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ABSTRACT. In vitro mutagenesis of the mouse melanocortin-4 receptor (MMC4R) has been performed,
based upon homology molecular modeling and previous melanocortin receptor mutagenesis studies that
identified putative liganetreceptor interactions. Twenty-three mMC4 receptor mutants were generated
and pharmacologically characterized using several melanocortin-based ligad@& -, NDP-MSH, MTII,

pNal (1)”-MTII, Nal(2')’-MTII, SHU9119, and SHU9005]. Selected mutant receptors possessing significant
differences in the melanocortin-based peptide agonist and/or antagonist pharmacology were further evaluated
using the endogenous antagonist agouti-related protein fragment hAGREE88and hAGRP(109

118) molecules. These studies of the mouse MC4R provide further experimental data suggesting that the
conserved melanocortin receptor residues Glu92 (TM2), Asp114 (TM3), and Asp118 (TM3) (mouse MC4R
numbering) are important for melanocortin-based peptide molecular recognition. Additionally, the Glu92
and Aspl118 mMCA4R residues are important for molecular recognition and binding of AGREZ33

We have identified the Phel76 (TM4), Tyrl79 (TM4), Phe254 (TM6), and Phe259 (TM6) receptor residues
as putatively interacting with the melanocortin-based ligand’ Blgedifferences betweea-MSH and
NDP-MSH agonist potencies. The Glu92, Asp118, and Phe253 mMC4R receptor residues appear to be
critical for hAGRP(83-132) molecular recognition and binding while Phel76 appears to be important
for functional antagonism of AGRP(83.32) and AGRP(109118) but not molecular recognition. The
Phe253 mMCA4R residue appears to be important for AGRP{82) molecular recognition and general
MmMC4 receptor stimulation. The Phe254 and Phe259 mMC4R amino acids may participate in the
differentiation of agonist versus antagonist activity of the melanocortin-based peptide antagonists SHU9119
and SHU9005, but not AGRP(83.32) or AGRP(109-118). The Met192 side chain when mutated to a

Phe results in a constitutively active mMCA4R that does not effect agonist ligand binding or potency.
Melanocortin-based peptides modified at the 7 position of MTII withe,oNal(1’), Nal(2), andbNal-

(2) have been pharmacologically characterized at these mutant mouse MC4Rs. These data suggest a
revised hypothesis for the mechanism of SHU9119 antagonism at the MC4R which may be attributed to
the presence of a “bulky” naphthyl moiety at the 7 position (original hypothesis), and additionally that
both the stereochemistry and naphthyl ring positionv@sus 1) are important for positioning of the

ligand Arg® residue with the corresponding mMC4R amino acids.

The melanocortin system is a unique G-protein coupled naturally occurring antagonists of GPCRs (agouti/ASP and
receptor (GPCR)pathway that not only includes endogenous agouti-related protein/AGRP)L(2). The melanocortin pep-
agonists and receptors, but also the only two identified tides (-, -, y-melanocyte stimulating hormones and
adrenocorticotropin hormone, ACTH) are the endogenous
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agouti-related protein; GPCR, G-protein coupled receptor; ASP, mouse  The melanocortin pathway includes five genetic factors
form of the agouti proteing-MSH, a-melanocyte stimulating hormone;

POMC, proopiomelanocortin; cAMP, cycli¢®-adenosine monophos- thf'it have been linked to energy horr!eostasis and obesity in
phate; HEK-293 cells, human embryonic kidney cells. mice and humans. The mouse agouti protein (ASB)11)

10.1021/bi010025g CCC: $20.00 © 2001 American Chemical Society
Published on Web 04/28/2001



MC4R Ligand-Receptor Interactions Biochemistry, Vol. 40, No. 20, 20056165

was ﬁrs_t characterized as an antago_niSt of the skin MC1R Table 1: Primary Structure of the Peptides Used in This Study
and brain MC4R 1). The AGRP protein was demonstrated —
pharmacologically to competitively antagonize the MC3R o e o iy T ProVarTL

and MC4R brain melanocortin receptors2), and when NDP Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe- Arg-Trp-Gly-Lys-Pro-Val-NH,
H : MTIL Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,
ectopically expressed, resulted in an obese pheno®yd&) DNal(I')' MTIT Ac-Nle-c[AspHis DNal(1") ArgTrp.Lys]-NEL,

The brain melanocortin receptor (MC3R and MC4R) knock ~ Ne{2YMIIL - Ac-Nie-c[Asp-His-Nal(2')-Arg-Trp-Lys]-NH,
SHU9119 Ac-Nle-c| Asp-His-DNal(2")-Arg-Trp-Lys]-NH,

out animals have been identified as physiologically partici- SHU9005  Ac-Ser-Tyr-Ser-Nle-Glu-His-p(IDPhe- Arg-Trp-Gly-Lys-Pro-Val-NH,
pating in the regulation of energy homeostasig—16). LAGRP P
Furthermore, a genetic modification of the gene transcripts aos-115) T

fOI’ POMC (from WhICh the agonist Iigands are derlveﬁD( hAGRP SSRRCVRLHES CLGQovPCCD pPCATCYCRFF NAFCYCRKLG TAMNPCSRT
and MC4R (8—20) in obese humans has been identified. 3132 o e

Studies of the agouti protein identified the Arg-Phe-Phe
residues, conserved in both agouti and AGRP, as critical for
its antagonistic properties and provided experimental evi-
dence (Arg replacement by Ala resulted in a complete loss

of antagonist activity) to support the hypothesis that these ) ) )
residues may mimic the melanocortin agonist Phe-Arg-Trp Of therapeutic agents for the treatment of obesity associated

interactions with the melanocortin recepto?4)( A report diseases._During th_e preparation of this manuscript a report
identifying the agouti and AGRP decapeptides Ac-c[CR- Of 24 point mutations of the human MC4R has been
FFGSAC]-NH and YC[CRFFNAFC]Y, respectively, as published 28). These _mutager)ess data, in addmon to' the
antagonists of the brain melanocortin recept@® @dem- _dat_a pre_sented here_ln, provide su_bstantlal informational
onstrated that this is at least one structural component ofiNsights into putative ligandreceptor interactions, receptor
these endogenous antagonists required for inhibitory actionsfésidues important for receptor stimulation, and differentia-
at the MC4R. Further work by our laboratory characterized tion of melanocortin agonist versus antagonist activities.
the AGRP decapeptide YC[CRFFNAFC]Y as an agonist at
the MMC1R 23) which is normally involved in the regula- MATERIALS AND METHODS
tion of pigmentation and coat color and is not antagonized Materials.Radiolabeled’PAIJNDP-MSH, MTII, SHU9119,
or stimulated by AGRPZ, 12). Additionally, we demon-  and AGRP(83-132) were supplied by NEN Life Sciences.
strated that the AGRP decapeptide YC[CRFFNAFC]Y was NDP-MSH is iodinated at the T§rposition, MTIl and
able to bind to the mouse MC1, MC3, MC4, and MC5 SHU9119 are iodinated at the His position, and AGRP{(83
receptors, albeit with micromolar binding affinities. The 132) is iodinated at the Tyr amino acids (Table 1). MTII
three-dimensionadiH NMR AGRP(87-132) structure char-  was purchased from Peninsula Lab, and SHU9119 was
acterized the AGRP Arg-Phe-Phe (H113) residues as  purchased from Phoenix Pharmaceuticals, Inc. lodination of
located in an external loop surfac4] which would MTII: 129 label was prepared by iodination with carrier free
potentially allow for interactions of these residues with the Na'?% using the chloramine T as the oxidizing agent. The
melanocortin receptor putative binding pocket. product was purified using a C-8 reversed-phase column
Little is known about the exact structural features (primary, (Zorbax SB 300A C-8, 4.6 mnx 75 mm) with a linear
secondary, and tertiary) of the only two identified naturally gradient from 25 to 40% acetonitrile in 0.1% TFA over 40
occurring GPCR antagonists. This study was designed to helpmin. The [23]MTII eluted around 20 min of the gradient.
decipher the mechanism by which AGRP antagonizes The product was isolated, then diluted, and stored in a
(blocking the agonist binding pocket due to its size and bulk, solution containing 50% water, 0.1% TFA, 0.4% BSA, 23%
allosterically modifying the agonist binding pocket, possess- 1-propanol, and 27% acetonitrile. lodination of SHU9119:
ing the same ligandreceptor interactions as the agonist, or [*4]SHU9119 was prepared using a similar procedure as
possessing some overlapping and distinct receptor interacfor [*?4]MTII. The noniodinated peptide NDP-MSH was
tions as the agonist) the brain MC4R. Recently, chimeric purchased from Bachem, MTIl and SHU9119 were provided
melanocortin receptors have been utilized to identify the exo- by Dr. Victor Hruby’s laboratory (University of Arizona)
loops of the MC4R as being important for AGRP and agouti or purchased from Bachem. The SHU906Blal(1')-MTII
interactions 25, 26), but the specific liganereceptor and Nal(2)-MTIl peptides were provided by Dr. Victor
interactions remain to be identified. Hruby’s laboratory at the University of Arizona (Tucson,
The melanocortin-4 receptor, due to its direct involvement AZ) and the pharmacology at the mouse MC1, MC3, MC4,
in feeding behavior (icv administered agonist, eat less; icv and MC5 receptors has been previously report2).
administered antagonist, eat more), is a current drug targetPrimers were synthesized and desalted by Gibco-BRL.
for the design of selective agonist therapeutics to treat obesity Receptor MutagenesisMouse MC4R cDNA (1.6 Kb
and the design of selective antagonists for potential treatmentfragment) was subcloned into pBluescript (Stratagene) and
of anorexia. This study was undertaken to characterize was used for mutagenesis. Mutants were prepared by the
putative ligand-receptor interactions for selected melano- polymerase chain reaction (PCR) using pfu polymerase
cortin structural-based peptide agonists and antagonists andStratagene) and a complementary set of primers containing
determine if there are similar ligangleceptor interactions  the nucleotide mutation(s) resulting in the desired amino acid
for the endogenous AGRP(8332) antagonist. These data residue change. After completion of the PCR reactiorf (95
can then potentially be applied to homology molecular 30s, 12 cycles of 9530 s, 55 1 min, 68 9 min) the product
modeling studies using the recently reported 2.8 A resolution was purified (Qiaquick PCR reaction, Qiagen) and eluted in
structure of the GPCR rhodopsi27) and aid in the design  water. Subsequently, the sample was cut with Dpn1 (Biolabs)

