These studies showed that the 

predominant cause of the loss-of-function phenotype exhibited by MC4R mutants is 

intracellular retention of the mutants, resulting in the absence or decreased cell surface 

expression of the mutant receptors (14-17).  Very few mutant MC4Rs have been 

identified that are expressed on the cell surface but are defective in ligand binding or 

signaling (15, 22, 32) (reviewed in (12)).

In this study, we performed detailed functional characterization of ten variants 

previously identified from normal weight subjects (I102T, T112M, F202L, and N240S), 

obese patients (I102S, A154D, and S295P), or obese patients with binge eating 

disorder (F51L, T112M, and M200V).  Our results are summarized in Table 2.  In 

contrast to earlier studies on the MC4R mutants, the ten MC4R variants studied here 

are all expressed on the cell surface (Fig. 2).  Previously, using fluorescence activated 

cell sorting, Lubrano-Berthelier et al. showed that I102S had decreased cell surface 

expression (14).  Similarly, by confocal microscopy, we show that I102S MC4R is 

expressed on the cell surface although with a lower intensity of staining as compared to 

the wt MC4R.  Interestingly, we observed minimal binding activity in cells expressing 

I102S, suggesting that this mutation may also be partially defective in ligand binding.  

Similarly, I102T also exhibits a decrease in binding activity greater than would be 

expected based upon the cell surface immuno-localization of the mutant.  The 
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decreased cell surface expression and ligand-binding defects in these mutants result in 

decreased hormone-stimulated signaling (Fig. 4 and Table 1).

It appears that there are spare receptors in the heterologous expression system 

used here.  For example, I102S binding to NDP-MSH can barely be detected, but it 

retained 50% of maximal hormonal responsiveness compared to the wt MC4R.  

Similarly, I102T had only 20% binding capacity of wt MC4R, yet it had the same 

maximal response as the wt MC4R with only a small increase in EC50  (Table 1).

1.  The relevance of MC4R mutations to binge eating disorder 

 The relevance of MC4R mutations in eating disorders is not known.  No 

constitutively activating mutations have been reported from anorexia nervosa patients.  

Although it is widely accepted that loss-of-function mutations in the MC4R gene are 

associated with obesity, the eating behaviors of the obese patients with MC4R 

mutations have not been documented in detail in most of these studies.  Only a few 

studies reported hyperphagia either with a test meal (20, 21) or via medical history (22).  

With regards to binge eating disorder, one out of 19 mutation carriers was found to have 

binge eating disorder in one study (23).  A recent report suggesting that all obese 

patients harboring MC4R variants exhibited binge eating disorder (25) has aroused 

much interest and controversy.  Three quarters of the patients in the study have variants 

V103I, T112M, or I251L, which had been shown previously to be polymorphisms with 

normal functions.  Indeed, these variants have been found in normal weight subjects 



15

with similar frequencies.  Although T112M was reported to have a partial defect with 

decreased cell surface expression (16), our data are consistent with earlier reports (20, 

26) that showed that T112M has normal functions.  These results cast serious doubt on 

the conclusions reached in the study of Branson et al. (25).  The two novel variants we 

examined herein, F51L and M200V, also have normal functions as compared to the wt 

MC4R (Figs. 2-4).  Therefore, these variants cannot fulfill any of the criteria proposed by 

O’Rahilly to establish a cause and effect relationship for binge eating disorder (27).  

Recently, another study characterized the eating behaviors of carriers of functionally 

relevant MC4R gene mutation carriers and found no strong association of binge eating 

behavior with MC4R gene mutations (33).  Whether MC4R mutations are involved in the 

pathogenesis of binge eating disorder remains to be investigated. 

2.  The expressivity of MC4R mutation in obesity 

 The penetrance of MC4R mutations in causing obesity is also controversial.  Some 

investigators found that MC4R mutations are 100% in causing obesity, whereas other 

studies have reported lower levels of penetrance.  One factor accounting for these 

apparent discrepancies could be different ethnic backgrounds of the patient cohorts 

studied.  Another potential factor is that in some studies it was not ascertained whether 

the variants identified from the patients indeed cause a defect in the receptor’s function.  

A variant with normal pharmacological properties is not likely to result in obesity.  

Because a clear correlation has been observed between the severity of the defect and 

obesity (21), investigating the functional ramifications of the variants is of clinical 
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importance.  In the present study, of the three variants identified from obese patients, 

I102S, A154D, and S295P, only I102S results in a loss-of-function.  I102S has been 

reported to have decreased cell surface expression compared to wt MC4R (14).  The 

other two variants, A154D and S295P, behave similarly to the wt MC4R in cell surface 

expression, ligand binding, and signaling, except that A154D has a slightly decreased 

basal activity (Figs. 2-5).  Therefore, whether these variants were the cause of obesity 

observed in the patients harboring the variants is not known.  It was previously indicated 

that A154D and S295P are partially inactivating (28).  We cannot determine the basis 

for the discrepancies between our results and the original report. 

