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ABSTRACT:. The melanocortin-4 (MC4) receptor is a potential therapeutic target for obesity and cachexia,
for which nonpeptide agonists and antagonists are being developed, respectively. The aim of this study
was to identify molecular interactions between the MC4 receptor and nonpeptide ligands, and to compare
the mechanism of binding between agonist and antagonist ligands. Nonpeptide ligand interaction was
affected by mutations that reduce peptide ligand binding (D122A, D126A, S190A, M200A, F261A, and
F284A), confirming overlapping binding determinants for peptide and nonpeptide ligands. The common
halogenated phenyl group of nonpeptide ligands was a determinant of F261A and F284A mutations’
affinity-reducing effect, implying this group interacts with the aromatic side chains of these residues. All
affected compounds contain this group, the mutations reduced binding of 2,4-dichloro-substituted
compounds more than 4-chloro-substituted-compounds, and F284A mutation eliminated the affinity-
enhancing effect of 2-chloro-substitution. F261A and F284A mutations reduced the affinity of antagonists
more than agonists, suggesting that the stronger ligand interaction with these residues, the lower the ligand
efficacy. Supporting this hypothesis, F261A mutation increased the efficacy of nonpeptide antagonist and
partial agonist ligands. D122A and D126A mutations reduced nonpeptide ligand interaction. Removing
the ligands’ derivatized amide group eliminated the effect of the mutations. Interaction of agonists, which
bear a common amine within this group, was strongly reduced by D126A mutation-8380-fold),
suggesting an electrostatic interaction between the amine and the acidic group of D126. These postulated
interactions with aromatic and acidic regions of the MC4 receptor are consistent with a molecular model
of the receptor. Furthermore, the strength of interaction with the aromatic pocket, and potentially the
acidic pocket, controls the signaling efficacy of the ligand.

The melanocortin (MC)system comprises a family of five  tion in female rats 19). MC4 receptor antagonists can
G-protein coupled receptors (GPCRs) [MEMICS receptors increase feeding and induce body weight gain in rodents
(1—3)] that are regulated by endogenous peptide agonists(20—22). On the basis of these findings, MC4 receptor
and antagonists. The three agonistsnelanocyte-stimulat-  agonists are being developed as potential treatments for
ing hormone ¢-MSH), v-MSH, and adrenocorticotropin  obesity or erectile dysfunction. The former disease indication
hormone, are derived from the precursor peptide pro- is strongly supported by mouse and human genetic studies
opiomelanocortin4—6). The two endogenous antagonists (23, 24). MC4 antagonism has been proposed for treatment
are agouti 7) and agouti-related protein (AgRR,(9). The of cachexia, a wasting disorder associated with chronic
MC4 receptor has been implicated in the regulation of disease states such as cancer and renal faie26).
feeding and metabolism.as well as erectile functi_&nlo, The mechanisms of peptide ligand binding to the MC4
11). MC4 receptor agonists can suppress food intake andreceptor have been studied in detail using structactivity
body weight in rodentsl-16), promote penile erection in - g|ationships (SAR) of the peptide ligandg7( and mu-
rodents 16, 17) and man 18), and facilitate sexual solicita- tagenesis of the receptd@§—32). The endogenous peptide
agonistsa-MSH, y-MSH, and adreocorticotropin hormone
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Ficure 1: Molecular properties of the MC4 receptor and nonpeptide ligands. (A) Topographical representation of the human MC4 receptor
amino acid sequence, indicating position of mutated residues. Residues mutated in this study are indicated by bold font in bold circles.
Residues indicated in bold italic type represent residues conserved within rhodopsin-like GPCRs. Note that the MC4 receptor lacks a highly
conserved cysteine in extracellular loop 2, a residue in rhodopsin and potentially most rhodopsin-like receptors that forms a disulfide bond
with a cysteine in TM3%7—59). Also note that the conservédPXXY motif in TM7 of Class A GPCRsg9) is replaced with th®PLIY

motif in the MC4 receptor. The MC4 receptor also lacks the conserved proline in 58)5Residues are numbered by their position in

the sequence of the human MC4 receptor and, in superscript, according to the indexing method of Ballesteros and \W8in&sgin (
Chemical structure of nonpeptide agonist ligands. [Sed8dbr THIQ and ref43 for piperazine-1.] (C) Chemical structure of piperazine

partial agonist/antagonist ligands. (See4gffor piperazine-2 and piperazine-3, 129 for piperazine-4, reb2 for piperazine-5, and ref2

for piperazine-6.) (D) Chemical structure of the nonpeptide antagonist benzamid2®e-dn¢l the small peptide antagonist MBP BB

The numbers in parentheses are g values for stimulation of cAMP accumulation in HEK cells expressing the human MC4 receptor,
expressed as a percentage of the NDP-M&HL Values for THIQ and piperazines-4 are from Table 4, the value for piperazine-5 is the

effect for a 10uM concentration from reb2, and the values for piperazine-6, benzamidine-1, and MBP10 are for 10, 10, andviL00
concentrations, respectively (data not shown).

developed by substitution of the Phghenyl side chain with ~ TM4 (F184 and Y187), TM6 (F261, F262, H264, and F267),
larger aromatic groups, e.g., SHU9119 [in whiotPhe of and TM7 (F284) (Figure 1A). Afgof NDP-MSH has been
MTII is replaced withp-Nal(2) (37) and MBP10 Ac-c[Suc- proposed to interact with D122 and D128( 29, and Phé
p-Nal(2)-Trp-Lys]-NH, (38), Figure 1D]. Two regions of likely interacts with the putative hydrophobic cads8).

