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ABSTRACT: The melanocortin-S receptor (MCSR) is a subtype
receptor of the melanocortin receptor (MCR) family, which is expressed
centrally, as well as in a variety of peripheral tissues. MCSR has been
implicated in many different physiological fields such as lipid metabolism
and exocrine function. However, the specific molecular determinants of
MCSR responsible for ligand binding and receptor signaling are currently
unknown. The aim of this study is to determine the molecular basis of
human MCSR (hMCSR) responsible for ligand binding and receptor
signaling. Twenty-four single mutations of hMCSR were created and
tested. Our results indicate that (1) substituting charged amino acid
residue E92 in transmembrane domain 2 (TM2), aspartic acid 11S
(D115) and D119 in TM3, and histidine (H) 257 in TM6 with alanine
dramatically reduced NDP-a-MSH binding affinity and receptor

signaling and (2) substituting aromatic amino acids phenylalanine (F) 195 in TMS, F254 in TM6, and H276 in TM7 with
alanine also significantly decreased NDP-a-MSH binding and receptor activity. Combining pharmacological results and computer
modeling, our results suggest that D115 and D119 in TM3, F195 in TMS, and F254 in TM6 may form a binding pocket for
NDP-a-MSH binding. Our results provide important information about the structural aspects of hMCSR responsible for ligand

binding and receptor signaling.

he melanocortin-$ receptor (MCSR) belongs to a class of
seven-transmembrane (TM) domain proteins that are
coupled to G proteins and signal through intracellular cyclic
adenosine monophosphate (cAMP)." The most ubiquitous of
the MCRs, MCSR has been identified in the pituitary, adrenal
gland, fat cells, kidney, leukocytes, lung, mammary gland, ovary,
skeletal muscle, bone marrow, and liver,"* and in vivo studies
indicate that MCSR is involved in the regulation of lipid
metabolism in muscle and liver.? Additionally, a-MSH, a MCR
agonist, dose-dependently increases the extent of carnitine
palmitoyltransferase-1 and fatty acid oxidation.* A synthetic
MSH analogue, SHU9119, a MC3R and MC4R antagonist and
MCI1R and MCSR agonist, increases the effect of NDP-a-MSH
binding on fatty acid oxidation in primary muscle cells,
suggesting that MCSR plays an important role in lipid
metabolism.* Unlike MC3R and MC4R, MCSR is not thought
to be involved in the regulation of food intake and body weight
as fasting did not induce up- or downregulation of
hypothalamic MCSR expression.” In addition to its role in
lipid metabolism, MCSR plays a role in the control of exocrine
glands, such as the Harderian gland, preputal gland, lacrimal
gland, and sebaceous gland; transgenic mice lacking the MCSR
gene demonstrate an increased level of absorption of water
through their skin during a test swim versus control.®
The melanocortin peptides a-, f-, and y-MSH and
adrenocorticotropic hormone, a group of neuropeptides
derived from the pro-opiomelanocortin prohormone, are all
endogenous agonists for MCSR. Many studies indicated that
these endogenous agonists are equipotent at MCSR and
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contain a common amino acid sequence, H-F-R-W, suggestin§
that they may also utilize the same binding sites at AMCSR.®~

Protein sequence comparisons of MCRs indicate that MCRs
share many conserved amino acid residues, including MCSR.
On the basis of five different types of GPCRs whose structures
have been determined by X-ray crystallography,” ' we have
aligned five melanocortin receptors (Figure 1). Previously, we
and other groups have identified the NDP-a-MSH binding
region at hMCIR, hMC2R, hMC3R, and hMC4R;**™* it was
therefore anticipated that residues homologous to those utilized
by other MCRs for high-affinity agonist binding would serve a
similar function at MCSR. The goal of this study was therefore
to determine the molecular aspects of hMCSR responsible for
ligand binding and signaling. Our results demonstrate that the
TM3, TMS, and TM6 regions of the hMCSR are important for
NDP-a-MSH binding.

B EXPERIMENTAL PROCEDURES

Peptides. [Nle4,0-Phe7]-a-MSH (NDP-a-MSH) was
purchased from Peninsula Laboratories, Inc. (Belmont, CA).

