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ABSTRACT. Melanocortin-3 receptor (MC3R), primarily expressed in the hypothalamus, plays an important
role in the regulation of energy homeostasis. MC3R-deficit@3R/~) mice demonstrate increased fat
mass, higher feeding efficiency, hyperleptinaemia, and mild hyperinsulinism. At least one specific mutation
of MC3R has been identified to be associated with human obesity. Functional analysis of this altered
MC3R (1183N) has indicated that the mutation completely abolishes agonist-mediated receptor activation.
However, the specific molecular determinants of MC3R responsible for ligand binding and receptor
signaling are currently unknown. The present study is to determine the structural aspects of MC3R
responsible for ligand binding and receptor signaling. On the basis of our theoretical model for MC1R,
using mutagenesis, we have examined 19 transmembrane domain amino acids selected for these potential
roles in ligand binding and receptor signaling. Our results indicate that (i) substitutions of charged amino
acid residues E131 in transmembrane domain 2 (TM2), D154 and D158 in TM3, and H298 in TM6 with
alanine dramatically reduced NDP-MSH binding affinity and receptor signaling, (ii) substitutions of aromatic
amino acids F295 and F296 in TM6 with alanine also significantly decreased NDP-MSH binding and
receptor activity, (iii) substitutions of D121in TM2 and D332 in TM7 with alanine resulted in the complete
loss of ligand binding, ligand induced receptor activation, and cell surface protein expression, and (iv)
interestingly, substitution of L165 in TM3 with methionine or alanine switched antagonist SHU9119 into
a receptor agonist. In conclusion: Our results suggest that TM3 and TM6 are important for NDP-MSH
binding, while D121 in TM2 and D332 in TM7 are crucial for receptor activity and signaling. Importantly,
L165 in TM3 is critical for agonist or antagonist selectivity. These results provide important information
about the molecular determinants of hMC3R responsible for ligand binding and receptor signaling.

Obesity is a common and rapidly growing health problem that both MC3R- and MC4R-deficient mice are obese;
in the United States1l(-5). The condition arises from an  however, their obesity phenotypes differ in that MC4R
improper balance between energy intake and expenditure knock-out (KO) mice are hyperphagic, while obese MC3R
and is a risk factor for diabetes mellitus, cardiovascular KO mice are not14, 15). However, to date, only one specific
disorders, and cancer. The rising prevalence of obesity mayMC3R mutation has been identified to be associated with
be due to the multiple effects that result from the interaction human obesity X6). Functional analysis of this MC3R
of genetic factors with the environmer@<8). The melano-  mutation (1183N) has indicated that the mutation completely
cortin system has been identified to play an important role abolishes agonist-mediated receptor activatib).(While
in the regulation of food intake and body weight in animals great effort and progress have been made in determining the
and humans. In particular, the melanocortin-3 (MC3&)d role of MC4R in regulating food intake, much still remains
-4 receptors (MC4R) are critical in the control of feeding to be learned regarding the molecular basis of ligand binding
behavior and body weighd{-13). Genetic studies indicate  and receptor activation, and the explanation for the different
pharmacological profiles of MC3R and MC4R. Alpha
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at MC3R and MC4R, but-MSH has higher affinity at
MC3R than MC4R. Agouti related protein (AGRP) is a
potent antagonist at both MC3R and MC4R, but agouti is a
potent antagonist only at MC4RT—19). These differences
indicate that these two receptors, though members of the
same system, are likely to possess functional and structural
differences. Determination of the molecular basis of ligand
binding and receptor signaling should, therefore, provide
important insights into the mechanism of MC3R action. In
this study, we have found that the TM3 and TM6 of h(MC3R
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Ficure 1: Two-dimensional representation of the seven TM structure of the hMC3R. 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
highlighted by black.

are important for NDP-MSH binding, while D122 in TM2  of 23-NDP-MSH (Amersham, NJ) was used in combination
and D332 in TM7 are important for receptor expression and with nonradiolabeled ligands, NDP-MSH, MTIl or SHU91109.
activation. The residue L165 in TM3 is critical for agonist Binding reactions were terminated by removing the media
or antagonist selectivity. and washing the cells twice with MEM containing 0.2%
BSA. The cells were lysed with 0.2 N NaOH, and the
radioactivity in the lysate was quantified in an analytical

