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a b s t r a c t

The melanocortin-3 receptor (MC3R) is an important regulator of energy homeostasis,

inflammation, and cardiovascular function. Inactivating mutations in MC3R gene are

associated with childhood obesity. How MC3R binds to its ligands has rarely been studied.

In the present study, we systematically mutated all ten acidic residues in transmembrane

(TM) domains and measured the cell surface expression levels as well as ligand binding and

signaling properties of these mutants. Our results showed that of the 19 mutants stably

expressed in HEK293 cells, all were expressed on the cell surface, although some mutants

had decreased levels of cell surface expression. We showed that with the superpotent

analog [Nle4, D-Phe7]-a-melanocyte stimulating hormone (MSH), E92, E131, D154, D158,

D178, and D332 are important for ligand binding. D121 and D332 are important for binding

and signaling. Further experiments using other ligands such as D-Trp8-g-MSH, a-MSH and g-

MSH showed that different ligands induce or select different conformations. In summary,

we showed that acidic residues in TMs 1 and 3 are important for ligand binding whereas the

acidic residues in TMs 2 and 7 are important for both ligand binding and signaling.
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1. Introduction

The melanocortin-3 receptor (MC3R) is a member of the

superfamily of G protein-coupled receptors (GPCRs). It was

originally cloned independently by Cone and Gantz from rat

and human, respectively [1,2]. It is expressed in several brain

regions, including the arcuate nucleus and ventromedial

nuclei of the hypothalamus and limbic system [2]. It is also

expressed in a variety of peripheral tissues, including the

placenta, heart, and the gut [1], as well as in immune cells such

as macrophages [3,4].

During the past few years, the MC3R was increasingly

recognized as an important regulator of energy homeostasis,

especially fat metabolism. In gene targeting studies, MC3R and

melanocortin-4 receptor (MC4R) were shown to have non-
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redundant roles in regulating energy homeostasis. Whereas

the MC4R regulates both food intake and energy expenditure,

the MC3R was shown not to affect food intake or energy

expenditure [5–7]. Despite normal or decreased food intake

and normal energy expenditure, MC3R knockout (KO) mice

exhibited increased fat mass (approximately twice that of wild

type (WT) littermates) due to increased feed efficiency [6,7].

Mice lacking both the MC3R and MC4R showed exacerbated

obesity compared to MC3R or MC4R single gene KO mice,

suggesting that the two neural MCRs regulate different aspects

of energy homeostasis [6]. These studies were done in C57BL/6J

mice. Recently, Gettys and co-workers generated KO mice in

Black Swiss; 129, a mouse strain resistant to obesity. This

study showed that MC3R KO produced a comparable degree of

increased adiposity as the MC4R KO [8]. Recent studies showed
.
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Fig. 1 – Serpentine model of the human MC3R. The most highly conserved residues in each TM are indicated by the white

letter on dark background. The residues mutated in this study are highlighted in white letter on gray background except

D121 that is also the most highly conserved residue in TM2.
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that injections of a selective MC3R agonist D-Trp8-g-MSH

increase food intake in mice [9,10], suggesting that MC3R is

also involved in regulating food intake.

Naturally occurring mutations and polymorphisms in the

MC3R gene have been identified from obese patients. So far,

eight MC3R variants have been reported, including T6K,

A70T, V81I, M134I, I183N, A293T, I335S, and X361S [11–15].

Functional studies revealed a number of defects, including

decreased total expression, intracellular retention, and

defects in receptor activation [12,14–18]. Clinical studies

showed that there is a gene–diet interaction in weight-

loss program in carriers of the common polymorphic

variants T6K/V81I [19], probably due to defect in substrate

oxidation [20], consistent with data obtained in MC3R KO

mice [21].

In addition to its role in regulating energy homeostasis,

MC3R is also involved in direct regulation of the cardiovascular

system, including the heart and blood pressure [22–24] and

inflammation [25].

As is typical of GPCRs, the MC3R consists of the typical

heptahelical structure, with an extracellular NH2 terminus

and intracellular COOH terminus (schematically depicted in

Fig. 1). Previous studies with the MC4R have identified several

residues critical for binding to the superpotent analog of a-

melanocyte stimulating hormone (MSH), [Nle4, D-Phe7]-a-MSH

(NDP-MSH) [26,27]. These include acidic residues D122 and

D126 in transmembrane (TM) domain 3 as well as other
residues such as hydrophobic residues in TM5 and TM6.