Site-Directed Mutagenesis. A single mutation was
constructed using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). The entire coding region of the
MCSR mutants was sequenced at the University of Alabama at
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_ TM1 loop 1
hMC1R 39 CLEVSISDELFLSLGLVSLVENALVVATIAK KNRNLHS
hMC2R 25 CPRVVLPHHIFFTISIVGVLENLIVLLAVFK KNKNLQA
hMC3R 76 CEQVFIKPHIFLSLGIVSLLENILVILAVVR NGNLHS
hMC4R 45 YEQLFVSBHVFNTLGVISLLENILVIVAIAK NKNLHS
hMCS5R 37 CEDMGIAVHVELTLGVISLLENILVIGAIVK NKNLHS
TM2 loop 2 (1le)
hMC1R 71 PMYCFICCLAL LVSGTNVIETAVILL LEAGALVARAA
hMC2R 57 PMYFFICSLAI LGSLYKIIENILIIL RNMGYLKPRGS
hMC3R 108 PMYFFLCSLAV. LVSVSNALETIMIAI VHSDYLTFEDQ
hMC4R 77 PMYFFICSLAV. LVSVSNGS LLNSTDTDAQS
hMC5R 69 PMYFFVCSLAV. LVSMSSA LNNKHLVIADA
TM3 loop 3 (21i)
hMC1R 117 VLQQ VIDVITCSSMLSSLCFLGAIAVDRYI SIFYALRYHSIVTL
hMC2R 103 FETT IIDSLFVLSLLGSIFSLSVIAADRYI TIFHALRYHSIVTM
hMC3R 154 FIQH IFDSMICISLVASICNLLATIAVDRYV TIFYALRYHSIMTV
hMC4R 122 FTVNIDNVIDSVICSSLLASICSLLSIAVDRYF TIFYALQYHNIMTV
hMCS5R 115 FVRHIDNVEDSMICISVVASMCSLLAIAVDRYV TIFYALRYHHIMTA
TM4 loop 4 (2e)
hMC1R 159 LPRARQAVAAI WVASVVFS TLFIAYY
hMC2R 145 MRRTVVVLTVI WTFCTGTG ITMVIFS
hMC3R 196 VRKALTLIVAI WVCCGVCG VVFIVYS
hMC4R 164 VKRVGIIISCI WAACTVSG ILFITYS
hMC5R 157 ARRSGAIIAGI WAFCTGCG IVFILYS
TM5 loop 5 (31i)
hMC1R 189 DHVAVLLCLVVF MLVLMAVL YVHMLARACQHAQGIARLHKRQR
hMC2R 175 HHVPTVITFTSL MLVFILCL YVHMFLLARSHTRKI
hMC3R 226 ESKMVIVCLIT MMLLMGTL YVHMFLFARLHVKRIAALPPADGV
hMC4R 194 DSSAVIICLIT MLALMASL YVHMFLMARLHIKRIAVLPGTG
hMCS5R 187 ESTYVILCLIS MLFLLVSL YITHMFLLARTHVKRIALCPGPA
TM6 (3e)
hMC1R 240 PVHQGFGLKGAVTLTILLGIFFL CPEHPTCGCIF
hMC2R 218 STLPRANMKGAITLTILLG F CPSNPYCACYM
hMC3R 278 APQQHSCMKGAVTITILLG F CPTNPYCICYT
hMC4R 244 AIRQGANMKGAITLTILIG CPOQNPYCVCFM
hMCS5R 237 LRGRGPAWQGAVTVTMLLG A% CPQONLYCSRFM
™7 C-terminal
hMC1R 279 ALIICNAIIPDPLIYAFHSQELRRTLKEVL TCSW
hMC2R 257 S MLIMCNAVIDPFIYAFRSPELRDAFKKMI FCSRYW
hMC3R 317 VLIMCNSVIDPPLIYAFRSLELRNTFREIL CGCNGMNLG
hMC4R 283 S ILIMCNSIIPPLIYALRSQELRKTFKEII CCYPLGGLCDLSSRY
hMC5R 276 S ILIMCNSV LIYAFRSQEMRKTFKEIT CCRGFRIACSFPRR

e: extracellular loop
i: intracellular loop
TM: Transmembrane domain

Figure 1. Primary sequences of human melanocortin receptors. The conserved TM residues in these receptors are boxed. The residues involved in

ligand binding and signaling are shown in bold.

