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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 (550-3300-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)1 system comprises a family of five
G-protein coupled receptors (GPCRs) [MC1-MC5 receptors
(1-3)] that are regulated by endogenous peptide agonists
and antagonists. The three agonists,R-melanocyte-stimulat-
ing hormone (R-MSH), γ-MSH, and adrenocorticotropin
hormone, are derived from the precursor peptide pro-
opiomelanocortin (4-6). The two endogenous antagonists
are agouti (7) and agouti-related protein (AgRP) (8, 9). The
MC4 receptor has been implicated in the regulation of
feeding and metabolism as well as erectile function (6, 10,
11). MC4 receptor agonists can suppress food intake and
body weight in rodents (12-16), promote penile erection in
rodents (16, 17) and man (18), and facilitate sexual solicita-

tion in female rats (19). MC4 receptor antagonists can
increase feeding and induce body weight gain in rodents
(20-22). On the basis of these findings, MC4 receptor
agonists are being developed as potential treatments for
obesity or erectile dysfunction. The former disease indication
is strongly supported by mouse and human genetic studies
(23, 24). MC4 antagonism has been proposed for treatment
of cachexia, a wasting disorder associated with chronic
disease states such as cancer and renal failure (25, 26).

The mechanisms of peptide ligand binding to the MC4
receptor have been studied in detail using structure-activity
relationships (SAR) of the peptide ligands (27) and mu-
tagenesis of the receptor (28-32). The endogenous peptide
agonistsR-MSH, γ-MSH, and adreocorticotropin hormone
share a His-Phe-Arg-Trp sequence (27). The His-Phe-Arg-
Trp fragment potently activates the MC4 receptor (33).
Substitution of L-Phe7 of R-MSH with D-Phe increases
binding affinity for the melanocortin receptors (33, 34),
yielding the nonselective high-affinity agonist NDP-MSH
([Nle8, D-Phe7]R-MSH (34)). Moderately MC4 selective
agonists have been developed by cyclization around His-
Phe-Arg-Trp or Phe-Arg-Trp motifs (27), together with
further SAR optimization [e.g., MTII (Ac-Nle-c[Asp-His-
D-Phe-Arg-Trp-Lys]-NH2 (35, 36)]. Antagonists have been
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developed by substitution of the Phe7 phenyl side chain with
larger aromatic groups, e.g., SHU9119 [in whichD-Phe of
MTII is replaced withD-Nal(2′) (37) and MBP10 Ac-c[Suc-
D-Nal(2′)-Trp-Lys]-NH2 (38), Figure 1D]. Two regions of
the receptor have been identified as critically involved in
peptide binding (28-32): (i) an acidic pocket of negatively
charged residues in transmembrane domains (TMs) 2 and 3
(E100, D122A, and D126A, Figure 1A); (ii) a putative hydro-
phobic pocket formed from aromatic or bulky residues in

TM4 (F184 and Y187), TM6 (F261, F262, H264, and F267),
and TM7 (F284) (Figure 1A). Arg8 of NDP-MSH has been
proposed to interact with D122 and D126 (28, 29), and Phe7

likely interacts with the putative hydrophobic cage (28).
Numerous nonpeptide agonists and antagonists have been

developed for the MC4 receptor (12, 16, 20, 27, 39-46).
Potent MC4-selective agonists generally possess a substituted
benzene ring (such as the 4-chlorophenyl group of THIQ,
Figure 1B), adjacent to an amine-containing group on the

FIGURE 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 (57-59). Also note that the conservedNPXXY motif in TM7 of Class A GPCRs (59) is replaced with theDPLIY
motif in the MC4 receptor. The MC4 receptor also lacks the conserved proline in TM5 (59). Residues are numbered by their position in
the sequence of the human MC4 receptor and, in superscript, according to the indexing method of Ballesteros and Weinstein (61). (B)
Chemical structure of nonpeptide agonist ligands. [See ref16 for THIQ and ref43 for piperazine-1.] (C) Chemical structure of piperazine
partial agonist/antagonist ligands. (See ref42 for piperazine-2 and piperazine-3, ref39 for piperazine-4, ref52 for piperazine-5, and ref42
for piperazine-6.) (D) Chemical structure of the nonpeptide antagonist benzamidine-1 (20) and the small peptide antagonist MBP10 (38).
The numbers in parentheses are theEmax values for stimulation of cAMP accumulation in HEK cells expressing the human MC4 receptor,
expressed as a percentage of the NDP-MSHEmax. Values for THIQ and piperazines 1-4 are from Table 4, the value for piperazine-5 is the
effect for a 10µM concentration from ref52, and the values for piperazine-6, benzamidine-1, and MBP10 are for 10, 10, and 100µM
concentrations, respectively (data not shown).
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“right-hand side” as drawn in Figure 1 [such as theR-1,2,3,4-
tetrahydoisoquinolin-3-ylcarbonyl (Tic) group of THIQ and
piperazine-1, Figure 1B]. The left-hand side is generally
comprised of bulky cyclic groups, with 2-position side chains
that frequently confer higher affinity for the MC4 receptor
compared with other melanocortin receptors. Two classes
of potent MC4 selective antagonists have been reported. The
first class is similar in general structure to the agonist
compounds (e.g., piperazines-4 and -5, Figure 1B), and the
second class comprises a series of benzamidines (e.g.,
benzamidine-1, Figure 1C) and closely related benzamida-
zoles (20, 47). Regions and residues of the MC4 receptor
that act as determinants of nonpeptide ligand binding have
been identified. Proteochemical mapping of nonpeptide
ligand binding to wild-type and chimeric melanocortin
receptors indicated the importance of broadly defined regions
of the MC4 receptor in nonpeptide ligand binding (48, 49).
At a higher resolution, three MC4 receptor mutations that
affect binding ofR-MSH (D122A, F261A, and F284A) also
reduce affinity of THIQ, implying overlapping binding sites
for peptide and nonpeptide agonists (30). Specific molecular
interactions between binding determinants of nonpeptide
ligand and amino acid side chains of the receptor have only
been explored indirectly, and the findings are currently
inconsistent. Superposition of the nonpeptide agonist THIQ
(16) on peptide ligand is consistent with the substituted
aromatic group of the former mimicking Phe7 of the latter
(the residue that binds within the hydrophobic cage). The
Tic group of THIQ is oriented close to His6 in one super-
position (16), whereas in a second the Tic amine lies close
to Arg8 (40) (the residue that binds within the acidic pocket).
Molecular modeling of the MC4 receptor interaction with
THIQ or a close analogue suggests that the amine functional-
ity of the Tic group interacts with the acidic pocket (50, 51).
In one model, the left-hand side of the molecule is oriented
within the hydrophobic cage (51), whereas in a second model
the 4-chlorophenyl group lies in this position (50).