Modeling studies (not based on rhodopsin crystal structure)

suggested that the hydrophobic pocket of the ligand binding

site are different between the MC3R and MC4R, whereas

charge–charge interactions between the ligand and the

receptor are similar in the two melanocortin receptors (MCRs)

[28]. This prediction has not been verified experimentally.

Since few studies have been performed to investigate the

possible ligand interaction sites on the MC3R, we system-

atically investigated the functions of ten acidic residues in the

TMs of human MC3R (hMC3R) in ligand binding and receptor

activation.

In addition to D154 (3.25) and D158 (3.29) in TM3

(corresponding to D122 and D126 in the MC4R), there are

eight additional acidic residues that can potentially form a

salt bridge with Arg in the pharmacaphore (HFRW) of the

ligands [29]. These include: E73 (1.30), E80 (1.37), E92 (1.49),

D121 (2.50), E131 (2.60), D178 (3.49), E221 (5.27), and D332 (7.49)

Fig. 1 (The numbers in the brackets are numbering based on

the Ballesteros and Weinstein system, with the first number

representing the helix, and the second number representing

the residue’s relative position to the most highly conserved

residue in that TM designated as 50, decreasing towards the

amino terminus, and increasing towards the carboxyl

terminus). These ten acidic residues were mutated to

investigate their possible roles in ligand binding and

signaling.
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2. Materials and methods

2.1. Hormones and supplies

NDP-MSH was purchased from Bachem (King of Prussia, PA).

a-And g-MSH were purchased from Phoenix Pharmaceuticals

(Belmont, CA). D-Trp8-g-MSH was synthesized by Peptides

International (Louisville, KY). Iodinated NDP-MSH was pur-

chased from the Peptide Radioiodination Service Center at the

University of Mississippi (University, MS). Plates and flasks for

tissue culture were purchased from Corning (Corning, NY).

Tissue culture media, newborn calf serum, trypsin, and

antibiotics were all obtained from Invitrogen (Carlsbad, CA).

2.2. In vitro mutagenesis of hMC3R

The wild type hMC3R tagged at the N-terminus with 3�HA tag

was obtained from Missouri S&T cDNA Resource Center

(http://www.cDNA.org/, Rolla, MO). Point mutants were

generated by QuikChangeTM site-directed mutagenesis kit

(Stratagene, La Jolla, CA) as described in detail before [30].

IsoPure DNA purification kits from Denville Scientific (Metu-

chen, NJ) were used to prepare the plasmids for transfection.

Automated DNA sequencing, performed at the DNA Sequen-

cing Facility of University of Chicago Cancer Research Center

(Chicago, IL), was used to confirm that only the intended

mutations were introduced in the constructs.

2.3. Cells and transfections

HEK293T cells, obtained from American Type Culture Collec-

tion (Manassas, VA), were maintained at 5% CO2 in Dulbecco’s

modified Eagle’s medium containing 50 mg/ml gentamicin,

10 mM Hepes, and 10% newborn calf serum. Cells were plated

on gelatin-coated 35 mm 6-well clusters. When the cells

reached 50–70% confluency, they were transfected using the

calcium precipitation method [31]. Four micrograms plasmid

in 2 ml media was used per 35 mm well. Cells were used

approximately 48 h after transfection for measuring ligand

binding and signaling.

2.4. Ligand binding to intact cells

Ligand binding assays were performed as described in detail

before [30]. Briefly, HEK293T cells were transfected as described

above. Approximately 48 h after transfection, cells were

washed two times with warm Waymouth’s MB752/1 media

(Sigma, St. Louis, MO) containing 1 mg/ml bovine serum

albumin (BSA) and 50 mg/ml gentamicin) (herein referred as

Waymouth/BSA) and then incubated with 100,000 cpm of [125I]-

NDP-MSH with orwithoutdifferentconcentrations ofunlabeled

ligands at 37 8C for 1 h. Concentrations of the unlabeled ligands

are indicated inthe figures. Toterminate thereaction, cellswere

placed directly on ice, washed twice with cold Hank’s balanced

salt solution containing 1 mg/ml BSA and 50 mg/ml gentamicin.

