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The melanocortin receptor (MCR) subtype family is a member of the GPCR superfamily and
each of them has a different pharmacological profile regarding the relative potency of the
endogenous and synthetic melanocortin peptides. Substitution of Trp with pNal (2') in y-
MSH resulted in the loss of binding affinity and potency at hMC4R. However, the molecular
mechanism of this ligand selectivity is unclear. In this study, we utilized chimeric recep-
tors and site-directed mutagenesis approaches to investigate the molecular basis of MC4R
responsible for peptide [Pro®, pNal (2')®]-y-MSH selectivity. Cassette substitutions of the

Keywords: second, third, fourth, fifth, and sixth TM of the human MC4R (hMC4R) with the homologous
MC4R regions of h(MC1R were constructed and the binding affinity of peptide [Pro®, pNal (2)8]-v-
v-MSH MSH at these chimeric receptors was evaluated. Our results indicate that the cassette
MC1R substitutions of TM2, TM3, TM4 and TM5 of hMC4R with homologous regions of the hMC1R
Obesity did not significantly increase peptide [Pro®, pNal (2')¥]-y-MSH binding affinity and potency
GPCR but substitution of the TM6 of the hMC4R with the same region of the hMC1R significantly
Agonist enhances [Pro® pNal (2)%]-y-MSH binding affinity and potency. Further site-directed
mutagenesis study indicates that four amino acid residues, Phe267, Tyr268, Ile269 and
Ser270, in TM6 of the hMC4R may play an important role in [Pro5, pNal (2’)-y-MSH selective

activity at MC4R.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction agouti-related protein). The initial transcript of the pro-
opiomelanocortin (POMC) gene is a large hormone precursor
The melanocortin system plays an important role in the post-translationally processed into a number of biologi-
regulation of animal physiology and pathophysiology [1-3]. cally active peptides. These peptides include a-, B-, and y-
This system consists of melanocortin peptides, melanocortin melanocyte stimulating hormone (MSH), adrenocorticotropic
receptors (MCRs) and endogenous antagonists (agouti and hormone (ACTH), the lipotropins, and g-endorphin. Melano-
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cortin receptor subtype family is a member of the GPCR
superfamily and each subtype has different physiological
functions [4-6]. Each of the melanocortin receptor subtypes
has a different pattern of tissue expression in the central
nervous system and peripheral tissue and each receptor also
has its own signature profile regarding the relative potency of
the endogenous and synthetic melanocortin peptides. The
MC1R is mainly expressed in melanocytes and monocytes and
plays an important role in pigmentation and anti-inflamma-
tory reactions [6]. The MC2R is mainly expressed in the adrenal
gland and involved in adrenal steroidogenesis and adipocyte
lipogenesis [7]. The MC3R and MC4R are expressed in the
hypothalamus and play an important role in the regulation of
food intake and body weight control [8,9]. The MCS5R is
expressed in the exocrine gland and is involved in the
regulation of the exocrine gland function [4]. Agouti and
AGRP are endogenous antagonists of melanocortin receptors
[10,11].

Energy homeostasis is a highly regulated process involving
interacting signals between a variety of anorexigenic and
orexigenic peptides, proteins and signaling molecules [12-15].
Genetic studies have highlighted the importance of the central
melanocortin system in the control of mammalian energy
homeostasis in mice and humans [16,17]. Mutations of the
pro-opiomelanocortin gene, MC3R and MC4R gene resultin an
obese phenotype [18-20]. MC3R and MC4R are expressed in
hypothalamic nuclei known to play different role in control of
body weight [21-24]. MC3R knockout mice had normal food
intake with increased body weight and body fat [23,24]. MC4R
knockout mice were hyperphagia with increased body weight
and fat mass [23]. Mutations of MC3R and MC4R have also been
identified in human obese patients [25-29]. Mutations of
hMC4R gene have been identified the most common cause of
monogenic obesity because they are detected in almost 5-6%
children with early onset severe obesity [30]. Over-expression
of the melanocortin antagonists, agouti and AGRP, in
transgenic animals also possesses an obese phenotype [31-34].

The melanocortin receptors consist of a single polypeptide
featuring seven a-helical transmembrane domains (TMs), an
extracellular N-terminus, three extracellular loops, three
intracellular loops and an intracellular C-terminus. Many
structural features conserved in other G-protein-coupled
receptors are found in the melanocortin receptors; the
consensus N-linked glycosylation sites near the amino
terminus, a palmitoylation site in the COOH-terminal tail,
and sites for phosphorylation in the first and third intracel-
lular domains and in the COOH-terminal tail [5,7,21]. All
melanocortin receptors contain the conserved DRY motif at
the C-terminal end of TM3 and contain a C-terminal cysteine
that may function as a fatty acid acylation site. However, the
melanocortin receptors lack several features found in most G-
protein-coupled receptors; one, or two, cysteine residues in
the first and second extracellular loops and prolines found in
the fourth and fifth TMs.