None of the putative interactions between nonpeptide
ligands and the MC4 receptor have been tested directly, and
little is known of the mechanistic differences between
nonpeptide agonist and antagonist binding. In this study, we
used site-directed mutagenesis combined with ligand SAR
with the aim of identifying molecular interactions between
specific groups of nonpeptide ligand and amino acid side
chains of the MC4 receptor. This evaluation included the
use of multiple piperazine ligands with discrete structural
differences (Figure 1B,C) to allow us to identify the structural
determinants of the ligand underlying the mutations’ effects.
We also tested the smaller, structurally distinct antagonist
benzamidine-1 (Figure 1D). This test set of ligands also
possessed varying efficacy for activation of the MC4 receptor
(Figure 1B-D), allowing us to identify the relative role of
receptor and ligand determinants in MC4 receptor activation.

EXPERIMENTAL PROCEDURES

Materials. HumanR-MSH and NDP-MSH were purchased
from Bachem (Torrance, CA). Human AgRP(83-132), the
bioactive fragment of AgRP (8), was purchased from Phoenix
Pharmaceuticals (Belmont, CA). MBP10 (Ac-c[Suc-D-Nal-
(2′)-Trp-Lys]-NH2) (38) was synthesized by solid-phase
methodology on a Beckman Coulter 990 peptide synthesizer
(Fullerton, CA) using t-Boc-protected amino acids. The

assembled peptide was deprotected with hydrogen fluoride
and purified by preparative HPLC. The purity of the final
product was assessed by analytical HPLC and mass spec-
trometric analysis using an ion-spray source. Peptides were
dissolved in deionized water at a concentration of 1 mM
(except AgRP(83-132), 100µM) and stored in aliquots at
-80 °C. Aliquots were used once, and any remaining
solution was discarded. Synthesis of nonpeptide ligands
(see Figure 1 for chemical structures) was performed as
described: ref16 for THIQ (compound1 of this reference;
N-[(3R)-1,2,3,4-etrahydroisoquinolinium-3-ylcarbonyl]-(1R)-
(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-triazol-1-yl-
methyl)piperidin-1-yl]-2-oxoethylamine); ref43 for pipera-
zine-1 (compound13g; 4-{(2R)-[1,2,3,4-tetrahydro-(3R)-
isoquinolinecarboxamido]-3-(4-chlorophenyl)propionyl}-1-
{2-[1-(piperidin-3-ylamino)ethyl]phenyl}piperazine); ref42
for piperazine-2 (compound11n; 4-[(2R)-(2-methoxyacet-
amido)-3-(4-chlorophenyl)propionyl]-1-{2-[(2-thienyl) eth-
ylaminomethyl]phenyl}piperazine); ref42 for piperazine-3
(compound 11c; 4-[(2R)-(3-aminopropionaylmido)-3-(4-
chlorophenyl)propionyl]-1-{2-[(2-thienyl)ethylaminomethyl]-
phenyl}piperazine); ref39 for piperazine-4 (compound10;
4-[(2R)-(3-aminopropionaylmido)-3-(2,4-dichlorophenyl)pro-
pionyl]-1-{2-[(2-thienyl)ethylaminomethyl]phenyl}-
piperazine); ref52 for piperazine-5 (compound12i; trans-
2-{4-[(2R)-(3-amino-propionylamino)-(3)-(2,4-dichloro-
phenyl)propionyl]-piperazin-1-yl}cyclohexanecarboxylic acid
ethyl ester); ref42 for piperazine-6 (compound10f; 3-(4-
chlorophenyl)propionyl]-1-{2-[(2-thienyl)ethylaminomethyl]-
phenyl}piperazine); and ref20 for benzamidine-1 (thiomethyl
ether analogue of compound7; 2-[2-(5-bromo-2-methoxy-
benzylsulfanyl)-3-fluorophenyl]-1,4,5,6-tetrahydropyrimi-
dine). Nonpeptide ligands were dissolved in DMSO at a
concentration of 6 mM.

[125I]NDP-MSH was from PerkinElmer Life Sciences
(Boston, MA) (specific activity of 2200 Ci/mmol). G418
(Geneticin), Dulbecco’s phosphate-buffered saline (DPBS)
and cell culture supplies were from Invitrogen (Carlsbad,
CA). Fetal bovine serum was from HyClone (Logan, UT).

Construction of Mutant Receptors and Expression in
HEK293 Cells. The human MC4 receptor cDNA in
pcDNA3.1 was used as the template for site-directed muta-
genesis, using the QuikChange kit (Stratagene, La Jolla, CA).
PCR reactions (95°C, 1 min; 52°C, 1 min; and 72°C, 16
min) were performed usingPfu polymerase and a comple-
mentary set of primers encoding the nucleotide mutation,
resulting in the desired amino acid residue change. Template
DNA was nicked withDpnI, and mutant DNA was subcloned
into competent TOP10 cells. Clones were sequenced using
an ABI Prism 377 DNA sequencer (Applied Biosystems,
Foster City, CA), and clones containing the desired mutation
were subcloned into theEcoRI/XhoI site of a fresh pcDNA3.1
vector. Complete receptor sequences were confirmed by
DNA sequencing. Wild-type (WT) or mutant MC4 receptor
plasmid cDNA was transfected into HEK293 cells using
LipofectAMINE (Invitrogen) according to the manufacturer’s
protocol. Stable single cell clones were isolated after selection
using 1 mg/mL G418 in complete medium (Dulbecco’s
modified Eagle’s medium, supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM glutamine, 1 mM
sodium pyruvate, 10 mM HEPES, 50 IU/mL penicillin, and
50 µg/mL streptomycin). Stable cell lines were maintained
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in 250 µg/mL G418 in complete medium. D122A and
M200A mutant MC4 receptors were expressed transiently
in HEK293 cells using Polyfect transfection reagent (Qiagen,
Valencia, CA) according to the manufacturer’s protocol.
Cells were collected 2 days after transient transfection for
cell membrane preparation.

Preparation of Cell Membranes. Cell membranes were
prepared using a high-pressure nitrogen cell and differential
centrifugation as previously described (53). The lysis buffer
was DPBS. The final membrane pellet was resuspended in
binding assay buffer (25 mM HEPES, 1.5 mM CaCl2, 1 mM
MgSO4, 100 mM NaCl, pH 7.0). The protein concentration
in the membrane pellet was determined using the Coomassie
method (Pierce, Rockford, IL), using bovine serum albumin
as the standard. Membranes were stored at-80 °C before
use.