Peptides. (NI& p-Ph€) a-MSH (NDP-MSH), Melanotan ~ 9amma counter. Nonspecific binding was determined by
Il (MTII), and SHU9119 were purchased from Peninsula Measuring the amount &3-label bound in the presence of
Laboratories, Inc. (Belmont, CA). 106 M unlabeled ligand. Specific binding was calculated

Site-Directed MutagenesisSingle mutation was con- DY subtracting nonspecifically bound radioactivity from total
structed using the Quick-Change Site-Directed Mutagenesisbound radioactivity.

kit (Stratagene, La Jolla, CA). We examined the entire coding . .
region of the mutated receptors to confirm that the desired CAMP AssaycAMP generation was measured using a

mutation sequences were present and that no sequence errof9MPetitive binding assay (TRK 432, Amersham, Arlington
had been introduced by performing sequencing at the H€ights, IL). Briefly, HEK cell lines stably expressing
University of Alabama at Birmingham Sequence Core. The "MC3R were used in these assag8)( Cell culture media
mutated receptors are shown in Figure 1. The mutantWas removed, and cells were incubated with 0.5 mL of
receptors were subcloned into the eukaryotic expressionEarle’s Balanced Salt Solution (EBSS), containing melano-
vector pCDNA 3.1 (Invitrogen; Carlsbad, CA). cortin agonist NDP-MSH, MTII, or SHU9119 (1&—-1076

Cell Culture and Transfectiohe HEK-293 cell inewas ~ M), for 30 min at 37°C in the presence of 18 M
purchased from ATCC (Manassas, VA) and cultured in isobutylmethylxanthine. The reaction was stopped by adding
DMEM medium containing 10% bovine fetal serum and ice-cold 100% ethanol (50@L/well). The cells in each well
HEPES. Cells at 80% confluence were washed twice with were scraped, transferred to a 1.5 mL tube, and centrifuged
DMEM, and the receptor constructs were transfected into for 10 min at 190, and the supernatant was evaporated in
cells using lipofectamine (Life Technologieg, Rockville MD). g 55°C water bath with prepurified nitrogen gas. cAMP
The permanently transfected clonal cell lines were selectedcontent was measured according to instructions accompany-
by resistance to the neomycin analogue G4A@.( ing the assay kit. Each experiment was performed a minimum

Binding AssaysAfter media was removed, cells were of three times with duplicate wells.
incubated with various nonradioligands in 0.5 mL of MEM
(Fisher Scientific, Pittsburgh, PA) containing 0.2% BSAand  Receptor Expressionkor receptor protein expression
radioligand. Binding experiments were performed using studies, we utilized PCR to insert a FLAG tag onto the,NH
conditions previously described (19). Briefly,x210° cpm terminus of hMC3R to characterize receptor protein cell

EXPERIMENTAL PROCEDURES
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Table 1. Effect of NDP-MSH Residue Substitutions 8% NDP-MSH Binding and cAMP Generatién

K; (M) EC5p (M)
NDP-MSH Ac- Ser-Tyr-Ser-Nle-Glu-His- | DPhe-Arg-Trp{Gly-Lys-Pro-Val-NH2 56 t+ 10 08 01
Ala®-NDP-MSH Ac- Ser-Tyr-Ser-Nig-Glu- Ala - Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 385 ¢ 39 139 t 01
DAla’-NDP-MSH Ac- Ser-Tyr-Ser-Nle-Glu-His- | DAla -Arg-TrpiGly-Lys-Pro-Val-NH2 0" 0%
Nig®-NDP-MSH Ac- Ser-Tyr-Ser-Nle-Glu-His- |DPhe- Nie-TrptGly-Lys-Pro-Val-NH2 077 £ 12* 4876 +19.2°
Le™NDP-MSH  Ac- Ser-Tyr-Ser-Nie-Glu-His- |DPhe-Arg-Ley -Gly-Lys-Pro-Val-NH2 16> 0%

an > 3, meant SEM. *P < 0.01 compared with NDP-MSH. Nle: norleucine.