Birmingham Sequence Core to confirm that the desired
mutation sequences were present and that no sequence errors
had been introduced. The mutant receptors (shown in Figure
2) were subcloned into eukaryotic expression vector pPCDNA
3.1 (Invitrogen, Carlsbad, CA).

Cell Culture and Transfection. The HEK-293 cell line
was purchased from ATCC (Manassas, VA) and cultured in
DMEM containing 10% bovine fetal serum and HEPES. Cells
at 80% confluence were washed twice with DMEM, and the
receptor constructs were transfected into cells using lipofect-
amine (Life Technologies, Rockville, MD). The permanently
transfected clonal cell lines were selected by resistance to the
neomycin analogue G418.°

Binding Assays. After media had been removed, cells were
incubated with a nonradioligand in 0.5 mL of MEM (Fisher
Scientific. Pittsburgh, PA) containing 0.2% BSA and radio-
ligand. Binding experiments were performed using conditions
described previously.” Briefly, 2 X 10° cpm of ['*I]JNDP-a-
MSH was used in combination with nonradiolabeled ligands of
NDP-a-MSH. Binding reactions were terminated by removing
the media and washing the cells twice with MEM containing
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0.2% BSA. The cells were lysed with 0.2 N NaOH, and the
radioactivity in the lysate was quantified in an analytical gamma
counter. Nonspecific binding was assessed by measuring the
amount of '*I label bound in the presence of 10 M unlabeled
ligand. Specific binding was calculated by subtracting non-
specifically bound radioactivity from total bound radioactivity.

cAMP Assay. cAMP generation was measured using a
competitive binding assay.””> Briefly, HEK cell lines stably
expressing hMCSR were used in these assays.”®> Cell culture
medium was removed, and cells were incubated with 0.5 mL of
Earle’s Balanced Salt Solution (EBSS), containing melanocortin
agonist NDP-NDP-a-MSH (107" to 107° M), for 30 min at 37
°C in the presence of 107> M isobutylmethylxanthine. The
reaction was stopped via addition of ice-cold 100% ethanol
(500 puL/well). The cells in each well were scraped, transferred
to a 1.5 mL tube, and centrifuged for 10 min at 1900g, and the
supernatant was evaporated in a 55 °C water bath with
prepurified nitrogen gas. The cAMP content was measured, and
each experiment was performed a minimum of three times with
duplicate wells.

dx.doi.org/10.1021/bi3013593 | Biochemistry 2013, 52, 1737—1745
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Figure 2. Two-dimensional representation of the seven-TM structure of hMCSR. The TM residues mutated in these experiments are denoted by
black or gray highlighting. Those TM residues whose mutation significantly affected NDP-MSH binding as determined are shown with a black

background.

Receptor Expression. For receptor protein expression
studies, we utilized polymerase chain reaction to insert a FLAG
tag onto the NH, terminus of hMCS5R to characterize receptor
protein cell surface expression by flow cytometry using
fluorescence-activated cell sorting (FACS). The FLAG protein
is an eight-amino acid peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-
Lys), useful for immunoaffinity purification of fusion proteins.”*
hMCSR or mutant receptor-transfected cells were harvested
using 0.2% EDTA and washed twice with phosphate-buffered
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 yL of 10 yg/mL murine anti-FLAG M1
monoclonal antibody (catalog no. 316, Sigma, St. Louis, MO)
in incubation buffer for 45 min. Under these conditions, 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 CY3-
conjugated Affinity Pure Donkey Anti-Mouse IgG (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 (FACStar plus six parameter
cytometer/sorter with a dual-argon ion laser, Becton-Dickinson
Immunocytometry Systems, San Jose, CA). The results were
analyzed using CellQuest (Beckton-Dickinson Immunocytom-
etry Systems).