2The brackets [] in the MTII peptides denotes a cyclic lactam bridge
formed between the Asp and Lys side chains via an amide bond.
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to lineralize the wild-type template DNA leaving only nicked (Molecular Devices). Data points were normalized both to
circularized mutant DNA. This was transformed into com- the relative protein content and nonreceptor dependent
petent DH%t e-coli. Single colonies were selected and the forskolin stimulation. Assays were performed using duplicate
presence of the desired mutant was checked by DNA or triplicate data points and repeated in at least two
sequencing. The DNA containing the mutant was then independent experiments. Data analysis angh E&lues were
excised and subcloned into thkndlll/ Xbd restriction sites  determined using nonlinear regression analysis with the
of the pCDNA expression vector (Invitrogen). Complete PRISM program (version 3.0, GraphPad Inc.). The antago-
mutant mMMC4R sequences were confirmed free of PCR nistic properties of AGRP(83132) (Phoenix Pharmaceuti-
nucleotide base errors by DNA sequencing (Vollum Institute cals), SHU9005 (Victor Hruby, University of Arizona),
and University of Florida sequencing core facilities). SHU9119 (Bachem), and AGRP(1:0218) were determined
Cell Culture and TransfectionBriefly, HEK-293 cells by the ability of these ligands to competitively displace the
were maintained in Dulbecco’s modified Eagle’s medium NDP-MSH or MTII agonist (Bachem) in a dose-dependent
with 10% fetal calf serum and seeded 1 day prior to manner. The pAvalues were generated using the Schild
transfection at (+2) x 10° cell/100-mm dish. Mutant and  analysis method33). The standard deviation errors are
wild-type DNA in pCDNAg expression vector (20g) were  derived from the agonist Egor antagonist pAvalues.
transfected using the calcium phosphate method. Stable Transient Transfection BioassayHEK-293 cells are

receptor populations were g_enerated using G418 SEzleCtionmaintained in DMEM with 10% fetal calf serum and seeded
(1 mg/mL) fo_r sgbseque_nt bioassay analysis. . 1 day prior to transfection at 2 1 cells/100-mm dish.
Receptor Binding StudieSEK-293 cells stably expressing Mutant and wild-type plasmid DNA’s were transfected at

the mutant and wild-type receptors were maintained as . ; : :
\ . ; different concentrations using the calcium phosphate method.
described above. One day preceding the experiment-(0.1 Cells were incubated overn?ght at 36 ang 3%pCQ and

0.3) x 10° cells/well'were plated into Primera 24 well plates the colorimetric reporter gene bioassays were performed as
(Falcon). The peptides NDP-MSH, MTII, SHU9119, and described above, with the exception that desesponse

AGRP(83-132) were used to competitively displace th# X .
radiolabeled peptides (100 000 cpm/well) NDP-MSH, MTIl curves of compounds are omitted, only basal and forskolin
. ' values were measure@4).

SHU9119, and AGRP(83132), respectively.'P1AGRP-
(83—132) binding studies were selectively performed on
mMC4R mutant receptors that possessed interesting phar.Concentration of DNA Used in the Transient Transfection Bioassay

macological properties for the melanocortin-based peptide concentration plotted

agonists or antagonists. Desesponse curves (10to 1012. (DNA transfected) 0 5ng 25ng 50ng 75ng 100 ng
M) and 1G5, values were generated and analyzed by non!mear T 0 5ng 25ng 50ng 75ng 100 ng
least-squares analysi3() and the PRISM program (ver3|on. pCDNA3 plasmid  100ng 95ng 75ng 50ng 25 ng 0
3.0, GraphPad Inc.). Each experiment was performed using CRE#-gal 4ug  4dug 4dug 4ug 4ug  4dug

duplicate data points and repeated in at least two independent
experiments. The standard deviation errors are derived from ) ] ) )
the 1Gs, values. Yc[CRFFNAFC]Y Peptide SynthesiBeptide synthes!s
CAMP B-Galactosidase Bioassay{lEK-293 cells stably ~ Was performed using standard Fmoc methodology in a
expressing wild-type and mutant receptors were transfected™anual reaction vesse8§). The amino acids Fmoc-Tyr-
with 4 ug of CREB-galactosidase reporter gene as previously ({BY), Fmoc-Cys(Trt), Fmoc-Arg(Pbf), Fmoc-Phe, Fmoc-
described 31, 32). Briefly, 5000-15000 posttransfection ~ ASN(Trt), and Fmoc-Ala were purchased from Peptides
cells were plated into 96-well Primera plates (Falcon) and International (Louisville, KY). The peptide was assembled
incubated overnight. Forty-eight hours posttransfection, the ©n Fmoc-Tyr(tBu) Wang resin (0.49 mequiv/g substitution),
cells were stimulated with 100L of peptide (106—10-12 purchased from Peptides International (LOU.ISVIlle, KY). All
M) or forskolin (104 M) control in assay medium (DMEM  reagents were ACS grade or better. Briefly, the Fmoc
containing 0.1 mg/mL BSA and 0.1 mM isobutylmethylx- Protecting groups were removed using 20% npiperidine
anthine) for 6 h. The assay media was aspirated ang 50  (Sigma Aldrich) in DMF, amino acid coupling (3-fold
of lysis buffer (250 mM Tris-HCI, pH 8.0, and 0.1% Triton €Xcess) was accomplished using BOP (3-fold excess), HOBt
X-100) was added. The plates were stored—80 °C (3-fold excess), and DIEA (3.1-fold excess). Completion of
overnight. The plates containing the cell lysates were thawedamino acid coupling and Fmoc deprotection steps were
the following day. Aliquots of 1Q:L were taken from each ~ monitored using the ninhydrin tesB). Final peptide
well and transferred to another 96-well plate for relative cleavage from the resin and amino acid side chain protecting
protein determination. To the cell lysate plates, /40 of group removal was performed using (15:3:1:1) TFA:1,2-
phosphate-buffered saline with 0.5% BSA was added to eachethanedithiop-cresol:water. Peptide cyclization was per-
well. Subsequently, 15@L of substrate buffer (60 mM  formed in solution according to previously published methods
sodium phosphate, 1 mM Mg£110 mM KCI, 5 mM (37). HPLC purification was performed using a Shimadzu
B-mercaptoethanol, 200 mg of ONPG) was added to eachchromatography system with a photodiode array detector.
well and the plates were incubated at 37. The sample  Final peptide purification was achieved using a semiprepara-
absorbance, Ofgs, was measured using a 96-well plate tive RP-HPLC Ggbonded silica column (Vydac 218TP1010,
reader (Molecular Devices). The relative protein was deter- 1.0 x 25 cm). The purified peptide was99% pure as
mined by adding 20@L 1:5 dilution Bio-Rad G250 protein  determined by analytical RP-HPLC, 2Bl NMR, and had
dye:water to the 1@L cell lysate sample taken previously, the correct molecular mass (University of Florida protein
and the Olgys was measured on a 96 well plate reader core facility).
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Ficure 1: Two-dimensional model of the mouse melanocortin-4 receptor. The putative transmembrane spanning domains and loop regions
are based upon the 2.8 A structure of rhodop&i with slight extension of the TM5 domain and the addition of two amino acids as part
of the second extracellular loop.