the receptor have been identified as critically involved in  Numerous nonpeptide agonists and antagonists have been
peptide binding28—32): (i) an acidic pocket of negatively  developed for the MC4 receptoid, 16, 20, 27, 39—46).
charged residues in transmembrane domains (TMs) 2 and 3Potent MC4-selective agonists generally possess a substituted
(E100, D122A, and D126A, Figure 1A); (ii) a putative hydro- benzene ring (such as the 4-chlorophenyl group of THIQ,
phobic pocket formed from aromatic or bulky residues in Figure 1B), adjacent to an amine-containing group on the
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“right-hand side” as drawn in Figure 1 [such as B&,2,3,4- assembled peptide was deprotected with hydrogen fluoride
tetrahydoisoquinolin-3-ylcarbonyl (Tic) group of THIQ and and purified by preparative HPLC. The purity of the final
piperazine-1, Figure 1B]. The left-hand side is generally product was assessed by analytical HPLC and mass spec-
comprised of bulky cyclic groups, with 2-position side chains trometric analysis using an ion-spray source. Peptides were
that frequently confer higher affinity for the MC4 receptor dissolved in deionized water at a concentration of 1 mM
compared with other melanocortin receptors. Two classes(except AGRP(83132), 100uM) and stored in aliquots at
of potent MC4 selective antagonists have been reported. The—80 °C. Aliquots were used once, and any remaining
first class is similar in general structure to the agonist solution was discarded. Synthesis of nonpeptide ligands
compounds (e.g., piperazines-4 and -5, Figure 1B), and the(see Figure 1 for chemical structures) was performed as
second class comprises a series of benzamidines (e.g.described: refl6 for THIQ (compoundLl of this reference;
benzamidine-1, Figure 1C) and closely related benzamida-N-[(3R)-1,2,3,4-etrahydroisoquinolinium-3-ylcarbonyl]Rt
zoles @0, 47). Regions and residues of the MC4 receptor (4-chlorobenzyl)-2-[4-cyclohexyl-4-f1-1,2,4-triazol-1-yl-
that act as determinants of nonpeptide ligand binding have methyl)piperidin-1-yl]-2-oxoethylamine); ref3 for pipera-
been identified. Proteochemical mapping of nonpeptide zine-1 (compoundl3g 4-{(2R)-[1,2,3,4-tetrahydro-(8)-
ligand binding to wild-type and chimeric melanocortin isoquinolinecarboxamido]-3-(4-chlorophenyl)propigt-
receptors indicated the importance of broadly defined regions{ 2-[1-(piperidin-3-ylamino)ethyllphenypiperazine); re#i2
of the MC4 receptor in nonpeptide ligand bindirt3(49). for piperazine-2 (compoundlln; 4-[(2R)-(2-methoxyacet-
At a higher resolution, three MC4 receptor mutations that amido)-3-(4-chlorophenyl)propionyl]-{2-[(2-thienyl) eth-
affect binding ofa-MSH (D122A, F261A, and F284A) also  ylaminomethyl]phenylpiperazine); re#42 for piperazine-3
reduce affinity of THIQ, implying overlapping binding sites  (compound 11¢ 4-[(2R)-(3-aminopropionaylmido)-3-(4-
for peptide and nonpeptide agonisd), Specific molecular  chlorophenyl)propionyl]-¥-2-[(2-thienyl) ethylaminomethyl]-
interactions between binding determinants of nonpeptide pheny} piperazine); ref39 for piperazine-4 (compounto;
ligand and amino acid side chains of the receptor have only 4-[(2R)-(3-aminopropionaylmido)-3-(2,4-dichlorophenyl)pro-
been explored indirectly, and the findings are currently pionyl]-1-{2-[(2-thienyl)ethylaminomethyl]phenyt
inconsistent. Superposition of the nonpeptide agonist THIQ piperazine); reb2 for piperazine-5 (compound2i; trans
(16) on peptide ligand is consistent with the substituted 2-{4-[(2R)-(3-amino-propionylamino)-(3)-(2,4-dichloro-
aromatic group of the former mimicking Phef the latter phenyl)propionyl]-piperazin-1-ytyclohexanecarboxylic acid
(the residue that binds within the hydrophobic cage). The ethyl ester); refd2 for piperazine-6 (compoundOf, 3-(4-
Tic group of THIQ is oriented close to Hisn one super- chlorophenyl)propionyl]-¥-2-[(2-thienyl) ethylaminomethyl]-
position (L6), whereas in a second the Tic amine lies close pheny} piperazine); and re20for benzamidine-1 (thiomethyl
to Arg? (40) (the residue that binds within the acidic pocket). ether analogue of compount] 2-[2-(5-bromo-2-methoxy-
Molecular modeling of the MC4 receptor interaction with benzylsulfanyl)-3-fluorophenyl]-1,4,5,6-tetrahydropyrimi-
THIQ or a close analogue suggests that the amine functional-dine). Nonpeptide ligands were dissolved in DMSO at a
ity of the Tic group interacts with the acidic pock&0(51). concentration of 6 mM.
In one model, the left-hand side of the molecule is oriented  [*?9]NDP-MSH was from PerkinElmer Life Sciences
within the hydrophobic cagé(), whereas in a second model (Boston, MA) (specific activity of 2200 Ci/mmol). G418
the 4-chlorophenyl group lies in this positio&Qj. (Geneticin), Dulbecco’s phosphate-buffered saline (DPBS)
None of the putative interactions between nonpeptide and cell culture supplies were from Invitrogen (Carlsbad,
ligands and the MC4 receptor have been tested directly, andCA). Fetal bovine serum was from HyClone (Logan, UT).
little is known of the mechanistic differences between  Construction of Mutant Receptors and Expression in
nonpeptide agonist and antagonist binding. In this study, we HEK293 Cells The human MC4 receptor cDNA in
used site-directed mutagenesis combined with ligand SAR pcDNA3.1 was used as the template for site-directed muta-
with the aim of identifying molecular interactions between genesis, using the QuikChange kit (Stratagene, La Jolla, CA).
specific groups of nonpeptide ligand and amino acid side PCR reactions (95C, 1 min; 52°C, 1 min; and 72C, 16
chains of the MC4 receptor. This evaluation included the min) were performed usingfu polymerase and a comple-
use of multiple piperazine ligands with discrete structural mentary set of primers encoding the nucleotide mutation,
differences (Figure 1B,C) to allow us to identify the structural resulting in the desired amino acid residue change. Template
determinants of the ligand underlying the mutations’ effects. DNA was nicked withDpnl, and mutant DNA was subcloned
We also tested the smaller, structurally distinct antagonist into competent TOP10 cells. Clones were sequenced using
benzamidine-1 (Figure 1D). This test set of ligands also an ABI Prism 377 DNA sequencer (Applied Biosystems,
possessed varying efficacy for activation of the MC4 receptor Foster City, CA), and clones containing the desired mutation
(Figure 1B-D), allowing us to identify the relative role of  were subcloned into thHecoRI/Xhd site of a fresh pcDNA3.1
receptor and ligand determinants in MC4 receptor activation. vector. Complete receptor sequences were confirmed by
DNA sequencing. Wild-type (WT) or mutant MC4 receptor
EXPERIMENTAL PROCEDURES plasmid cDNA was transfected into HEK293 cells using
Materials Humana-MSH and NDP-MSH were purchased LipofectAMINE (Invitrogen) according to the manufacturer’s
from Bachem (Torrance, CA). Human AgRP(8B32), the protocol. Stable single cell clones were isolated after selection
bioactive fragment of AgRR8J, was purchased from Phoenix using 1 mg/mL G418 in complete medium (Dulbecco’s
Pharmaceuticals (Belmont, CA). MBP10 (Ac-c[SoiiNal- modified Eagle’s medium, supplemented with 10% heat-
(2)-Trp-Lys]-NH,) (38) was synthesized by solid-phase inactivated fetal bovine serum, 2 mM glutamine, 1 mM
methodology on a Beckman Coulter 990 peptide synthesizersodium pyruvate, 10 mM HEPES, 50 IU/mL penicillin, and
(Fullerton, CA) using t-Boc-protected amino acids. The 50 ug/mL streptomycin). Stable cell lines were maintained
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in 250 ug/mL G418 in complete medium. D122A and 5% CQ. In antagonist assays, antagonists were diluted in a
M200A mutant MC4 receptors were expressed transiently solution of the agonist, such that cells were exposed to both
in HEK293 cells using Polyfect transfection reagent (Qiagen, ligands simultaneously. Following cell lysis, cAMP was
Valencia, CA) according to the manufacturer's protocol. measured by chemiluminescent immunoassay (Tropix CAMP
Cells were collected 2 days after transient transfection for ELISA, Applied Biosystems, Foster City, CA). Cell lysis
cell membrane preparation. was achieved by adding 10Q of the lysis reagent supplied
Preparation of Cell MembranesCell membranes were  with the immunoassay kit, followed by incubation for 30
prepared using a high-pressure nitrogen cell and differential min at 37°C in 5% CQ.
centrifugation as previously describegB). The lysis buffer Data Analysis Inhibition of [*2]NDP-MSH binding by
was DPBS. The final membrane pellet was resuspended inunlabeled ligands was fitted to a four-parameter logistic
binding assay buffer (25 mM HEPES, 1.5 mM CaQlmM equation to determink; using XLfit (ID Business Solutions
MgSQ,, 100 mM NacCl, pH 7.0). The protein concentration Ltd, Emeryville, CA). In this analysi¥K; was determined
in the membrane pellet was determined using the Coomassigrom ICs, using the Cheng-Prusoff equatiosdj. The slope
method (Pierce, Rockford, IL), using bovine serum albumin factor in the analysis was between 0.8 and 1.2. Radioligand
as the standard. Membranes were stored & °C before saturation was analyzed using a previously described method
use. (53) that takes into account depletion of free radioligand by
Radioligand Binding AssayBinding affinity of unlabeled receptor-specific and nonspecific binding of radioligand,
ligands for wild-type and mutant MC4 receptors was providing an accurate measuremenkef This analysis was
measured by displacement éfJ]NDP-MSH binding. The performed using Prism 3.0 (GraphPad Software, San Diego,
following were added sequentially to low-binding 96-well CA). Ligand-stimulated or ligand-inhibited cCAMP accumula-
plates (#3605, Corning, Palo Alto, CA) in binding assay tion was analyzed using a four-parameter logistic equation
buffer (seePreparation of Cell Membranef®r recipe): 50 using Prism 3.0 to provide an estimate of &g@©r 1Cso,
uL of unlabeled ligand, 7%L of [**M]NDP-MSH, and 75 respectively. Antagonist inhibitory potencyKg in CAMP

uL of membrane suspension. The final concentratioH]{ accumulation assays was determined by measuring the
NDP-MSH was approximately 0.2 nM. The amount of «-MSH dose response for stimulating cCAMP accumulation
membrane protein added per well wag® for WT, 3 ug in the absence of antagonist and in the presence of a single
for D122A, 8 ug for S190A, 7ug for S191A, 13ug for concentration of antagonistKp was then calculated using
M200A, 9ug for F261A, and 2@ig for F284A. Total {24]- the following equation §5):

NDP-MSH binding (that in the absence of unlabeled ligand) i

was less than 20% of the total radioligand added. Assay pK,, = log(EC5,/EC50) — log[antagonist]

plates were set on a shaker (Titer Plate Shaker, setting 4, . ) )
Lab-Line Instruments, Melrose Park, IL), and the assay was Where EGo is thea-MSH EGy,in the presence of antagonist.

incubated for 90 min at room temperature. Bound and free Statistical analysis of differences between values was per-
radioligand were then separated by rapid filtration, using formed by analysis of variance (ANOVA) using Prism 3.0.