 Another way to investigate the penetrance is to identify loss-of-function mutations 

from non-obese subjects.  In a large screening study, Jacobson et al. identified three 

variants I102T, F202L, and N240S from non-obese subjects (18).  We showed here that 

I102T results in loss-of-function, whereas N240S results in a small decrease in both 

binding capacity and maximal response.  Since the subjects harboring these variants 

were not obese, these results also suggest that MC4R mutations do not always result in 

obesity.   Perhaps this also reflects the fact that obesity is a multi-factorial disease, with 

both genetic and environmental components.  

 We recently proposed a classification scheme based on in vitro properties of the 

mutant receptors to catalog this ever-increasing battery of MC4R mutations.  This 

classification scheme was modeled after the classification of LDL receptor mutations 

causing familial hypercholesterolemia (34) and cystic fibrosis transmembrane 
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conductance regulator mutations causing cystic firbosis (35).  As such, Class I are null 

mutants; Class II are intracellularly trapped mutants; Class III are binding defective 

mutants; Class IV are signaling defective mutants; and Class V are variants with 

apparently normal function (17).  According to this scheme, all the variants 

characterized here except I102S, I102T and N240S would belong to Class V.  N240S 

may be classified as a Class II mutant, with slightly decreased cell surface expression.  

Mutants I102S and I102T belong to Class III.  It should be emphasized that no direct 

relationship between the different categories of the mutations and severity of obesity 

can be assumed. 

3.  The importance of functional studies when new MC4R variants are identified 

 All the studies on functional characterization of the MC4Rs used the artificial 

expression system in HEK293 cells.  The only study that used a neuronal cell line 

showed that the same results were obtained when compared with the experiments 

using HEK293 cells (14).  HEK293 cells are widely used for pharmacological studies 

because of its high expression of the downstream signaling molecules, including Gs and 

adenylyl cyclase.  Together with its ease of transfection, these cells are ideal for 

studying Gs-coupled GPCRs.  One validation of the system is that correlation of the 

severity of the defect in vitro with severity of obesity in vivo was observed (21).  

However, there is one obvious disadvantage of using this cell line, i.e. the presence of 

spare receptors. Therefore, although the expression is decreased for some mutants 

expressed in HEK293 cells, the signaling of those cells is similar to wt MC4R 
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presumably due to spare MC4Rs in the HEK293 cells. (Since loss-of-function MC4R 

mutations cause obesity by haploinsufficiency, no spare receptors are likely to be 

present in vivo).   It is important, therefore, that studies on the functional properties of 

MC4Rs variants in HEK293 cells examine cell surface receptor expression and ligand 

binding properties in addition to hormone-stimulated cAMP because defects in receptor 

expression and/or ligand binding (which would have detrimental effects in vivo) may not 

be severe enough to permit detection of a loss of signaling in the HEK293 cells. 

Of the about 70 variants that have been reported so far, some variants are 

associated with dominantly inherited obesity (20, 21) with (32) or without (15) dominant 

negative activity.  In some reports, no appropriately genotyped controls or co-

segregation data or functional studies were provided.  The identification of a novel 

variant from an obese subject without functional data cannot be used to conclude that 

the novel variant is responsible for the obesity observed in the patient.  The present 

study, together with our earlier studies (17), showed that some variants identified from 

obese subjects do not cause functional defects as determined by the parameters 

measured.  These results strongly emphasize the importance of comprehensive 

functional studies when new variants are identified from obese subjects.  It is hoped that 

in future studies on MC4R mutations and obesity the criteria of O’Rahilly (27) be used 

consistently.

In summary, the results presented here suggest that the expression of MC4R 

mutation in causing obesity is not 100%, since variants identified from obese patients 
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have normal functions, and variants identified form non-obese subjects result in loss-of-

function.  Furthermore, the relevance of MC4R variants in binge eating disorder needs 

further investigation. 
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Table 1 Ligand binding and agonist-stimulated cAMP production of wt and mutant 

MC4Rs

 NDP-MSH Binding NDP-MSH-stimulated cAMP 
IC50 (nM) Bmax (% wt) EC50 (nM) Rmax (% wt) 

Wt 6 5.41 + 1.52 100 0.25 + 0.08 100 
  Normal weight subjects    

I102T 4 8.67 + 1.47 20 + 5 0.59 + 0.16 126 + 33 
T112M 3 8.05 + 2.59 130 + 21 0.18 + 0.03 120 + 33 
F202L 3 5.75 + 2.43 87 + 2 0.27 + 0.10   89 + 10 
N240S 3 5.92 + 2.85   65 + 17 0.12 + 0.04   72 + 11 