Asp 114 \( Glu 92
™3 o@ (DY, TM2
qo
= NHz @o Asp 118 L/P . /\ -
e . H ﬁ i
Nal(2" ) QNaI(1 )
Phe 176
™4 HN DPhQ%ﬁ‘;w‘i’trp FiGurRe 3: Amino acid side chains comparing the Phe to Ser
/—® """"" NH  Ligand Residues substitutions of the receptor and the differences between the Nal-
©/ (2') andpNal(2') residues used to substitute thieh€e in the cyclic
\/@ HO agonist MTII peptide template.
Phe 193 L . . I
TM% were selected due to dramatic differences in amino acid side
Phe 253y© chain aromgti'city, hydrophpbigity, anq electrqnegativity. A
T™6 P'\/nr:79 study examining amino acid side chain packing in proteins
_Fr'llcn%254 Phe 259 (41) reported that PheSer side chain to side chain interac-
TM6

tions were less favorable than other potential amino acid side
FIGURE 2: Putative mMC4R amino acids (periphery) that interact chain packing interactions. Therefore, by substituting the Phe

with the melanocortin ligandPhé-Arg3-Trp? residues (center). This receptor side chain functionality with a Ser residue (Figure
model was generated using previous methodology described for

the hMC1R B88). 3) which might repulse the ligand aromatic Phe or Trp
residue, one might speculate that large differences in ligand
RESULTS affinity or efficacy might result. Similarly, the Pro252

receptor residue was replaced with the nonchiral highly

Figure 1 summarizes the mouse MC4R mutations gener-structurally flexible Gly residue to release any constraint the
ated in this study. Figure 2 illustrates the putative agonist Pro residue would have on TM 6. The electrostatic MMC4R
ligand—receptor interactions based upon homology molecular residues were substituted to mutations that were previously
modeling (C. Haskell-Luevano, unpublished material) of the identified as resulting in constitutive activation of the mouse
mouse MC4R using methods previously described for the MC1R (32, 40).
human MC1R 88). This model was built prior to the 2.8 A Ligand Binding.Table 1 lists the primary sequences of
resolution structure of rhodopsi@?), although subsequent the peptides pharmacologically characterized at these mutant
rebuilding of the MC4R model based upon the 2.8 A mMC4 receptors. The term “melanocortin-based antagonists”
resolution structure of rhodopsin resulted in the observation used throughout this text refers to the peptide agonists
of similar putative ligane-receptor interactions. Receptor o-MSH, NDP-MSH, MTII, DNal(1)”-MTIl, and Nal(2)’-
mutations were systematically selected based upon theMTIl in addition to the SHU9119 and SHU9005 antagonists
putative ligand-receptor interactions in Figure 2, and (Table 1) which have been derived from the lead agonist
previous receptor mutations of the skin MC1R which were peptides MTIl and NDP-MSH, respectivel¢Z, and unpub-
identified as important for ligandreceptor interactions and/  lished data). Multiplé?3-radiolabed peptides were used for
or receptor activation3@, 39, 40). The Phe to Ser mutations competitive displacement studies at the mutant MC4 recep-
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Table 2: Competitive Binding Affinity 1G Results at Mutant mMC4Rs
Binding 1Cso (NM)

fold fold fold fold
mutant TM  [?9]NDP-MSH difference PEMTI difference ?]SHU9119 difference [?I]AGRP (83-132) difference

mMC4R 0.884+0.28 1.0 0.50t 0.13 1.0 0.38+ 0.10 1.0 0.66+ 0.46 1.0
M71K 2 1.12+0.51 1 0.540.18 1 0.2A40.10 1
E92K 2 32.1+:23 36 37.1+:40.5 74 1.09+ 0.24 3 >1000
E92R 2 >1000 >1000 15.3+3.81 40
E92S 2 >1000 >1000 50.1+ 9.7 132
D114R 3  >1000 19.6+ 14.2 39 37.5+ 48.3 99 0.44+ 0.22 -15
D118K 3  >1000 >1000 70.3£ 19.2 185 >1000
C122M 3 0.66+ 0.17 1 0.48+ 0.17 1 0.58+ 0.08 2
S172F 4 1.02t 0.42 1 27H 26 6 1.54+ 1.65 4
F176S 4 >1000 >1000 59.1+ 5.9 155
F177K 4 5.70+£ 0.14 6 2.75:0.21 6 1.46+ 0.37 4 3.6% 2.77 6
Y179C 4 0.89+ 0.67 1 1.29+ 0.08 3 0.48+ 0.26 1 3.35:1.23 5
D181R L2 0.96+ 0.04 1 0.84+ 0.52 1 0.26+ 0.01 1
M192F 5 1.67+ 0.33 2 1.140.01 3 0.92:£ 0.14 2 0.91+ 0.09 1
M192L 5 2.64+ 2.6 3 235+2.1 5 214+ 2.8 6
M192wW 5 1.22+0.39 1 0.46+ 0.08 1 0.36+ 0.08 1
F193S 5 2.8#0.28 3 1.44+0.13 3 0.74+-0.34 2 4.3+ 0.30 7
F194S 5 1.15£ 0.45 1 0.95+ 0.08 2 0.70+ 0.35 2
P252G 6 0.9 0.38 1 0.75+ 0.29 2 0.140.04 -2
F253S 6 2.74:1.33 3 8.0 2.64 16 0.4G£ 0.06 1 >1000
F254S 6 9.3k 7.2 11 3.48+ 2.84 7 4.01+4.5 11 252+ 1.79 4
F259S 6 3.26£ 0.71 4 2.39+0.54 5 1.67+ 0.86 4 1.06+ 0.23 2
F259L 6 0.89+ 0.15 1 0.84+ 0.15 2 0.35+0.22 1
Y260I 6 0.77£0.24 1 0.96+ 0.21 2 0.53+ 0.38 1

aNoniodinated NDP-MSH, MTII, SHU9119, and AGRP{8332), respectively, were used to competitively displace the correspoftiing
radiolabeled peptide. The standard deviation errors are derived from shealGes obtained from at least two independent experiments. A blank
space for the'PIJAGRP(83-132) label indicates that this mutant receptor was not characterized with this radiolabeled peptide.

tors. [?MNDP-MSH is a 13 amino acid linear agonist wild-type mMC4R. Small differences {46-fold) in radio-
peptide, FPI]MTII is a seven amino acid cyclic agonist ligand affinity were observed for several of the mutant
peptide, [2]SHU9119 is a seven amino acid cyclic antago- receptors (M71K, C122M, S172F, F176K, Y179C, D181R,
nist, and [?]AGRP(83-132) is a 50 amino acid antagonist M192F/L/W, F193S, F194S, P252G, F259S/L, and Y260I)
peptide putatively containing five disulfide bridges. Each of compared to the wild-type receptor. The E92K mutant
these radiolabeled peptides possesses different potentiateceptor possessed-384-fold decreased ligand affinity for
binding characteristics and tertiary structures. These radio-the agonist peptides NDP-MSH and MTII, while the
ligands were selected in our experimental design to increaseantagonist SHU9119 possessed nearly equal affinity as the
our chances for identifying differences between agonist and wild-type receptor. However, AGRP(8332) was unable
antagonist interactions, in addition to potentially character- to bind to this mutant mMMC4R. The E92R, E92S, D118K,
izing melanocortin-based compounckceptor interactions  and F176S mutant mMC4Rs were unable to bind to the
as similar or different for the endogenous AGRfceptor agonist labeled peptides NDP-MSH and MTII, but 40-, 132-,
interactions. As shown in Table 2 for the E92R, E92S, 185-, and 155-fold decreased binding affinities, respectively,
D114R, D118K, and F176S mMC4 receptors our rationale were observed for the antagonist SHU9119 ligand as
of using multiple radiolabels was beneficial as the agonist compared with the wild-type receptor. At the D118K
NDP-MSH and MTII radiolabels were unable to bind these mMCA4R, the seven amino acid antagonist SHU9119 was able
mutant receptors, whereas the antagonist SHU9119 was abléo bind to this receptor; however, the AGRP{8B32) 50
to bind. The fact that the radiolabeled antagonist SHU9119 amino acid antagonist lost all binding affinity. Interestingly,
was able to bind demonstrated that these receptors areat the F253S mMC4R, the melanocortin-based ligands retain
expressed on the cell surface. The observation that thenearly equal binding affinities as at the wild-type receptor,
antagonist peptide was able to bind these receptors whereasvith the exception of MTII which possesses a 16-fold
the agonist peptides were not, is in agreement with the GPCRdecreased affinity, but AGRP(8332) has lost all ability
ternary complex model for activatiod, 44) in which there to bind to this receptor. The F254S mMMC4R possesses 11-
is a larger proposed receptor population that the antagonistfold decreased binding affinities for NDP-MSH and SHU9119,
can bind versus a lower population in which the agonist can 7-fold decreased affinity for MTII, 4-fold decreased affinity
bind. for AGRP(83-132), compared with the wild-type receptor.
Table 2 summarizes the pharmacologicadol@sults of Agonist Potency and Efficacylable 3 summarizes the
the radiolabeled ¢9) ligand competitive displacement agonist stimulatory response at the wild-type and mutant
experiments at these mutant mMC4Rs. For each radiolabelednMC4 receptors. Figure 4 illustrates the agonist ligand
peptide [NDP-MSH, MTII, SHU9119, and AGRP(8332)] potencies at the wild-type mMMCA4R. Interestingly, thsal-
the respective noniodinated, or cold, peptide was used to(1')-MTIl analogue is only a partial agonist whereas
competitively displace the labeled compound resulting in the Nal(2)-MTII is a full agonist and theoNal(2) derivative,
binding affinity 1G5, values summarized in Table 2. Figure SHU9119 is a competitive antagoni&8j. The ligands used
4 illustrates the binding and functional pharmacology at the in this study (Table 1) were selected to try and differentiate
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FiIGURE 4: (A) Binding affinities of the linear 13 amino aci@?flJNDP-MSH agonist, the cyclic seven amino aci@®[MTII agonist, the