Table 2: Effect of NDP-MSH Truncation of¥¥ NDP-MSH Binding and cAMP Generatién

Ki (n) ECgy (M)
NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His- |DPhe-Arg-Trp1Gly-Lys-Pro-Val-NH2 56 t 11 08 £ 01
HRWK His- |DPhe-Arg-TrpiLys-NH2 68 + 137 616 + 57
HRW His- |DPhe-Arg-TrpiNH2 164 £ 116 687.7 & 45.1°
HR His- |DPhe-Arg-NH No No
- DPhe-Ag-TrpiNH >10” >0

aNR, no responsen > 3, meant SEM. *P < 0.01 compared with NDP-MSH.

surface expression by flow cytometry using fluorescence- determine which NDP-MSH residues are essential for high
activated cell sorting (FACS). The FLAG protein is an eight- affinity binding and potency at hMC3R, we performed
amino-acid peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys), structure-activity studies using the substituted and truncated
useful for immunoaffinity purification of fusion protein21, NDP-MSH peptides. The sequences of the substituted and
22). hMC3R or mutant receptor transfected cells were truncated peptides are shown in Tables 1 and 2. Regarding
harvested using 0.2% EDTA and washed twice with phos- the substitution experiments, our results indicate that sub-
phate buffer saline (PBS). Aliquots of 8 10° cells were stitution of NDP-MSH Hi$§ with alanine resulted in a 7-fold
centrifuged and fixed with 3% paraformaldehyde in PBS (pH decrease in NDP-MSH binding affinity and a 17-fold
7.4). The cells were incubated with 50. of 10 ug/mL decrease in potency for receptor activation, as defined by
murine anti-FLAG M1 monoclonal antibody (Sigma, catalog cAMP production (Figure 2 and Table 1). Substitution of
No. 316, St. Louis, MO) in incubation buffer for 45 min. NDP-MSH residue-Ph¢€ with thep-stereoisomer of alanine,
Under these conditions, the primary antibody binds only to or residue Ar§with norleucine, and residue Trpith leucine
receptors located at the cell surface. The cells were collectedalso profoundly decreased NDP-MSH binding affinity and
by centrifugation and washed three times with incubation potency, as evidenced Ib§f and EGg values shown in Table
buffer. The cell pellets were suspended in 10D of 1 and Figure 2.
incubation buffer containing CY3-conjugated Affinity Pure  Qur results with truncated NDP-MSH peptides also reveal
Donkey Anti-Mouse Ig G (ImmunoResearch Lab, Inc., West that all truncations tested affected binding affinity and
Grove, PA) and incubated at room temperature for 30 min. potency for hMC3R activation (Table 2). The peptide#is
Flow cytometry was performed on a fluorescence-activated p-Phd-Arg®-Trp® was the smallest fragment that displayed
cell sorter (Becton Dickinson FACStar plus six parameter full agonist efficacy (Figure 3). However, full hMC3R
cytometer/sorter with a dual Argon ion laser, San Jose, activation required a micromolar concentration of that
California). The results were analyzed using the software peptide, and, even at that high concentration, 4Rhe-Arg-
CellQuest (Beckton-Dickinson Immunocytometry Systems, Trp did not completely displac&3-NDP-MSH. Removal
San Jose, California). of Trp° from the pentapeptide Glu-His-Phe-Arg-Trp re-
Statistical AnalysisEach experiment was performed at sulted in a totally inactive tetrapeptide, which further
three separate times with duplicated wells. Data are expressegighlighted the importance of this aromatic amino acid
as meant SEM. The mean value of the doseesponse data  residue in NDP-MSH activity.
of binding and cAMP production was fit to a sigmoid curve Effect of Charged Amino Acids Mutation in Transmem-
with a varial_ale slope factor u_sing nonlinear squares regres-prane Domains of hMN3R Responsible for NDP-MSH
sion analysis (Graphpad Prism, Graphpad Software, Sanginging and Actiation. We examined previous data pertain-
Diego, CA). Significant differences were assessed by one-ing to MC1R and MC4R §, 23) to develop a model for
way ANOVA, with p < 0.05 considered to be statistically  \jc3R pharmacophore ligardeceptor interactions. On the
significant. basis of these data, we have examined the role of MC3R
RESULTS transmembrane domain residues dAMSH binding and
potency. We first mutated hMC3R residues conserved across
Role of Amino Acid Residues in NDP-MSH for High the MC3R, MC1R, and MC4R subtypes because evolution-
Affinity Binding and Potency at the Wild-Type hMC3R. ary conservation implies that there may be functional
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Ficure 2: Binding affinity and potency of mutated NDP-MSH ° 0 ? ) ’ ° °