UniFilter GF/C filters (Packard, Meriden, CT) pretreated with RESULTS
0.1% polyethylenimine in DPBS, on a UniFilter-96 vacuum
manifold (Packard). The filter was then washed three times Receptor Binding Determinants for Nonpeptide Ligands.
with 0.2 mL/well 0.01% Triton X-100 in DPBS, and then The first aim of this study was to identify MC4 receptor
dried under electric fans for 40 min to 1 h. Following addition determinants of nonpeptide ligand binding using site-directed
of scintillation fluid (50uL per filter disk, Microscint 20, mutagenesis. Previous studies have suggested that the binding
Packard), scintillation counts were measured in a Packardsites for peptide and nonpeptide ligands overlap. In particular,
Topcount NXT. cpm resulting from emission of Auger THIQ ando-MSH affinity was reduced by D122A, F261A,
electrons from'?9 were converted to dpm, using the and F284A mutations3Q). This comparison was extended
predetermined counting efficiency of 30%. The total amount using additional nonpeptide ligands and MC4 receptor
of radioligand added was measured using a Packard Cobramutations. Mutations that have been shown to affect peptide
I gamma counter (78% efficiency). Affinity and binding site  binding were tested for their effect on nonpeptide ligand
capacity of PPIJNDP-MSH was measured in saturation binding (D122A and D126A in TM3, M200A in TM5,
experiments, by incubating varying concentrations of radio- F261A in TM6, and F284A in TM7, Figure 1A). We also
ligand (30 pM to 3 nM) in duplicate in the absence and in tested S190A and S191A mutations in the second extracel-
the presence of 10M a-MSH, to define total binding and  lular loop (Figure 1A). These two residues were tested since
nonspecific binding, respectively, using the binding assay they are potential hydrogen bond donors that could interact
protocol described above. with hydrogen bond acceptors of nonpeptide ligands (Figure
Measurement of CAMP AccumulatidEK293 cells were 1B—D).
plated 1 day prior to assay on poly-lysine-coated 96-well We aimed to measure affinity of nonpeptide ligands by
plates at a density of 5000 cells/well. For assay, the mediumdisplacement of binding of the radiolabeled peptide agonist
was removed, and the cells were washed with 2000f [**M]NDP-MSH 2 This radioligand bound wild-type (WT)
DPBS. Following aspiration of DPBS, 74 of cCAMP assay
buffer was added to each well (Dulbecco’s modified Eagle’s 2 Guanine nucleotides did not appreciably affect binding*@1]f
medium without phenol red, supplemented with 2 mM glu- NDP-MSH or of unlabeled agonists or antagonists for the WT receptor
tamine, 10 mM HEPES, and 1 mM isobutylmethylxanthine). " HEK cells® suggesting that G-protein-coupling does not appreciably
. . affect the ligand binding properties of the MC4 receptor in this assay
Ligand was then added in qvolume of 25 of CAMP assay system. For this reason, agonist and antagonist affinity could be
buffer, and the cells were incubated for 30 min at°87in reasonably compared using the binding assay.
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one or more nonpeptide ligand (D122A, S190A, M200A,
F261A, and F284A, Figure 2C, Tables 2 and 3). This finding
indicates substantial overlap between the binding determi-

Table 1: Affinity and Binding Site Capacity offI]NDP-MSH for
Wild-Type and Mutant MC4 Receptdrs

receptor KfﬁdM Bmax pmol/mg nants of this peptide antagonist and those for nonpeptide
wild-type 9.44+ 0.04 2.0+ 0.1 ligands. _ _ _ _
0.36 Role of Hydrophobic Residues in TM6 and TM7 in
D122A 9.634+0.03 0.86+ 0.13 Nonpeptide Ligand InteractionWe next examined the
0.24 o mechanism by which TM6/TM7 mutations affected nonpep-
gggﬁ gggﬂ‘g!gg 2?33:'%(].?9 tide ligand binding by comparing effects of receptor mutation
0.30 on binding of functionally and structurally distinct nonpeptide
S191A 9.53+ 0.02 1.9+ 0.2 ligands. As described above, two aromatic residues were
0.30 identified that acted as determinants of nonpeptide ligand
M200A 9'5223'05 0.17+0.01 binding to the MC4 receptor: F261 in TM6 and F284 in
F261A 9.40 0.04 1.3+ 0.1 TM7. The effect of these mutations was first compared for
0.40 nonpeptide ligands of varying efficacy for stimulation of
F284A 9-3(7Jﬂ23-03 0.72£0.13 CAMP accumulation (Figure 1BD), to examine the extent

to which the mutations’ effects correlated with ligand
efficacy. Ligands tested were the full agonist piperazine-1,

a[129]NDP-MSH saturation of wild-type and mutant MC4 recep-

tors in HEK293 membranes was measured as described in Experi-
mental Procedures. The receptors were stably expressed, with th
exception of D122A and M200A, which were expressed transiently.
The binding site capacityBfay) Was quantified as picomoles of re-
ceptor per milligram of membrane protein. Data are mg¢amange,n

= 2, where range is the standard deviation divided by the square-root
of n.

and mutant receptors (Table 1), with the exception of D126A.
(This mutant receptor also did not detectably bittJAgRP
and so was assessed using functional assays; see bétéi.) [
NDP-MSH binding was not detected in membranes from
nontransfected HEK293 cells (data not shown). The affinity
of [**]NDP-MSH was similar for WT and mutant recep-
tors (Table 1) suggesting that these mutations did not dra-
matically alter receptor structure. The level of functional re-
ceptor expressiorBfay was also similar for WT and mutant
receptors (0.722.0 pmol/mg, Table 1), with the exception
of M200A for which the level was lower (0.17 pmol/mg).
Binding affinity of the endogenous peptide agonistISH
was reduced by D122A, M200A, F261A, and F284A
mutations, in agreement with previous studiz8<(30), but

e

the partial agonists piperazines-2 and -3, and the antago-
nists piperazine-4, piperazine-5, and benzamidine-1 (Figure
1B—D). A clear relationship was observed between ligand
efficacy and sensitivity to F261A and F284A mutations.
F284A mutation reduced affinity of the antagonists pipera-
zine-4, piperazine-5, and benzamidine-1 (5.5-, 6.6-, and 7.5-
fold, respectively) but did not significantly affect the affinity
of the partial agonists (piperazine-2 and piperazine-3) or the
agonist (piperazine-1) (Figure 2, Table 3). F261A mutation
reduced affinity of antagonists piperazine-4, piperazine-5,
and benzamidine-1 by 67-, 48-, and 46-fold, respectively;
reduced affinity of partial agonists piperazine-2 and pipera-
zine-3 to a slightly smaller extent (26- and 31-fold, respec-
tively); and reduced affinity of the full agonist piperazine-1
by only 13-fold (Figure 2, Table 3). Overall, these findings
indicate the lower the signaling efficacy of the ligand, the
greater the affinity-reducing effect of F261A and F284A
mutations.