Cells were solubilized with 100 ml of 0.5 N NaOH. Cell lysates

were then collected using cotton swabs, and counted in a

gamma counter. Concentrations that result in 50% inhibition

(IC50) and receptor occupancy (RO) were calculated using

GraphPad Prism 4.0 software (San Diego, CA).
2.5. Signaling assay to measure ligand stimulation of
intracellular cAMP production

Transient transfection of HEK293T cells was performed as

described above. Two days after transfection, cells were

washed twice with warm Waymouth/BSA. Then fresh Way-

mouth/BSA containing 0.5 mM isobutylmethylxanthine

(Sigma) was added to each well. After 15 min incubation at

37 8C, either buffer alone or different concentrations of ligands

were added and the incubation was continued for another

hour. The final concentrations of the ligands are indicated in

the figures. Intracellular cAMP was extracted using 0.5 N

percholoric acid containing 180 mg/ml theophylline (Sigma),

and measured using radioimmunoassay [32]. All determina-

tions were performed in triplicate. Maximal responses (Emax)

and concentrations that result in 50% maximal response (EC50)

were calculated using Prism 4.0 software.

2.6. FACS assay of HEK293 cells stably expressing WT or
mutant hMC3Rs

Cells stably expressing WT or mutant hMC3Rs were estab-

lished as described before [30,33]. The day before the

experiment, cells were plated into wells of 6-well plates.

On the day of the experiment, cells were washed twice with

filtered phosphate-buffered saline for immunohistochemis-

try (PBS-IH) [in mM, consisting of 137 NaCl, 2.7 KCl, 1.4

KH2PO4, and 4.3 Na2HPO4 (pH 7.4)], fixed with 4% parafor-

maldehyde for 30 min, and then incubated with blocking

solution (5% BSA in PBS-IH) for 1 h. Cells were then incubated

for 1 h with Alexa Fluor1 488 Labeled HA.11 monoclonal

antibody (CRP Inc., Princeton, NJ) diluted 1:200 in PBS-IH

containing 1 mg/ml BSA. Cells were then washed three times

with PBS-IH and assayed with a MoFlo7-color flow cytometer

& high-performance sorter (Dakocytomation, Fort Collins,

CO). All the steps were performed at room temperature. The

expression level of the mutants was calculated as a

percentage of WT expression using the formula:

[mutant � pcDNA3]/[WT � pcDNA3] � 100%.

2.7. Statistical analyses

Student’s t-test was used to determine the significance of

differences in cell surface expression levels as well as the

signaling and binding parameters between WT and mutant

hMC3Rs. The statistical analysis was carried out using

GraphPad Prism 4.0.
3. Results

3.1. Ligand binding and signaling properties of the mutant
hMC3Rs using NDP-MSH as the ligand

To study the importance of acidic TM residues in ligand

binding and signaling, we mutated all ten acidic TM residues

by site-directed mutagenesis. For these studies, Asp was

mutated to Glu (to conserve negative charge) or Gln (to

eliminate negative charge). Similarly, Glu was mutated to Asp

(to conserve negative charge) and Gln (to eliminate negative

http://www.cdna.org/


Fig. 2 – Ligand binding and signaling properties of the WT and mutant hMC3Rs with NDP-MSH as the ligand. HEK293T cells

were transiently transfected with the indicated hMC3R constructs and binding and signaling properties of the hMC3Rs were

measured as described in Section 2. In (A) different concentrations of unlabeled NDP-MSH were used to displace the binding

of 125I-NDP-MSH to hMC3Rs on intact cells. Results shown are expressed as % of WT binding W range from duplicate

determinations within one experiment. In (B) HEK293T cells transiently transfected with the indicated hMC3R constructs

were stimulated with different concentrations of NDP-MSH. Intracellular cAMP levels were measured using

radioimmunoassay. Results are expressed as the mean W S.E.M. of triplicate determinations within one experiment. All

experiments were performed at least three times (see Table 1 for the number of experiments done for each hMC3R).
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charge but conserve size). We reasoned that results obtained

from these mutants would reveal whether the negative charge

is important for ligand binding and/or receptor activation. A

total of twenty mutants were generated.