peptides in HEK-293 cells stably transfected with the wild-type Ligand (Log M)

hMC3R. Panel A shows that HEK-293 cells transfected with Ficure 3: Binding affinity and potency of truncated NDP-MSH
hMC3R were incubated with 1251-NDP-MSH in the presence of peptides in HEK-293 cells stably transfected with the wild-type
the indicated amounts of unlabeled ligands, and total 125|-NDP- hMC3R. Panel A shows the binding affinities of the truncated
MSH binding was determined. Panel B shows that the cells were peptides to displace®d NDP-MSH. Panel B shows that the ability
incubated with the indicated amounts of peptides, and total CAMP of the truncated peptides to stimulate cAMP productidh=( 3;
accumulation was determineah € 3; see Table 1 foK; and EGg see Table 2 foK; and EG values) f= p-phenylalanine, R=
values). arginine, W= tryptophan, H= histidine, K= lysine.

significance of the maintained receptor residues. We havehomologous to receptor residues previously implicated in
examined alanine substitutions for 19 transmembrane domairhMC1R and hMC4R agonist binding. The fourth substitution
amino acids that are hypothesized to be involved in ligand was at the hMC3R TM6 H298 residue homologous to
binding and receptor signaling. The hMC3R mutations hMC1R H260 and hMC4R H264, which has also been
generated in this study are listed in Figure 1. On the basis shown to contribute to.-MSH binding affinity 6, 20). Our

of the hypothesis that NDP-MSH docks into MC3R trans- results indicate that mutations of amino acid residues E131
membrane domains near the surface of the plasma membrangn TM2, D154, and D158 in TM3 and H298 in TM6
mutagenesis studies were performed to examine the role ofsignificantly altered NDP-MSH binding affinity and receptor
relevant charged amino acids in the upper region of hAMC3R activity (Figure 4). The respectivi§; and EGo values are
transmembrane in NDP-MSH binding and biological activity. shown in Table 3. However, mutations of R196 and K197
Alanine is the generally accepted amino acid of choice for in TM4, and H317 in TM7, did not alter NDP-MDH binding
mutagenesis substitution in this type of study since its small affinity and receptor activity. However, th@..« for these
neutral nature theoretically makes it unlikely to disturb mutant receptors is lower that that of A(MC3RWT (Table 3).
receptor tertiary structure. Since an ionic interaction between Role of h(MC3R TM Residues in Receptor Expression and
the arginine residue of the key NDP-MSH tetrapeptide and Activation. It has been reported that mutations of glutamic
an anionic receptor residue could provide substantial energyacid residues in TM2 and TM7 of hMC4R results in altered
for agonist binding. Therefore, all three negatively charged agonist mediated receptor activation but no effect on ligand
hMC3R TM residues were first mutated. This included binding 6). To determine whether the corresponding residues
several anionic TM residues (E131, D154, and D158) of hMC3R are also involved in agonist mediated receptor
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Ficure 4: Effects of the substitution of charged amino acid hMC3R
TM residues with alanine on NDP-MSH binding affinity and
receptor activity. Panel A shows the NDP-MSH binding affinity
of these mutants. Panel B shows the ability of NDP-MSH stimulated
CcAMP production at these mutants. € 3; see Table 3 for actual

Ki and EGg values).