All melanocortin peptide agonists contain a His-(./p)Phe-
Arg-Trp consensus sequence that is considered the “message”
sequence, responsible for selectivity and activation of the
melanocortin receptors [35,36]. The bioactive conformation of
agonists peptides involves a pB-turn on the His-(./p)Phe-Arg-
Trp motif [35,36] which is likely to serve as an organizing

scaffold to orient the side chains of the message sequence in
the best orientation for interaction with the receptor.
Extensive structure-function studies on «-MSH have created
many new, more potent, and enzyme-resistant analogs of the
melanocortin peptides which include synthetic agonists NDP-
MSH [Nle?, pPhe’]-a-MSH and Melanotan II (MTII) and
antagonists such as SHU9119 and HS204 [37-39]. Recently, it
is reported that substitution of a bulky hydrophobic amino
acid in Trp8 of the y-MSH with B-(2-naphthyl)-p-alanine (p-
Nal) ([Pro°, pNal(2')®]-y-MSH) significantly decreased agonist
selectivity at MC4R [40]. However, the molecular basis of MC4R
responsible for [Pro®, pNal (2/)%]-y-MSH selectivity is unknown.
In order to gain insights into the molecular determinants of
the hMCA4R responsible for [Pro®, pNal (2/)%]-y-MSH selectivity,
we have utilized chimeric receptor and site-directed muta-
genesis approaches to investigate the role of the TMs of MC4R
in [Pro°, pNal (2)%]-y-MSH selectivity. The chimeric receptors
and single amino acid mutated receptor of the MC4R were
constructed and tested. Our results suggest that four amino
acid residues of TM6 of MC4R are crucial for [Pro®, pNal (2')]-v-
MSH selectivity at MC4R.

2. Methods and materials
2.1. Reagents

[Nle*-p-Phe’]-MSH (NDP-MSH) was purchased from Peninsula
Laboratories (Belmont, CA). 3-Isobutyl-methylxanthine (IBMX)
from Sigma, and ['*]] NDP-MSH from PerkinElmer Life
Sciences (Boston, MA). The HEK-293 cell line was purchased
from ATCC (Manassas, VA) and DMEM, lipofectamine from
Life Technologies (Rockville MD). [Pro®, pNal (2/)%]-y-MSH was
synthesized using method previous reported [40].

2.2.  Characterization of the pharmacological profile of the
peptide [Pro’, pNal (2')%]-y-MSH

2.2.1. Construction of the melanocortin chimeric receptors

The amino acid sequences of the human (h) MC1R and human
(h) MC4R were examined by hydrophobicity plot (Genetics
Computer Group, Inc., Madison, WI) and manually by
comparing their sequences to a previously published align-
ment of seven transmembrane G-protein coupled receptor a-
helices [41]. The chimeric receptors utilized in these studies
are schematically diagramed in Fig. 1. The chimeric receptors
were constructed by polymerase chain reaction (PCR) using
Pfu polymerase (Stratagene, La Jolla, CA) [42]. The human
MC4R served as template. During an initial round of PCR,
partial-length receptor fragments were generated. The
sequence of one of the PCR primer oligonucleotides consisted
of the transmembrane domain of interest coupled to a portion
of the extracellular domain required to form the chimeric
receptor. The second oligonucleotide primer consisted of
either the 5' or 3’ end of the MC4R. Receptor fragments were
separated by agarose gel electrophoresis and used in a second
round of PCR in which full-length chimeric receptor constructs
were assembled by cycling the appropriate fragments together
for 10 cycles prior to adding both 5 and 3’ receptor primers.
The chimeric receptors were subcloned into the eukaryotic
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Fig. 1 - The strategy of making chimeric receptors. Panel A represents the receptor sequences of the hMC4R and hMC1R.
Panel B schematically depicts the seven transmembrane structures of the “wild type” (WT) MC4R (drawn with heavy lines)
and MC1R (drawn with thin lines) and the structure of the chimeric MC4R with the substituted TMs of the MC1R. Bold font

represents the dissimilar residues.