Radioligand Binding Assays. Binding affinity of unlabeled
ligands for wild-type and mutant MC4 receptors was
measured by displacement of [125I]NDP-MSH binding. The
following were added sequentially to low-binding 96-well
plates (#3605, Corning, Palo Alto, CA) in binding assay
buffer (seePreparation of Cell Membranesfor recipe): 50
µL of unlabeled ligand, 75µL of [ 125I]NDP-MSH, and 75
µL of membrane suspension. The final concentration of [125I]-
NDP-MSH was approximately 0.2 nM. The amount of
membrane protein added per well was 6µg for WT, 3 µg
for D122A, 8 µg for S190A, 7µg for S191A, 13µg for
M200A, 9µg for F261A, and 20µg for F284A. Total [125I]-
NDP-MSH binding (that in the absence of unlabeled ligand)
was less than 20% of the total radioligand added. Assay
plates were set on a shaker (Titer Plate Shaker, setting 4,
Lab-Line Instruments, Melrose Park, IL), and the assay was
incubated for 90 min at room temperature. Bound and free
radioligand were then separated by rapid filtration, using
UniFilter GF/C filters (Packard, Meriden, CT) pretreated with
0.1% polyethylenimine in DPBS, on a UniFilter-96 vacuum
manifold (Packard). The filter was then washed three times
with 0.2 mL/well 0.01% Triton X-100 in DPBS, and then
dried under electric fans for 40 min to 1 h. Following addition
of scintillation fluid (50 µL per filter disk, Microscint 20,
Packard), scintillation counts were measured in a Packard
Topcount NXT. cpm resulting from emission of Auger
electrons from 125I were converted to dpm, using the
predetermined counting efficiency of 30%. The total amount
of radioligand added was measured using a Packard Cobra
II gamma counter (78% efficiency). Affinity and binding site
capacity of [125I]NDP-MSH was measured in saturation
experiments, by incubating varying concentrations of radio-
ligand (30 pM to 3 nM) in duplicate in the absence and in
the presence of 10µM R-MSH, to define total binding and
nonspecific binding, respectively, using the binding assay
protocol described above.

Measurement of cAMP Accumulation. HEK293 cells were
plated 1 day prior to assay on poly-lysine-coated 96-well
plates at a density of 5000 cells/well. For assay, the medium
was removed, and the cells were washed with 200µL of
DPBS. Following aspiration of DPBS, 75µL of cAMP assay
buffer was added to each well (Dulbecco’s modified Eagle’s
medium without phenol red, supplemented with 2 mM glu-
tamine, 10 mM HEPES, and 1 mM isobutylmethylxanthine).
Ligand was then added in a volume of 25µL of cAMP assay
buffer, and the cells were incubated for 30 min at 37°C in

5% CO2. In antagonist assays, antagonists were diluted in a
solution of the agonist, such that cells were exposed to both
ligands simultaneously. Following cell lysis, cAMP was
measured by chemiluminescent immunoassay (Tropix cAMP
ELISA, Applied Biosystems, Foster City, CA). Cell lysis
was achieved by adding 100µL of the lysis reagent supplied
with the immunoassay kit, followed by incubation for 30
min at 37°C in 5% CO2.

Data Analysis. Inhibition of [125I]NDP-MSH binding by
unlabeled ligands was fitted to a four-parameter logistic
equation to determineKi using XLfit (ID Business Solutions
Ltd, Emeryville, CA). In this analysisKi was determined
from IC50 using the Cheng-Prusoff equation (54). The slope
factor in the analysis was between 0.8 and 1.2. Radioligand
saturation was analyzed using a previously described method
(53) that takes into account depletion of free radioligand by
receptor-specific and nonspecific binding of radioligand,
providing an accurate measurement ofKd. This analysis was
performed using Prism 3.0 (GraphPad Software, San Diego,
CA). Ligand-stimulated or ligand-inhibited cAMP accumula-
tion was analyzed using a four-parameter logistic equation
using Prism 3.0 to provide an estimate of EC50 or IC50,
respectively. Antagonist inhibitory potency (pKb) in cAMP
accumulation assays was determined by measuring the
R-MSH dose response for stimulating cAMP accumulation
in the absence of antagonist and in the presence of a single
concentration of antagonist. pKb was then calculated using
the following equation (55):

where EC50′ is theR-MSH EC50 in the presence of antagonist.
Statistical analysis of differences between values was per-

formed by analysis of variance (ANOVA) using Prism 3.0.

RESULTS

Receptor Binding Determinants for Nonpeptide Ligands.
The first aim of this study was to identify MC4 receptor
determinants of nonpeptide ligand binding using site-directed
mutagenesis. Previous studies have suggested that the binding
sites for peptide and nonpeptide ligands overlap. In particular,
THIQ andR-MSH affinity was reduced by D122A, F261A,
and F284A mutations (30). This comparison was extended
using additional nonpeptide ligands and MC4 receptor
mutations. Mutations that have been shown to affect peptide
binding were tested for their effect on nonpeptide ligand
binding (D122A and D126A in TM3, M200A in TM5,
F261A in TM6, and F284A in TM7, Figure 1A). We also
tested S190A and S191A mutations in the second extracel-
lular loop (Figure 1A). These two residues were tested since
they are potential hydrogen bond donors that could interact
with hydrogen bond acceptors of nonpeptide ligands (Figure
1B-D).

We aimed to measure affinity of nonpeptide ligands by
displacement of binding of the radiolabeled peptide agonist
[125I]NDP-MSH.2 This radioligand bound wild-type (WT)

2 Guanine nucleotides did not appreciably affect binding of [125I]-
NDP-MSH or of unlabeled agonists or antagonists for the WT receptor
in HEK cells,30 suggesting that G-protein-coupling does not appreciably
affect the ligand binding properties of the MC4 receptor in this assay
system. For this reason, agonist and antagonist affinity could be
reasonably compared using the binding assay.

pKb ) log(EC50′/EC50)- log[antagonist]
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and mutant receptors (Table 1), with the exception of D126A.
(This mutant receptor also did not detectably bind [125I]AgRP
and so was assessed using functional assays; see below.) [125I]-
NDP-MSH binding was not detected in membranes from
nontransfected HEK293 cells (data not shown). The affinity
of [125I]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 expression (Bmax) was also similar for WT and mutant
receptors (0.72-2.0 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 agonistR-MSH
was reduced by D122A, M200A, F261A, and F284A
mutations, in agreement with previous studies (28-30), but
was unaffected by S190A and S191A mutations (Figure 2A,
Tables 2 and 3). The affinity of five nonpeptide ligands was
reduced by D122A mutation (Figure 2, Table 2); affinity of
four compounds was affected by M200A (Table 3); affinity
of all compounds was reduced by F261A (Figure 2, Table
3); affinity of two compounds was reduced by F284A (Figure
2, Table 3); and affinity was unaffected by S191A (Table
2). These findings indicate that the MC4 receptor binding
determinants for nonpeptide ligands overlap those for
R-MSH. However, one mutation that did not affectR-MSH
affinity reduced binding of nonpeptide ligands: S190A
mutation slightly but significantly reduced binding affinity
of all nonpeptide ligands tested (Table 2). This result suggests
that there might be additional binding determinants for
nonpeptide ligands that are not involved inR-MSH binding.
AgRP(83-132) affinity was reduced by only two of the
mutations that affected nonpeptide ligand binding (F261A
and F284A, Figure 2B, Table 3, consistent with previous
studies (28-32)), suggesting less overlap between the
binding determinants for this endogenous antagonist peptide
and those for nonpeptide ligands. By contrast, affinity of
MBP10, a small synthetic cyclic peptide antagonist, was
reduced by all five of the mutations that affected binding of

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-
nants of this peptide antagonist and those for nonpeptide
ligands.

