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Abstract
Melanocortin 4 receptor (MC4R) plays an important role in the regulation of food intake and
glucose homeostasis. Synthetic nonpeptide compound N- (3R)-1 4-tetrahydroisoquinolinium-3-
ylcarbonyl -(1R)-1-(4-chlorobenzyl)-2- 4-cyclohexyl-4-(1H-1,2,4-triazol-1-ylmethyl)piperidin-1-
yl -2-oxoethylamine (THIQ) is a potent agonist at MC4R but not at hMC2R. In this study, we
utilized two approaches (chimeric receptor and site-directed mutagenesis) to narrow down the key
amino acid residues of MC4R responsible for THIQ binding and signaling. Cassette substitutions
of the second, third, fourth, fifth, and sixth transmembrane regions (TMs) of the human MC4R
(hMC4R) with the homologous regions of hMC2R were constructed. Our results indicate that the
cassette substitutions of these TMs of the hMC4R with homologous regions of the hMC2R did not
significantly alter THIQ binding affinity and potency except the substitution of the hMC4R TM3,
suggesting that the conserved amino acid residues in these TMs of the hMC4R are main potential
candidates for THIQ binding and signaling while non conserved residues in TM3 of MC4R may
also be involved. Nineteen MC4R mutants were then created, including 13 conserved amino acid
residues and 6 non-conserved amino acid residues. Our results indicate that seven conserved
residue [E100 (TM2), D122 (TM3), D126 (TM3), F254 (TM6), W258 (TM6), F261 (TM6), H264
(TM6)] are important for THIQ binding and three non-conserved residues [N123 (TM3), I129
(TM3) and S131 (TM3)] are involved in THIQ selectivity. In conclusion, our results suggest that
THIQ utilize both conserved and non-conserved amino acid residues for binding and signaling at
hMC4R and non conserved residues may be responsible for MC4R selectivity.

Introduction
Obesity is one of the major health threats for modern American society. Obese patients face
an increased risk of morbidity and mortality due to obesity associated diseases such as Type
II diabetes mellitus, hypertension, stroke and coronary artery diseases (1–3). However,
obesity is a particularly challenging medical condition to treat because of its multi-factorial
etiology and existing therapeutic limitations (4–6). In recent years, researchers have
produced exciting new insights into obesity and the physiological systems of the brain
governing metabolic, appetite, and energy expenditure regulation (7–13). Melanocortin
system has been identified to play an important role in the regulation of food intake and
glucose homeostasis (14–17). MC4R has been identified to play a key role in the regulation
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of food intake and body weight. MC4R is a seven transmembrane G-protein coupled
receptor (GPCR) expressed mainly in the hypothalamus (16, 18–23). The endogenous
agonist, α-melanocyte stimulating hormone (α-MSH), activates hMC4R and inhibits food
intake while agouti-related protein (AGRP), the endogenous antagonist, inhibits hMC4R
action and induces food intake (19, 24, 25). MC4R activation is therefore of interest as a
possible therapeutic approach for the treatment of obesity. A better understanding of the
molecular basis of the hMC4R function is therefore critical to understanding the
development of human obesity and to guide the development of effective therapeutic
strategies for its treatment.

Melanocortins are peptides derived from the pro-opiomelanocortin (POMC) gene, including
α-melanocyte-stimulating hormones (α-MSH) and adrenocorticotropic hormone (ACTH)
and five melanocortin receptors have been cloned which belong to G-proteins coupled
receptor family (GPCRs)(26–29). The molecular basis of MC4R responsible for peptide
binding and signaling has been extensively studied and TMs of hMC4R have been identified
to be involved in peptide binding and signaling (30–33). However, these peptides are non
selective agonists at melanocortin receptors. In recent year, the pursuit of small molecule
and selective agonists of the hMC4R has been intensified and numerous nonpeptide agonists
and antagonists have been developed (19, 32, 34–43). THIQ is a selective agonist for MC4R
(39) (Figure 1). Previously, Pogozheva et al reported that THIQ shares some binding sites
with NDP-MSH at hMC4R using hypothesis-driven selection of receptor amino acid residue
for site-directed mutagenesis study (32). They identified that the conserved amino acid
residues in TM3 and TM6 of MC4R are involved in THIQ binding and signaling.
Furthermore, Hogan et al also reported that some amino acid residues in TM6 and TM7 of
MC4R are involved in THIQ binding using hypothesis driven site-directed mutagenesis
study. However, whether these residues are solely residues for THIQ binding at hMC4R
remain unclear. In this study, we systemically examined the molecular basis of MC4R
responsible for THIQ binding and signaling by utilizing chimeric receptors and site-directed
mutagenesis approaches. We have identified that key amino acid residues of the TM3 and
TM6 of MC4R are responsible for THIQ binding using chimeric receptor and site-directed
mutagenesis approaches. Our results indicate that THIQ utilizes not only conserved amino
acid residues E100, D122, D126, F254, W258, F261 and H264 but also unique amino acid
residues N123, I129 and S131 of the MC4R for specific binding and signaling.