cyclic seven amino acidf4]SHU9119 antagonist, and the 50 amino acid multicycl&IThnAGRP(83-132) antagonist at the wild-type
mMCA4R. (B) Ligand agonist potencies at the wild-type mMC4R where all the compounds are full agonists with the exceptiali19f

MTII which is only a partial agonist. (C) Competitive antagonist curve of SHU9119 in the presence and absence of the MTII agonist at the
wild-type mMCA4R, illustrating that there is no agonist activity for SHU9119, denoted in open squares. (D) Competitive antagonist curve
of SHU9005 in the presence and absence of the NDP-MSH agonist at the wild-type mMCA4R, illustrating that there is partial agonist
activity for SHU9005, denoted in open squares. (E) Competitive antagonist curve of hAGRIB@3in the presence and absence of the

MTII agonist at the wild-type mMCA4R, illustrating that there is no agonist activity for hAAGRP132), denoted in open squares.

ligand—receptor interactions between the linear agonist illustrates the competitive antagonist curves of SHU9119 and
peptides ¢-MSH, NDP-MSH) and the linear antagonist AGRP(83-132) at the wild-type mMC4R, both of which
SHU9005, and differential putative aromatic residue interac- do not possess any partial agonist activity, and are nearly
tions atthe 7 pOSition (Figure 3) in the CyCliC agonists [MT”, identical to previous reportsz,( 12, 29, 42, 45) The
DNal(1)™-MTIl and Nal(2)"-MTII] versus the cyclic an-  SHU9005 antagonist however, possesses both antagonistic
tagonist [SHU9119 which contains DN&3. The most  anq partial agonist activity at the mMMCA4R, and is reminiscent
dram"?‘“c decreases in agonist ligand potencies, compared Qf the pharmacological profile observed for SHU9119 at the
the wild-type receptor, occurred at the E92, D114, D118, MC3R (29, 42). Differences in relative potencies{33-

and F176 mutant mMC4 receptors. Unexpectedly, melano—]c Id) between the cyclic SHU9119 and linear SHU9005

cortin-based peptides possessed only partial agonist activit .
pep D yp g yantagonlsts are observed at the C122M, S172F, F176K,

at the P252G and F253S mutant mMC4 receptors, as
compared to the wild-type receptor, while they possessed Y179C, D181R, and Y260l mutant mMC4 receptors. No

relatively normal NDP-MSH, MTII, and SHU9119 binding @gonist or antagonist activity for AGRP(8332) is observed
affinities (Figure 5). at the E92K, D114R, D118K, and F176K mMC4Rs. At both
Antagonist Pharmacologyable 4 summarizes the phar- the D114R and F176K mMC4 receptors, radiolabeled
macology for the antagonists SHU9119, SHU9005, and AGRP(83-132) was observed to bind with nM ligand
AGRP(83-132) at the mMC4 receptor mutations. Figure 4 affinity (Table 2, Figure 6). Interestingly, the M192F, F254S,
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Table 3: Functional Activity of the Melanocortin Agonists (Table 1) at the Wild-Type and Mutant mMC4 Receptors

potency EGp (nM)

fold fold fold fold fold
mutant TM a-MSH difference  NDP-MSH difference MTII difference DNal(1')-MTIl difference Nal(2-MTII difference

mMC4R 1.86+ 0.28 1.0 0.13t 0.007 1.0 0.036- 0.029 1.0 0.12+ 0.05 1.0 0.89t 0.55 1.0
M71K 2 0.78+026 -24 0.09+ 0.05 -1.4 0.022+0.025 —1.6 0.04+ 0.04 -3 0.25+£0.30 -4
E92K 2 >1000 9.25+5.4 71 4.50+ 4.7 125 11.9-7.4 99 30.4+ 27 34
E92R 2 >1000 >1000 >1000 >1000 >1000
E92S 2 >1000 >1000 >1000 >1000 >1000
D114R 3 >1000 47.8+ 28.3 368 144+ 10 4000 810t 306 6750 205+ 107 230
D118K 3 >1000 46.2+ 18.9 355 166t 64 4611  >1000 >1000
C122m 3 1.76+0.01 1 0.034£0.018 -4 0.024+ 0.007 1 0.064+ 0.008 2 0.19-0.08 -5
S172F 4  3.43:0.13 2 0.07H0.011 -2 0.046+ 0.021 1 0.2H0.035 2 1.18+ 0.62 1
F176S 4>1000 >1000 >1000 >1000 >1000
F176K 4 413+ 57 222 2.15-0.78 17 2.75-0.92 76 10.6+ 3.9 88 107+ 46 120
Y179C 4 37.0+£325 20 0.20+ 0.028 1 0.140.03 3 1.01+0.13 8 3.05+£0.91 3
D181R EL2 6.55-1.34 4 0.60+ 0.42 5 0.16+ 0.007 4 0.40+ 0.28 3 2.55+0.21 3
M192F 5 072030 -3 0.29+0.21 2 0.0+ 0.014 2 0.08+ 0.06 -2 0.58+0.58 -2
M192L 5 053+027 -4 0.049+0.025 -3 0.044+ 0.013 1 0.078: 0.015 -2 0.89+ 0.52 1
M192W 5 1.10+0.78 1 0.20+ 0.11 1 0.067 0.047 2 0.095t 0.092 1 0.19+0.24 -5
F193S 5 8.65:8.83 5 0.38+0.33 3 0.16+ 0.11 4 0.70+ 0.03 6 4.48+ 1.52 5
F194S 5 6.30t3.68 3 0.16+ 0.14 1 0.05+ 0.014 1 0.16+ 0.04 1 1.02+ 0.32 1
P252G 6 Partial agonist Partial agonist Partial agonist Partial agonist Partial agonist
F253S 6 Partial agonist Partial agonist Partial agonist Partial agonist Partial agonist
F254S 6 1774 3.32 10 0.30+ 0.08 2 0.47+0.31 13 0.64+ 0.04 5 6.98+ 2.83 8
F259S 6 32.6£18.0 18 0.42+ 0.06 3 0.22+ 0.06 6 0.22+0.10 2 426+ 4.21 5
F259L 6 3.05+1.59 2 0.20+ 0.01 2 0.18+ 0.11 5 0.55+ 0.16 5 2.21+1.0 2
Y260l 6 2.60+1.98 1 0.089+ 0.044 1 0.095t+ 0.050 3 0.52+ 0.25 4 2.214+1.10 2

aThe indicated errors represent the standard deviation of the mean determined from at least two independent experiments. Partial agonist denotes
that some stimulatory response was observed but not enough to determingoarala€.
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FiGure 5: (A and B) Functional activity of the mMCA4R agonists illustrating their slight agonist activity at the P252G and P253S mutant
MMC4Rs. (C and D) lllustrate that both the P252G and F253S are able to biA8INDP-MSH, MTII, and SHU9119 peptides with

nearly wild-type affinities. (E) Summarizes the total specific binding cpms observed¥)NDP-MSH, MTII, SHU9119, and hAGRP-

(83—132) at the wild-type mMC4R, the P252G mMC4R and the F253S mMC4R. Nonspecific counts were determined uskiyla 10
concentration of the respective noniodinated peptide and are indicated in the parentheses. Additionally, at the F253S mMC4R, the SHU9119
antagonist was able to bind with greater than 7500 cpms whereas the AGRIB@3antagonist only had approximately 275 total specific
counts.