Table 3: Effect of NDP-MSH 01?5 NDP-MSH Binding and
cAMP Production in HEK Cells Transfected with the Mutated
Forms of the of A(MC3R

Bmax 129-NDP-MSH  cAMP production

(fmol/img pro)  bindingK; (nM) ECso (NM)
hMC3RWT 325+ 5.8 5.6+ 1.0 0.8+ 0.2
D121A no NB NR
D121N 235+ 3.2 11.24+2.1* 7.8+ 1.1*%
E131A 233+ 16 27.9+ 7.6* 158+ 3.2*
D154A 203+ 13 76.6+ 12* 33.44 2.3*
D158A 210+ 11 2344 23* 285+ 43*
R196A 269+ 7.5 7.4+1.2 1.5+ 0.9
K197A 238+ 7.5 6.0+ 0.9 1.7£0.2
H298A 281+ 7.5 98+ 6.9* 2164 18*
H317A 287+ 11.2 8.0+ 1.7 3.2+ 0.8*
D332A no NB NR
D332N 218+ 21 23+ 2.5* 87+ 4.3*

a*p < 0.05 compared with WT receptor.

activation, we mutated residue D121in TM2 and D332 in
TM7 by exchanging aspartic acid with alanine. Our results
indicate that mutations D121A and D332A resulted in a
complete loss of receptetigand binding and activation.

Chen et al.
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Ficure 5: Expression of mutant hMC3R in HEK-293 cells. FLAG-
tagged hMC3RWT or mutated hMC3Rs were transfected into HEK-
293 cells and detected by FACs (A). Ten thousand cells from each
transfection were sorted, and the percentage of cells having a
fluorescence intensity signal was determined via a basal cutoff value
(B). No positive FLAG signals were observed in the mutant D121A
and D332A, but positive FLAG signals were observed in the mutant
D121N and D332N.

Because of the possibility that these mutations impaired
receptor expression, we utilized FACS to determine FLAG-
tagged mutant D121A and D332A protein expression on the
cell surface (Figure 5). Our results show that strong signal
was detected at FLAG tagged MC3R WT but not detected
in FLAG-tagged mutants D121A and D332A, suggesting that
these two mutants were not properly expressed on the cell
surface. Our next step was to substitute these two residues,
D131 and D332, with asparagines (D131N, D332N) instead
of alanine, and again assess effects on receptor expression
and function. We were now able to observe dose-dependent
displacement o?4-NDP-MSH bound to D131N and D332N
and dose-dependent induction of cCAMP production (Figure
6); however, mutant receptor binding affinity and activation
were dramatically reduced compared to the WT receptor.

Effect of Aromatic Amino Acids Mutation in Transmem-
brane Domains of hMC3R Responsible for NDP-MSH
Binding and Actiation. It has been proposed that there is
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Ficure 6: Binding affinity and potency of NDP-MSH upon binding it ajanine in the hMC3R on NgDP-MSH binding affinity and
toff_m_LtJtanE g’.\;lfchtDl.lZ:“g a?d 333|2Né2F;|aRI%PA§AhSO|Y|VSShe bllrgjlng receptor activity. Panel A shows the NDP-MSH binding affinity
affinity ot difierent figands 1o dispiace™s “MoSH. Fanel B 5 these mutant receptors. Panel B shows the ability of NDP-MSH
shows the ability of different ligands to stimulate cAMP production to stimulate cAMP production upon binding to the mutant receptors.

upon binding wild-type and mutant receptors. Data points represent _a. ]
the meart= SE of three independent experiments with duplicate (Panels Aand B)(= 3; see Table 4 for actu# and EG, values).

wells.

Table 4. Effect of NDP-MSH 0?3 NDP-MSH Binding and
second distinct b|nd|ng pocket for interaction between cAMP Production in HEK Cells Transfected with the Mutated
o-MSH and both MC1R and MC4R5(20, 23, 24) mediated ~ Forms of the hMC3R