Materials and Methods
Materials

[Nle4-D-Phe7]-MSH (NDP-MSH) was purchased from Peninsula Laboratories (Belmont,
CA). 3-Isobutyl-methylxanthine (IBMX) was from Sigma, and [125I] NDP-MSH was from
Perkin-Elmer life Sciences (Boston, MA). DMEM, lipofectamine was from Life
Technologies (Rockville MD). THIQ was synthesized using modified method by Sebhat
(44). Briefly borane dimethylsulfide was used to reduce commercially available N-Boc-4
cyclohexylpiperidine-4-carboxylic acid. The hydroxy group was mesylated and replaced
with triazole moiety. Triazole was coupled to Boc-D-Phe (pCl)-OH and then to Boc-D-Tic-
OH followed by deprotection (Figure 2).

Construction of the melanocortin chimeric receptors
In order to determine which regions of the hMC4R are responsible for THIQ specific
binding and activity, a domain-exchange strategy was used. Cassette substitutions of the
TM2, TM3, TM4, TM5 and TM6 of the hMC4R with homologous regions of the hMC2R
were performed. The human MC4R served as templates and the chimeras utilized in these
studies are schematically diagramed in Figure 3. The first and seventh TMs were not chosen
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for investigation because our previous data suggested that they were not important in ligand
binding (31, 45, 46). The amino acid sequences of the hMC2R and hMC4R were examined
by hydrophobicity plot (Genetics Computer Group, Inc., Madison, WI) and manually by
comparing their sequences to a previously published alignment of seven transmembrane G-
protein coupled receptor α-helices (47). The chimeric receptors were constructed by
polymerase chain reaction (PCR) using Pfu polymerase (Stratagene, La Jolla, CA) (48).
Briefly, each chimeric receptor is realized by a three-step PCR-based method that allows the
fusion of two PCR fragments corresponding to the respective segments that represent the
chimeric receptor. The first PCR step corresponds to the amplification of the different
fragments of the chimeric receptor. A second PCR step will generate full length of the
chimeric receptor. During an initial round of PCR, partial-length receptor fragments were
generated. The sequence of one of the PCR primer oligonucleotides consisted of the
transmembrane domain of interest coupled to a portion of the extracellular domain required
to form the chimeric receptor. The second oligonucleotide primer consisted of the 5′ or 3′
end of the MC4R. Receptor fragments were separated by agarose gel electrophoresis and
used for a second round of PCR in which full-length chimeric receptor constructs were
assembled by cycling the appropriate fragments together for 10 cycles prior to adding both
5′ and 3′ receptor primers. The chimeric receptors with FLAG were subcloned into the
eukaryotic expression vector pcDNA 3.1 (Invitrogen, Carlsbad, CA) (49).

Site-directed mutagenesis of hMC4R
Single mutation was constructed using the Quick-Change Site-Directed Mutagenesis kit
(Stratagene, La Jolla, CA). The entire coding region of the mutated receptors was sequenced
to confirm that the desired mutation sequences were present and that no sequence errors had
been introduced by University of Alabama at Birmingham Sequence Core. The mutated
receptors are shown in Figure 3. The mutant receptors were subcloned into the eukaryotic
expression vector pCDNA 3.1 (Invitrogen; Carlsbad, CA).

Cell culture and transfection
OS3 and HEK293 cells, lacking endogenous melanocortin receptor, were cultured in
DMEM medium containing 10% bovine fetal serum and HEPES. MC2R construct was
transfected into OS3 cells and MC4R wild type, chimeric receptors and single mutants were
transfected into HEK293 cells using lipofectamine (Life Technologies, Rockville MD). The
permanently transfected clonal cell lines were selected by resistance to the neomycin
analogue G418 (45).