Statistical Analysis. Each experiment was performed three
separate times with duplicate wells. Data are expressed as
means + the standard error of the mean. The mean value of the
dose—response data of binding and cAMP production was fit to
a sigmoid curve with a variable slope factor using nonlinear-
squares regression analysis (GraphPad Prism, GraphPad
Software, San Diego, CA). A Student’s t test was used to
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determine the statistical significance of changes in affinity and
potency (p < 0.05 was considered significant).

MC5R Modeling. G protein-coupled receptors (GPCRs)
represent the single largest class of membrane proteins in the
human genome. GPCRs share a common structural signature
of seven hydrophobic transmembrane (TM) segments, with an
extracellular amino terminus and an intracellular carboxyl
terminus. GPCRs share the most homology within the TM
segments. So far, several different types of GPCR structures
have been determined by X-ray crystallography: 2 adrenergic
receptor, A1 adrenergic receptor, adenosine receptor, rhodop-
sin, CXCR4 chemokine receptor, dopamine D3 receptor,
histamine receptor, and the nociceptin/orphanin FQ_ recep-
tor.”!'71*** Because experimentally elucidated structures are
available for only this very limited number of receptors,
homology modeling is still used widely for the construction of
GPCR models intended to study the structure—function
relationships of the receptors and aid the discovery and
development of ligands capable of modulating their activity.
MCSR belongs to the GPCR family and consists of a single
polypeptide featuring seven a-helical TM domains, an
extracellular N-terminus, and an intracellular C-terminus. A
homology model of hMCSR was therefore generated on the
basis of the structure of the nociceptin/orphanin FQ_receptor
(opioid-like receptor) as a template by using SWISS-
MODEL.>***” Homology modeling of hMCSR consists of the
following steps: selection of the nociceptin/orphanin FQ
receptor as a template, alignment of the hMCSR sequence
and the nociceptin/orphanin FQ_receptor structure, model
building, energy minimization, and/or refinement and model
quality assessment. PATCHDOCK was used to dock the ligand
(NDP-a-MSH) to the receptor.”®*® The ligand was docked
manually into the binding pocket of hMCSR.

dx.doi.org/10.1021/bi3013593 | Biochemistry 2013, 52, 1737—1745
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B RESULTS

Effects of Mutating Conserved Charged Amino Acids
in Transmembrane Domains of hMC5R on NDP-a-MSH
Binding and Activation. MCSR shares many conserved
amino acid residues with other MCRs. Electrostatic and
hydrophobic forces have been proposed to be involved in
NDP-a-MSH binding and receptor activation at MCRs.***"*°
An ionic pocket formed by amino acid residues in trans-
membrane (TM) domains 2 and 3 of hMCIR, hMC2R,
hMC3R, and hMC4R has been proposed to be critical for
ligand binding;zo_n’31 furthermore, these TM residues have
been hypothesized to form an ionic interaction with Arg8 of
NDP-a-MSH.*® We compared the MCSR sequence with other
MCRs and determined that MCSR is 45% similar with other
MCRs. This evolutionary conservation implies that there may
be functional significance for these maintained receptor
residues. We examined the effect of mutating conserved
charged amino acids in transmembrane domains of the
hMCSR on NDP-a-MSH binding and activation. The
hMCSR mutations generated in this study are listed in Figure
2. On the basis of the hypothesis that NDP-a-MSH docks into
the MCSR transmembrane domains near the surface of the
plasma membrane, we performed mutagenesis studies in the
upper region of the hMCSR transmembrane to examine the
role of the charged amino acids on NDP-a-MSH binding and
biological activity. Given its small neutral nature, alanine is the
generally accepted amino acid of choice for mutagenesis
substitution in this type of study because it is theoretically
unlikely to disturb receptor tertiary structure. The binding
affinities of NDP-a-MSH at wild-type hMCSR and mutated
receptors were first examined. NDP-a-MSH possessed high-
affinity binding at wild-type hMCSR as indicated by dose-
dependent displacement of ['*I]NDP-a-MSH binding, but
mutations of some receptor residues resulted in the alteration
of ligand binding affinity (Figure 3A). To examine the ability of
NDP-a-MSH to activate wild-type hMCSR and mutated
receptors, second-message cAMP production was assessed.
NDP-a-MSH dose-dependently increased the level of gen-
eration of cAMP at hMCS5R and mutated receptors, but ligand
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Figure 3. Effects of substitution of the conserved charged amino acid
hMCSR TM residues with alanine on NDP-MSH binding affinity and
receptor activity. (A) NDP-MSH binding affinities of these mutants.
(B) Extents of NDP-MSH-stimulated cAMP production of these
mutants. For panels A and B, n = 3 (see Table 1 for actual IC, and
EC,, values).
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potency was altered at some mutated receptors (Figure 3B). As
shown in Figure 3, all three negatively charged residues in TM2
and TM3 (glutamic acid E92, D115, and D119) were examined
as they are homologous to receptor residues previously
implicated in other MCR agonist binding and signaling. One
substitution was made at TM6 H257, which is homologous to
hMCI1R H260 and hMC4R H264. These residues have been
shown to contribute to NDP-NDP-a-MSH specific bind-
ing.”’>*! Our results indicate that mutating residues E92 and
D115 in TM2 and D119 in TM3 significantly altered NDP-a-
MSH binding affinity and receptor activity [p < 0.0S (Figure
3)], which is similar to that of hMCIR and hMC4R. Another
substitution was made at TM7 H276, which is homologous to
hMCI1R N279 and hMC4R H283, which was not contributed
to NDP-a-MSH binding at hMCIR and hMC4R. Our results
indicate that mutating this residue significantly decreased NDP-
a-MSH binding affinity and receptor activity [p < 0.05 (Figure
3)], which is different from what is seen with hMCIR and
hMC4R. The respective K; and ECg, values are listed in Table
1. We also examined other charged amino acids, specifically