expression vector pcDNA 3.1 (Invitrogen, Carlsbad, CA). The
entire coding region of the chimeric receptors was sequenced
to confirm that the desired sequences will be present and that
no sequence errors had been introduced by University of
Alabama at Birmingham Sequence Core. The hMC4R/hMC1R
(TM2) chimera encoded amino acids Met 1 to Ile83 and Ile103 to
Tyr332 of hMC4R and amino acids Cys78 to Val97 of hMC1R.
The hMC4R/hMC1R (TM3) chimera encoded amino acids Met 1
to Ile121 and Ile143 to Tyr332 of hMC4R and amino acids
Asp117 to Ala137 of hMC1R. The hMC4R/hMC1R (TM4) chimera
encoded amino acids Met 1 to Cys172 and Ser188 to Tyr332 of
hMC4R and amino acids Ile168 to Tyr182 of hMCIR. The
hMC4R/hMC1R (TM5) chimera encoded amino acids Met 1 to
val193 and Leu231 to Tyr332 of hMC4R and amino acids leu189
to Val205 of hMC1R. The hMC4R/hMC1R (TM6) chimera
encoded amino acids Met 1 to Ile251 and Cys271 to Tyr332
of hMC4R and amino acids Gly248 to Leu266 of hMC1R. The
chimeric receptors were then subcloned into the eukaryotic
expression vector pCDNA 3.1 (Invitrogen; Carlsbad, CA).

2.2.2.  Cell culture and transfection

The HEK-293 cell line was utilized in this study. The cells were
cultured in DMEM medium containing 10% bovine fetal serum
and HEPES. Cells at 80% confluence were washed twice, and
the receptor constructs were transfected into cells using
lipofectamine (Life Technologies, Rockville MD). The perma-
nently transfected clonal cell lines were selected by resistance
to the neomycin analogue G418 [43].

2.2.3. Binding assays

Binding experiments were performed using the conditions
previously described [44]. Briefly, after removal of the media,
cells were incubated with non-radioligand [pPhe®]-y-MSH or
[Pro®, pNal (2')8]-y-MSH from 107 to 107°*M in 0.5 mL MEM
containing 0.2% BSA and 2 x 10° cpm of ***I-NDP-MSH for 1 h.
The binding reactions were terminated by removing the media
and washing the cells twice with MEM containing 0.2% BSA.
The cells were then lysed with 0.2N NaOH, and the radio-
activity in the lysate was quantified in an analytical gamma
counter (PerkinElmer, Shelton, CT). Nonspecific binding was
determined by measuring the amount of ***I-label bound on
the cells in the presence of excess 107° M unlabeled ligand.
Specific binding was calculated by subtracting nonspecifically
bound radioactivity from total bound radioactivity. Binding
data are reported as ICso.

2.2.4. cAMP assay

Cellular cAMP generation was measured using a competitive
binding assay kit (TRK 432, Amersham, Arlington Heights, IL).
Briefly, cell culture media was removed, and cells were
incubated with 0.5 mL Earle’s Balanced Salt Solution (EBSS),
containing the melanocortin agonist [pPhe®]-y-MSH or [Pro°,
pNal(2')8]-y-MSH (10 °-107® M), for 1 h at 37 °C in the presence
of 1073 M isobutylmethylxanthine. The reaction was stopped
by adding ice-cold 100% ethanol (500 pl/well). The cells in
each well were scraped, transferred to a 1.5-mL tube, and
centrifuged for 10 min at 1900 x g, and the supernatant was
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evaporated in a 55 °C water bath with pre-purified nitrogen
gas. CAMP content was measured as previously described,
according to instructions accompanying the assay kit [45].

2.2.5. Receptor expression by using FACs

To determine whether the receptor proteins are expressed at
the cell surface, we generated a chimeric hMC4R with the N
terminal fusion to the FLAG (Flag-hMC4R). The FLAG protein is
an eight amino acid peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-
Lys) and FLAG-tagged receptor expression vectors have been
widely used to purify receptor protein and to determine the
protein expression [47]. Cells transfected with the chimeric
receptors were harvested using 0.2% EDTA and washed twice
with phosphate buffer saline (PBS). Aliquots of 3 x 10° cells
were centrifuged and fixed with 3% paraformaldehyde in PBS
(pH 7.4). The cells were incubated with 50 uL of 10 ng/ml
murine anti-FLAG M1 monoclonal antibody (Sigma, Catalog
No. 316) in incubation buffer for 45 min. Under this condition
the primary antibody binds only to receptors located at the cell
surface. The cells were collected by centrifugation and washed
three times with incubation buffer. The cell pellets were
suspended in 100 pL of incubation buffer containing CY™3-
conjugated Affinity Pure Donkey Anti-Mouse Ig G (ImmunoR-
esearch Lab, Inc., West Grove, PA) and incubated at room
temperature for 30 min. Flow cytometry was performed on a
fluorescence-activated cell sorter (Becton Dickinson FACStar
plus six parameter cytometer/sorter with a dual Argon ion
laser, San Jose, CA) [46]. The results were analyzed using the
software CellQuest (Beckton-Dickinson Immunocytometry
Systems, San Jose, CA).