Binding assays
Binding experiments were performed using the conditions previously described (30).
Briefly, after removal of the media, cells with stably transfected with MC4R WT or the
chimeric receptors were incubated with non-radioligand THIQ from 10−10 to 10−6M in 0.5
ml MEM containing 0.2% BSA and 2 × 105 cpm of 125I-NDP-MSH for one hour. The
binding reactions were terminated by removing the media and washing the cells twice with
MEM containing 0.2% BSA. The cells were then lysed with 0.2 N NaOH, and the
radioactivity in the lysate was quantified in an analytical gamma counter (PerkinElmer,
Shelton, CT). Nonspecific binding was determined by measuring the amount of 125I-label
bound on the cells in the presence of excess 10−6 M unlabeled ligand. Specific binding was
calculated by subtracting nonspecifically bound radioactivity from total bound radioactivity.
Ki values for ligands will be calculated using the equation Ki = Kd = IC50 – [radioligand]
(50).
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cAMP assay
Cellular cAMP generation was measured using a competitive binding assay kit (TRK 432,
Amersham, Arlington Heights, IL). Briefly, cell culture media was removed, and cells were
incubated with 0.5 ml Earle’s Balanced Salt Solution (EBSS), containing the melanocortin
agonist THIQ (10−10–10−6 M), for one hour at 37°C in the presence of 10−3 M
isobutylmethylxanthine. The reaction was stopped by adding ice-cold 100% ethanol (500μl/
well). The cells in each well were scraped, transferred to a 1.5 ml tube, and centrifuged for
10 min at 1900 × g, and the supernatant was evaporated in a 55°C water bath with pre-
purified nitrogen gas. cAMP content was measured as previously described, according to
instructions accompanying the assay kit (51).

Receptor expression by using FACs (52)
hMC4R transfected cells were harvested using 0.2% EDTA and washed twice with
phosphate buffer saline (PBS). Aliquots of 3X106 cells were centrifuged and fixed with 3%
paraformaldehyde in PBS (pH 7.4). The cells were incubated with 50 μl of 10 μg/ml murine
anti-FLAG M1 monoclonal antibody(Sigma, catalog No. 316) in incubation buffer for 45
minutes. Under this condition the primary antibody binds only to receptors located at the cell
surface. The cells were collected by centrifugation and washed three times with incubation
buffer. The cell pellets were suspended in 100 μl of incubation buffer containing CY™3-
conjugated Affinity Pure Donkey Anti-Mouse Ig G (ImmunoResearch Lab, Inc., West
Grove, PA) and incubated at room temperature for 30 minutes. Flow cytometry was
performed on a fluorescence-activated cell sorter (Becton Dickinson FACStar plus six
parameter cytometer/sorter with a dual Argon ion laser, San Jose, California). The results
were analyzed using the software CellQuest (Beckton-Dickinson Immunocytometry
Systems, San Jose, California).

Statistical analysis
Each experiment was performed in duplicate wells with three separate times. The mean
value of the dose-response data of binding and cAMP production was fit to a sigmoid curve
with a variable slope factor using non-linear squares regression analysis (Graphpad Prism,
Graphpad Software, San Diego, CA). Data are expressed as mean ± SEM. Significant
difference was assessed by one-way ANOVA with P < 0.05 considered to be statistically
significant.

Results
Substitutions of the TMs of the hMC4R with the corresponding regions of the hMC2R on
THIQ binding

The melanocortin-2 receptor (MC2R) shares a nearly 50% homology with other
melanocortin receptor subtypes but it is unique among MCRs because of its ligand
selectivity. ACTH is the only known endogenous agonist at MC2R, whereas ACTH as well
as α–, β–, and γ–MSH bind to other MCRs (53, 54). The binding affinity and potency of
THIQ at wild type hMC4R and hMC2R were first examined. As shown in Figure 4A, THIQ
dose-dependently displaced 125I NDP-MSH binding and possesses high binding affinity at
wild type hMC4R but not at hMC2R. Consistent with the binding results, THIQ dose-
dependently increased cAMP generation at hMC4R but not at hMC2R as expected (Figure
4B).

To determine whether chimeric receptor proteins are expressed at the cell surface and to
quantify receptor expression level we have utilized the antigenic epitope FLAG to examine
the receptor expression. Our results indicate that FLAG signal fluorescence emitted by cells
expressing the hMC4R WT and chimeric receptors can be detected by FACs. The protein
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expression levels of the chimeric receptors showed no significant variation compared with
that of wild-type receptor (Table 1).

To evaluate THIQ binding affinity at these chimeric receptors, experiment of unlabelled
THIQ to displace labeled 125I NDP-MSH was performed (Figure 5A). Our results indicate
that replacement of a hMC4R transmembrane domain with that of hMC2R did not
significantly alter THIQ binding affinity except the chimeric receptor, hMC4R/
TM3hMC2R, and their Ki values are summarized in Table 1. To examine the ability of
THIQ to activate hMC4/hMC2 chimeric receptors, cAMP production was determined. Our
results indicate that THIQ increased cAMP generation in a dose-dependent manner at these
chimeric receptors except the chimeric receptor hMC4R/TM3hMC2R. Substitution of the
hMC4R TM3 with the corresponding region of the hMC2R (hMC4R/TM3hMC2R)
significantly decreased THIQ binding affinity and potency (Figure 5B). Their EC50 are
shown in Table 1.