Table 1. Effects of Substitution of Charged Amino Acid
Residues of hMCSR on ['**I]NDP-MSH Binding and cAMP
Production

receptor expression [**I]NDP-MSH cAMP production

(% of WT) binding IC;, (nM) ECs, (nM)

WT 100 53+ 1.0 1.8 +£02
hMCSR

E41A 89 + 11 82 + 1.6 53+ 08
E92A 75 + 123 110 + 12.1¢ 90 + 10.1¢
DI115A 68 + 14 63.7 + 7.7¢ 45 + 1.2°
DI119A 66 + 11 >10% ¢ >10% ¢
H257A 67 + 8.7 551 + 297 451 + 27°
H276A 84 + 6.8 332 + 46° 387 + 32°

“p < 0.05 compared with the WT receptor.

residues E41 and ES3, and our results indicated that mutations
of these amino acid residues did not alter NDP-a-MSH binding
or signaling.

Effects of Mutating Conserved Aromatic Amino Acids
in Transmembrane Domains of hMC5R Responsible for
NDP-a-MSH Binding and Activation. On the basis of our
mutagenesis studies of other MCRs, we have proposed that
there is a second distinct binding pocket for the MC5R ligand—
receptor interaction,”® >**° which consists of a series of
hydrophobic receptor residues in TMS and TM6 that are
believed to form aromatic—aromatic interactions with Phe7 and
Trp9 of NDP-a-MSH.*"** To determine whether aromatic
amino acids in TMS and TM6 of MCS5R play important roles in
ligand binding and signaling, we tested 13 amino acid residues
(TM1 F43, TM2 T93, TM4 W167, T171, and F177, TMS
F194 and F195, TM6 F247, W251, F254, and F255, and TM7
F277 and Y280) for ligand binding and signaling. Our results
indicated that mutations of F43, W167, T171, F194, F195,
W251, and F254 in TM6 significantly reduced NDP-a-MSH
binding affinity and receptor activity (p < 0.05) (Figure 4 and
Table 2) while mutations of T93, T177, F247, F255, F277, and
Y280 did not significantly alter receptor ligand binding or
signaling.

Effects of Mutating Nonconserved Charged Amino
Acids in Transmembrane Domains of hMC5R Respon-
sible for NDP-a-MSH Binding and Activation. Receptor

dx.doi.org/10.1021/bi3013593 | Biochemistry 2013, 52, 1737—1745
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Figure 4. Effects of substitution of conserved aromatic amino acids with alanine in hMCSR on NDP-MSH binding affinity and receptor activity. (A)
NDP-MSH binding affinities at these mutant receptors. (B) Ability of NDP-MSH to stimulate cAMP production at these mutant receptors. For

panels A and B, n = 3 (see Table 2 for actual ICs, and ECy, values).