Role of Hydrophobic Residues in TM6 and TM7 in
Nonpeptide Ligand Interaction.We next examined the
mechanism by which TM6/TM7 mutations affected nonpep-
tide ligand binding by comparing effects of receptor mutation
on binding of functionally and structurally distinct nonpeptide
ligands. As described above, two aromatic residues were
identified that acted as determinants of nonpeptide ligand
binding to the MC4 receptor: F261 in TM6 and F284 in
TM7. The effect of these mutations was first compared for
nonpeptide ligands of varying efficacy for stimulation of
cAMP accumulation (Figure 1B-D), to examine the extent
to which the mutations’ effects correlated with ligand
efficacy. Ligands tested were the full agonist piperazine-1,
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
mutations. F261A mutation reduced binding affinity of all
compounds tested, suggesting that the ligand determi-
nant underlying this effect is common to all the compounds.
The most obvious common determinant is the halogenated
phenyl group (Figure 1B-D; 4-chlorophenyl for piperazines-
1-3; 2,4-dichlorophenyl for piperazine-4 and piperazine-5;
and either the 2-fluorophenyl or 5-bromo-2-methoxyphenyl
groups of benzamidine-1). The substituents on the phenyl
group of the piperazine series of compounds determined the
magnitude of the mutations’ effect: F284A mutation reduced
affinity of 2,4-dichlorophenyl compounds (5.5-fold for
piperazine-4 and 6.6-fold for piperazine-5) but did not
significantly affect the affinity of 4-chlorophenyl compounds
(piperazines-1-3), Figure 2, Table 3). F261A mutation had
a slightly greater affinity-reducing effect on 2,4-dichlorophe-
nyl compounds (67- and 48-fold for piperazine-4 and
piperazine-5, respectively) than on 4-chlorophenyl com-
pounds (13-, 26-, and 31-fold for piperazine-1, piperazine-
2, and piperazine-3, respectively, Figure 2, Table 3). F284A
mutation also eliminated the affinity-enhancing effect of the
additional chlorine at the 2-position. Specifically, pipera-
zine-4 bound the WT receptor with 6.1-fold higher affinity
than piperazine-3 (Figure 2F,G, Table 3), the only difference

Table 1: Affinity and Binding Site Capacity of [125I]NDP-MSH for
Wild-Type and Mutant MC4 Receptorsa

receptor
pKd

Kd, nM Bmax, pmol/mg

wild-type 9.44( 0.04 2.0( 0.1
0.36

D122A 9.63( 0.03 0.86( 0.13
0.24

D126A no binding no binding
S190A 9.52( 0.04 1.3( 0.2

0.30
S191A 9.53( 0.02 1.9( 0.2

0.30
M200A 9.55( 0.05 0.17( 0.01

0.28
F261A 9.40( 0.04 1.3( 0.1

0.40
F284A 9.37( 0.03 0.72( 0.13

0.42
a [125I]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 the
exception of D122A and M200A, which were expressed transiently.
The binding site capacity (Bmax) was quantified as picomoles of re-
ceptor per milligram of membrane protein. Data are mean( range,n
) 2, where range is the standard deviation divided by the square-root
of n.
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between the compounds being the additional 2-chloro sub-
stituent of the former (Figure 1C). At the F284A mutant
receptor the difference of affinity was reduced to 1.5-fold

(Figure 2F,G, Table 3). Taken together, all these findings
indicate the halogenated phenyl group is a determinant of
the F261A and F284A mutations’ affinity-reducing effect.

FIGURE 2: Effect of MC4 receptor mutations on binding of peptide and nonpeptide ligands. Binding of unlabeled ligands was measured by
displacement of [125I]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 agonistR-MSH (A); the peptide antagonist AgRP(83-132) (B); the small cyclic peptide antagonist MBP10 (C); the
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 (I), and benzamidine-1 (J). (See Figure 1B-D for 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 piperazine-6 (n ) 5).

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

wild-type D122A S190A S191A

ligand
pKi

Ki, nM
pKi

Ki, nM fold-shift
pKi

Ki, nM fold-shift
pKi

Ki, nM fold-shift

R-MSH 7.37( 0.04 5.88( 0.13b 31 7.19( 0.04 1.5 7.45( 0.05 0.82
(agonist) 43 1300 65 36
AgRP(83-132) 9.88( 0.04 10.0( 0.04 0.77 9.69( 0.04 1.6 9.91( 0.01 0.95
(antagonist) 0.13 0.10 0.21 0.12
MBP10 8.63( 0.08 6.67( 0.04b 92 8.18( 0.06b 2.8 8.61( 0.02 1.1
(antagonist) 2.3 212 6.6 2.5
piperazine-1 8.24( 0.02 7.29( 0.02b 8.8 7.96( 0.04d 1.9 8.35( 0.02 0.77
(agonist) 5.8 51 11 4.4
piperazine-2 7.40( 0.07 6.72( 0.03b 4.7 7.06( 0.03b 2.2 7.44( 0.01 0.92
(partial agonist) 40 190 88 36
piperazine-3 7.86( 0.02 7.08( 0.03b 5.9 7.54( 0.05c 2.1 7.88( 0.06 0.94
(partial agonist) 14 83 29 13
piperazine-4 8.63( 0.07 7.75( 0.05b 7.7 8.16( 0.06b 3.0 8.54( 0.06 1.3
(antagonist) 2.3 18 6.9 2.9
piperazine-5 8.05( 0.06 7.44( 0.01b 4.1 7.69( 0.07b 2.3 8.06( 0.07 0.99
(antagonist) 8.9 37 20 8.8
benzamidine-1 6.89( 0.04 6.82( 0.02 1.2 6.53( 0.03b 2.3 6.91( 0.04 0.96
(antagonist) 130 150 300 120
a Ligand affinity was measured by inhibition of [125I]NDP-MSH binding to membranes from HEK293 cells expressing wild-type and mutant

receptors, as described in Experimental Procedures. See Figure 1B-D for ligand structures. The IC50 for inhibition of radioligand binding was
converted toKi using the Cheng-Prusoff equation (54), using values ofKd from [125I]NDP-MSH saturation experiments (see Table 1). For each
ligand, pKi for all mutants (in Tables 2 and 3) was statistically compared with the value for wild-type (bp < 0.001,cp < 0.01,dp < 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).
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The effect of the F261A and F284A mutations was next
evaluated in functional assays (stimulation of cAMP ac-
cumulation), to evaluate the mutations’ effects on ligand
efficacy (Emax), and to compare the mutations’ effect on
functional potency (EC50) with the effect on MC4 receptor
binding affinity (Ki). We first evaluated peptide agonists.
R-MSH and NDP-MSH stimulated cAMP accumulation in
HEK293 cells expressing WT, F261A, and F284A receptors
(Figures 3-5, Table 4). The efficacy ofR-MSH and NDP-
MSH was not significantly different between WT and mutant

receptors (legend to Figure 3 forR-MSH; Table 4 for NDP-
MSH). The potency of NDP-MSH was also not significantly
different between WT and the two mutant receptors (Table
4). These results support the hypothesis that F261A and
F284A mutations do not dramatically alter receptor structure.
The potency ofR-MSH was significantly reduced by F261A
and F284A mutations (12- and 11-fold, respectively; see
legend to Figure 3). These reductions are similar to the effects
on MC4 receptor binding affinity (6.3- and 14- fold decrease
of affinity, respectively, Table 3), validating the binding data.