We next attempted to correlate the effect of F261A and
F284A mutations with nonpeptide ligand structure to iden-
tify the ligand determinant underlying sensitivity to the

was unaffected by S190A and S191A mutations (Figure 2A, mutations. F261A mutation reduced binding affinity of all
Tables 2 and 3). The affinity of five nonpeptide ligands was compounds tested, suggesting that the ligand determi-
reduced by D122A mutation (Figure 2, Table 2); affinity of nant underlying this effect is common to all the compounds.
four compounds was affected by M200A (Table 3); affinity The most obvious common determinant is the halogenated
of all compounds was reduced by F261A (Figure 2, Table phenyl group (Figure 1BD; 4-chlorophenyl for piperazines-
3); affinity of two compounds was reduced by F284A (Figure 1—3; 2,4-dichlorophenyl for piperazine-4 and piperazine-5;
2, Table 3); and affinity was unaffected by S191A (Table and either the 2-fluorophenyl or 5-bromo-2-methoxyphenyl
2). These findings indicate that the MC4 receptor binding groups of benzamidine-1). The substituents on the phenyl
determinants for nonpeptide ligands overlap those for group of the piperazine series of compounds determined the
a-MSH. However, one mutation that did not affectMSH magnitude of the mutations’ effect: F284A mutation reduced
affinity reduced binding of nonpeptide ligands: S190A affinity of 2,4-dichlorophenyl compounds (5.5-fold for
mutation slightly but significantly reduced binding affinity —piperazine-4 and 6.6-fold for piperazine-5) but did not
of all nonpeptide ligands tested (Table 2). This result suggestssignificantly affect the affinity of 4-chlorophenyl compounds
that there might be additional binding determinants for (piperazines-%3), Figure 2, Table 3). F261A mutation had
nonpeptide ligands that are not involvedirfMSH binding. a slightly greater affinity-reducing effect on 2,4-dichlorophe-
AgRP(83-132) affinity was reduced by only two of the nyl compounds (67- and 48-fold for piperazine-4 and
mutations that affected nonpeptide ligand binding (F261A piperazine-5, respectively) than on 4-chlorophenyl com-
and F284A, Figure 2B, Table 3, consistent with previous pounds (13-, 26-, and 31-fold for piperazine-1, piperazine-
studies 28-—32)), suggesting less overlap between the 2, and piperazine-3, respectively, Figure 2, Table 3). F284A
binding determinants for this endogenous antagonist peptidemutation also eliminated the affinity-enhancing effect of the
and those for nonpeptide ligands. By contrast, affinity of additional chlorine at the 2-position. Specifically, pipera-
MBP10, a small synthetic cyclic peptide antagonist, was zine-4 bound the WT receptor with 6.1-fold higher affinity
reduced by all five of the mutations that affected binding of than piperazine-3 (Figure 2F,G, Table 3), the only difference
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Ficure 2: Effect of MC4 receptor mutations on binding of peptide and nonpeptide ligands. Binding of unlabeled ligands was measured by
displacement of lP]NDP-MSH binding to membranes from HEK293 cells expressing wild-type, D122A, F261A, and F284A mutant

MC4 receptors, as described in Experimental Procedures. (S190A, S191A, and M200A mutants were also tested, but the data have been
omitted for clarity since their effect on ligand binding was slight; binding data for all mutations is given in Tables 2 and 3.) Ligands tested
were the peptide agonist-MSH (A); the peptide antagonist AQRP(8332) (B); the small cyclic peptide antagonist MBP10 (C); the
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nonpeptide agonist piperazine-1 (D); the nonpeptide partial agonists piperazine-2 (E) and piperazine-3 (F); and the nonpeptide antagonists
piperazine-4 (G), piperazine-5 (H), piperazine-6 (1), and benzamidine-1 (J). (See Figui@ foB ligand structures.) Piperazine-6 was

tested on WT and D122A mutant receptors only. Data points are single determinations. Data are from representative experiments performed
three times with similar results, except piperazinex6=(5).

Table 2: Affinity of Peptide and Nonpeptide Ligands for Wild-Type and Mutant MC4 Receptors (Transmembrane Domain 3 and Extracellular
Loop 2 Mutations)

wild-type D122A S190A S191A
PKi PKi PKi pKi
ligand Ki, nM Ki, nM fold-shift Ki, nM fold-shift Ki, nM fold-shift
o-MSH 7.37+0.04 5.88+ 0.12 31 7.19+ 0.04 15 7.45+ 0.05 0.82
(agonist) 43 1300 65 36
AgRP(83-132) 9.88+ 0.04 10.0+ 0.04 0.77 9.69t 0.04 1.6 9.9H0.01 0.95
(antagonist) 0.13 0.10 0.21 0.12
MBP10 8.63+ 0.08 6.67+ 0.04 92 8.18+ 0.08 2.8 8.61+ 0.02 11
(antagonist) 2.3 212 6.6 25
piperazine-1 8.24- 0.02 7.29+ 0.02 8.8 7.96+ 0.04 1.9 8.35+ 0.02 0.77
(agonist) 5.8 51 11 4.4
piperazine-2 7.4&0.07 6.72+ 0.03 4.7 7.06+ 0.02 2.2 7.444+0.01 0.92
(partial agonist) 40 190 88 36
piperazine-3 7.86 0.02 7.08+ 0.02 5.9 7.54+ 0.05 21 7.88+ 0.06 0.94
(partial agonist) 14 83 29 13
piperazine-4 8.63 0.07 7.75£ 0.08 7.7 8.16+ 0.0@ 3.0 8.544 0.06 1.3
(antagonist) 2.3 18 6.9 2.9
piperazine-5 8.05 0.06 7.444+ 0.0 4.1 7.69+ 0.07 2.3 8.06+ 0.07 0.99
(antagonist) 8.9 37 20 8.8
benzamidine-1 6.8% 0.04 6.82+ 0.02 1.2 6.53t 0.0 23 6.91+ 0.04 0.96
(antagonist) 130 150 300 120

2| ijgand affinity was measured by inhibition of?lJ]NDP-MSH binding to membranes from HEK293 cells expressing wild-type and mutant
receptors, as described in Experimental Procedures. See FigutD 1d8 ligand structures. The g for inhibition of radioligand binding was
converted toK; using the Cheng-Prusoff equatiosdj, using values oKy from [*29]NDP-MSH saturation experiments (see Table 1). For each
ligand, (K; for all mutants (in Tables 2 and 3) was statistically compared with the value for wild-tgpe 0.001,°p < 0.01,% < 0.05, two-factor
ANOVA followed by Bonferroni post-test comparing wild-type with each of the six mutant receptors). This analysis was used to determine whether

each mutation affected ligand affinity relative to the wild-type receptor. Data are te®EM (h = 3).

between the compounds being the additional 2-chloro sub- (Figure 2F,G, Table 3). Taken together, all these findings
stituent of the former (Figure 1C). At the F284A mutant indicate the halogenated phenyl group is a determinant of
receptor the difference of affinity was reduced to 1.5-fold the F261A and F284A mutations’ affinity-reducing effect.



14500 Biochemistry, Vol. 44, No. 44, 2005

Fleck et al.

Table 3: Affinity of Peptide and Nonpeptide Ligands for Wild-Type and Mutant MC4 Receptors (Transmembrane Domain 5, 6 and 7

Mutations}
wild-type M200A F261A F284A
PK; PKi PK; PK;
ligand Ki, nM Ki, nM fold-shift Ki, nM fold-shift Ki, nM fold-shift
o-MSH 7.37+0.04 6.97+ 0.03 25 6.56+ 0.07 6.3 6.22+ 0.0€ 14
(agonist) 43 110 270 600
AgRP(83-132) 9.88+ 0.04 10.1+0.08 0.64 8.94- 0.07 8.9 9.35+ 0.09 3.4
(antagonist) 0.13 0.084 1.2 0.45
MBP10 8.63+ 0.08 8.19+ 0.08 2.8 6.77+0.12 73 7.324+ 0.08 21
(antagonist) 2.3 6.5 170 48
piperazine-1 8.24- 0.02 7.50+£ 0.07 5.4 7.14+ 0.00 13 8.11+ 0.02 1.3
(agonist) 5.8 31 73 7.7
piperazine-2 7.4&0.07 7.06+ 0.05 2.2 5.98+ 0.08 26 7.39£ 0.03 1.0
(partial agonist) 40 87 1000 41
piperazine-3 7.86 0.02 7.46+ 0.08 25 6.37+ 0.09 31 7.69+ 0.01 15
(partial agonist) 14 35 430 20
piperazine-4 8.63 0.07 8.40+ 0.01 1.7 6.81 0.0 67 7.894+ 0.0 5.5
(antagonist) 2.3 4.0 160 13
piperazine-5 8.05: 0.06 8.09+ 0.24 0.92 6.3% 0.02 48 7.244+ 0.0 6.6
(antagonist) 8.9 8.2 430 58
benzamidine-1 6.8% 0.04 7.14+ 0.0 0.56 5.23+ 0.02 46 6.02+ 0.08 7.5
(antagonist) 130 72 5900 960

a See legend to Table 2 for further details and Figure-DBfor ligand structures. For each liganddor all mutants in Tables 2 and 3 was
statistically compared with the value for wild-typ® (< 0.001,°p < 0.01,% < 0.05, two-factor ANOVA followed by Bonferroni post-test comparing
wild-type with each of the six mutant receptors). This analysis was used to determine whether each mutation affected ligand affinity relative to the
wild-type receptor. Data are mean SEM (n = 3).