and F259S mutant mMCA4Rs resulted in agonist activity of ally, the M192F mMC4R possesses a slight increase (ca.
the SHU9119 antagonist and increased agonist activity of 25%) above the basal activity of the wild-type and other
the SHU9005 partial agonist/antagonist (Figure 7). Addition- mutant mMMC4R’s (Figure 8).
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Table 4: Functional Activity of the Antagonists at the Wild-Type and Mutant mMC4 Receptors

antagonist pAvalue

fold fold fold
mutant ™ SHU9119 difference SHU9005 difference AGRP (83132) difference
mMC4R 10.4+ 0.5 1.0 9.7+ 0.1 1.0 9.39%+- 0.1 1.0
M71K 2 10.0+ 0.06 25 10.2+ 0.6 1
E92K 2 8.9+ 0.4 31 8.0+ 0.4 50 no activity
E92R 2 ND ND2
E92S 2 ND NDa
D114R 3 ND ND? no activity
D118K 3 ND? ND? no activity
Ci122M 3 9.5+ 0.4 8 10.1£ 0.2 1
S172F 4 9.3t 0.1 13 9.8+ 0.1 1
F176S 4 ND ND2
F176K 4 8.8 0.4 40 8.9+ 0.1 6 no activity
Y179C 4 9.6+ 0.1 6 9.9+ 0.3 1 8.40+ 0.6 10
D181R EL2 8.4+ 0.6 10 9.9+ 0.3 1
M192F 5 9.9+ 04 3 10.2£ 0.4 1 9.57+ 0.02 1
agonist
0.39+ 0.44 nM agonist
M192L 5 10.2+£ 0.4 15 10.3: 0.9 1
M192W 5 10.6+ 0.7 1 10.3£ 0.3 1
F193S 5 9.8:0.4 4 9.9+ 0.1 1 8.70+ 0.22 5
F194S 5 10.6t 0.1 25 9.7+ 0.1 1.0
P252G 6 ND NDa
F253S 6 ND NDa
F254S 6 10.2£ 0.7 15
agonist EGy = agonist EGy = agonist 8.80+ 0.06 4
0.83+ 0.17 nM agonist 0.21+ 0.11 nM
F259S 6 agonist E&g= agonist agonist E = agonist 9.09+0.71 2
0.56+ 0.36 nM 0.224+ 0.10 nM
F259L 6 9.9+ 0.8 3 9.2+0.2 3
Y260l 6 9.7+ 0.6 5 9.8+ 0.6 1

2 The indicated errors represent the standard deviation of the mean determined from at least two independent experiments. The fold difference

of the value at the mutant verses wild-type receptors were determined by converting thedyto the Ki value wher; = —log pA.. ND under

an antagonist indicates that a palue was not technically able to be generated as these particular mutant receptors lacked the agonist potency
required for the Schild pAanalysis (these antagonist experiments were performed, however). No activity indicates that the compound was examined
at the mutant receptor, but neither agonist or antagonist activity resulted.
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Ficure 6: (A and B) lllustrate the binding affinities of the radiolabeled peptides at the D114R and F176K mutant mMC4Rs. (C) Summarizes
the total specific binding cpms observed f[NDP-MSH, MTII, SHU9119, and hAGRP(83132) at the wild-type mMC4R, the D114R
MMCA4R, and the F176K mMC4R. At the D114R mMC4R, AGRP{832) binds with a total specific count of 5000 cpms, and at the
F176K mMC4R, SHU9119 binds with a total specific count of 7200 cpms. Nonspecific counts were determined usfig adicentration

of the respective noniodinated peptide and are indicated in the parentheses.

Log Peptide Concentration (M)

AGRP(109-118) at the F176K, F254S, and F259S mMC4 with the larger AGRP peptide antagonist or the smaller
ReceptorsAs noted above, AGRP(83L32) is a 50 amino ~ SHU9119 melanocortin-based peptide antagonist. At the
acid multi-cyclic antagonist peptide and SHU9119 is a wild-type mMC4R, AGRP(109118) possessed a binding
monocyclic seven amino acid melanocortin-based peptidelCso = 0.28 + 0.062u4M and antagonist pA= 6.8 + 0.4
antagonist. Significant differences between these two peptides23), while at the F176K mMC4R, AGRP(169.18) bound
and how they interact respectively with the receptor can be to the receptor (I = 3.66 + 1.58 M) with 13-fold
conceived. We therefore decided to test the AGRP{109 decreased affinity compared with wild-type mMCA4R, but was
118) decapeptide antagonist at the F176K, F254S, and F259%inable to generate an antagonist response (Figure 9), similar
mMC4 receptors to determine if these results would correlateto that observed for AGRP(83L32), data not shown.
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Ficure 7: (A) Competitive antagonist curves of SHU9119 at the M192F mMCA4R, illustrating that there is no agonist activity for the
mMC4R SHU9119 antagonist, denoted in open squares. (B) Competitive antagonist curves of SHU9005 at the M192F mMCA4R, illustrating
that there is increased agonist activity for the mMC4R SHU9005 peptide compared with the wild-type mMCA4R (Figure 4), denoted in open
squares. (C and E) Competitive antagonist curves of SHU9119 in the presence and absence of the MTII agonist at the F254S and F259S
MMCA4Rs, illustrating that there is agonist activity for the mMC4R SHU9119 antagonist, denoted in open squares. (D and F) Competitive
antagonist curves of SHU9005 in the presence and absence of the NDP-MSH agonist at the F254S and F259S mMCA4Rs, illustrating that
there is increased agonist activity for the SHU9005 peptide compared with the wild-type mMCA4R (Figure 4), denoted in open squares.

Interestingly, AGRP(109118) did not possess any agonist D118 (TM3), C122 (TM3), M192 (TM5), F253 (TM 6),
activity at the F254S and F259S mutant receptors (Figure F259 (TM6), and Y260 (TM6) (mMC4R numbering for
10). comparisons herein).

DISCUSSION G_eneral Ligand_—Re_ceptor Interac_tionsFigure 2 sum-
marizes the putative ligarereceptor interactions predicted
The melanocortin system has been identified as a majorto be involved in the melanocortin ligand and mouse MC4
participating factor in feeding behavior, obesity, and energy receptor interactions. This model and hypothesis were
homeostasis]{ 2, 14, 15, 46). This study was undertaken generated based upon three-dimensional homology molecular
to identify putative liganetreceptor interactions that may modeling and previous studies of similar work at the skin
be used to aid in the rational design of MC4R specific melanocortin-1 receptor (MC1R32, 38—40). The rationale
therapeutic agents for the treatment of obesity and relatedfor marking these particular receptor side chain amino acid
diseases. Additionally as little is known about the exact substitutions has been described above, and these mutant
mechanism by which the only two known naturally occurring receptors have resulted in some interesting pharmacological
antagonists of GPCRs (agouti and AGRP) function, this study differences between the ligands examined compared to their
was undertaken to help decipher the mechanism by whichrespective pharmacology at the wild-type mMC4R. Previous
AGRP antagonizes the MC4R. During the preparation of this studies have suggested that the melanocortin-based ligand
manuscript, a report of 24 mutations of the human MC4R Arg? putatively interacts with one or several of the conserved
was published48). MC4R residues of both the human and melanocortin receptor residues E92 (TM2), D114 (TM3), and
mouse were performed at the E92 (TM 2), D114 (TM 3), D118 (TM3) (mouse MC4R numbering28, 32, 38—40).
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Ficure 8: (A) Comparison of the wild-type mMC4R (open symbols and dotted lines) and the M192F mMC4R (solid symbols and lines)
pharmacological profiles of the agonistsMSH, NDP-MSH, and MTIIl. These agonists have equipotent potencies at both the wild-type
and M192F mMC4Rs (within inherent experimental errors). The M192F mMC4R possesses approximately 25% incregbgdlbasaidase

activity (based upon cAMP), compared with the wild-type mMCA4R. (B) Summarizes the experiment where increasing amounts of mutant
or wild-type cDNA are transiently transfected into the HEK293 cells (basal activity is normalized to the forskolin induced activity and
protein content as controls). The wild-type mMC4R is denoted in an open circle with a dotted line. The wild-type, M192W and M192L
MMC4Rs do not result in increased basal activity with increased DNA concentration and lack constitutive activity. However, the M192F
mMmMCA4R (solid square) results in increased basal activity in a-€i@sponse relationship with increasing DNA concentration and therefore

is indicative of possessing constitutive activity in the absence of agonist ligand.
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Ficure 9: Pharmacology of hAGRP(16918) at the wild-type and F176K mMCA4Rs. (A and B) lllustrate the binding affinity of hAGRP-
(109-118) at the wild-type and F176K mMC4Rs, respectively. (C and D) lllustrate the competitive antagonist curves of hAGRP(109
118) using MTII as the agonist. At the wild-type mMC4R, AGRP(1048) is a competitive antagonist while at the F176K mMC4R, no
antagonist activity is observed at up to 2B concentrations.