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

wild-type M200A F261A F284A

ligand
pKi

Ki, nM
pKi

Ki, nM fold-shift
pKi

Ki, nM fold-shift
pKi

Ki, nM fold-shift

R-MSH 7.37( 0.04 6.97( 0.03b 2.5 6.56( 0.07b 6.3 6.22( 0.06b 14
(agonist) 43 110 270 600
AgRP(83-132) 9.88( 0.04 10.1( 0.08 0.64 8.94( 0.07b 8.9 9.35( 0.05b 3.4
(antagonist) 0.13 0.084 1.2 0.45
MBP10 8.63( 0.08 8.19( 0.08b 2.8 6.77( 0.12b 73 7.32( 0.06b 21
(antagonist) 2.3 6.5 170 48
piperazine-1 8.24( 0.02 7.50( 0.07b 5.4 7.14( 0.06b 13 8.11( 0.02 1.3
(agonist) 5.8 31 73 7.7
piperazine-2 7.40( 0.07 7.06( 0.05c 2.2 5.98( 0.08b 26 7.39( 0.03 1.0
(partial agonist) 40 87 1000 41
piperazine-3 7.86( 0.02 7.46( 0.05b 2.5 6.37( 0.05b 31 7.69( 0.01 1.5
(partial agonist) 14 35 430 20
piperazine-4 8.63( 0.07 8.40( 0.01 1.7 6.81( 0.01b 67 7.89( 0.03b 5.5
(antagonist) 2.3 4.0 160 13
piperazine-5 8.05( 0.06 8.09( 0.24 0.92 6.37( 0.03b 48 7.24( 0.01b 6.6
(antagonist) 8.9 8.2 430 58
benzamidine-1 6.89( 0.04 7.14( 0.07d 0.56 5.23( 0.02b 46 6.02( 0.08b 7.5
(antagonist) 130 72 5900 960
a See legend to Table 2 for further details and Figure 1B-D for ligand structures. For each ligand, pKi for all mutants in Tables 2 and 3 was

statistically compared with the value for wild-type (bp < 0.001,cp < 0.01,dp < 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 Receptorsa

wild-type D126A F261A F284A

ligand
pEC50

EC50, nM
Emax

(%)
pEC50

EC50, nM
fold
shift

Emax

(%)
pEC50

EC50, nM
fold
shift

Emax

(%)
pEC50

EC50, nM
fold
shift

Emax

(%)

NDP-MSH 9.30( 0.06 100 6.17( 0.07 1400 100 9.20( 0.07 1.3 100 9.26( 0.17 1.1 100
0.50 670b 0.63 0.56

piperazine-1 8.70( 0.07 94( 11 5.18( 0.15 3300 62( 7 7.33( 0.10 23 120( 20 8.41( 0.09 1.9 120( 19
2.0 6600b 46b 3.9

THIQ 9.31( 0.05 102( 9 6.57( 0.05 550 75( 2
0.49 270

piperazine-2 6.82( 0.09 21( 4 5.91( 0.06 8.1 46( 2c

150 1200
piperazine-3 7.72( 0.14 28( 5 6.52( 0.05 16 63( 2d

19 300
piperazine-4 NAe 2e 6.20( 0.14 NAe 23 ( 1c

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 concentration-response curves were fitted to a four-parameter logistic equation to obtain fitted values of pEC50

(-logEC50) andEmax. The EC50 shift for the mutant receptors was calculated by dividing the mean EC50 for the mutant receptor by the mean EC50

for the wild-type receptor. The %Emax was 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 28( 2, 14( 3, 28( 3, and 25( 4 pmol of
cAMP/104 cells, respectively. The value for D126A was significantly different from wild-type (p < 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/104 cells. 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 of EC50 of 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 receptors.b p < 0.001.
Differences of piperazine ligandEmax between wild-type and F261A receptors were tested statistically by two-factor ANOVA followed by Bonferroni
post-test comparing wild-type with F261A:c p < 0.01. d p < 0.001.e 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, so the %Emax was calculated for the response at 10µM compound.
Data are mean( SEM from 3 to 10 independent experiments.
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The functional effect of F261A and F284A mutations was
then evaluated for nonpeptide ligands. The nonpeptide
agonist piperazine-1 was a potent full agonist on the WT

MC4 receptor (EC50 of 2.0 nM,Emax 94% of the NDP-MSH
Emax, Table 4). The F261A and F284A mutations did not
affect efficacy of the compound (Table 4, Figure 5B for
F261A). However, F261A mutation reduced potency of
piperazine-1 by 23-fold (Figure 5B, Table 4), in approximate
agreement with the reduction of receptor binding affinity (13-
fold, Figure 2D, Table 3). F284A mutation did not signifi-
cantly affect potency of piperazine-1 (Table 4), in agreement
with the receptor binding data (Figure 2D, Table 3).

Whole cell cAMP accumulation assays were then used to
assess the antagonist potency (Kb) of piperazine-4. Antagonist
potency was measured by quantifying the effect of the
compound on theR-MSH EC50 for stimulation of cAMP
accumulation (Figure 3). The extent of the shift of EC50 was
used to calculate theKb of piperazine-4 (concentration of
antagonist required to double theR-MSH EC50; see Experi-
mental Procedures, Data Analysis). TheKb of piperazine-4
for the WT receptor was 14 nM (Figure 3A). TheKb was
significantly increased by F261A and F284A mutations (37-
and 6.3-fold, Figure 3B,C). These reductions of functional
antagonist potency are similar to the reductions of pipera-
zine-4 binding affinity (67- and 5.5-fold reduction for F261A
and F284A mutations, respectively, Table 3), validating the
binding data.