Table 4: Ligand Potency and Efficacy for Stimulating cAMP Accumulation via Wild-Type and Mutant MC4 Receptors

wild-type D126A F261A F284A
PEGso Emax PEGso fold Emax pPEGso fold Emax PEGso fold Emax
ligand ECso, NM (%) ECso, NnM shift (%) ECso, NM shift (%) ECso, NnM shift (%)
NDP-MSH 9.30+ 0.06 100 6.174 0.07 1400 100 9.26:0.07 1.3 100 9.26:0.17 11 100
0.50 670 0.63 0.56
piperazine-1 8.7&0.07 944+11 5.18+0.15 3300 627 7.33+£0.10 23 120+ 20 8.41+£0.09 19 120t19
2.0 6600 46 3.9
THIQ 9.31+0.05 1029 6.57£0.05 550 75+ 2
0.49 270
piperazine-2 6.820.09 21+4 591+ 0.06 8.1 46+ 2°
150 1200
piperazine-3 7.720.14 28+5 6.52+ 0.05 16 63+ 2d
19 300
piperazine-4 NA 2¢ 6.20+0.14 NA® 23+ 1°
630

a Accumulation of cAMP was measured for the receptors expressed in HEK293 cells as described in Experimental Procedures. See Figure 1B,C
for ligand structures. Agonist concentratieresponse curves were fitted to a four-parameter logistic equation to obtain fitted values $%f pEC
(—logEGsp) andEmax. The EGo shift for the mutant receptors was calculated by dividing the meag #6€the mutant receptor by the mean &C
for the wild-type receptor. The Bnaxwas calculated by dividing the agonist-specific CAMP accumulation by that for NDP-MSH. The NDP-MSH
Emax for stimulating cAMP accumulation for wild-type, D126A, F261A, and F284A receptors was 2814+ 3, 28+ 3, and 25+ 4 pmol of
CAMP/10* cells, respectively. The value for D126A was significantly different from wild-type<( 0.05, single-factor ANOVA followed by
Dunnett’'s Multiple Comparison Test comparing mutant receptors with wild-type). cAMP accumulation in the absence of agonist varied between
0.1 and 1.1 pmol of cAMP/¥(Xells. The slope factor from the four-parameter logistic equation fits was between 0.7 and 1.4. The slope was fixed
at unity for the partial agonist ligands. Differences ofsE6f NDP-MSH and piperazine-1 between mutant and wild-type receptors was tested
statistically by two-factor ANOVA, followed by Bonferroni post-test comparing wild-type with each of the three mutant recépter<.001.
Differences of piperazine ligartfhax between wild-type and F261A receptors were tested statistically by two-factor ANOVA followed by Bonferroni
post-test comparing wild-type with F261ASp < 0.01.9p < 0.001.¢Due to the very low intrinsic activity for piperazine-4 at the wild-type
receptor a four-parameter logistic equation could not be reliably fitted to the data, s&thewas calculated for the response at:@d compound.

Data are meas: SEM from 3 to 10 independent experiments.

The effect of the F261A and F284A mutations was next receptors (legend to Figure 3 farMSH; Table 4 for NDP-
evaluated in functional assays (stimulation of cAMP ac- MSH). The potency of NDP-MSH was also not significantly
cumulation), to evaluate the mutations’ effects on ligand different between WT and the two mutant receptors (Table
efficacy Emay, and to compare the mutations’ effect on 4). These results support the hypothesis that F261A and
functional potency (E€) with the effect on MC4 receptor  F284A mutations do not dramatically alter receptor structure.
binding affinity (K;). We first evaluated peptide agonists. The potency ofi-MSH was significantly reduced by F261A
a-MSH and NDP-MSH stimulated cAMP accumulation in  and F284A mutations (12- and 11-fold, respectively; see
HEK293 cells expressing WT, F261A, and F284A receptors legend to Figure 3). These reductions are similar to the effects
(Figures 3-5, Table 4). The efficacy of-MSH and NDP- on MC4 receptor binding affinity (6.3- and 14- fold decrease
MSH was not significantly different between WT and mutant of affinity, respectively, Table 3), validating the binding data.
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Ficure 4: Effect of F261A mutation on stimulation of cAMP

201 accumulation by nonpeptide partial agonist and antagonist ligands.
Accumulation of cAMP in HEK293 cells expressing wild-type (A)

or F261A (B) MC4 receptors was measured as described in

Experimental Procedures. The nonpeptide ligands tested were the
partial agonists piperazine-2 and piperazine-3, and the nonpeptide

cAMP (pmol / 10* cells)
2

54 antagonist piperazine-4. (See Figure 1C for ligand structures.) The
o F284A curves are fits to a four-parameter logistic equation, and data points
1 10 9 8 7 B 5 =4 are meant range of duplicate determinations (where range is the
logla-MSH] (M) standard deviation divided by the square-roohpfData are from
. . . . . representative experiments performed three times with similar
FIGURE 3. Antagonist activity of piperazine-4 anMSH-stimulated results.

cAMP accumulation. Antagonist activity was measured by deter-
mining the effect of uM piperazine-4 (Figure 1C) on theeMSH
dose-response for stimulation of cAMP accumuiation in HEK293 MC4 receptor (EG of 2.0 nM, Enax 94% of the NDP-MSH

cells expressing wild-type (A), F261A (B), and F284A (C) MC4 Emax Table 4). The F261A and F284A mutations did not
receptors, as described in Experimental Procedures. The curves araffect efficacy of the compound (Table 4, Figure 5B for
fits to a four-parameter logistic equation, and data points are mean F261A). However, F261A mutation reduced potency of

+ range of duplicate determinations (where range is standard _. AL ) . . .
deviation divided by the square-root nf. Data are from repre- piperazine-1 by 23-fold (Figure 5B, Table 4), in approximate

sentative experiments performee-@ times with similar results, ~ @greement with the reduction of receptor binding affinity (13-
Note that the basal response at the F261A MC4 receptor is higherfold, Figure 2D, Table 3). F284A mutation did not signifi-
in the presence of piperazine-4 than in the absence of the nonpeptideantly affect potency of piperazine-1 (Table 4), in agreement
ligand, suggesting that the mutation introduces agonist activity of \yith the receptor binding data (Figure 2D, Table 3).

the compound (also see Figure 4Kppvalues for the antagonist .
were determined from the extent of shift of theMSH EGs, as Whole cell cAMP accumulation assays were then used to

described in Experimental Procedures, Data Analysis. The derived2Ssess the antagonist poteni€y) ©f piperazine-4. Antagonist
pKp, value for Piperazine-4 for wild-type, F261A, and F284A was potency was measured by quantifying the effect of the
7.85+ 0.23, 6.28+ 0.14, and 7.05t 0.17 respectively (meat compound on thex-MSH EGs, for stimulation of cAMP
SEM, n = 46, with corresponding, values of 14, 520, and 89 4.cymuylation (Figure 3). The extent of the shift offg@as

nM). Single factor ANOVA indicated a significant difference dt lculate thi. of pi ine-4 trati f
between Ky values for the different receptors, with Dunnett's used fo calculate b Of piperazine-4 (concentration o

multiple comparison test, comparing mutants with wild-type, antagonist required to double tbeMSH EGso; see Experi-
indicating the value for F261A and F284A differed significantly mental Procedures, Data Analysis). TKgof piperazine-4
from the value for wild-typeff < 0.01 andp < 0.05 respectively).  for the WT receptor was 14 nM (Figure 3A). Tl was
o-MSH stimulated cAMP accumulation via wild-type, F261A, and significantly increased by F261A and F284A mutations (37-

F284A receptors with-logEGso values of 8.05+ 0.18, 6.97+ . . .
0.26, and 7.02t 0.18, respectively (corresponding E@alues of and 6.3-fold, Figure 3B,C). These reductions of functional

8.9, 110, and 95 nM). Single factor ANOVA followed by Dunnett's antagonist potency are similar to the reductions of pipera-
multiple comparison test indicateedlogEGs, for F261A and F284A zine-4 binding affinity (67- and 5.5-fold reduction for F261A

was significantly different from wild-typep(< 0.01). Theo-MSH and F284A mutations, respectively, Table 3), validating the
Enax for wild-type, F261A, and F284A receptors was 204, 19 binding data