Table 2. Effects of Substitution of Conserved Aromatic
Amino Acid Residues of hMC5R on ['*I|]NDP-MSH
Binding and cAMP Production

receptor expression ['*I]NDP-MSH cAMP production

% of WT) binding ICs, (nM) ECy (nM)

WT 100 53+ 1.0 1.8 £ 0.2
hMCSR

F43A 95 £ 6.3 34.5 +2.5° 41.6 + 32°
T93A 92 + 83 6.2 + 0.9 2.7+ 0.5
W167A 90 + 83 212 + 6.9° 21 + 4.5¢
T171A 93 + 6.8 113 + 2.9¢ 87 + 0.6°
F177A 92 + 83 42+ 09 14 + 0.5
F194A 94 +£73 82 + 227 62 + 347
FI19SA 95 £353 16.1 + 3.9¢ 13.4 + 4.6°
F247A 92 +£7.6 6.7 + 3.7 26 £ 1.7
W2S1A 87 £ 23 174 + 32° 125 + 23¢
F254A 66 + 11 >10%¢ >10° ¢
F2SSA 96 + 6 6.8 £ 1.8 23 +0.7
F277A 98 + 14.7 7.5 £ 1.7 31+ 16
Y280A 98 + 14.7 57+ 1.7 24+ 1.7

“p < 0.05 compared with the WT receptor.

amino acid sequence analysis also indicates that several charged
or aromatic amino acid residues in hMCSR are not conserved
among the MCRs. These residues include T45 in TM1, W91 in
TM2, F118 in TM3, F169 and F199 in TMS, and T248 and
T259 in TM6. To determine whether these nonconserved
aromatic residues in the TM of the hMCSR are involved in
ligand binding and signaling, we mutated these aromatic
residues and examined whether mutation would result in
subsequent changes in ligand binding affinity and potency at
this receptor. Our results indicate that only mutating F169
significantly altered NDP-a-MSH binding affinity and receptor
activity (p < 0.05) (Figure S and Table 3).

B DISCUSSION

The melanocortin receptors consist of a single polypeptide
featuring seven oa-helical TM domains, an extracellular N-
terminus, and an intracellular C-terminus. These receptors are
involved in a diverse number of physiological functions,
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including pigmentation, steroidogenesis, energy homeostasis,
exocrine secretion, sexual function, analgesia, and inflammation.
Many clinical studies indicate that melanocortin receptor gene
variants play important roles in the development of different
diseases. MCI1R gene variants determine the risk of melanoma
skin cancer.”> MC2R gene variants have been identified in
familial §lucocorticoid deficiency (FGD), a potentially fatal
disease.”> MC3R and MC4R gene variants are involved in the
development of obesity.>***> The melanocortin peptides belong
to a group of neuropeptides derived from the pro-
opiomelanocortin prohormone and contain the common His-
Phe-Arg-Trp amino acid sequence.36 One super potent a-MSH
analogue has been developed by altering the chirality of the
phenylalanine in the core sequence and replacing methionine
with norleucine [Nle4,p-Phe7]MSH (NDP-MSH). This
agonist is widely used for melanocortin receptor study because
it is stable and potent. Truncated NDP-MSH peptides or singly
mutated NDP-MSH was also used for melanocortin receptor
ligand binding and signaling studies. The His-Phe-Arg-Trp
amino acid residues in NDP-a-MSH were identified as being
important for ligand binding and biological activities at
hMCI1R, hMC3R, hMC4R, and hMCSR.>~*° The lead peptide
7,-MSH, Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-
OH, has been previously reported to possess agonist activity at
hMCSR.***" A new study indicates that 7,-MSH is not selective
for mouse MC3R over mouse MCSR by y,-melanocyte
stimulation hormone (y,-MSH) truncation studies, and there
appears to be a significant species difference resulting in a 68-
fold decrease in potency at hMCSR when compared to
mMCSR with peptide 1.+