On measuring the antagonist potency of piperazine-4, it
was apparent that the presence of the compound (1µM)
elevated the level of cAMP via the F261A mutant (Figure
3B) but did not appreciably affect cAMP via the WT MC4
receptor (Figure 3A). This finding suggests that F261A

FIGURE 3: Antagonist activity of piperazine-4 onR-MSH-stimulated
cAMP accumulation. Antagonist activity was measured by deter-
mining the effect of 1µM piperazine-4 (Figure 1C) on theR-MSH
dose-response for stimulation of cAMP accumulation in HEK293
cells expressing wild-type (A), F261A (B), and F284A (C) MC4
receptors, as described in Experimental Procedures. The curves are
fits to a four-parameter logistic equation, and data points are mean
( range of duplicate determinations (where range is standard
deviation divided by the square-root ofn). Data are from repre-
sentative experiments performed 4-6 times with similar results.
Note that the basal response at the F261A MC4 receptor is higher
in the presence of piperazine-4 than in the absence of the nonpeptide
ligand, suggesting that the mutation introduces agonist activity of
the compound (also see Figure 4). pKb values for the antagonist
were determined from the extent of shift of theR-MSH EC50, as
described in Experimental Procedures, Data Analysis. The derived
pKb value for Piperazine-4 for wild-type, F261A, and F284A was
7.85( 0.23, 6.28( 0.14, and 7.05( 0.17 respectively (mean(
SEM, n ) 4-6, with correspondingKb values of 14, 520, and 89
nM). Single factor ANOVA indicated a significant difference
between pKb values for the different receptors, with Dunnett’s
multiple comparison test, comparing mutants with wild-type,
indicating the value for F261A and F284A differed significantly
from the value for wild-type (p < 0.01 andp < 0.05 respectively).
R-MSH stimulated cAMP accumulation via wild-type, F261A, and
F284A receptors with-logEC50 values of 8.05( 0.18, 6.97(
0.26, and 7.02( 0.18, respectively (corresponding EC50 values of
8.9, 110, and 95 nM). Single factor ANOVA followed by Dunnett’s
multiple comparison test indicated-logEC50 for F261A and F284A
was significantly different from wild-type (p < 0.01). TheR-MSH
Emax for wild-type, F261A, and F284A receptors was 20( 4, 19
( 6, and 21( 5 pmol/10 000 cells, respectively. These values are
not significantly different (p ) 0.97, single-factor ANOVA).

FIGURE 4: Effect of F261A mutation on stimulation of cAMP
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
antagonist piperazine-4. (See Figure 1C for ligand structures.) The
curves are fits to a four-parameter logistic equation, and data points
are mean( range of duplicate determinations (where range is the
standard deviation divided by the square-root ofn). Data are from
representative experiments performed three times with similar
results.
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mutation introduced detectable receptor activation by pip-
erazine-4. The effect of this mutation on ligand-stimulated
cAMP accumulation was further evaluated by measuring the
dose-response for cAMP accumulation stimulated by pip-
erazine-4. We also tested the effect of the mutation on the
dose-response for the partial agonists piperazine-2 and
piperazine-3. On the WT receptor theEmax of piperazine-1,
piperazine-2, and piperazine-3 was 2, 21, and 28% of the
NDP-MSH Emax, respectively (Figure 4A, Table 4). On the
F261A receptor, piperazine-4 detectably stimulated cAMP
accumulation via the F261A receptor (Emax of 23%, Figure
4B, Table 4). In addition, theEmax of piperazine-2 and
piperazine-3 on the F261A mutant (46 and 63%, respectively,
Figure 4B, Table 4) was significantly increased relative to
the WT receptor (21 and 28%, respectively, Figure 4A, Table
4). These findings indicate that F261A mutation increased
efficacy of the nonpeptide antagonist and partial agonist
ligands tested.

Effect of S190A and M200A Mutations on Ligand Affinity.
S190A mutation in extracellular loop 2 (Figure 1A) slightly

but significantly reduced affinity of all nonpeptide ligands
tested (1.9-3.0-fold) and also slightly reduced affinity of
MBP10 (2.8-fold). No ligand-specific effects were observed
with this mutation. M200A mutation in TM5 (Figure 1A)
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
mutation slightly increased (1.8-fold) affinity of benzami-
dine-1 (Table 3).

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 1-5 to a similar extent (4.1-8.8-fold) but did
not affect binding of benzamidine-1 (Figure 2, Table 2). This
finding suggests that a common determinant of piperazines
1-5 was responsible for the affinity-reducing effect of
D122A mutation. The identity of this determinant was
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
acidic pocket of the MC4 receptor that includes D122 (40,
50). This hypothesis was tested using a compound that lacks
the derivatized amide functionality of piperazines-2 and -3
(piperazine-6). Piperazine-6 bound the WT MC4 receptor
with a pKi of 6.18( 0.10 (n ) 5, Ki ) 660 nM, Figure 2I).
The ligand bound the D122A mutant receptor with a pKi of
6.33 ( 0.10 (n ) 5, Ki ) 470 nM, Figure 2I), a value not
significantly different from that for the WT receptor (p )
0.87, two-tailed Student’s t-test). This finding indicates the
“right-hand side” region of the piperazine compounds is a
determinant of the affinity-reducing effect of D122A muta-
tion.

We next examined the effect of D126A mutation on ligand
interaction. Ligand-stimulated cAMP accumulation was used
for this purpose since D126A mutation eliminated detectable
binding of [125I]NDP-MSH and [125I]AgRP(83-132). We
first evaluated the effect of D126A mutation on peptide
agonist potency (EC50) and efficacy (Emax). NDP-MSH
stimulated cAMP accumulation via the D126A mutant
receptor in a dose-dependent manner (Figure 5A). However,
the mutation dramatically reduced potency (1400-fold, from
an EC50 of 0.5 nM for the WT MC4 receptor to 670 nM for
the mutant receptor, Figure 5A, Table 4). The mutation also
reduced the total level of cAMP accumulation stimulated
by NDP-MSH (from 28 pmol/104 cells for WT to 14 pmol/
104 cells for D126A receptors, Table 4).R-MSH did not
appreciably stimulate cAMP accumulation via the D126A
mutant receptor at concentrations up to 30µM (data not
shown). These data indicate that D126A mutation substan-
tially reduced peptide agonist interaction with the MC4
receptor, consistent with the findings of previous studies (28,
29).

The effect of D126A mutation on nonpeptide agonist
interaction was evaluated next. D126A mutation dramatically
reduced the potency of the nonpeptide agonist piperazine-1
(3300-fold, from an EC50 of 2.0 nM for the WT receptor to
6.6 µM for the D126A mutant, Figure 5B, Table 4).
Similarly, D126A mutation strongly reduced the potency of
a different nonpeptide agonist THIQ (550-fold, Figure 5C,

FIGURE 5: Effect of D126A and F261A mutations on stimulation
of cAMP accumulation by agonist ligands. Accumulation of cAMP
in parental HEK293 cells, or cells expressing wild-type or mutant
MC4 receptors, was measured as described in Experimental
Procedures, for the peptide agonist NDP-MSH (A), and the
nonpeptide agonists piperazine-1 (B) and THIQ (C). (See Figure
1B for ligand structures.) The curves are fits to a four-parameter
logistic equation, and data points are mean( range of duplicate
determinations (where range is standard deviation divided by the
square-root ofn). Data are from representative experiments
performed 3-10 times with similar results.
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Table 4). These data indicate that the D126A mutation
strongly reduces nonpeptide agonist interaction with the MC4
receptor. The mutation also slightly reduced theEmax of non-
peptide agonists, relative to NDP-MSH: At the WT receptor,
piperazine-1 and THIQ were full agonists (94 and 102% of
the NDP-MSH Emax, respectively, Table 4), whereas at
D126A the compounds were partial agonists (62 and 75%,
respectively, Table 4). This result implies that the D126A
mutation slightly impairs, but does not eliminate, the sig-
naling efficacy of nonpeptide agonists on the MC4 receptor.