+ 6, and 21+ 5 pmol/10 000 cells, respectively. These values are . . . . .
not significantly different ¢ = 0.97, single-factor ANOVA). On measuring the antagonist potency of piperazine-4, it
was apparent that the presence of the compoundM}

The functional effect of F261A and F284A mutations was elevated the level of CAMP via the F261A mutant (Figure
then evaluated for nonpeptide ligands. The nonpeptide 3B) but did not appreciably affect cAMP via the WT MC4
agonist piperazine-1 was a potent full agonist on the WT receptor (Figure 3A). This finding suggests that F261A
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A %5 but significantly reduced affinity of all nonpeptide ligands
O wild-type tested (1.9-3.0-fold) and also slightly reduced affinity of
301 @ D126A MBP10 (2.8-fold). No ligand-specific effects were observed
25{ m F261A with this mutation. M200A mutation in TM5 (Figure 1A)
O HEK293 affected binding of certain nonpeptide ligands and MBP10
(Table 3). The largest reduction of affinity was for the agonist
piperazine-1 (5.4-fold), with smaller reductions observed for
piperazine partial agonists and antagonists (Table 3). M200A
LA A Sl S ) mutation slightly increased (1.8-fold) affinity of benzami-
B dine-1 (Table 3).
PgNDP-MSH] () Role of TM3 Acidic Residues in Nonpeptide Ligand
Interaction.Two acidic residues in TM3 of the MC4 receptor
(D122 and D126) have been shown to be involved in peptide
ligand binding 28—30, 32, see also Table 2). With respect
to nonpeptide ligands, D122A mutation reduced affinity of
piperazines +5 to a similar extent (4:128.8-fold) but did
not affect binding of benzamidine-1 (Figure 2, Table 2). This
finding suggests that a common determinant of piperazines
7 _ 1-5 was responsible for the affinity-reducing effect of
12 11 -10 -9 -8 4 D122A mutation. The identity of this determinant was
log[Piperazine-1] (M) investigated. Some of the molecular modeling and peptide/
nonpeptide superposition results suggests the “right-hand-
side” of the ligand, as drawn in Figure 1, interacts with an
20 acidic pocket of the MC4 receptor that includes D128, (
o 50). This hypothesis was tested using a compound that lacks
the derivatized amide functionality of piperazines-2 and -3
10- (piperazine-6). Piperazine-6 bound the WT MC4 receptor
with a pK; of 6.18+ 0.10 ( = 5, K; = 660 nM, Figure 2I).
The ligand bound the D122A mutant receptor withkq pf
0- oo 6.33+ 0.10 = 5, Kj = 470 nM, Figure 2I), a value not
A2-11 -0 9 8 7 -6 -5 -4 significantly different from that for the WT receptop &
‘ool THIGT (M) 0.87, two-tailed Student’s t-test). This finding indicates the
Ficure 5: Effect of D126A and F261A mutations on stimulation “right-hand side” region of the piperazine Compounds is a

of cAMP accumulation by agonist ligands. Accumulation of CAMP — yatarminant of the affinity-reducing effect of D122A muta-
in parental HEK293 cells, or cells expressing wild-type or mutant

MC4 receptors, was measured as described in Experimentaltion' . . )
Procedures, for the peptide agonist NDP-MSH (A), and the We next examined the effect of D126A mutation on ligand

nonpeptide agonists piperazine-1 (B) and THIQ (C). (See Figure interaction. Ligand-stimulated cAMP accumulation was used
IJE)Bifsct)ircligali:llgti?)tr:ug[rl:(;eggt;h%i?]l:gv:l% a Z;irt'sa rtlo :(f)?létpﬁgtgetef for this purpose since D126A mutation eliminated detectable
degtermingtions (Where rangz is standard devia%ion diviged by the blndlng of [#4INDP-MSH and E25I]AgRP(8i_3—132). We_
square-root ofn). Data are from representative experiments first evaluated the effect of D126A mutation on peptide
performed 3-10 times with similar results. agonist potency (Efg) and efficacy Emay. NDP-MSH
stimulated cAMP accumulation via the D126A mutant
mutation introduced detectable receptor activation by pip- receptor in a dose-dependent manner (Figure 5A). However,
erazine-4. The effect of this mutation on ligand-stimulated the mutation dramatically reduced potency (1400-fold, from
cAMP accumulation was further evaluated by measuring the an EGg of 0.5 nM for the WT MC4 receptor to 670 nM for
dose-response for cAMP accumulation stimulated by pip- the mutant receptor, Figure 5A, Table 4). The mutation also
erazine-4. We also tested the effect of the mutation on thereduced the total level of cCAMP accumulation stimulated
dose-response for the partial agonists piperazine-2 and by NDP-MSH (from 28 pmol/18cells for WT to 14 pmol/
piperazine-3. On the WT receptor thg.x of piperazine-1, 10* cells for D126A receptors, Table 4%-MSH did not
piperazine-2, and piperazine-3 was 2, 21, and 28% of the appreciably stimulate cAMP accumulation via the D126A
NDP-MSH Enayx respectively (Figure 4A, Table 4). On the mutant receptor at concentrations up to /@ (data not
F261A receptor, piperazine-4 detectably stimulated cAMP shown). These data indicate that D126A mutation substan-
accumulation via the F261A receptdtq{zx of 23%, Figure tially reduced peptide agonist interaction with the MC4
4B, Table 4). In addition, theéEy.x Of piperazine-2 and  receptor, consistent with the findings of previous studiss (
piperazine-3 on the F261A mutant (46 and 63%, respectively, 29).
Figure 4B, Table 4) was significantly increased relative to  The effect of D126A mutation on nonpeptide agonist
the WT receptor (21 and 28%, respectively, Figure 4A, Table interaction was evaluated next. D126A mutation dramatically
4). These findings indicate that F261A mutation increased reduced the potency of the nonpeptide agonist piperazine-1
efficacy of the nonpeptide antagonist and partial agonist (3300-fold, from an Eg, of 2.0 nM for the WT receptor to
ligands tested. 6.6 uM for the D126A mutant, Figure 5B, Table 4).
Effect of S190A and M200A Mutations on Ligand Affinity. Similarly, D126A mutation strongly reduced the potency of
S190A mutation in extracellular loop 2 (Figure 1A) slightly a different nonpeptide agonist THIQ (550-fold, Figure 5C,
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Ficure 6: Effect of D126A mutation on antagonist interaction with the MC4 receptor. Antagonist interaction with wild-type and D126A
mutant receptors was measured by antagonism of cAMP accumulation stimulated by NDP-MSH, as described in Experimental Procedures.
The ratio of NDP-MSH concentration used vs g@as approximately equal for both wild-type and D126A receptors (1 vs 0.5 nM for
wild-type, and 1uM vs 650 nM for D126A). The ligands tested were AgRP{832) (A), MBP10 (B), piperazine-4 (C), piperazine-6 (D),
benzamidine-1 (E), piperazine-2, piperazine-3, and piperazine-5 (graphical data not shown). (See Figure 1C,D for ligand structures.) The
curves are fits to a four-parameter logistic equation, and data points aredmmauge of duplicate determinations (where range is standard
deviation divided by the square-root of. Data are from representative experiments performe8l 8Bmes with similar results.