Similarity of hMC5R with Other hMCRs in Ligand
Binding Pockets. Extensive studies have been performed to
examine the molecular basis of MCI1R, MC2R, MC3R, and
MCH4R responsible for ligand binding and signaling.*°~** These
studies indicate that conserved residues in TM of the
melanocortin receptors are involved in NDP-a-MSH or
ACTH binding and signaling. Electrostatic and hydrophobic
forces have been proposed in NDP-a-MSH or ACTH binding
and receptor activation.”"***>*! Melanocortin receptor sub-
types are believed to have the same basic molecular

dx.doi.org/10.1021/bi3013593 | Biochemistry 2013, 52, 1737—1745
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Figure S. Effects of substitution of nonconserved aromatic amino acids with alanine in hMCSR on NDP-MSH binding affinity and receptor activity.
(A) NDP-MSH binding affinity at these mutant receptors. (B) Ability of NDP-MSH to stimulate cAMP production at these mutant receptors. For

panels A and B, n = 3 (see Table 3 for actual ICy, and ECs, values).

Table 3. Effects of Substitution of Nonconserved Aromatic
Amino Acid Residues of hMCSR on [!*I|NDP-MSH
Binding and cAMP Production

receptor expression ["*I]NDP-MSH cAMP production

% of WT) binding ICs, (nM) ECs, (nM)

WT 100 53+ 1.0 1.8 £ 0.2
hMCSR

T4SA 97 £ 1.6 54+ 0.6 1.7 + 0.7
WI1A 98 + 1.8 52+ 09 1.6 £ 0.3
F118A 95 + 8.8 6.3 +2.1 1.7 £ 0.6
F169A 94 £ 5.5 253 + 4.1° 29.1 + 3.1¢
F199A 98 + 4.0 45+ 07 12 £ 06
T248A 93 + 6.4 S.1+£0.S5 15 £ 04
T2S9A 98 + 2.0 49 +03 19+ 03

“p < 0.05 compared with the WT receptor.

architecture, and hMCSR is nearly 50% identical with other
MCRs in the putative TM regions."**~* Given that MCSR
shares common endogenous melanocortin ligands with other
MCRs, it was proposed that the conserved MCSR residues may
have common orthosteric binding sites with other MCRs; we
therefore tested all conserved basic and negative TM residues,
as well as aromatic-, hydroxyl, and sulfhydryl-containing
residues in MCSR. We examined the roles of the highly
conserved residues across MCSR, MC1R, MC2R, MC3R, and
MCA4R subtypes that have been identified to be crucial in other
MCRs. We examined eight conserved amino acid residues of
hMCSR that have previously been identified to be involved in
ligand binding and activity in MC1R, MC2R, MC3R, and
MCA4R.S?0722%7%8 1t yas subsequently found that glutamine
acid, E94 in TM2, and aspartic acid, D115 and D119 in TM3 of
the MCSR, are conserved among all five melanocortin receptor
subtypes; furthermore, mutating either of these amino acids to
alanine resulted in significantly less endogenous agonist binding
and receptor signaling, suggesting that these residues are
important for ligand binding and signaling. Amino acid residue
H257 in TM6 of MCSR is also conserved in all five
melanocortin receptors. Changing these residues to alanine
resulted in a significant decrease in the level of endogenous
agonist binding and receptor signaling, further supporting their
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. . . 1. 6,21,48—50
involvement in orthosteric binding. 50 Qur results