by aromatic amino acids in receptor transmembrane domains Brmax ?4-NDP-MSH  cAMP production
(5, 20). To examine the role of h(MC3R aromatic amino acids, (fmol/img pro) bindingK; (nM) ECso (NM)
we substituted nine phenylalanine residues in transmembranehlgl%SRWT gZSﬂ: 2-28 S.Si (1)'2 Ogi 8.%
) : : : ; F216A 78+ 22.4 5.9+ 0. 1.6+ 0.
domf':unsI Wl(tjh .ale;\llwgs arngeﬁgrg{ned wl(;ether these rgslldue:sF233A BT 294 e i1 21403
are involved in P- inding and receptor activity.  po3aa 5954 12.6 71t 1.7 13110
These aromatic residues are located in TM4 (F216), TM5 f2g8sA 283+ 10.2 6.1+ 0.6 1.4+ 0.1
(F233 and F234), TM6 (F288, F290, F295 and F296), and F290A 290+ 9.2 5.6+ 0.3 1.9+ 0.2
TM7 (F318). Our results indicate that mutations of F295A F295A 276+ 12.2 155+ 11* 28+ 6.5%
d E296A in TM6 sianificantly reduced NDP-MSH bindi F296A 311+ 145 17.8+ 13* 7.6+ 0.3*
an in signiicantly reduce i INdiNg  £318p 282+ 12.3 6.3+ 1.1 1.2£0.2

affinity and receptor activity while mutations of F216A, — -

F233A, F234A, F288A, F290A, and F318A did not signifi- P = 0.05 compared with WT receptor.

cantly alter NDP-MSH binding affinity and receptor activity

(Figure 7 and Table 4). However, we also found that receptor and is an antagonist at hMC3R and hMCA4R7)( On

Bmax Was lower for these mutant receptors than that of comparing the sequence of hMC3R with other MCRs, it

hMC3RWT. became apparent that leucine L165 and L133 in TM3 was
Substitution Amino Acid L165 in Transmembrane Domains unique to hMC3R and hMC4R. Interestingly, leucine 133

of hMC3R on Ligand Seleetty. SHU 9119 is a cyclic in TM3 of hMC4R has been reported to play an important

melanocortin analogue that containshaphthylalanine in- role in SHU9119 antagonisn®f). To determine whether

stead ob-phenylalanine in the core melanocortin sequence L165 in TM3 of hMC3R is also important for SHU9119
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Ficure 8: Binding affinity and potency of MTIl and SHU9119
upon binding to mutant hAMC3R L165M. Panel A shows the binding
affinity of different ligands to displacé’® NDP-MSH. Panel B
shows the ability of the different ligands to stimulate cAMP
production. HMC3R mutant L165M did not exhibit altered ligand
binding affinity but did switch SHU9119 from antagonist to agonist.
Data points represent the meah SE of three independent
experiments with duplicate wells.

5

action, we replaced this residue in hMC3R with methionine,
which corresponds to the amino acid that resides in the
homologous residue in hMC1R (methionine 128 in TM3).
As shown in Figure 8, the mutant receptor L165M is
functionally expressed on the cell surface, andBhgx for
CcAMP stimulation and binding affinity for NDP-MSH, MTII
(MSH analogue), and SHU9119 are all in the range of the
wild-type receptor (Table 5). However, substituting the
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Ficure 9: Binding affinity and potency of MTIl and SHU9119
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affinity of different ligands to displacé?d NDP-MSH. Panel B
shows the ability of the ligands to stimulate cAMP production.
HMC3R mutant L165A did not change ligand binding affinity but
switched SHU9119 from antagonist to agonist. Data points represent
the meant SE of three independent experiments with duplicate
wells.
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residue L165 with methionine in the hMC3R did lead to
complete conversion of SHU9119 activity from antagonist
to agonist (Figure 8). To further determine whether specific
methionine is required for this activity, we substituted residue
leucine 165 with alanine (L165A). Our results indicate that
L165A also converts SHU9119 from antagonist to agonist
(Figure 9 and Table 5).