  Obese patients    
I102S 3 176.90 + 63.40  2 + 1 3.05 + 2.08 51 + 14 
A154D 3   3.78 + 0.98 126 + 46 1.09 + 0.31     126 + 35 
S295P 3   6.27 + 2.36 129 + 29 0.37 + 0.14     112 + 19 

  Patients with binge eating disorder    
T11A 3   9.72 + 3.22 136 + 46 0.12 + 0.06 109 + 38 
F51L 3   3.34 + 1.25 108 + 40 0.36 + 0.12   99 + 13 

T112M 3   8.05 + 2.59 130 + 21 0.18 + 0.03 120 + 33 
M200V 2   8.77 + 6.73            111 + 3 0.33 + 0.25 104 + 10 

Data shown are the mean ± SEM of the indicated number of experiments.  The Bmax

(maximal binding) of cells expressing wt MC4R was 0.047 + 0.005 nmoles NDP-MSH 

bound/106 cells and the Rmax (maximal response) was 490.0 + 77.0 pmol cAMP/106

cells (mean ± SEM of 6 experiments).  IC50 is the concentration of NDP-MSH that is 

needed to cause 50% inhibition in the binding assay.  EC50 is the concentration of NDP-

MSH that results in 50% stimulation of the maximal response.  The variants were from 

normal weight subjects (I102T, T112M, F202L, and N240S), obese patients without 

binge eating disorder (I102S, A154D, and S295P), or obese patients with binge eating 

disorder (T11A, F51L, T112M, and M200V).

nMC4R
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Table 2 Summary of the functional properties of the ten variants studied herein

MC4R Surface
expressiona

Binding Signaling Classb

 Normal weight subjects  
I102T + ↓ ↓ III
T112M + + + V 
F202L + + + V 
N240S + ↓ ↓ II

 Obese patients 
I102S + ↓ ↓ III
A154D + + + V 
S295P + + + V 

Patients with binge eating disorder 
T11A      + + + V 
F51L      + + + V 
T112M      + + + V 
M200V      + + + V 

+: Denotes the particular function is normal. 

a:  Cell surface expression was assessed by confocal microscopy, therefore it is not 

quantitative.

b:  The classification of the MC4R mutants are based on the scheme we proposed 

earlier (17).
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Figure Legends 

Figure 1.  Snake plot of human MC4R, depicting the locations of the variants studied in 

this study. These variants were identified from normal weight subjects (I102T, T112M, 

F202L, and N240S), obese patients (I102S, A154D, and S295P), or obese patients with 

binge eating disorder (T11A, F51L, T112M, and M200V). 

Figure 2.  Confocal imaging of wt and mutant myc-MC4Rs.  Cells stably expressing wt 

or mutant myc-MC4Rs were fixed without permeabilization, and stained with florescein-

conjugated anti-myc monoclonal antibody 9E10 and imaged by confocal microscopy. 

The variants were from normal weight subjects (I102T, T112M, F202L, and N240S), 

obese patients (I102S, A154D, and S295P), or obese patients with binge eating 

disorder (T11A, F51L, T112M, and M200V). 

Figure 3.  Intact cell surface binding to NDP-MSH in HEK293 cells expressing wt or

mutant MC4Rs.   HEK293 cells were transiently transfected, and binding assays were 

performed as described in Materials and Methods.  Different concentrations of 

unlabeled NDP-MSH were used to displace the binding of [125I]-NDP-MSH to wt or 

mutant MC4Rs on intact cells.  Results shown are expressed as the mean + range of 

duplicate determinations within one experiment.  All experiments were performed at 

least two times and similar results were obtained.  The variants were from normal 

weight subjects (I102T, T112M, F202L, and N240S), obese patients (I102S, A154D, 
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and S295P), or obese patients with binge eating disorder (T11A, F51L, T112M, and 

M200V).

Figure 4.  Accumulation of intracellular cAMP in HEK293 cells expressing wt or mutant 

MC4Rs.  HEK293 cells were transiently transfected, stimulated with various 

concentrations of NDP-MSH, and intracellular cAMP levels were measured as 

described in Materials and Methods.  Results are expressed as the mean + SEM of 

triplicate determinations within one experiment.  All experiments were performed at 

least two times and similar results were obtained.  The variants were from normal 

weight subjects (I102T, T112M, F202L, and N240S), obese patients (I102S, A154D, 

and S295P), or obese patients with binge eating disorder (T11A, F51L, T112M, and 

M200V).

Figure 5.  Constitutive activities of wt and mutant MC4Rs.  The basal activities of wt and 

mutant MC4Rs were assessed by measuring cAMP levels in cells expressing wt or 

mutant MC4Rs in the absence of NDP-MSH.  The results are expressed as % of wt 

basal cAMP level.  Shown are mean + SEM of three or more experiments.  The basal 

cAMP level in wt MC4R was 14.65 + 2.65 pmoles/106 cells (mean + SEM of 6 

experiments).
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