2.3.  Statistical analysis

Each experiment was performed in duplicate three separate
times. The mean value of the dose-response data of bindingand
cAMP production was fit to a sigmoid curve with a variable slope
factor using non-linear squares regression analysis (Graphpad
Prism, Graphpad Software, San Diego, CA). Data are expressed
as mean =+ S.E. Significant difference was assessed by one-way
ANOVA with P < 0.05 considered to be statistically significant.

3. Results

3.1.  Peptide [pPhe®]-y-MSH and [Pro®, oNal (2)8]-y-MSH
binding and activity at MC4R and MC1R

Peptide [pPhe®]-y-MSH and [Pro’, pNal (2')¥]-y-MSH are y-MSH
analogues (Table 1). However, the binding affinities and
potencies of these two analogues at MC1R and MC4R are
different [40]. To determine [pPhe®]-y-MSH and [Pro®, pNal
(2')8]-y-MSH binding affinity at wild type hMC4R and hMC1R
(hMC4R-WT and hMC1R-WT), the ability of [pPhe®]-y-MSH and
[Pro®, pNal (2')®]-y-MSH to displace **I NDP-MSH binding at
hMC4R-WT and hMC1R-WT were first examined as shown in
Fig. 2. [pPhe®]-y-MSH dose-dependently displaces '**I NDP-
MSH binding at the hMC1R WT and hMC4R WT (Fig. 2A). To
examine the ability of [pPhe®]-y-MSH to activate hMC1R or
MCA4R, [pPhe®]-y-MSH stimulated cAMP production was deter-
mined. Consistent with binding data, peptide [pPhe®]-y-MSH

Table 1 - Sequences of y-MSH, [pPhe®]-y-MSH, and [Pro>,

pNal (2)%]-y-MSH.
Sequences of y-MSH analogues

y-MSH H-Tyr-Val-Nle-Gly-Pro-Phe-Arg-
Trp-Asp-Arg-Phe-Gly-NH,
pPhe®-y-MSH H-Tyr-Val-Nle-Gly-Pro-pPhe-Arg-

Trp-Asp-Arg-Phe-Gly-NH,
H-Tyr-Val-Nle-Gly-Pro-Phe-Arg-
pNal(2')-Asp-Arg-Phe-Gly-NH,

[Pro®, pNal(2')®]-y-MSH

The bold letter s represent key residues for receptor binding and
signaling.

dose-dependently increased cAMP generation at the hMC1R-
WT and hMC4R WT (Fig. 2B). [Pro°, oNal (2')%]-y-MSH dose-
dependently displaces '**I NDP-MSH binding at the h(MC1R WT
and hMC4R-WT but binding affinity is significantly decreased
at hMCA4R (Fig. 2C). To examine the ability of [Pro®, pNal (2')]-y-
MSH to activate hMC1R or hMCA4R, [Pro°, pNal (2)%]-y-MSH
stimulated cAMP production was determined. Consistent with
binding data, peptide [Pro”, pNal (2)%]-y-MSH dose-depen-
dently increased cAMP generation at the hMC1R-WT but its
potency was significantly reduced at hMC4R. [Pro®, pNal (2/)%]-
v-MSH becomes a partial agonist at hMC4R (Fig. 2D), Our
results indicate that [pPhe®]-y-MSH is a nonselective agonist
for the MC1R and MC4R but [Pro’, pNal (2')¥]-y-MSH becomes a
partial agonist at the MC4R which is consistent with the
previous report [40]. Their K; and ECs are shown in Table 2.

3.2.  Effects of substitutions of the transmembrane
domain of the hMC4R with the corresponding regions of the
hMC1R on [pPhe®]-y-MSH and [Pro®, pNal (2')8]-y-MSH
specific bindings and signaling

To investigate the molecular determinant of hMC4R respon-
sible for [Pro®, pNal (2)%]-y-MSH selectivity, a domain-
exchange strategy was used to localize regions of the hMC4R
responsible for peptide [Pro®, pNal (2')%]-y-MSH activity. [Pro®,
pNal (2')8]-y-MSH is a full agonist at hMC1R but partial agonist
at MC4R. The advantage of using the hMC4R as a template is
that replacement of hMC4R TMs with the corresponding
region of hAMC1R may increase [Pro®, pNal (2')¥]-y-MSH binding
affinity and potency if the specific TM of the MC1R is involved
in [Pro®, pNal (2/)%]-y-MSH selectivity. Cassette substitutions of
the second, third, fourth, fifth, and sixth TMs of the hMC4R
with homologous regions of the hMC1R were constructed. The
first, and seventh TMs were not chosen for investigation
because our previous data suggested that 1TM and 7TM of
melanocortin receptors were not important in ligand binding
[43,44,48]. In order to reduce the possibility of the receptor
tertiary structure alternation by the entire TM domain
exchange, upper half TM region of the hMC4R was replaced
with the corresponding region of the hMC1R (Fig. 1).