Table 5: Effect of Melanocortin Ligands d# NDP-MSH Binding and cAMP Production in HEK Cells Transfected with the WT hMC1R,

hMC3R, and Mutated Forms of the of hAMC3R

129-NDP-MSH bindingK; (nM)

cAMP production EGy (nM)

Brmax (fMol/mg pro) NDP MTII SHU9119 NDP MTII SHU9119
hMC3RWT 325+ 5.8 5.6+ 1.0 6.1+ 1.0 5.9+ 0.2 0.8+ 0.1 0.72:0.1 NR
L165M 307+ 12.2 6.1+ 0.5 5.94+ 0.6 5.7+ 0.5 1.1+ 0.1 1.6+ 0.5 15.3+ 1.7*
L165A 311+ 11.1 5.9+ 0.3 5.7+ 0.5 6.1+ 0.1 1.2+ 0.2 0.9+ 0.1 214 0.3*
hMC1RWT 295+ 12.6 32403 43+0.7 43+04 0.7+0.1 1.3+1.0 7.8+0.6

aNR: no response.P < 0.05 compared with WT hMC3R.
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DISCUSSION E131in TM2

D154 in TM3

The discovery that melanocortin-3 and -4 receptors are
involved in the hypothalamic control of feeding behavior
has generated substantial academic and pharmaceutical
industry interest because of the possibility of using melano-
cortin agonists as anti-obesity drugs. In this study, we have
confirmed that NDP-MSH residues HjsArg®, b-Phé€, and
Trp® are important for ligand binding and biological activities
at hMC3R. TM3 and TM6 of hMC3R are important for
NDP-MSH binding, while Asp 121 in TM2 and Asp332 in
TM7 are crucial for receptor activity and signaling. In
addition, L165 in TM3 is critical for agonist or antagonist
selectivity.

Our structure activity studies of NDP-MSH demonstrated
that substitution of residue Arg8 with an uncharged amino
acid, Nle8,.0r Su_bstitut.ion of residussPhe7 and Trps, with Ficure 10: Two-dimensional representation of a proposed three-
nonaromatic amino acids, DAla7 and Leu9, greatly decreasecjdimensional model illustrating the synthetic melanocortin NDP-

binding affinity and potency of substituted NDP-MSH MsH docked inside the hMC3R. Two receptor binding pockets
peptides at the hMC3R. Studies with truncated NDP-MSH are hypothesized. The first is a predominantly ionic pocket formed

D158 in TM3

L165 in TM3

F295/F296 in TM6

H298 in TM6

peptides further highlighted the importance of residue8 6

by demonstrating that the smallest NDP-MSH fragment that

possesses full agonist efficacy is the tetrapeptidec-iie7-
Arg8-Trp9, which is consistent with the previous da2é)(
Taken together, these data indicate that amino acideHis-
Phe7-Arg8-Trp9 are critical for the biological activity of

by Asp154 and Asp 158. The second a hydrophobic pocket formed
by aromatic residues in TM6. Phe 257, F258, and H298 are
included.

GPCR’s activation process has been proposed to involve
the rotation of TM domains with outward movement of their
cytoplasmic ends2{7). This theoretically would enable G

NDP-MSH, presumably due to their key role in maintaining proteins to interact with some of the intracellular loops as
NDP-MSH structure and/or their role in binding hMC3R  well as the C terminal tail of GPCRs. For melanocortin
residues, which is different from that of h(MC4BE)( peptides, extensive studies indicate that the amino acid in
Electrostatic and hydrophobic forces have been proposedposition 7 of synthetic melanocortin ligands is important for
to be involved in MSH binding and receptor activation at ligand activity 8). Modifications of MTII by substituting
MCRs 6, 20, 23). An ionic pocket formed by amino acid bp-Phée with different residues result in distinctly different
residues in transmembrane (TM) domains two and three of activation profiles at the various melanocortin receptor
hMC1R and hMC4R have been proposed to be critical for subtypes. At the mouse MC1R, replacement of MoFPh€

ligand binding b, 20). These TM residues have been
hypothesized to form an ionic interaction with Argf NDP-
MSH (23). A second hydrophobic binding pocket has also

by DNal(2) or DNal (2), retained agonist potency compared
with MTII but resulted in decreased potencies, suggesting
that for the MC1R, both stereochemistiy-¢onfiguration)

been proposed and this binding pocket consisted of a seriesand positioning of the bulky aromaticity is important for