We first studied the ligand binding and signaling properties

of the mutants using NDP-MSH as the ligand. Since NDP-MSH
is a superpotent analog, we reasoned that if a mutant cannot

bind and respond to NDP-MSH, it would not be able to bind and

respond to the native ligands such as a- and g-MSH.

As shown in Fig. 2 and Table 1, the WT hMC3R binds to

NDP-MSH with an IC50 of 2.84 nM and responds to NDP-MSH

stimulation with dose-dependent increases in cAMP



Table 1 – NDP-MSH-stimulated signaling and ligand binding of WT and mutant hMC3Rs

hMC3R n NDP-MSH-stimulated cAMP NDP-MSH binding

EC50 (nM) Emax (% WT) IC50 (nM) RO (% WT)

WT 19 0.86 � 0.13 100 2.84 � 0.48 100

E73D 4 0.52 � 0.16 73 � 17 1.35 � 0.13a 95 � 13

E73Q 3 1.23 � 0.37 139 � 52 1.61 � 0.15 107 � 14

E80D 3 1.42 � 0.69 22 � 5b 1.03 � 0.32a 39 � 7c

E80Q 3 0.30 � 0.08 56 � 13a 1.22 � 0.29 58 � 7c

E92D 3 NDd NDd NDd NDd

E92Q 3 NDd NDd NDd NDd

D121E 3 NDd NDd NDd NDd

D121Q 3 NDd NDd 2.26 � 0.56 16 � 5b

E131D 3 139.16 � 29.59b 22 � 7b NDd NDd

E131Q 4 NDd NDd NDd NDd

D154E 3 4.24 � 1.38a 87 � 13 3.07 � 1.12 17 � 3c

D154Q 3 117.25 � 23.86b 103 � 13 NDd NDd

D158E 3 NDd NDd NDd NDd

D158Q 3 NDd NDd NDd NDd

D178E 3 0.56 � 0.11 56 � 15 1.53 � 0.19 53 � 5c

D178Q 3 NDd NDd NDd NDd

E221D 3 2.22 � 0.92 201 � 54 2.17 � 0.80 112 � 10

E221Q 3 1.52 � 0.24 101 � 45 1.39 � 0.24 93 � 12

D332E 4 NDd NDd NDd NDd

D332Q 3 NDd NDd 1.77 � 0.27 57 � 7c

The data are expressed as the mean � S.E.M. of three or four independent experiments. The maximal response under NDP-MSH stimulation

was 2308 � 362 pmol cAMP/106 cells for WT hMC3R. Binding is shown as receptor occupancy (RO) that is a crude estimate of the relative

maximal binding level.
a Significantly different from WT hMC3R, p < 0.05.
b Significantly different from WT hMC3R, p < 0.01.
c Significantly different from WT hMC3R, p < 0.001.
d ND, could not be detected.
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production. The EC50 was 0.86 nM. Of the twenty mutants, ten

had no measurable ligand binding (Fig. 2A). These mutants

were E92D, E92Q, D121E, E131D, E131Q, D154Q, D158E, D158Q,

D178Q, and D332E. Ten mutants had no measurable signaling

in response to NDP-MSH stimulation (Fig. 2B). These mutants
Fig. 3 – Cell surface expression of the WT and mutant

hMC3Rs. Cells stably expressing WT or mutant hMC3Rs

were stained with HA monoclonal antibody for the 3T HA

epitope at the N-terminus of the hMC3R. Results are

expressed as % of WT expression levels. Star ($) indicates

significantly different from WT hMC3R.
were E92D, E92Q, D121E, D121Q, E131Q, D158E, D158Q, D178Q,

D332E, and D332Q. The following five mutants had decreased

ligand binding and/or signaling: E80D, E80Q, D154E, D178E,

E221Q. Only three mutants, E73D, E73Q and E221D, had normal

ligand binding and signaling. None of the mutants are

constitutively active (data not shown).

3.2. Cell surface expression of the hMC3R mutants

Flow cytometry was used to determine the cell surface

expression of the mutant receptors. Cells stably transfected

with the empty vector was used to correct for background

staining. We were unable to establish cells stably expressing

D332E hMC3R after three separate transfections. Of the 19

mutants that were stably expressed in HEK293 cells, our data

showed that they were all expressed on the cell surface (Fig. 3).