demonstrate that conserved residues E92 in TM2 and D115
and D119 in TM3 are involved in NDP-a-MSH binding and
are similar to those of other MCRs.%*°72*** These data
indicate that several similarities exist between hMCSR and
other MCRs. First, MCSR and MCIR, MC3R, and MC4R
subtypes are activated by the same minimal NDP-a-MSH
tripeptide sequence, Ac-p-Phe-Arg-Trp-NH,.>' Second, muta-
tions of homologous residues in TM2, TM3, and TM6 of
hMCIR, hMC3R, hMC4R, and hMCSR are found to affect
agonist binding affinity (hMCIR residues E94, D117, D121,
and H260 are homologous to hMC4R residues E100, D122,
D126, and H264, respectively).“’25 Furthermore, in our study,
aromatic residues were extensively examined as in previous
studies of other MCRs.?*">**! Several aromatic mutants that
significantly affected binding of agonist to hMCSR were found
(ie., TMS F195 and TM6 F254). Therefore, these data are
consistent with the existence of aromatic—aromatic interactions
between ligand residues Phe7 and Trp9 of the melanocortin
sequence and hMCSR, interactions that were greviously
hypothesized to exist in the case of other MCRs.”****!
Disparity between hMC5R with Other hMCRs in
Ligand Binding Pockets. Despite the enumerated similarities
between hMCSR and other MCRs, these studies also identified
a potentially important subtype-specific difference between
hMCSR and other hMCRs. Receptor amino acid sequence
analysis indicates that some charged or aromatic amino acid
residues in hMCSR are conserved among MCRs. These
residues include W167 and T171 in TM4, F194 and F19S in
TMS, and H276 in TM7. Mutations of these residues
significantly reduced ligand binding affinity and potency.
However, in other MCRs, these residues have not been
found to significantly alter ligand binding and signaling.
Receptor amino acid sequence analysis also indicates that
several charged or aromatic amino acid residues in hMCSR are
not conserved among MCRs. These residues include T4S in
TMI1, W91 in TM2, F118 in TM3, F169 and F199 in TMS, and
T248 and T259 in TM6. Mutations of these residues did not
significantly reduce ligand binding affinity or potency except at
F169. Mutation of this residue (F169A) significantly reduced
ligand binding affinity and potency, demonstrating that MCSR
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has a broad binding site for ligand NDP-a-MSH that includes
not only conserved amino acid residues but also nonconserved
residues.

Modeling of the MC5R NDP-a-MSH Complex. Model-
ing of complexes of human MCSR with receptor-specific
agonists improved our understanding of the structural require-
ments for ligand binding and signaling. Our results suggest that
hMCSR may share similar binding sites with hMC1R, hMC2R,
hMC3R, and hMC4R. We incorporated our results into the
model for the hMCSR ligand receptor interaction that is shown
in Figure 6. As shown in panels A and B of Figure 7, an ionic

D119 (@ » (

| " F254

y

Figure 6. Three-dimensional model of a proposed NDP-a-MSH
docked inside hMCSR. Red residues represent D115 and D119 in
TM3 of hMCSR. Green residues represent F195 and F254 in TMS
and TMB6, respectively, of h(MCSR. The blue residue represents R8 in
NDP-a-MSH. The yellow residue represents p-F7 in NDP-a-MSH.
The brown residue represents W9 in NDP-MSH.

pocket was formed by amino acids D115 and D119 in TM3 of
hMCSR, as well as an aromatic binding pocket that consisted of
F195 in TMS and F254 in TM6 of hMCSR. In this model
complex, arginine 8 is in contact with D115 and D119; the

central aromatic ring of p-F7 is in contact with F195, while
aromatic ring W9 interacts with F254. This computational
approach defined the structural details of the receptor-bound
conformation of NDP-a-MSH and confirmed their proposed
arrangement inside the receptor. Although mutations of W167
and T171 in TM4, W251 and H257 in TM6, and H276 in TM7
significantly decreased ligand binding affinity and potency,
these residues are not included in the ligand binding pocket of
our computer model. On the basis of the model, these residues
do not face the ligand binding pocket. Mutations of these
residues may result in a change in the receptor conformation
and then alter ligand binding affinity and potency. Although
MCR subtypes share sequence homology, ranging from 60%
identical (hMC4R and hMCSR) to 45% identical (hMC3R and
hMCI1R, and hMC3R and hMC2R) to 38% identical (hMC2R
and hMC4R),*** our results suggest that they may utilize
similar orthosteric binding sites for endogenous ligand binding
and signaling.

In summary, we propose three-dimensional models of
complexes of hMCSR with a linear peptide (NDP-a-MSH)
that are consistent with our structure—activity studies. Key
findings are that TM3, TMS, and TM6 of hMCSR are
important for ligand binding and signaling. These results
provide important insight into the molecular aspects of h(MCSR
responsible for ligand binding and receptor signaling.
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