We next tested the effect of D126A mutation on antagonist
ligand interaction, to compare the effect of the mutation on
agonist versus antagonist receptor interaction. Antagonist
potency (IC50) was measured by inhibition of the cAMP
response produced by NDP-MSH. Concentrations of NDP-
MSH were used for WT and D126A receptors (1 nM and 1
µM, respectively) that were close to the NDP-MSH EC50

for each receptor (0.5 and 670 nM, respectively, Table 4),
enabling meaningful comparison of antagonist IC50. Potency
of nonpeptide antagonists was reduced by D126A mutation
to a similar extent [13-fold for piperazine-2, 6.1-fold for
piperazine-3, 11-fold for piperazine-4 (Figure 6C), 12-fold
for piperazine-5, and 17-fold for benzamidine-1 (Figure 6E),
see Table 5]. The magnitude of these effects on nonpeptide
antagonist IC50 was much less than the effect on nonpeptide
agonist EC50 (550-3300-fold, Table 4).

The determinant of the piperazine antagonist ligand under-
lying sensitivity to the D126A mutation was investigated.
As described above, some studies have suggested that the
right-hand side of the compounds interacts with an acidic
pocket of the MC4 receptor that includes D126A (40, 50).
The role of the right-hand side of piperazine ligands in
mediating sensitivity to D126A mutation was tested using
piperazine-6, a ligand that lacks this region (Figure 1C). This
compound antagonized NDP-MSH-stimulated cAMP ac-
cumulation via both WT and D126A receptors (Figure 6D).
The potency for this effect was not significantly different
between WT and D126A mutant receptors (Table 5). This
finding indicates that the right-hand side of piperazine ligand
is a determinant of the potency-reducing effect of the D126A
mutation.

DISCUSSION

The aims of this study were to identify amino acids of
the MC4 receptor that acted as determinants of nonpeptide
ligand binding; to identify molecular interactions between
nonpeptide ligands and the receptor; and to compare receptor
interactions of nonpeptide agonists versus antagonists. The
principal findings are the following: (i) Nonpeptide ligand
affinity was affected by D122A, D126A, S190A, M200A,
F261A, and F284A mutations; (ii) The halogenated aromatic
group of nonpeptide ligand was a determinant of sensitivity

FIGURE 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 EC50 was approximately equal for both wild-type and D126A receptors (1 vs 0.5 nM for
wild-type, and 1µM vs 650 nM for D126A). The ligands tested were AgRP(83-132) (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 are mean( range of duplicate determinations (where range is standard
deviation divided by the square-root ofn). Data are from representative experiments performed 3-8 times with similar results.
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to F261A and F284A mutations; (iii) The “right-hand side”
of piperazine ligands was a determinant of sensitivity to
D122A and D126A mutations; (iv) Sensitivity to F261A and
F284A mutation was correlated with ligand efficacy-
antagonist affinity was reduced more strongly than partial
agonist and agonist affinity. (v) F261A mutation increased
efficacy of nonpeptide partial agonist and antagonist ligands.
These findings imply a binding orientation in which the
ligands’ halogenated aromatic group binds F261/F284, and
the right-hand side binds in the vicinity of D122 and D126.
Moreover, the strength of the F261/F284 interaction controls
receptor activation, in that the stronger the interaction with
these residues, the lower the ligand’s efficacy.

We first compared molecular determinants of peptide and
nonpeptide ligand binding to the MC4 receptor. With respect
to agonists, piperazine agonist affinity was reduced by four
mutations which reduced binding ofR-MSH (D122A,
D126A, M200A, and F261A, Tables 2-4, see also refs
28-30 for R-MSH). These results imply piperazine agonists
and R-MSH occupy an overlapping space when bound to
the receptor. However, piperazine agonist affinity was re-
duced by one mutation that did not affect binding ofR-MSH
(S190A), and reciprocallyR-MSH affinity was reduced by
a mutation that did not affect binding of piperazine agonists
(F284A), implying the binding sites do not completely
overlap. With respect to antagonists, there was complete
overlap between the mutations that reduced binding of
piperazine antagonists (piperazine-4 and -5) and MPB10 (a
small cyclic peptide) (D122A, D126A, S190A, M200A,
F261A, and F284A). This finding implies substantial overlap

of the receptor space occupied by the piperazine antagonists
and MBP10. The binding profile of benzamidine-1, a smaller
structurally distinct nonpeptide antagonist, was slightly
different from piperazine antagonists. While binding of
piperazine and benzamidine antagonists was reduced by
D126A, S190, F261A, and F284A mutations, binding affinity
of benzamidine-1 was unaffected by D122A and was slightly
increased by M200A mutation (Tables 2 and 3). These results
suggest partial overlap of the receptor space occupied by
piperazine and benzamidine antagonist ligands, especially
in the vicinity of F261 and F284.

We next attempted to identify molecular interactions
between amino acid side chains of the receptor and functional
groups of the ligand, by comparing the effect of mutations
between ligands of distinct chemical structure. The findings
of this study strongly suggest that the halogenated aromatic
group of nonpeptide ligands interacts with F261 and F284.
F261A mutation affected binding of all ligands tested,
including the structurally distinct benzamidine-1, implying
that a common functionality of the compounds underlies the
sensitivity to the mutation (Figure 2, Table 3). The only
obvious common group is a halogenated aromatic group
(Figure 1B-D). For piperazine ligands, the chlorophenyl
substitution pattern determined the effect of F261A and
F284A mutations. 2,4-Dichloro-substituted compounds were
more strongly affected by F261A mutation than 4-chloro-
substituted compounds, and only the former were affected
by F284A mutation (Table 3). Finally, F284A mutation
eliminated the affinity-enhancing effect of the additional
2-chloro-substituent (compare piperazine-3 with piperazine-
4, Figure 1C, Table 3). The nature of the interaction between
the halogenated aromatic group and the phenyl side chains
of F261 and F284 requires further investigation, although
π-stacking and/or hydrophobic interactions are likely.

Our findings strongly suggest that the right-hand side of
the compounds, as drawn in Figure 1, binds in the vicinity
of D122A and D126A. D122A mutation reduced affinity of
all piperazine ligands but did not affect binding of benz-
amidine-1 (Table 2), implying the ligand determinant re-
sponsible for the mutation’s effect was common and specific
to piperazine ligands. Binding of piperazine-6, which lacks
the derivatized amide group (the right-hand side) of pipera-
zine-2 and -3, was unaffected by D122A mutation (Figure
2I). The precise interaction between this region of the ligand
and D122 requires further evaluation. The magnitude of the
mutation’s effect (4.1-8.8-fold) is consistent with the loss
of a weak hydrogen bond (56). Piperazine-6 interaction was
also insensitive to D126A mutation, in contrast to all other
nonpeptide ligands tested (Tables 4 and 5). The specific
interaction between D126 and the right-hand side region can
be explored for nonpeptide agonists. D126A mutation
strongly reduced potency of piperazine-1 and THIQ (3300-
and 550-fold respectively, Figure 4, Table 4), a magnitude
consistent with the loss of an electrostatic interaction (56).
Within the right-hand side region, both piperazine-1 and
THIQ bear an amine within the Tic group that could form
an electrostatic interaction with the carboxylic acid side chain
of D126. The specific interaction between D126 and other
nonpeptide ligands remains to be determined. D126A muta-
tion reduced potency of the remaining nonpeptide ligands
by 6.1-17-fold (Table 5), a magnitude consistent with the
loss of a weak hydrogen bond (56).