To determine whether chimeric receptor proteins are
expressed at the cell surface and to quantify receptor expres-
sion level, the antigenic epitope FLAG sequence was inserted
into the NH, terminus of hMC4R-WT or chimeric receptors
using polymerase chain reaction [47]. Our results indicate that
the FLAG signal was detected by FACs at hMC4R-WT and
chimeric receptors. The expression levels of all chimeric
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Fig. 2 - Binding affinities and potencies of peptide [pPhe®]-y-MSH and [Pro®, pNal (2')¥]-y-MSH and NDP-MSH at the wild type
hMC4R and hMC1R. Panel A depicts the binding affinity of [pPhe®]-y-MSH as determined by inhibition of **°1 NDP-MSH
binding. Panel B represents the ability of [pPhe®]-y-MSH to stimulate the production of intracellular cAMP. Panel C depicts
the binding affinity of [Pro®, oNal (2)®]-y-MSH as determined by inhibition of **°I NDP-MSH binding. Panel D represents the
ability of [Pro®, oNal (2/)%]-y-MSH to stimulate the production of intracellular cAMP. Data points represent the mean =+ S.E.M.
of at least three independent experiments.

receptors were not significantly different from that of wild type that unlabelled [pPhe®]-y-MSH dose-dependently displaces **°I-

receptor (Table 2). NDP-MSH binding at these chimeric receptors and all chimeric

To determine whether the receptor domain exchange alters receptors possess high [pPhe®]-y-MSH binding affinity (Figs. 3
receptor function [pPhe®]-y-MSH binding affinity and potency and 4Figs. 3A and 4A). Consistent with the binding data, our
were evaluated at these chimeric receptors. Our results indicate results also indicate that [pPhe®]-y-MSH dose dependently

Table 2 - Effect of unlabeled ligands on ?°I NDP-MSH binding at the HEK cells transfected with the chimeric hMC4
receptors. All determinations were on cells transfected with wild type or chimeric receptors. The receptor expression was

determined by FLAG-tagged receptor expression and expressed as % of wild type receptor protein. K; values for [pPhe®]-y-
MSH and [Pro®, oNal (2')¥]-y-MSH were determined from displacement of ***I-NDP-MSH binding, as described under
“Section 2”. The data shown are mean + S.E.M. of at least three independent experiments.

Receptor 23] NDP-MSHg; (nm) cAMP production ECs, (nM)

ion (% WT
expression ( ) [DPhe®]-y-MSH  [Pro®, pNal(2))®]-y-MSH  [pPhe®]-y-MSH  [Pro®, pNal(2')®]-y-MSH

hMC4RWT 100 414+0.2 477 £19.4 35+04 Partial agonist
hMC4R/TM2 hMC1R 98 +12.2 37+0.4 459 +11.5 29+03 Partial agonist
hMC4R/TM3 hMC1R 92 +15.7 3.9+05 506 + 8.3 33+05 Partial agonist
hMC4R/TM4 hMC1R 97 £11.2 48+0.6 421+12.4 31+0.3 Partial agonist
hMC4R/TM5 hMC1R 94 +16.4 29+0.2 569 + 13.2 1.7+04 Partial agonist
hMC4R/TM6 hMC1R 96 +12.2 39+04 79 +£9.7* 3.2+03 116 + 6.5

hMC1RWT 100 25+0.2 159+3.8 23+0.5 23.1+8.2

" P <0.05.
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Fig. 3 - Binding affinities and potencies of [pPhe®]-y-MSH and [Pro®, oNal (2')%]-y-MSH at hMC4R/TM2hMC1R, hMC4R/

TM3hMC1R and hMC4R/TM3hMC1R. Panel A depicts the binding affinity of [pPhe®]-y-MSH as determined by inhibition of
123] NDP-MSH binding at the chimeric receptors. Panel B represents the ability of [pPhe®]-y-MSH to stimulate the production
of intracellular cAMP at the chimeric receptors. Panel C depicts the binding affinity of [Pro®, oNal (2)%]-y-MSH as determined
by inhibition of ***I NDP-MSH binding at the chimeric receptors. Panel D represents the ability of [Pro®, pNal (2')%]-y-MSH to
stimulate the production of intracellular cAMP at the chimeric receptors. Data points represent the mean + S.E.M. of at least

three independent experiments.

increased cAMP generation at these chimeric receptors (Figs. 3B
and 4B). The domain exchange did not significantly alter
[pPhe®]-y-MSH potency and suggest that the tertiary structures
of the chimeric receptors were not grossly disrupted and that
the normal function of the receptor was retained. Their K; and
ECso values are shown in Table 2. NDP-MSH has similar
pharmacological profile at these chimeric receptors compared
to that of [pPhe®]-y-MSH (data are not shown).