The studies presented herein are in agreement with theln the functional assay of the D118K mMC4R (Table 3)
previous hypothesis, and further emphasize the importancea-MSH did not result in any stimulatory activity (up to 10

of the Glu92 (TM2), Asp114 (TM3), and Asp118 (TM3) uM), whereas NDP-MSH and MTII were able to stimulate
receptor residues for both agonist binding and functional the receptor but resulted in 355- and 4611-fold decreased
activity. For the E92R and E92S mMCA4Rs, the agonist potencies, compared with the wild-type receptor. It is worth
radiolabeled peptides were unable to bind these receptorsnoting that some total specific binding was observed for
radiolabeled MTII (158 cpms), but not enough to unequivo-
able to bind these mutant receptors demonstrating that theycally determine an I¢; value. One explanation why stimu-
are expressed on the cell surface (Table 2). Radiolabeledlatory EGyvalues were determined for NDP-MSH and MTII,
peptide binding of NDP-MSH and MTII was not detected but not 1Gy values could be that receptor competitive
at the D114R and D118K mutant mMC4 receptors; however, displacement studies are directly dependent upon receptor
functional stimulatory activity was observed for these ligands. nhumber, whereas functional studies are less dependent upon

however, the antagonist label€d{]SHU9119 peptide was
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Ficure 10: Pharmacology of the mMMC4R AGRP(16918) antagonist at the F254S and F259S mMC4Rs, where AGRP @) does
not possess any agonist activity (open square, dotted line), compared with the SHU9119 antagonist at these mutant receptors, Figure 7.

receptor number and are generally more sensitive asédys (  experimental design) and forcing perhaps the aromatic ligand
This is illustrated by the comparison of §Cversus EGy residues to find alternative interactions with other mMC4R
values for NDP-MSH and MTII (Tables 2 and 3) where residues. However, the observations that there are less than
differences of 6- and 14-fold, respectively are observed. In 20-fold differences in ligand binding and agonistdgZalues
both the human28) and mouse MC4Rs, the Asp 114 and would support the hypothesis were these Phe mMC4R
Asp 118 (TM3) appears to be important for melanocortin- residues in TM 6 are important for the differentiation of
based ligand binding and agonist activity. agonist versus antagonistic activity and perhaps mMC4
The differences between relative changes in potency of receptor stimulation. At the F253S mMC4RZIMTII
the linear agonista-MSH and NDP-MSH (which primarily  resulted in 16-fold decreased binding affinity wherea3]
differ by the stereochemistry of the Phe in the 7 position, NDP-MSH and ?3]SHU9119 possessed equipotency com-
Table 1), are at the F176 (13-fold), Y179 (20-fold), F254 pared to the wild-type receptor (Table 2), artH]JAGRP-
(5-fold), and F259 (6-fold) mutant mMC4 receptors implicate (83—132) was not able to bind to this receptor. The 16-fold
these receptor amino acids as participating in interactionsdifference in binding between the cyclic MTIl and SHU9119
with the Phé of the a-MSH. The Phe254 mMC4R amino peptides suggest putative interactions of the MIRhée
acid (conserved in all melanocortin receptor subtypes clonedamino acid (as the only difference between these two ligands
to date) was mutated based on information proposed by threeis at the 7 position) with the mMC4 F253 receptor residue.
dimensional homology molecular modeling of the hMC1R Functionally, F253S mMC4R was only able to generate a
(38, 48) and MC4R (C. Haskell-Luevano, unpublished partial agonist response of the agonist peptides examined in
material). It was proposed that the hMC1R receptor residue this study (Table 3, Figure 5). These data suggest that the
homologous to the Phe254 mMC4R residue may differen- Phe 253, 254, and 259 residue side chains in the mMC4R
tially interact with the linear NDP-MSH PHRéigand residue TM 6 may be involved in critical ligandreceptor interac-
and that this liganetreceptor interaction was absent in the tions necessary for receptor stimulation.
MTII ligand binding. This original hypothesis has been  The largest differences between the linear NDP-MSH
demonstrated experimentally to be incorrect, and in actuality, agonist and the cyclic MTIl agonist (both contaimBh€)
it appears that this Phe receptor residue is involved in MTIl are at the D114 (10-fold), D118 (13-fold), F176 (4-fold),
ligand—receptor interactions and not NDP-MSH ligand  and F254 (6.5-fold) mutant MMC4Rs. The largest differences
receptor interactions as previously proposed for the MC1R between the linear SHU9005 antagonist and cyclic SHU9119
(40). At the mMC4R, the Phe254 to Ser mutation resulted antagonist are at the C122 (8-fold), S172 (13-fold), F176
in 7—11-fold decreased binding of radiolabeled NDP-MSH, (7-fold), Y179 (6-fold), D181 (10-fold), and Y260 (5-fold)
MTII, and SHU9119, and only a 4-fold decrease in radio- mutant mMMC4R’s. Since notable differences between both
labeled AGRP(83132) binding (Table 2). Functionally, the linear and cyclic agonists and antagonists occur at the
there was a 5-fold difference in agonist activity between F176, we can speculate that (1) variation in tertiary structure
o-MSH and NDP-MSH, suggesting that there may be of the linear versus cyclibPh€ containing agonist peptides
putative interactions of this Phe254 receptor residue with may be discriminated by the D114 (TM3), D118 (TM3), and
the Phé of o-MSH. These putative contacts between Phe F176 (TM4) mMC4 receptor residues, and (2) variation
of o-MSH and the mMMC4R Phe and Tyr residues presumably between the melanocortin linear and cyclic antagonists may
include primarily hydrophobic and Van der Waal interac- be discriminated by the C122 (TM3), S172 (TM4), Y179
tions. The F254S and F259S mutant mMC4 receptors were(TM4), D181 (EL2), and Y260 (TM6) mMC4 receptor
able to bind to the radiolabeled peptides and resulted in nM residues.
stimulatory activities of the agonists. The most significant  Differentiation of Antagonistersus Agonist Actity at
observation at these two mutant receptors is the agonistthe mMMC4R Mutationgnterestingly, the difference between
activity of the competitive antagonist SHU9119 and the the melanocortin-based antagonists, SHU9119 and SHU9005
increased agonist activity of the partial agonist SHU9005 compared to the agonists MTIl and NDP-MSH, respectively,
(Table 4, Figure 7). These data would suggest that these Phas the addition of “bulky” substituents at the 7 position (Table
receptor amino acids are potentially involved in receptor 1, Figure 3). The hypothesis that a “bulky” modification at
activation. However, the F259L mMCA4R did not possesses the 7 position of the melanocortin agonist MTII results in
any agonist activity changes for the SHU9119 and SHU9005 the SHU9119 antagonist activity has been proposed as the
antagonists. This suggests that the Phe259 to Ser change mayechanistic difference between these compound’s interac-
be altering the receptor interaction(s) with the ligand (per tions with the MC4R 42). Interestingly, the F254S and
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A) mMCXR B) mMC4R interact with the mMC4R in a different binding mode. This
\ Leu Phe 259 later speculation supports the lack of significant SHU9119
O and SHU9005 agonism observed at the F259L and Y260l
/\( > mutant MC4 receptors. While both SHU9119 and SHU9005
f,':,‘;ﬁ;‘ antagonize the MC3R and MC4R and the mMC4R Phe254
o 4) - and Phe259 residues appear to be important for these ligands
gonis

Phe Antagonist  phe2ss antagonistic properties (directly or indirectly), the fact
remains that a homologous Phe259 residue is absent in the
MC3R. This observation, supported by numerous agonist
structure-function studies which clearly demonstrate dif-
ferent MC3R/MCA4R receptor pharmacologdOf 42, 50—
52), strongly implicates the possibility of different mecha-
nisms of activation between the MC3R and MC4R.
\'I:V'ﬁUFE 1Al)1th|2unigﬁﬂgr:nf§ ;frlgcfgﬁ'iﬁnrg‘égftigr;e%‘iﬁgftgx ?hge&ing Additionally, SHU9119 and SHU9005 resulted in increased
pos?s:s(s a Leu residue in the homoloch)Jus ’259 position (MMC4R agom.St a.CtIVIty a.t the TM 6 receptor .':2548 mutation. This
numbering) and where the agonist MTBPhé side chain can ~ Mutation is putatively located one helical turn down the TM

interact with these TM 6 residues to freely rotate (shown with the region from the F259 residue and is conserved in all the
arrows. (B) lllustrates how the mMC4R TM 6 F259 and F254 murine melanocortin receptor subtypes identified to date
aromatic receptor residues may be forming an “aromatier (excluding the MC2R).