Table 4). These data indicate that the D126A mutation The determinant of the piperazine antagonist ligand under-
strongly reduces nonpeptide agonist interaction with the MC4 lying sensitivity to the D126A mutation was investigated.
receptor. The mutation also slightly reduced g« of non- As described above, some studies have suggested that the
peptide agonists, relative to NDP-MSH: At the WT receptor, right-hand side of the compounds interacts with an acidic
piperazine-1 and THIQ were full agonists (94 and 102% of pocket of the MC4 receptor that includes D12640,(50).
the NDP-MSH En.y respectively, Table 4), whereas at The role of the right-hand side of piperazine ligands in
D126A the compounds were partial agonists (62 and 75%, mediating sensitivity to D126A mutation was tested using
respectively, Table 4). This result implies that the D126A piperazine-6, a ligand that lacks this region (Figure 1C). This
mutation slightly impairs, but does not eliminate, the sig- compound antagonized NDP-MSH-stimulated cAMP ac-
naling efficacy of nonpeptide agonists on the MC4 receptor. cumulation via both WT and D126A receptors (Figure 6D).
We next tested the effect of D126A mutation on antagonist The potency for this effect was not significantly different
ligand interaction, to compare the effect of the mutation on between WT and D126A mutant receptors (Table 5). This
agonist versus antagonist receptor interaction. Antagonistfinding indicates that the right-hand side of piperazine ligand
potency (IGoy) was measured by inhibition of the cAMP is a determinant of the potency-reducing effect of the D126A
response produced by NDP-MSH. Concentrations of NDP- mutation.
MSH were used for WT and D126A receptors (1 nM and 1
uM, respectively) that were close to the NDP-MSH 4&C DISCUSSION
for each receptor (0.5 and 670 nM, respectively, Table 4), The aims of this study were to identify amino acids of
enabling meaningful comparison of antagonisiol®otency the MC4 receptor that acted as determinants of nonpeptide
of nonpeptide antagonists was reduced by D126A mutation ligand binding; to identify molecular interactions between
to a similar extent [13-fold for piperazine-2, 6.1-fold for nonpeptide ligands and the receptor; and to compare receptor
piperazine-3, 11-fold for piperazine-4 (Figure 6C), 12-fold interactions of nonpeptide agonists versus antagonists. The
for piperazine-5, and 17-fold for benzamidine-1 (Figure 6E), principal findings are the following: (i) Nonpeptide ligand
see Table 5]. The magnitude of these effects on nonpeptideaffinity was affected by D122A, D126A, S190A, M200A,
antagonist 1G was much less than the effect on nonpeptide F261A, and F284A mutations; (ii) The halogenated aromatic
agonist EGy (550—3300-fold, Table 4). group of nonpeptide ligand was a determinant of sensitivity
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Table 5: Ligand Potency for Antagonizing NDP-MSH-Stimulated of the receptor space occupied by the piperazine antagonists

CAMP Accumulation via Wild-Type and D126A Mutant MC4 and MBP10. The binding profile of benzamidine-1, a smaller
Receptors structurally distinct nonpeptide antagonist, was slightly
pICso different from piperazine antagonists. While binding of
ICs0, NM piperazine and benzamidine antagonists was reduced by
antagonist wild-type D126A fold shift D126A, S190, F261A, and F284A mutations, binding affinity
AQRP(83-132) 8261 0.23 6.99% 0.12 19 pf benzamidine-1 was unaffected by D122A and was slightly
55 100 increased by M200A mutation (Tables 2 and 3). These results
MBP10 6.9%00.20 <5 >90 suggest partial overlap of the receptor space occupied by
_ _ iperazine and benzamidine antagonist ligands, especiall
piperazine-2 6'253200'25 5'1‘%&28 13 ipnﬁhe vicinity of F261 and F284. X ’ P g
piperazine-3 6.85 0.33 6.06+ 0.04 6.1 We next attempted to identify molecular interactions
_ _ 140 870 between amino acid side chains of the receptor and functional
piperazine-4 7'5%30'12 6'6%48'1@ 8.5 groups of the ligand, by comparing the effect of mutations
piperazine-5 75% 0.16 6.51+ 0.06 12 between ligands of distinct chemical structure. The findings
27 310 of this study strongly suggest that the halogenated aromatic
piperazine-6 4.8%0.17 4.91£ 0.09 0.95 group of nonpeptide ligands interacts with F261 and F284.
.- 13000 12000 F261A mutation affected binding of all ligands tested
benzamidine-1 5.89 0.17 4.66+ 0.12 17 ) ) o - > ~
1300 22000 including the structurally distinct benzamidine-1, implying

a Antagonist activity was measured by inhibition of NDP-MSH- that acommon funCtiona”ty Of.the compounds underlies the
stimulated cAMP accumulation in HEK293 cells expressing wild-type S€NSitivity to the mutation (Figure 2, Table 3). The only
and D126A MC4 receptors (see Experimental Procedures). Antagonistobvious common group is a halogenated aromatic group
pICso (—loglCso) was determined by fitting inhibition data to a four-  (Figure 1B-D). For piperazine ligands, the chlorophenyl
parameter logistic equation. (The slope factor in these fits was betweensubstitution pattern determined the effect of F261A and

0.9 and 1.7). The concentration of NDP-MSH used (1 nM for wild- ) . .
type and 1uM for D126A) was approximately double the NDP-MsH - 284A mutations. 2,4-Dichloro-substituted compounds were

ECso for both receptors (0.5 nM for wild-type and 670 nM for D126A).  More strongly affected by F261A mutation than 4-chloro-
See Figure 1C,D for ligand structures. For each ligandspf@ the substituted compounds, and only the former were affected

D126A receptor was statistically compared with the value for wild- py F284A mutation (Table 3). Finally, F284A mutation
type (p = 0.001; p < 0.01; two-factor ANOVA followed by  gliminated the affinity-enhancing effect of the additional
Bonferroni p_ost-test). MBP10 was not included in this analysis because ) i . . . . . o
the antagonism on the D126A receptor was too weak to accurately 2 Chloro substituent (compare plperazme_z 3 W|th_p|pera2|ne
determine an g value. Data are mea#t SEM, n = 3-8, 4, Figure 1C, Table 3). The nature of the interaction between
the halogenated aromatic group and the phenyl side chains
to F261A and F284A mutations; (iii) The “right-hand side” of F261 and F284 requires further investigation, although
of piperazine ligands was a determinant of sensitivity to zz-stacking and/or hydrophobic interactions are likely.
D122A and D126A mutations; (iv) Sensitivity to F261A and Our findings strongly suggest that the right-hand side of
F284A mutation was correlated with ligand efficaey the compounds, as drawn in Figure 1, binds in the vicinity
antagonist affinity was reduced more strongly than partial of D122A and D126A. D122A mutation reduced affinity of
agonist and agonist affinity. (v) F261A mutation increased all piperazine ligands but did not affect binding of benz-
efficacy of nonpeptide partial agonist and antagonist ligands. amidine-1 (Table 2), implying the ligand determinant re-
These findings imply a binding orientation in which the sponsible for the mutation’s effect was common and specific
ligands’ halogenated aromatic group binds F261/F284, andto piperazine ligands. Binding of piperazine-6, which lacks
the right-hand side binds in the vicinity of D122 and D126. the derivatized amide group (the right-hand side) of pipera-
Moreover, the strength of the F261/F284 interaction controls zine-2 and -3, was unaffected by D122A mutation (Figure
receptor activation, in that the stronger the interaction with 2I). The precise interaction between this region of the ligand
these residues, the lower the ligand’s efficacy. and D122 requires further evaluation. The magnitude of the
We first compared molecular determinants of peptide and mutation’s effect (4.1£8.8-fold) is consistent with the loss
nonpeptide ligand binding to the MC4 receptor. With respect of a weak hydrogen bond6). Piperazine-6 interaction was
to agonists, piperazine agonist affinity was reduced by four also insensitive to D126A mutation, in contrast to all other
mutations which reduced binding of-MSH (D122A, nonpeptide ligands tested (Tables 4 and 5). The specific
D126A, M200A, and F261A, Tables-2, see also refs interaction between D126 and the right-hand side region can
28—30for o-MSH). These results imply piperazine agonists be explored for nonpeptide agonists. D126A mutation
and a-MSH occupy an overlapping space when bound to strongly reduced potency of piperazine-1 and THIQ (3300-
the receptor. However, piperazine agonist affinity was re- and 550-fold respectively, Figure 4, Table 4), a magnitude
duced by one mutation that did not affect bindingxeMSH consistent with the loss of an electrostatic interacti®®).(
(S190A), and reciprocallg-MSH affinity was reduced by  Within the right-hand side region, both piperazine-1 and
a mutation that did not affect binding of piperazine agonists THIQ bear an amine within the Tic group that could form
(F284A), implying the binding sites do not completely an electrostatic interaction with the carboxylic acid side chain
overlap. With respect to antagonists, there was completeof D126. The specific interaction between D126 and other
overlap between the mutations that reduced binding of nonpeptide ligands remains to be determined. D126A muta-
piperazine antagonists (piperazine-4 and -5) and MPB10 (ation reduced potency of the remaining nonpeptide ligands
small cyclic peptide) (D122A, D126A, S190A, M200A, by 6.1-17-fold (Table 5), a magnitude consistent with the
F261A, and F284A). This finding implies substantial overlap loss of a weak hydrogen bon86).
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Ficure 7: Molecular model of the human MC4 receptor identifying
determinants of nonpeptide ligand binding. The MC4 receptor was
modeled on the X-ray structure of bovine rhodopsbv)(as
described previously3Q, 50). The residues that acted as determi-
nants of nonpeptide ligand interaction, when mutated to alanine,
are highlighted (D12%?°> and D1262° in TM3; S190 in
extracellular loop 2; M200 in TM5; F2621in TM6; and F284:35

in TM7). The following have been omitted for clarity: the
N-terminal extracellular region, extracellular loops 1 and 3, and
all intracellular loops.
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this bond (Figure 1A). This difference could alter the
orientation of TM3 of the MC4 receptor with respect to TM4
and 5. (iii) No data are available regarding the structure of
receptor-bound nonpeptide ligand, a significant issue con-
sidering the size and flexibility of the nonpeptide ligands.
These points will require consideration to develop a pro-
spectively useful model. In particular, the arrangement of
the hydrophobic cage will need to be quite precisely modeled
to orient the halogenated aromatic group, and potentially the
whole molecule, within the binding pocket.