After confirming that substitution of the receptor domains
did not alter receptor tertiary structure and function, we then
investigated which region of the hMC4R is responsible for
[Pro®, pNal (2')®]-y-MSH selective binding and potency. HEK
cells expressing these chimeric receptors were incubated with
labeled *°I NDP-MSH and various concentrations of unla-
belled [Pro®, pNal (2')%]-y-MSH and its binding affinity was
assessed. Our results indicate that substitutions of TM2, TM3,
TM4 and TMS5 of the hMC4R with the corresponding regions of
the hMC1R (hMC4R/TM2hMC1R, hMC4R/TM3hMC1R, hMC4R/
TM4hMC1R and hMC4R/TM5hMCIR) did not significantly
increase peptide [Pro®, pNal (2)¥]-y-MSH binding affinity
(Figs. 3C and 4C). However, substitution of the hMC4R TM6
with the corresponding region of the hMC1R (hMC4R/
TM6hMC1R) significantly increased peptide [Pro®, pNal (2/)¥]-
v-MSH binding affinity (Fig. 4C). The ICs, values of [Pro”, pNal

(2')8]-y-MSH are summarized in Table 2. To determine whether
the substitutions of the hMC4R with the corresponding regions
of the hMCIR will also increase [Pro°, pNal (2/)%]-y-MSH
potency [Pro®, pNal (2/)%]-y-MSH stimulated cAMP production
were determined. Our results indicate that hMC4R/
TM2hMC1R, hMC4R/TM3hMC1R, hMC4R/TM4hMC1R and
hMC4R/TMShMC1R did not significantly increase [Pro’, pNal
(2)%]-y-MSH potency (Fig. 3D and 4D). However, substitutions
of the hMC4R TM6 with the corresponding regions of the
hMC1R (hMC4R/TM5hMC1R) did significantly increase peptide
[Pro®, pNal (2')8]-y-MSH potency which is consistent with the
bindingresults (Fig. 4D). Their K; and ECsp are shown in Table 2.

3.3.  Mutations of non-conserved amino acid residues in
TM6 of the hMCA4R for peptide [Pro®, pNal (2/)8]-y-MSH
binding and signaling

Substitution of TM6 of the hMC4R with the corresponding
region of the hMC1R significantly increases peptide [Pro®, pNal
(2)%]-y-MSH binding affinity and potency suggest that non-
conserved amino acid residues of the TM6 of the hMC4R may
be involved in peptide [Pro®, pNal (2/)%]-y-MSH specific binding,
Five amino acid residues of the TM6 are identified to be non-
conserved between MC4R and MC1R. To determine whether
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Fig. 4 - Binding affinities and potencies of [pPhe®]-y-MSH and [Pro’, oNal(2)®]-y-MSH at hMC4R/TMShMC1R and hMC4R/
TM6hMC1R. Panel A depicts the binding affinity of [pPPhe®]-y-MSH as determined by inhibition of **I NDP-MSH binding at
the chimeric receptors. Panel B represents the ability of [pPhe®]-y-MSH to stimulate the production of intracellular cAMP at
the chimeric receptors. Panel C depicts the binding affinity of [Pro®, pNal (2')%]-y-MSH as determined by inhibition of **°I
NDP-MSH binding at the chimeric receptors. Panel D represents the ability of [Pro*, oNal (2')%]-y-MSH to stimulate the
production of intracellular cAMP at the chimeric receptors. Data points represent the mean * S.E.M. of at least three

independent experiments.

these amino acid residues are involved in peptide [Pro”, pNal
(2')%]-y-MSH specific binding and activity, these residues were
individually mutated with the corresponding amino acid
residues of hMC1R and evaluated. Our results indicate that
these mutant receptors were expressed at cell surface and the
expression levels showed no significant variation compared
with that of wild type receptor (Table 3). The binding affinities
and potencies of bPhe-y-MSH at these mutated receptors are

similar to that of hMC4R (Fig. 5A and B). The binding affinity of
[Pro®, pNal (2')¥]-y-MSH at mutations, Ile266Ala, Phe267Leu,
and Ser270Leu was also similar to that of the hMC4R-WT but
the binding affinity of [Pro®, pNal (2')%]-y-MSH at mutations
Tyr268lle, Ile269Val was increased (Fig. 5C). Consistent with
the binding results, the mutations, Ile266Ala, Phe267Leu, and
Ser270Leu did not significantly increase [Pro°, pNal (2')%]-vy-
MSH-mediated cAMP production but the mutations of