network” by interacting with the bulky aromatic functional moiety . . . .
[oNal(2)7] of SHU9119 to hinder the rotation of TM 6 necessary ~ Differences between Aromatic Residues at the 7 Position

for the MMC4R agonist activity. of MTII. The primary hypothesis regarding the mechanism
of antagonism of both SHU9119 and SHU9005 at the MC4
F259S mMC4 receptors both resulted in increased agonistreceptor is attributed to the addition of a “bulky” moiety at
activity (Figure 7) of the SHU9119 and SHU9005 mMMC4R the 7 position of the MTIl and NDP-MSH agonists,
antagonists (Figure 4). Analysis of the melanocortin receptor respectively 42). To further test this hypothesis and identify
subtype primary amino acid sequence identified aromatic putative mMMC4R amino acids which may be interacting with
residues of the mMMC4R in TM 6 that are not aromatic amino these ligand residues at position 7, MTIll-based agonist
acids in the other mouse melanocortin receptors. Perhapgeptides containingNal(1) and Nal(2) at the 7 position
these mMMC4R F259 and Y260 residues may be sterically (29) were characterized at the mutant mMC4 receptors
and aromatically interacting with the bulky substituent at the reported in this study (Table 3). MTIIDPh€) is a full
antagonist ligand 7 position and not allowing the receptor agonist, SHU9119%Nal(2)7] is an antagonist, Nal(Z-MTII
structural modification(s) necessary to generate full agonist is a full agonist, anaNal(1)’-MTIl is a partial agonist at
responsesd@). To test this hypothesis, the F259 was mutated the mMC4R, Figure 4. These data provide experimental
to a Leu and a second Y260l mutant receptor was generatedevidence to modify the former hypothesis and to suggest that
These later mutations were proposed to be similar to the othemot only the “bulky” moiety at the 7 position is important
melanocortin receptor subtypes where SHU9119 and SHU9005for MTII based ligand antagonism, but the stereochemistry
were either agonists or partial agonists. At the F259L of the a-carbon and the position of the naphthyl ring (1
mutation, SHU9119 demonstrated only a very slight agonist versus 2, Figure 3) is also important2@). The most
activity, and no discernible differences in agonist charac- significant modifications in antagonist activity of SHU9119
teristics of SHU9005, as compared with wild-type mMC4R. were at the F254S and F259S mMC4Rs as discussed above.
At the Y2601 mutation, SHU9119 lacked agonist activity and However, at both these mutant receptors, similar differences
what appears to be a slight decrease in partial agonism ofin relative potency were observed for the agonists MTII,
SHU9005 (although this may be within experimental error pNal(1)-MTIl, and Nal(2)-MTII, suggesting that these
and not significant). Thus, these later mutations do not receptor modifications may be important only for thidal-
support our original hypothesis. However, the F254S mMC4R (2')7 antagonist ligand. Surprisingly, the mutant mMC4
also possesses increased sensitivity to the agonist activityreceptors that discriminated the most between these different
of both SHU9005 and SHU9119 (Figure 7), suggesting a MTIIl substituted analogues were the D114R and D118K
revised hypothesis in which the mMC4R F254 and F259 mMCA4R receptors. Comparison of MTHNal(1)-MTII, and
residues may be sterically and aromatically interacting with Nal(2)-MTII at the D114R resulted in a 17-fold difference
the bulky substituents at the antagonist ligand 7 position andbetween MTII ancbNal(1)-MTIlI and a 30-fold difference
hindering the receptor to undergo the conformational and betweenoNal(1')-MTIl and Nal(2)-MTII (Table 3). How-
structural modification(s) necessary to generate full agonist ever, at the D118K mMC4R, both theENal(1)- and Nal-
responses. This concept is illustrated in Figure 11. (2)-MTII peptides lost any agonist activity, and radiolabeled
One alternative to explaining the F254S and F259S dataSHU9119 was the only peptide to binding this receptor
may be related to our original choice of side chains used to (Table 2). At both the D114R and D118K mMCA4 receptors,
substitute the Phe residue. One could speculate that bySHU9119 antagonist activity was not determinable since this
substituting the hydrophobic aromatic receptor residue with relies upon a shift in the Egvalue of an agonist and both
a hydrophilic residue, the ligantteceptor interactions may NDP-MSH and MTII possessed substantial decreased func-
be modified. To this extent and in accordance with our tional activities (Table 3). Both the Asp114 and Aspl18
experimental rationale, perhaps the bulky antagonist sub-(TM3) receptor residues are hypothesized to interact with
stituents at the ligand 7 position are repulsed by the Serthe ligand Ar§ amino acid (Figure 2)28, 32, 38—40). These
hydroxyl moiety and/or the presence of water(s), and then D114 and D118 observations suggest the need of a further
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hypothesis revision for the mechanism of SHU9119 antago-

nism at the MC4R, in which not only does the “bulky”

Haskell-Luevano et al.

more interest is the fact thaffilnAGRP(83-132) was able
to bind to D114R with nearly wild-type affinity (Figure 6),

addition at the agonist 7 position generate an antagonist, butbut did not possess any antagonist or agonist activity (data

the topographical orientatiorb®) of the key ligand Ar§
residue may also be altered by this added “bulky” moiety.
Furthermore, the observation of a 74-fold decrease of MTII

not shown). On the basis of the previously identified
homologous mMMC1R mutations which resulted in constitu-
tive activation of the mMC1R32), and the proposal that

binding versus only a 3-fold decrease in SHU9119 binding the E92, D114, and D118 (mMC4R numbering) receptor

at the E92K mMC4R (Table 2) provides additional experi-

residues may be interacting with the melanocortin ligand Arg

mental evidence to support the hypothesis that substitutionresidue from the conserved His-Phe-Arg-Trp sequeB8ge (

at the MTIIpPh€ position by “bulky” aromatic groups may
be affecting the ligand Afginteractions with the mMC4
receptor.

32, 39, 40), we can speculate that the mMC4R D114 and
D118 residues may be interacting with both the agonist Arg
residue as well as the hAGRP Arg residue from the Arg-

These data may support an alternative hypothesis for thePhe-Phe (113113) consensus sequence. This is supported
mechanism of SHU9119 antagonism, where both the ster-by the fact that the Arg 111 antagonist residue (hAGRP

eochemistry and “bulky” naphthyl ring position’(2ersus
1) are important for positioning of the ligand Argesidue
with the corresponding mMMC4R amino acids which are

numbering) when mutated in both AGRR2} and agouti
(21) resulted in greater than 130-fold decreased binding at
the MC4R. Additionally, the fact that the hAGRP decapep-

speculated to be E92, D114, and/or D118 (Figure 2). This tide YC[CRFFNAFC]Y was able to stimulate the mMC1R
hypothesis can be tested by using two-dimensional NMR and bind to mMC1R in addition to the brain MC3R and
techniques to determine if these aromatic ring structures areMC4R 23) supports the hypothesis that the hAGRP antago-

modifying the Ar@ side chain in three-dimensional space.
Alternatively, in support of the original hypothesis regarding
the “bulky” moieties being responsible for antagonism of

nist Arg111 residue may be interacting with the melanocortin
receptors in a similar manner as the melanocortin agonist
Arg® (o-MSH numbering) amino acid. This speculation

the melanocortin-based peptides, specific mMMC4R amino remains to be unambiguously experimentally verified how-

acids putatively involved in interactions with these “bulky”
moieties remain to be identified.

Similarities and Differences of AGRP and the Melano-
cortin-Based Peptides MC4R Interactioh®\GRP is a 132

ever. The putative extracellular loop 2 of the MC4 receptor
has been identified as being important for AGRP{832)
binding but not NDP-MSH binding2b). Interestingly, our
studies characterized F176, juxtaposed to the putative ex-

amino acid (the mouse homologue is only 131 amino acids) tracellular loop 2, as important for AGRP(8332) antago-

peptide which putatively contains five disulfide bridg&d)(
is the endogenous antagonist of the brain MC4 receg)or (
The hAGRP C-terminal fragment consisting of residues 83

nism and melanocortin-based peptide potency. The F176K
MMC4R was able to bind AGRP(83.32) with a 3.6 nM
binding affinity (Table 2), but no antagonistic activity for

132 has been demonstrated to possess the same pharmacdGRP(83-132) was observed (data not shown). These data

logical properties as the full-length peptid@, (12), is
commercially available in the synthetic form (Phoenix

suggest that F176 is important for functional antagonism of
AGRP(83-132) and not molecular recognition of the

Pharmaceuticals Inc, and Peptides International), and hagmMC4R. Mutations of the F176 residue to Lys and Ser also
been utilized in these studies. It has been proposed that theaffected the melanocortin-based agonists and antagonists.
conserved Arg-Phe-Phe residues found in both AGRP andInterestingly, the F176S mMCA4R did not bind the agonist
the agouti peptides may mimic the melanocortin-based radiolabeled peptides and possessed a 155-fold decreased

agonist Phe-Arg-Trp residue interactions with the MC2R (
23). At the mMC4R mutants examined in this study, it

binding affinity for the SHU9119 antagonist (Table 2),
compared to wild-type receptor. Unlike the D118K mMC4R,

appears that the melanocortin-based agonist peptides andhe F176S mMC4R did not show any stimulatory activity