Three mutants, including E80D, E92D and D158E had

decreased cell surface expression. E131D and D154Q hMC3R

had increased cell surface expression (Fig. 3).

3.3. Ligand binding and signaling properties of the mutant
hMC3Rs using D-Trp8-g-MSH as the ligand

D-Trp8-g-MSH is a superpotent analogue of g-MSH discovered

by Hruby and co-workers [34]. They found that D-Trp8-g-MSH

is even more selective than the natural g-MSH towards MC3R

[34]. With this analog, the IC50 is 6.7 nM for hMC3R, and 600 nM

for hMC4R; the EC50 is 0.33 nM for hMC3R, and 100 nM for

hMC4R [34]. Therefore, the analog is about 2 orders of



Fig. 4 – Ligand binding and signaling properties of the WT and mutant hMC3Rs with D-Trp8-g-MSH as the ligand. HEK293T

cells were transiently transfected with the indicated hMC3R constructs and binding and signaling properties of the hMC3Rs

were measured as described in Section 2. In (A), different concentrations of unlabeled D-Trp8-g-MSH were used to displace

the binding of 125I-NDP-MSH to hMC3Rs on intact cells. Results shown are expressed as % of WT binding W range from

duplicate determinations within one experiment. In (B), HEK293T cells transiently transfected with the indicated hMC3R

constructs were stimulated with different concentrations of D-Trp8-g-MSH. Intracellular cAMP levels were measured using

radioimmunoassay. Results are expressed as the mean W S.E.M. of triplicate determinations within one experiment. All

experiments were performed at least three times (see Table 2 for the number of experiments done for each hMC3R).
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magnitude more selective at hMC3R in terms of binding, and

300-fold more selective towards hMC3R in terms of signaling

[34].

We studied the ligand binding and signaling properties of

the nine mutants that had detectable ligand binding and

signaling when NDP-MSH was used as the ligand. As shown in

Fig. 4 and Table 2, the WT hMC3R bound to D-Trp8-g-MSH with

an IC50 of 6.23 nM, and responded to D-Trp8-g-MSH stimula-
Table 2 – Ligand binding and D-Trp8-g-MSH stimulated cAMP

hMC3R n D-Trp8-g-MSH-s

EC50 (nM)

WT 8 0.69 � 0.15

E73D 4 0.42 � 0.06

E73Q 4 0.70 � 0.26

E80D 4 0.71 � 0.27

E80Q 3 0.84 � 0.31

D154E 3 231.80 � 75.56a

D178E 3 0.50 � 0.13

E221D 3 0.65 � 0.28

E221Q 3 0.58 � 0.02

D332Q 3 16.99 � 4.83a

The data are expressed as the mean � S.E.M. of three or four indep

stimulation was 2162 � 338 pmol cAMP/106 cells for WT hMC3R.
a Significantly different from WT hMC3R, p < 0.05.
b Significantly different from WT hMC3R, p < 0.001.
tion with increased cAMP production. The EC50 was 0.69 nM.

These results are in good agreement with the results obtained

by Hruby and co-workers [34]. All the other mutants except

D154E bound to D-Trp8-g-MSH with similar IC50 as the WT

hMC3R (Table 2). All other mutants (except D154E and D332Q)

responded to D-Trp8-g-MSH stimulation with similar EC50 as

the WT hMC3R (Table 2). The maximal responses were

decreased with E80D and D332Q (Table 2).
production of WT and mutant hMC3Rs

timulated cAMP D-Trp8-g-MSH binding

Emax (% WT) IC50 (nM)