of hydrophobic receptor residues in TM4, 5, and 6 which
are believed to form aromati@romatic interactions with
Phe and Trg of a-MSH (5, 23). In this study, we have
utilized mutagenesis involving 19 selected amino acid
residues to examine whether this model also fits for \NMC3R.
Similar to h(MC1R and hMC4R, our results suggest that an
ionic binding pocket also existed in hMC3R considering that
mutations of TM2 residue Glu 131 and TM3 residues D154
and D158 significantly affected NDP-MSH binding affinity
and biological activity. However, unlike MC1R and MC4R,
only TM6 of hMC3R seems to be involved in a hydrophobic
binding pocket. Mutations of TM6 residues Phe 295, Phe
296, and H298 altered NDP-MSH binding affinity and
receptor biological activity. The other aromatic residues in
TM4, TM5, and TM7 of hMC3R do not seem to play an
important role in NDP-MSH binding and receptor biological
activity because mutations of F216 in TM4, F233, F234, and
F318 in TM7 did not significantly alter these parameters.

agonist potencies. However, at hMC3R and hMC4R, re-
placement of MTIlIb-Phe7 by DNal (37 (SHU9119),
converted the agonist into an antagonist. However, other
naphthylalanine derivative modifications resulted only in
decreased agonist potencies. These data suggest that both
stereochemistryotconfiguration) and the position of the
bulky aromatic residue are important for ligand agonist or
antagonist selectivity at MC3R and MC4R. After the
comparison of the amino acid sequence of hMC3R with other
MCRs, we found that leucine in TM3 is unique in hMC3R
and hMC4R. Since leucine has been reported to play an
important role in SHU9119 antagonism in TM3 of hMC4R
(25), we determined whether L165 in TM3 of hMC3R was
similarly critical for SHU9119 antagonism. We replaced this
residue with methionine, which exists in this position of
hMCL1R, and found that the substitution of leucine 165 to
methionine did not alter receptor NDP-MSH binding affinity
but led to complete conversion of SHU9119 activity from

Our results suggest that hMC3R shares ionic binding sitesantagonist to agonist. Our results suggest that this leucine
with hMC1R and hMC4R. The model for hMC3R ligand 165 in TM3 of hMC3R is important for agonist or antagonist
receptor interaction is shown in Figure 10. An ionic pocket selectivity. To further determine whether methionine is
formed by amino acid residues E131in TM2 and D154, D158 specifically required for this activity, we further substituted
in TM3 of hMC3R and a second hydrophobic binding pocket residue leucine 165 with alanine, L165A. We hypothesized
consisted of F295, F296, and H298 in TM6 of hMC3R. that if there was a direct interaction between M165 and DNal
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(2)7 in SHU9119, the mutation of L165A would alter this alanine dramatically reduced NDP-MSH binding affinity and
interaction and SHU9119 would not activate the receptor to receptor signaling, (ii) substitutions of aromatic amino acids
induce cAMP production. However, our results indicate that F295 and F296 in TM6 with alanine also significantly
mutation L165A also switches SHU9119 from antagonistto decreased NDP-MSH binding and receptor activity, (iii)
agonist. SHU9119 has the same binding affinity and potency substitutions of D121in TM2 and D332 in TM7 with alanine
at L165M and L165A, suggesting that there is no direct resulted in the complete loss of ligand binding, ligand
interaction between DNal of SHU9119 and L165 of hMC3R. induced receptor activation, and cell surface protein expres-
One possible explanation is that since SHU9119 has a bulkysion, and (iv) interestingly, substitution of L165 in TM3 with
aromatic residue in position 7, when it docks into the receptor methionine or alanine switched antagonist SHU9119 into a
binding pocket, L165 may hinder the receptor conformation receptor agonist. In conclusion: Our results suggest that TM3
change and block receptor activation. When leucine 165 wasand TM6 are important for NDP-MSH binding, while D121
replaced with methionine or alanine, which is smaller in size in TM2 and D332 in TM7 are crucial for receptor activity
than leucine, the hindering amino acid was removed. and signaling. Importantly, L165 in TM3 is critical for
SHU9119 binds to receptor and rotates both TM domains agonist or antagonist selectivity. These results provide
and allows for outward movement of their cytoplasmic loop. important information about the molecular determinants of
This conformational change would predictably enable G hMC3R responsible for ligand binding and receptor signal-

proteins to interact with the third intracellular loop as well
as the C terminal tail of the receptor.

ing.
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