The molecular interactions of nonpeptide ligand with the
MC4 receptor can be used to assess peptide ligand mimicry,
by comparison with the receptor interactions of peptide
ligands. Phéof peptide ligands interacts with residues of
the hydrophobic cage28—30). The finding that the halo-
genated aromatic group of nonpeptide ligand binds the same
receptor region implies that this group mimics Pbpeptide
ligands. This hypothesis is consistent with peptide/nonpeptide
ligand superposition studie$®, 40. Arg® of peptide ligands
interacts with D122 and D126, the same region bound by
the Tic group amine of nonpeptide agonists. This comparison
implies the Tic group amine mimics the charged region of
AspP. This hypothesis is consistent with one of the two ligand
superposition studied). In this superposition, the Tic group
amine is oriented close to the basic region of %rg
Interestingly, the benzene ring of the Tic group is oriented

Taken together the findings above are consistent with the close to the benzene ring of Prim this superposition. This

following binding orientation for piperazine ligands: (i) The
chlorophenyl group interacts with the aromatic portions of
F261 and F284. (ii) The right-hand side region lies in the
vicinity of D122 and D126. This orientation is consistent
with one of the previously described molecular models of
MC4 receptor-nonpeptide ligand interactiod9, 50). In this
homology model utilizing the rhodopsin X-ray structus&)

aromatic group has been shown to be involved in MC4
receptor activation by nonpeptide agonié®)(and peptide
agonist 60). We speculate that the aromatic group interacts
with an unidentified region of the binding pocket to facilitate
MCA4 receptor activation.

The mechanism of nonpeptide agonist versus antagonist
binding to the MC4 receptor was evaluated, by comparing

the arrangement of TM helices creates a central cavity thatthe effect of receptor mutations for ligands of varying

accommodates nonpeptide ligad®,(50). Figure 7 illustrates
the position within this model of residues that are implicated

efficacy. For F261A and F284A, a clear relationship was
evident between affinity reduction and ligand efficacy.

in nonpeptide ligand binding. The phenyl side chains of F261 Antagonist binding was more strongly reduced than partial
and F284 are adjacent and project into the binding cavity and full agonist binding (Figure 2, Table 3). For D126A
(Figure 7), such that they could directly interact with the mutation we were unable to compare ligand affinity directly
halogenated aromatic group of nonpeptide ligands. F261 andusing radioligand binding assays but were able to measure
F284 form part of a putative hydrophobic cage of the receptor ligand potency in functional assays (&@or agonists, G
that can accommodate aromatic grou@® 29, 50, 51). The for antagonists). Agonist Bgdoes not provide an unam-
carboxylic acid side chains of D122 and D126 project toward biguous assessment of agonist affinity owing to the potential
the binding pocket, consistent with the hypothesis that thesefor receptor reserve. Two observations suggest little receptor
residues are directly involved in ligand binding (Figure 7). reserve in the expression system used. Increasing expression
A higher resolution, refined molecular model would be of the WT receptor did not affect agonist &C30), implying
useful to evaluate recepteligand interactions at an atomic  minimal receptor reserve. NDP-MSH and piperazine-1
level, but a number of issues require addressing to developbinding affinity (0.5 and 5.8 nM, respectively) was similar
such a model. (i) The structure of TM7 and its spatial to functional EG, (0.5 and 2.0 nM, respectively), again
arrangement with other transmembrane helices require furtheimplying no great receptor reserve. These considerations
investigation. TM7 of rhodpsin is kinked about P38357), suggest that the change of agonistsg@rgely reflects a
within the NPXXY motif that is highly conserved among change of binding affinity, an assumption shown to be correct
rhodopsin-like GPCR$g, 59). N302-*within the NPXXY for F261A and F284A mutations where the &Ghift was
sequence of rhodopsin interacts with B&4wvithin TM2 (57, similar to the binding affinity shift (Tables 2 and 4). D126A
59). The MC4 receptor motif in TM7 is DPLIY (Figure 1A).  mutation more strongly reduced receptor interaction of
The N— D substitution in this sequence could alter the kink agonists (556-3300-fold increase of Ef) than antagonists
of TM7 and could alter the arrangement of TM7 and TM2 (6.1-17-fold increase of Ig). These data suggest the
(which contains the conserved aspartic acid, &9dFigure stronger the ligand interaction with D126A, the higher the
1A). (ii) Extracellular loop 2 of rhodopsin interacts with TM3  signaling efficacy of the ligand. The efficacy-dependent
through a highly conserved disulfide bor&¥(59). The MC4 effects of the mutations can be used to propose a thermo-
receptor lacks a cysteine in extracellular loop 2 that can form dynamic model of receptetligand interaction and receptor
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signaling efficacy of the ligand. These findings will be useful
for aiding the future design and differentiation of nonpeptide
agonists and antagonists targeting the MC4 receptor.

Strength of interaction
—> Weak

Type of interaction
ﬁ Activating (agonist)

) Non-activating (antagonist)

Ficure 8: Schematic representation of putative MC4 receptor
ligand interactions for a piperazine agonist (A) and a piperazine
antagonist (B). Results of this study suggest that the amine of the
Tic group of nonpeptide agonists interacts with the carboxylic acid
side chain of D128?° in TM3. The results also suggest that the
chlorophenyl group of piperazine ligands interacts with F261
and F28435 residues believed to form part of a putative hydro-
phobic cage 48, 29, 50, 51). The strength of these interactions
can be assessed by the reduction of affinity produced by receptor
mutation: weak, 229-fold reduction of affinity; moderate, 30
300-fold reduction of affinity; strong>300-fold reduction of
affinity. Solid lines indicate receptetligand interactions that
activate the receptor (promoting agonism), and dashed lines indicate
interactions that do not activate the receptor (promoting antago-
nism). We speculate that antagonist interaction with E26and
F284-35 (B) is structurally distinct from agonist interaction with
these residues (A), altering the orientation of the nonpeptide ligand
within the binding pocket. It is likely that other points of receptor
ligand interaction are involved in nonpeptide ligand binding, beyond
those currently identified and illustrated in the figure.

activation (Figure 8). In this model, interaction between the
chlorophenyl group and F261/F284 fails to activate the
receptor, whereas D126A interaction activates the receptor.
Strong interaction with F261/F284 lessens receptor activation,
leading to antagonism (Figure 8B). Conversely, strong
interaction with D126 enhances receptor activation, leading
to agonism (Figure 8A). This model could be utilized to
guide future development of agonists and antagonists.
Agonism would be promoted by incorporating basic groups
on the right-hand side of the compound to interact strongly
with D126, while incorporating groups at the phenyl position
that interact less strongly with the hydrophobic cage.
Conversely, antagonist ligands could be developed by
minimizing ligand interaction with D126 and by incorporat-
ing groups at the phenyl position that optimize interaction
with the hydrophobic cage.

In conclusion, we have identified several determinants of
nonpeptide ligand binding to the MC4 receptor and, for the
first time, provide experimental evidence for interactions
between amino acid side chains of the receptor and functional
groups of nonpeptide ligand. These interactions are consistent
with a molecular model of the MC4 receptor and provide
experimental support for peptide mimicry by nonpeptide
ligand. Differential effects of the mutations were observed
between nonpeptide agonists and antagonists, suggesting thai
the differential strength of the interactions controls the
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