Mutations of the conserved amino acid residues in TM2, TM3, TM4, TM5 and TM6 of the
hMC4R for THIQ binding and signaling

Our chimeric receptor study suggests that conserved amino acid residue in TMs of the
MC4R may be crucial for THIQ specific binding and activity. Thirteen amino acid residues
in TM2, TM3, TM4, TM5 and TM6 are conserved between hMC4R and hMC2R in the
upper regions of the transmembrane regions of hMC4R (Figure 6). To determine whether
these amino acid residues are involved in THIQ binding and signaling, these residues were
individually mutated with alanine and the THIQ binding affinity and potency were
evaluated. Our results indicate that all of the mutant receptors were expressed at cell surface
and their expressions are shown in Table 2. The protein expression levels of mutation S94A
(TM2), S127A (TM3), S132A (TM3), T178A (TM4), F201A (TM5), M204A (TM5),
F254A (TM6) and W258A (TM6) are not significantly different from that of the hMC4R-
WT. However, the expression levels of mutation E100A, D122A, D126A, F261A and
H264A are lower than that of the hMC4R-WT. Our results indicate that THIQ dose
dependently displaced 125I NDP-MSH binding at the mutations of the amino acid residues,
E100A, D122A, D126A, F254A, W258A, F261A and H264A but their binding affinities for
THIQ were significantly reduced compared to that of the hMC4R WT (Figure 7A and 8A).
Mutation D126A significantly reduced THIQ binding and signaling. However, mutations of
S94A, S127A, S132A, T178A, F201A and M204A remain similar binding affinity
compared to that of the hMC4R-WT. Consistent with the binding results, the mutations of
the amino acid residues, E100A, D122A, D126A, F254A, W258A, F261A and H264A
significantly reduced THIQ mediated cAMP production but S94A, S127A, S132A, T178A,
F201A and M204A maintain high THIQ stimulated cAMP production (Figure 7B and 8B).
Their Ki and EC50 are shown in Table 2.

Mutations of non conserved amino acid residues in TM3 of the hMC4R for THIQ binding
and signaling

Because substitution of TM3 of the hMC4R with the corresponding TM3 region of the
hMC2R significantly alters THIQ binding affinity and potency, we speculate that non
conserved amino acid residues of the TM3 of the hMC4R may also be involved in THIQ
specific binding. The sequence of amino acids in TM3 between hMC4R and hMC2R was
compared, and depicted in Figure 9A. A sequence alignment of the hMC2R and the hMC4R
revealed that six amino acid residues are non-conserved in upper region of the TM3. To
determine whether these amino acid residues are also involved in THIQ specific binding and
activity, these residues were individually mutated with alanine and their functions were
evaluated. Our results indicate that these non-conserved mutant receptors were expressed at
cell surface and the expression levels were not significantly different from that of wild type
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receptor (Table 3). THIQ dose dependently displaced 125I NDP-MSH binding at V124A,
V128A, C130A, and their binding affinities for THIQ were not significantly different from
that of hMC4R-WT. However, THIQ binding affinity at N123D, I129A and S131A was
significantly decreased (Figure 9B). Their IC50 are shown in Table 3. Consistent with
binding results, the ability of THIQ to stimulate cAMP production at N123D, I129A and
S131A was significantly decreased (figure 9C). Their EC50 are shown in Table 3.

Discussion
In the present study, we examined MC4R residues conferring nonpeptide THIQ binding and
signaling by utilizing both chimeric receptors and site-directed mutagenesis studies. Our
results demonstrate that both the conserved residues and non-conserved residue in TMs of
hMC4R are crucial for nonpeptide agonist THIQ specific binding and signaling.