AGRP(83-132) may both have interactions with the mMC4
receptors Glu92 (TM2), Aspl114 (TM3), Asp118 (TM3), and
Phel76 (TM4) amino acids (Table 2). At the E92K mMCA4R,
significant decreases in agonist binding affinities were
observed for NDP-MSH and MTII, but the antagonist
SHU9119 was equipotent (within experimental error), com-
pared to the wild-type mMC4R. However, AGRP(8832)
lost the ability to bind to this E92K mutant MC4R (Table
2). At the human E92A mutant receptor, AGRP{832)
was able to bind with 3.9 nM affinity and-MSH was able

to stimulate this receptor at 4.4 nM potenc®8). The
radiolabeled agonists NDP-MSH and MTII as well as AGRP-
(83—132) lost ability to bind the D118K mutant mMC4

for any of the agonist peptides. The F176K mMC4R
possessed 46-fold decreased binding affinities of the
radiolabeled peptides (Table 2), between 17- and 222-fold
decrease in agonist potency (Table 3), and 6- and 40-fold
decreased potency for the SHU9005 and SHU9119 antago-
nists (Table 4), compared to the wild-type mMC4R. These
data suggest that the F176 mMC4R amino acid interacts and
functions in an important role for both the melanocortin-
based peptides and AGRP(8B32). From this study, these
appear to be the only mMC4R amino acids that putatively
possess common interactions between the melanocortin
agonists and the endogenous antagonist AGRP132).

A specific mMC4R mutation was identified that appeared

receptor, whereas the melanocortin-based peptide antagonigb affect hAAGRP(83-132) molecular recognition-receptor
SHU9119 was able to bind this mutant receptor, albeit with interactions but not melanocortin-based peptide molecular

185-fold decreased potency compared with the wild-type.

At the D114R, NDP-MSH was unable to bind this mutant

receptor; however, 39- and 99-fold decreased binding af-

finities were observed for'f3MTIl and [*?9]SHU9119,
respectively, compared with the wild-type mMC4R. Of even

recognition-receptor interactions. The F253S (TM6) mMC4R

was able to bind to the melanocortin-based agonists and
antagonists (Figure 5), but hAAGRP(8332) was not able

to bind this mutant receptor (Table 2). At the F254S and

F259S mMC4 mutant receptors, increased agonist activity
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Ficure 12: Pharmacology of the mMMC4R AGRP(8332) antagonist at the F254S and F259S mMMC4Rs where AGRR@3 does not

possess any significant agonist activity (open square, solid line), compared with the SHU9119 antagonist at these mutant receptors, Figure

7.

was observed for the SHU9119 and SHU9005 antagoniststape 5: Primary Sequence Comparison in TM5 of the Mouse
(Figure 7). The AGRP(83132) antagonist was examined Melanocortin Receptors
at these receptors to determine if the 50 amino acid antagonist

Receptor TMS5 (extra- to intracellular)

would have similar increased activity at the melanocortin- mMCIR A VLLeL vV F L AMLALMATL 7 A
based peptide antagonists. At both the F254S and F259S, mMC3R kv Tver TTMEFF AMVLLMGTLY THY
AGRP(83-132) lacked any significant increase in agonist mMC4R sav11cLTsMFFTMLYLMASTYVHM
activity (Figure 12). mMC5R kyv1IcL1SMEFTMLFFMAVLY TH

Since AGRP(83132) is a 50 amino acid multi-cyclic a2 The putative TM5 amino acid composition has been derived from

peptide _antagoniSt and the melanocortin-based pept_idethe corresponding residues of rhodopsin determined by the 2.8 A
antagonists SHU9119 and SHU9005 are 7 and 13 aminOresolution structure().

acids, respectively, Table 1, the AGRP(3B18) decapep-
tide YC[CRFFNAFC]Y was evaluated at the F176K, F254S, functional activity was observed (Figure 8A). Based upon
and F259S mMC4 receptors. At the F176K mMMC4R AGRP- putative ligand-receptor interactions, we hypothesize that
(109-118) was able to competitively displadé{]MTIl and, the M192F mutant receptor may be modifying the receptor
therefore, bind to this mutant receptor (Figure 9) and conformation to a structure similar to the structure necessary
similarly to AGRP(83-132) did not show antagonist or for G-protein coupling in the presence of ligand as a
agonist functional activity (Figure 9). At the F254S and consequence of the interaction of the Phel92 with other
F259S mutant mMC4 receptors, unlike the melanocortin- aromatic residues in the putative receptor binding pocket
based peptide antagonists, AGRP(£098) did not pos- (Figure 2). This hypothesis is supported by a previous similar
sesses any agonist activity (Figure 10). These data providefinding for the human luteinizing hormone receptbby. It
evidence that the increased agonist activity of the antagonistsis possible that this change is mimicking the affect of the
SHU9119 and SHU9005 at the F254S and F259S mutantPh€ aromatic residue in the ligand pharmacophore, His“Phe
receptors is specific for the melanocortin-based peptide Arg-Trp, known to be critical for ligand-induced receptor
antagonists and not for AGRP(8332) or AGRP(109-118). activation 61, 56, 57). This hypothesis may explain why
Constitutvely Actve mMC4 ReceptorReceptor muta-  the M192L and M192W mMC4Rs are not constitutively
tions of the mMC4R (M71K, E92K/R, D114R, and D118K) active (Figure 8B). It is also tempting to hypothesize that
were performed similar to those identified at the mMC1R the displacement of this aromatic residue in the MC1R makes
which resulted in the generation of constitutively active this receptor more sensitive to the affects of the positive
receptors32, 40). Unfortunately, constitutively active mMC4  charge in the ligand pharmacophore, thus explaining the
receptors did not result from any of these mutations. sensitivity of the MC1R to constitutive activation by positive
However, generation of the M192F mMCA4R, based upon charge insertion in the TM2 or TM3 domain32j.
the comparative analysis of the primary amino acid sequences Residues Important for mMC4R StimulatidBoth the
of the melanocortin receptors, did result in a constitutively P252G and F253S mMC4Rs were able to bind to the
active mMC4R. In the putative TM5 of the mMC1R and radiolabeled peptides NDP-MSH, MTII, and SHU9119 with
the other murine MCRs, a shift of 1 residue for a FF motif high affinities (Table 2); however, these mutant receptors
was observed (Table 5). The Met residue present at the 192only resulted in partial CAMP generation by the agonists
position (MMC4-R numbering) was observed to be conservedexamined (Table 3, Figure 5), as compared to the nonreceptor
in all the MCR subtypes except the MC1R. Substitution of dependent induced cAMP generated by forskolin. The Pro
this Met residue with a Phe was constructed in order to 252 mMC4R residue is conserved in most GPCRS,(and
examine potential receptor interactions with the aromatic when the respective conserved Pro residues were mutated
melanocortin-based ligandPhe€ or Trp?® amino acids. in the m3 muscarinic receptor (P50548] and the lutropin/
Surprisingly, no significant changes in the ligand binding choriogonadtropin receptor (P562F%9}, no significant
affinities [NDP-MSH, MTII, SHU9119, and AGRP(83 differences in ligand affinity or efficacy were observed.
132), Table 2], agonist E values f-MSH, NDP-MSH, Explanations for this mMC4R P252G and F253S partial
MTII, pNal(1)-MTIl, and Nal(2)-MTII, Table 3] or an- agonist observation could be that the receptor is not expressed
tagonistic pA values [SHU9119, SHU9005, and AGRP{83 in high levels or that structural changes in the receptor are
132), Table 4] resulted. However, an increased basala result of the amino acid substitution. However, the fact
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that the ligands bind the P252G mutant receptor with
nanomolar affinities identical to the wild-type receptor (Table
2) and that the total specific binding (Figure 5E) of the three
radiolabeled peptides NDP-MSH (1761 cpms), MTII (3798
cpms), and SHU9119 (7724 cpm) discard these explanations.
These observations allow us to speculate that mutation of
this highly conserved G-protein coupled receptor Pro residue
in TM 6 is important for mMC4R receptor activation and
signal transduction, but not for ligand affinity or structural
integrity of this receptor.

SUMMARY

In vitro mutagenesis of the mouse melanocortin-4 receptor
(mMMC4R) has been performed, based upon homology
molecular modeling and previous melanocortin receptor
mutagenesis studies that have identified putative ligand
receptor interactions. The pharmacology of several melano-
cortin-based ligands and, at selected mutant receptors, was
further evaluated using the endogenous antagonist hAGRP-
(83—132) molecule. These studies identify mMC4R amino
acids important for melanocortin-based peptide ligand af-
finity, potency, efficacy, and differentiation of agonism
versus antagonistic activity. Additionally, overlapping and
distinct melanocortin-based peptide and AGRP{832)
interactions are identified. A mutation has also been identified
that results in a constitutively active mMC4R. Furthermore,
significant pharmacological and perhaps physiologically
important differences between the human and mouse forms
of the MC4R have been identified.
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