Table 3 - Mutations of the non-conserved residues in TM6 of the hMC4R on pNal(2’)®-y-MSH binding and cAMP production.
All determinations were on cells transfected with wild type or mutated receptors. K; values for [Pro®, oNal (2')%]-y-MSH

were determined from displacement of >*I-NDP-MSH binding, as described under “Section 2”. The data shown are

mean * S.E.M. of at least three independent experiments.

Receptor expression (% WT)

[Pro®, pNal (2)8]-y-MSH

Ki (nM) ECSO (nM) Emax (%)
hMC1RWT 100 21+0.1 0.3 +£0.02 100
1266T 95+ 15.4 133.3 +£18.2 Partial agonist 33
F267L 96 + 12.2 169.3 +£21.2 Partial agonist 32
Y2681 94 + 3.5 154.2 £11.1 Partial agonist 45
1269V 92+7.7 212.9 +30.3 Partial agonist 51
S270L 93+8.1 1243 +£12.5 Partial agonist 30
hMC4R-WT 100 126.6 £13.1 Partial agonist 35
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Fig. 5 - Binding affinities and potencies of [pPhe®]-y-MSH and [Pro®, pNal (2')%]-y-MSH at mutation of the non-conserved TM6
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stimulate the production of intracellular cAMP at the mutated receptors. Data points represent the mean *+ S.E.M. of at least

three independent experiments.

Tyr268lle, lle269Val increased [Pro®, pNal (2/)8]-y-MSH potency
(Fig. 5D). Their K; and ECsp are shown in Table 3.

Single mutation of hMC4R did not dramatically increase
[Pro®, pNal (2)%-y-MSH binding affinity and potency, we
therefore examined the combination of four amino acid
mutations in TM6 on [Pro®, pNal (2')%]-y-MSH selectivity. The
multiple amino acid mutations, including Phe267Leu, Tyr268Ile,
Ile269Val and Ser270Leu, were created and tested. Our results
indicate that this multiple amino acid mutation of TM6 did
result in an increase of [Pro”, pNal (2')%]-y-MSH selectivity at
MC4R. The binding affinity of [Pro®, pNal (2')¥]-y-MSH at this
multiple mutations was significantly increased (Fig. 6A). Con-
sistent with the binding results, this multiple mutations did
significantly increase [Pro®, pNal (2')€]-y-MSH-mediated cAMP
production (Fig. 6B), suggesting that these four amino acid
residues may be involved in [Pro’, pNal (2)8]-y-MSH selectivity.

4, Discussion

We have identified that several key amino acid residues of
TM6 of MC4R are crucial for [Pro®, pNal (2)8]-y-MSH selectivity
at the hMC4R by utilizing chimeric receptors and site-directed
mutagenesis.

Melanocortin agonists bind in a B-turn conformation that
organizes the message sequence (His-./pPhe-Arg-Trp) in an
optimal arrangement for binding and activation of the
receptors. Extensive pharmacological studies have demon-
strated that the tripeptide p-Phe-Arg-Trp in NDP-MSH is
important not only for ligand binding but also for receptor
activation at MC1R, MC3R and MC4R [44,49,50]. When Phe,
Arg and Trp in MSH were substituted with alanine, the
peptide binding affinities and potencies were significantly
decreased at these receptors [51-53]. However, substitution
of pPhe in position 7 of MTII with a p-(2’-naphthyl)-p-
alanine (p-Nal (2)) (SHU9119) and Phe in position 6 of
v-MSH with bNal(2’) switches peptide from agonist to
antagonist at MC3R and MC4R but retain agonist activity
at MC1R and MC5R [39,40]. This information provides an
initial estimate of the main contacts between peptides and
receptor.

In the absence of a crystal structure of the MC4R, free or in
complex with a ligand, little is known about the exact
orientation of MC4 agonists in their binding pocket. Homology
models of GPCRs based on bovine rhodopsin in combination
with site-directed mutagenesis have been successfully used in
the past to provide a structural framework for both ligand
binding and functional studies. Accumulated evidence also
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indicates that TM3 of hMC3R and hMC4R was crucial for pNal
(2)7-SHU9119 ligand antagonist selectivity [50,54].