100 6.23 � 1.80

130 � 45 5.17 � 2.41

87 � 21 5.24 � 1.78

32 � 5b 2.57 � 1.02

99 � 18 2.61 � 0.46

88 � 31 106.24 � 30.66b

64 � 14 3.84 � 1.79

135 � 53 5.30 � 1.79

215 � 58 5.25 � 2.45

9 � 1b 8.24 � 1.85

endent experiments. The maximal response under D-Trp8-g-MSH



Fig. 5 – Ligand binding and signaling properties of the WT and mutant hMC3Rs with a-MSH as the ligand. HEK293T cells

were transiently transfected with the indicated hMC3R constructs and binding and signaling properties of the hMC3Rs were

measured as described in Section 2. In (A) different concentrations of unlabeled a-MSH were used to displace the binding of
125I-NDP-MSH to hMC3Rs on intact cells. Results shown are expressed as % of WT binding W range from duplicate

determinations within one experiment. In (B) HEK293T cells transiently transfected with the indicated hMC3R constructs

were stimulated with different concentrations of a-MSH. Intracellular cAMP levels were measured using

radioimmunoassay. Results are expressed as the mean W S.E.M. of triplicate determinations within one experiment. All

experiments were performed at least three times (see Table 3 for the number of experiments done for each hMC3R).
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3.4. Ligand binding and signaling properties of the mutant
hMC3Rs using a- or g-MSH as the ligand

We also studied the binding and signaling properties of the

nine mutants with either a- or g-MSH used as the ligand. With

a-MSH as the ligand, we showed that except for D154E, which
Table 3 – Ligand binding and a-MSH-stimulated cAMP
production of WT and mutant hMC3Rs

hMC3R n a-MSH-stimulated cAMP a-MSH binding

EC50 (nM) Emax (% WT) IC50 (nM)

WT 9 5.39 � 1.85 100 61.18 � 6.90

E73D 4 3.64 � 0.33 121 � 24 58.62 � 8.59

E73Q 4 8.35 � 3.59 110 � 12 78.25 � 13.27

E80D 4 4.21 � 0.73 38 � 4b 31.87 � 6.75

E80Q 4 11.13 � 4.69 89 � 5 43.56 � 4.34

D154E 3 107.60 � 53.77 37 � 17 592.53 � 249.75

D178E 4 16.42 � 5.35 44 � 9a 39.06 � 3.04a

E221D 4 5.03 � 2.58 80 � 25 48.95 � 4.67

E221Q 5 13.16 � 5.34 109 � 38 66.49 � 9.79

D332Q 5 49.09 � 19.65 14 � 3c 178.34 � 39.62a

The data are expressed as the mean � S.E.M. of three to five

independent experiments. The maximal response under a-MSH

stimulation was 1356 � 180 pmol cAMP/106 cells for WT hMC3R.
a Significantly different from WT hMC3R, p < 0.05.
b Significantly different from WT hMC3R, p < 0.01.
c Significantly different from WT hMC3R, p < 0.001.
showed minimal binding, and D332Q, the other seven mutants

bind to a-MSH with similar IC50 as the WT hMC3R (Fig. 5 and

Table 3). In fact, the IC50 for D178E was significantly decreased

compared with WT hMC3R. In signaling assays, D154E and

D332Q showed increased EC50 as compared to the WT hMC3R.

The other seven mutants had similar EC50 as the WT hMC3R,

although the Emax for E80D, D154E, D178E, and D332Q were

significantly decreased (Fig. 5 and Table 3).

We also measured the ligand binding and signaling

responses to g-MSH stimulation. Our results showed that no

binding and signaling could be detected for D154E. The other

eight mutants had similar IC50 as the WT hMC3R (Fig. 6 and

Table 4). The signaling of E73D, E73Q, E80D, E80Q, and E221Q,

were normal. The EC50 for D178E and E221Q were increased.

Although D332Q had binding to g-MSH, no signaling could be

measured (Fig. 6 and Table 4).
4. Discussion

Extensive studies of the structure–activity relationships of the

melanocortins have revealed the pharmacophore His-Phe-

Arg-Trp (reviewed in [35]). Site-directed mutagenesis and

molecular modeling of the MC4R revealed two types of

interactions between the agonist and the receptor: ionic

interaction between the positively charged residues in the

ligand and the acidic residues in TMs 2 and 3 of the receptor,

and the hydrophobic interaction between the aromatic



Fig. 6 – Ligand binding and signaling properties of the WT and mutant hMC3Rs with g-MSH as the ligand. HEK293T cells

were transiently transfected with the indicated hMC3R constructs and binding and signaling properties of the hMC3Rs were

measured as described in Section 2. In (A) different concentrations of unlabeled g-MSH were used to displace the binding of
125I-NDP-MSH to hMC3Rs on intact cells. Results shown are expressed as % of WT binding W range from duplicate

determinations within one experiment. In (B) HEK293T cells transiently transfected with the indicated hMC3R constructs

were stimulated with different concentrations of g-MSH. Intracellular cAMP levels were measured using

radioimmunoassay. Results are expressed as the mean W S.E.M. of triplicate determinations within one experiment. All

experiments were performed at least three times (see Table 4 for the number of experiments done for each hMC3R).
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residues in the ligand and aromatic and hydrophobic residues

in TMs 4, 6 and 7 [26,27,36].