Table 5: Ligand Potency for Antagonizing NDP-MSH-Stimulated
cAMP Accumulation via Wild-Type and D126A Mutant MC4
Receptorsa

pIC50

IC50, nM

antagonist wild-type D126A fold shift

AgRP(83-132) 8.26( 0.23 6.99( 0.12b 19
5.5 100

MBP10 6.95( 0.20 <5 >90
110

piperazine-2 6.27( 0.25 5.15( 0.28c 13
540 7100

piperazine-3 6.85( 0.33 6.06( 0.04b 6.1
140 870

piperazine-4 7.55( 0.12 6.62( 0.16b 8.5
28 240

piperazine-5 7.57( 0.16 6.51( 0.06b 12
27 310

piperazine-6 4.89( 0.17 4.91( 0.09 0.95
13000 12000

benzamidine-1 5.89( 0.17 4.66( 0.12b 17
1300 22000

a Antagonist activity was measured by inhibition of NDP-MSH-
stimulated cAMP accumulation in HEK293 cells expressing wild-type
and D126A MC4 receptors (see Experimental Procedures). Antagonist
pIC50 (-logIC50) was determined by fitting inhibition data to a four-
parameter logistic equation. (The slope factor in these fits was between
0.9 and 1.7). The concentration of NDP-MSH used (1 nM for wild-
type and 1µM for D126A) was approximately double the NDP-MSH
EC50 for both receptors (0.5 nM for wild-type and 670 nM for D126A).
See Figure 1C,D for ligand structures. For each ligand pIC50 for the
D126A receptor was statistically compared with the value for wild-
type (bp < 0.001; cp < 0.01; two-factor ANOVA followed by
Bonferroni post-test). MBP10 was not included in this analysis because
the antagonism on the D126A receptor was too weak to accurately
determine an IC50 value. Data are mean( SEM, n ) 3-8.
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Taken together the findings above are consistent with the
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 interaction (39, 50). In this
homology model utilizing the rhodopsin X-ray structure (57),
the arrangement of TM helices creates a central cavity that
accommodates nonpeptide ligand (39, 50). Figure 7 illustrates
the position within this model of residues that are implicated
in nonpeptide ligand binding. The phenyl side chains of F261
and F284 are adjacent and project into the binding cavity
(Figure 7), such that they could directly interact with the
halogenated aromatic group of nonpeptide ligands. F261 and
F284 form part of a putative hydrophobic cage of the receptor
that can accommodate aromatic groups (28, 29, 50, 51). The
carboxylic acid side chains of D122 and D126 project toward
the binding pocket, consistent with the hypothesis that these
residues are directly involved in ligand binding (Figure 7).

A higher resolution, refined molecular model would be
useful to evaluate receptor-ligand interactions at an atomic
level, but a number of issues require addressing to develop
such a model. (i) The structure of TM7 and its spatial
arrangement with other transmembrane helices require further
investigation. TM7 of rhodpsin is kinked about P3037.50 (57),
within the NPXXY motif that is highly conserved among
rhodopsin-like GPCRs (58, 59). N3027.49within the NPXXY
sequence of rhodopsin interacts with D842.50within TM2 (57,
59). The MC4 receptor motif in TM7 is DPLIY (Figure 1A).
The Nf D substitution in this sequence could alter the kink
of TM7 and could alter the arrangement of TM7 and TM2
(which contains the conserved aspartic acid, D902.50, Figure
1A). (ii) Extracellular loop 2 of rhodopsin interacts with TM3
through a highly conserved disulfide bond (57, 59). The MC4
receptor lacks a cysteine in extracellular loop 2 that can form

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. Phe7 of peptide ligands interacts with residues of
the hydrophobic cage (28-30). The finding that the halo-
genated aromatic group of nonpeptide ligand binds the same
receptor region implies that this group mimics Phe7 of peptide
ligands. This hypothesis is consistent with peptide/nonpeptide
ligand superposition studies (16, 40). Arg8 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
Asp8. This hypothesis is consistent with one of the two ligand
superposition studies (40). In this superposition, the Tic group
amine is oriented close to the basic region of Arg8.
Interestingly, the benzene ring of the Tic group is oriented
close to the benzene ring of Trp9 in this superposition. This
aromatic group has been shown to be involved in MC4
receptor activation by nonpeptide agonist (42) and peptide
agonist (60). We speculate that the aromatic group interacts
with an unidentified region of the binding pocket to facilitate
MC4 receptor activation.

The mechanism of nonpeptide agonist versus antagonist
binding to the MC4 receptor was evaluated, by comparing
the effect of receptor mutations for ligands of varying
efficacy. For F261A and F284A, a clear relationship was
evident between affinity reduction and ligand efficacy.
Antagonist binding was more strongly reduced than partial
and full agonist binding (Figure 2, Table 3). For D126A
mutation we were unable to compare ligand affinity directly
using radioligand binding assays but were able to measure
ligand potency in functional assays (EC50 for agonists, IC50

for antagonists). Agonist EC50 does not provide an unam-
biguous assessment of agonist affinity owing to the potential
for receptor reserve. Two observations suggest little receptor
reserve in the expression system used. Increasing expression
of the WT receptor did not affect agonist EC50 (30), implying
minimal receptor reserve. NDP-MSH and piperazine-1
binding affinity (0.5 and 5.8 nM, respectively) was similar
to functional EC50 (0.5 and 2.0 nM, respectively), again
implying no great receptor reserve. These considerations
suggest that the change of agonist EC50 largely reflects a
change of binding affinity, an assumption shown to be correct
for F261A and F284A mutations where the EC50 shift was
similar to the binding affinity shift (Tables 2 and 4). D126A
mutation more strongly reduced receptor interaction of
agonists (550-3300-fold increase of EC50) than antagonists
(6.1-17-fold increase of IC50). These data suggest the
stronger the ligand interaction with D126A, the higher the
signaling efficacy of the ligand. The efficacy-dependent
effects of the mutations can be used to propose a thermo-
dynamic model of receptor-ligand interaction and receptor

FIGURE 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 rhodopsin (57) as
described previously (39, 50). The residues that acted as determi-
nants of nonpeptide ligand interaction, when mutated to alanine,
are highlighted (D1223.25 and D1263.29 in TM3; S1904.66 in
extracellular loop 2; M200 in TM5; F2616.51 in TM6; and F2847.35

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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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 that
the differential strength of the interactions controls the

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.
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