The Trp9 (super) residue of MSH was identified to be crucial
for peptide binding affinity at hMC4R [52]. The Ala substitution
resulted in a significant decrease of ligand binding affinity at
hMC4R [44,55]. The bulky lipophilic amino acid derivative c-
Hex Ala9 resulted in a large decrease in affinity but still
retained efficacy [55], implying that the aromatic nature of
Trp9-a-MSH is crucial for ligand binding affinity at hMC4R
[44,50]. Pharmacological studies indicate that the core
sequence His-Phe-Arg-Trp of y-MSH is crucial for y-MSH
binding affinity and potency although y-MSH has seven amino
acid residues different from a-MSH. The last four amino acids
in the C-terminal region of y-MSH are not important for its
biological activity and selectivity at melanocortin receptors
[56]. Substitution of the residue Trp8 of the y-MSH with p-(2'-
naphthyl)-p-alanine (p-Nal (2')¥), [Pro°, pNal (2')%]-y-MSH,
significantly decreases its binding affinity and potency at
MC4R [40]. Pogozheva et al. have modeled both the active and
inactive states of hMC4R and propose that TMs movement
accompany MC4R activation [57]. TM6 shifts outward and
undergoes counterclockwise movement, changing the posi-
tion of TM6 into the binding pocket. Several residues of the
hMC4R have been identified to be involved in NDP-MSH-
induced receptor activation [55,57,58]. However, substitution
of Trp with pNal (2) in y-MSH [Pro®, pNal (2/)%]-y-MSH resulted
in a significantly reduced MC4R activation but not for hMC1R.
The aim of this study was to explore the molecular mechan-
ism of MC4R responsible for this ligand selectivity using
chimeric receptor and site-directed mutagenesis. The hMC4R
and the hMC1R share a number of structural, functional and
pharmacologic similarities. In the putative TM regions, the
hMC4R and hMC1R show 67% identity. [Pro’, pNal(2)®]-y-MSH
is a potent agonist at MC1R but significantly decreased binding
affinity and potency at MC4R. We speculate that the unique
residues of the hMC4R might play an important role in this
ligand selectivity. To determine which unique residue of the
hMC4R is involved in this ligand selectivity, a chimeric
receptor approach between hMC4R and hMC1R was utilized.

We anticipate that the chimeric receptor using MC4R as a
template will gain [Pro°, pNal (2)%]-y-MSH binding affinity
instead of using the chimeric receptor of the MCIR as a
template losing peptide binding affinity. Our results demon-
strate that the replacement of MC4R TM6 by MC1R TM6 results
in increased binding and potency of [Pro®, pNal (2')%]-y-MSH.
This led us to the hypothesis that the p-(2’-naphthyl)-p-alanine
(p-Nal (2)%) in [Pro®, pNal (2')¥]-y-MSH may interfere in the TM6
shift outward and counterclockwise movement, physically
hindering the conformational changes necessary to induce
receptor activation. Comparison of the amino acid sequences
of TM6 between the hMC4R and the hMC1R revealed that five
amino acid residues are different. They are residues, Ile266,
Phe267, Tyr268, Ile269 and Ser270, which could potentially
confer affinity characteristics of [Pro®, pNal (2/)¥]-y-MSH. We
examined the roles of these residues on ligand selectivity
using a site directed mutagenesis study. However, our results
indicate that single amino acid substitution of these residues
did not significantly increase ligand efficacy, suggesting that
multiple amino acid residues of TM6 may be important for this
ligand selectivity. We then make a multiple amino acid
mutation, including Phe267, Tyr268, 1le269 and Ser270 in TM6.
These receptor residues at hMC4R were replaced with the
corresponding residues of hMCI1R and tested. Our results
support our hypothesis that these residues are crucial for
[Pro®, pNal (2/)%]-y-MSH selectivity at MC4R. The replacements
of these residues increased [Pro®, pNal (2')¥]-y-MSH selectivity
at MC4R. The possible mechanism is that these mutations
remove the steric hindrances of TM6 movement and induce
receptor activation. However, substitution of TM6 of hMC4R
with the corresponding region of hMC1R neither bring binding
nor potency to the same level of hMC1R, suggesting that other
areas close to this site may play a role and this is important for
future potential investigation.

In conclusion, we have utilized chimeric receptor and site-
directed mutagenesis approaches to identify critical amino
acid residues of MC4R responsible for [Pro®, pNal (2')8]-y-MSH
selectivity and potency. We believe that identification of the
molecular basis of hMC4R responsible for different ligand-
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mediated receptor binding and signaling will provide valuable
information of the molecular mechanism of MC4R in obesity
development and provide important information for rational
design of the MC4R potent and selective agonist which can be
used for obesity treatment in the future. Our results provide
the first evidence that the TM6 of the hMC4R is critical for
[Pro®, pNal (2)8]-y-MSH selectivity and potency.
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