We hypothesized that the acidic residues in the TMs of the

MC3R also form ionic interactions with the basic residues in

the agonists. Therefore, in this study, we investigated the

functions of all ten acidic residues in the TMs of the MC3R.
Table 4 – Ligand binding and g-MSH-stimulated cAMP
production of WT and mutant hMC3Rs

hMC3R n g-MSH-stimulated cAMP g-MSH binding

EC50 (nM) Emax (% WT) IC50 (nM)

WT 5 37.35 � 9.55 100 218.90 � 46.59

E73D 4 40.08 � 10.48 164 � 1a 197.48 � 17.71

E73Q 3 43.38 � 12.39 116 � 18 212.77 � 100.42

E80D 4 71.63 � 13.02 133 � 56 128.13 � 35.67

E80Q 4 64.00 � 23.44 123 � 24 254.88 � 51.84

D154E 3 NDb NDb NDb

D178E 4 171.56 � 44.45 85 � 20 169.57 � 30.49

E221D 4 141.90 � 86.46 119 � 33 190.94 � 46.32

E221Q 3 260.67 � 118.50 222 � 71 217.90 � 35.11

D332Q 3 NDb NDb 397.10 � 156.45

The data are expressed as the mean � S.E.M. of 3–5 independent

experiments. The maximal response under g-MSH stimulation

was 1324 � 309 pmol cAMP/106 cells for WT hMC3R.
a Significantly different from WT hMC3R, p < 0.001.
b ND, could not be detected.
Some of these residues are predicted to be important in ligand

binding based on previous studies in other MCRs, whereas

some of these residues are also predicted to be important in

signaling based on studies in GPCRs in general. For example,

D121 (2.50) is the most conserved residue in TM2. Extensive

studies in other GPCRs have shown that this Asp is in close

proximity with and may form hydrogen bonds with N7.49 in

TM7 bridged by water molecules [37–40]. Mutations of this Asp

frequently result in a defect in receptor-G protein coupling [40–

43], including the MC4R ([44] and our unpublished observa-

tions). Recent pioneering structural studies in b2-adrenergic

receptor showed that water-mediated hydrogen bonds link

D2.50 with N7.49, N1.50, as well as other residues [45]. D178

(3.49) belongs to the highly conserved DRY motif in Family A

GPCRs. From the studies on rhodopsin and adrenergic

receptors, it was suggested that the Asp (3.49) in the DRY

motif (Glu in rhodopsin) becomes protonated upon G protein

binding and receptor activation (see [46] and references

therein) therefore acting as a molecular switch that activates

the G protein. Similarly, D332 (7.49) belongs to the highly

conserved N/DPxxY motif. Mutations in this motif affect

receptor expression, trafficking, ligand affinity, G protein

coupling, and association with small G proteins [47–50].

Therefore, mutagenesis studies with these residues should

also reveal their roles in signaling.

Flow cytometry showed that all mutants (except one we

could not test; we could not establish the stable cell line

expressing D332E MC3R) were expressed on the cell surface.
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Cell surface expression of E80D, E92D, and D158E were

significantly decreased compared with WT hMC3R. Binding

and signaling defects of these mutants could be due, at least

partially, to the decreased cell surface expression. D154Q had

significant increase in cell surface expression. The expres-

sions of the other mutants were not significantly different

from WT receptor expression (Fig. 3).

Since all mutants examined were expressed on the cell

surface, we measured their ligand binding and signaling

properties. We first used the superpotent analog NDP-MSH.

These data are shown in Fig. 2 and Table 1. A careful inspection

of the ligand binding and signaling of the mutants with the cell

surface expression revealed that E92, D121, E131, D158, and

D332 are important for ligand binding and signaling. Both

mutations at these loci resulted in defective ligand binding

and signaling. Mutations at E80 caused decreased binding and

signaling. Mutations at D154 primarily affect ligand binding:

the maximal binding of D154E was estimated to be about 20%

of WT hMC3R with similar IC50 whereas binding of D154Q

could not be detected. Both D154E and D154Q had similar

maximal responses as WT hMC3R, although the EC50 for

D154Q was increased 136-fold. Similar phenomenon has been

observed before [30,51–53]. We suggest that this might be due

to the presence of spare receptor in this transient expression

system.

Comparison of the two mutations at the same locus

revealed a few interesting observations. For example, at

D154, no binding could be measured with D154Q whereas

some binding could be measured with D154E, suggesting that

the negative charge is important for binding to NDP-MSH.

Similar observations were made at D178. However, at D332,

the size rather than the charge might be more important for

binding to NDP-MSH. D332Q could bind to NDP-MSH whereas

there was no binding for D332E, which could be due to the lack

of expression at the cell surface. We were unable to establish

cells stably expressing D332E mutant for flow cytometry.

Comparison of ligand binding and signaling showed that

D121 and D332 are important for both ligand binding and

signaling. Mutants D121Q and D332Q could bind to NDP-MSH

but no signaling could be measured. These data are consistent

with previous observations in other GPCRs (see above).

For the mutants that showed binding and signaling to NDP-

MSH, we further studied their ligand binding and signaling

properties to other ligands, including D-Trp8-g-MSH, a-MSH,

and g-MSH. A total of nine mutants were chosen for these

experiments. D-Trp8-g-MSH is a superpotent ligand discovered

by Hruby and co-workers [34]. In ligand binding experiments

with D-Trp8-g-MSH as the competitor, the IC50 of D154E was

increased 17-fold. The other mutants had similar IC50 as the WT

MC3R. The EC50 of D154E was also dramatically increased (335-

fold) (Fig. 4 and Table 2). When the natural ligand g-MSH was

used as the ligand, no measurable ligand binding and signaling

could be measured. No signaling could be measured with D332Q

after g-MSH stimulation (Fig. 6 and Table 4). When a-MSH was

used to stimulate the nine mutants, D154E and D332Q had

increased EC50 (Fig. 5 and Table 3).

The data obtained with D332Q showed that the MC3R could

exist in different conformations after binding to different

ligands. The mutant showed no signaling activity to NDP- and

g-MSH stimulations whereas some signaling could be mea-
sured with D-Trp8-g-MSH and a-MSH stimulations. In studies

with M1 muscarinic receptor, distinct modes of receptor

activation were also observed when several ligands were used

to study the mutant receptors [54]. Similarly, in gonadotropin-

releasing hormone (GnRH) receptor, differential binding of

GnRH I and II to the human GnRH receptor was shown to either

selectively stabilize or induce different active conformations

[55].

Previously, Yang and co-workers performed alanine muta-

genesis with some of the residues reported in this study [56].

Although we made more conservative mutations, similar

conclusions were reached in the two studies. For example,

both studies showed that D121 and D332 are important for

signaling. Therefore our data with more conservative changes

further support the importance of negative charge in these

residues for ligand binding. By using multiple ligands, we

showed that D332Q could respond to D-Trp8-g-MSH and a-

MSH to a small degree (Figs. 3 and 5, Tables 2 and 3).

The mutations that affect ligand binding can reside deep in

the transmembrane domain. For example, E92 is close to the

intracellular surface. Both E92D and E92Q are expressed on

the cell surface but no ligand binding could be determined

(Fig. 2 and Table 1). Similar observations were obtained

before. In the GnRH receptor, mutations in the cytoplasmic

end of TMs were found to affect ligand binding [55]. These

mutations likely affect the conformation of the receptor

rather than directly disrupt ligand–receptor interaction.

Further studies using other techniques such as affinity

cross-linking are needed to address whether the mutants

shown herein that affect binding disrupt the binding

pocket(s) per se or cause conformational change that

indirectly affect ligand binding.

In summary, the results presented showed that acidic

residues in TMs 1 and 3 are important for ligand binding

whereas those in TMs 2 and 7 are important for both binding

and signaling. These are important constraints for modeling

ligand binding and G protein coupling/activation in the MC3R.
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