In the last decade, great effort has been made in the design and development of selective
nonpeptide agonists for MC4R with properties not present in the endogenous peptides.
Towards this end, substantial progress has been obtained in the development of nonpeptide
molecules for the MC4R and many nonpeptide MC4R selective agonists have been
developed (35–43). THIQ is a nonpeptide ligand of the MC4R which inhibits food intake in
rodent models and THIQ has a completely different structure from MSH (44, 55, 56).
Endogenous agonist α-MSH is a 13 amino acid peptide but THIQ has a tripeptide scaffold,
with 4-CI derivative of D-Phe in the central position, an N-terminal part with charged amino
group, and a C-terminal portion formed by 4, 4-disubstituted piperidine (44). The amino
acid residues in transmembrane (TM) domains 2, 3, 4, 5 and 6 of the hMC4R are reported in
α-MSH binding and signaling (30, 45, 46, 57). Previously, Pogozheva et al reported that
THIQ shares some binding sites with NDP-MSH at hMC4R using hypothesis-driven
selection of receptor amino acid residue for site-directed mutagenesis study (32). They
identified that D122, D126, F261 and H264 of the hMC4R are involved in THIQ binding
and signaling. Furthermore, Hogan et al also reported that Y268, Y287 I125, I129, and I291
are likely to have direct contacts with THIQ using same method (58). However, whether
these residues are solely residues for THIQ binding are unclear. In this study, we utilized
two different approaches to narrow down the key amino acid residues of MC4R for THIQ
binding and signaling. We utilize the different pharmacological characteristics between
MC4R and MC2R to distinguish which residue in MC4R is crucial for THIQ binding. THIQ
is a potent agonist for MC4R but not for MC2R. The hMC4R and hMC2R share a number
of structural, functional and pharmacologic similarities. In the putative TM regions, the
hMC4R and hMC2R show overall identities of 67% identity and conserved amino acid
residues in TM3 and TM6 of the hMC2R and hMC4R are identified to be involved in
ACTH binding. The utilization of MC4R/MC2R chimeric receptor approach can first
determine whether or not conserved amino acid residues between MC4R and MC2R are
involved in THIQ binding and signaling. Further site-directed mutagenesis studies will
further identify which amino acid residues are crucial for THIQ binding (48, 59, 60). We
anticipate that if substitution of TM of the hMC4R with the corresponding region of the
hMC2R results in the decrease THIQ binding affinity and potency, it will imply that non-
conserved residues are involved in THIQ binding and potency. In contrary, if substitution
does not significantly alter THIQ binding affinity and potency, it will imply that conserved
residues are involved in THIQ binding. Our chimeric receptor results suggest that conserved
amino acid residues between the hMC4R and hMC2R are crucial for THIQ specific binding
and activity. We then performed site-directed mutagenesis study to examine which
conserved residues of MC4R are responsible for THIQ binding and signaling. Our previous
results indicate that most ionic residues and aromatic residues in upper regions of the TMs
of the hMC4R are involved in ligand binding and signaling (30, 49, 60). We therefore
mainly focused on the residues in the upper regions of the hMC4R. We have identified that
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seven conserved amino acid residues, E100 in TM2, D122, and D126 in TM3, F254, W258,
F261 and H264 in TM6 of the hMC4R, are crucial for THIQ binding and signaling. Our
chimeric study also indicated that the non-conserved amino acid residues of MC4R TM3
may participate THIQ binding. Site-directed mutagenesis study of TM3 of the hMC4R
indicates that non conserved amino acid residues N123, I129 and S131 of hMC4R are
involved in THIQ specific binding. Through both chimeric receptor and site-directed
mutagenesis studies, we have limited seven conserved amino acid residues and three non-
conserved amino acid residues of hMC4R responsible for THIQ specific binding and
activity. Hogan et al reported that Y268 (TM6) is important for THIQ binding (58).
However, our chimeric receptor study indicates that substitution of TM6 of the MC4R with
the corresponding region of hMC2R did not alter THIQ binding and activity, suggesting that
this non conserved residue is not involved in THIQ binding. In addition to the role of the
TM region of MC4R for THIQ binding and signaling, our previous results indicate that the
extracellular loops of the MC4R are not crucial for NDP-MSH binding and signaling (48,
60). Our studies also show that the extracellular loops of hMC4R are not important for
THIQ binding and signaling (data not shown).

MCR family is a member of G-protein-coupled receptor families that share an endogenous
ligand. While ligand selectivity for melanocortin receptor family is usually achievable, it is
often difficult to obtain selectivity among members of a family. Theoretically, the
orthosteric site is under selective pressure and it would be evolutionarily unfavorable for a
broad divergence to develop in the amino acid sequence that composes the binding domain.
Thus selective orthosteric ligands, which presumably interact with the same amino acid
sequences, would tend to be non-selective within a family. Assuming that the allosteric sites
on MCRs are not bound by an endogenous ligand the amino acid sequence composing these
sites would be less restricted by selective pressure and therefore, free to vary. Selectivity at
the allosteric site allowed for the pharmacological separation of receptors that previously
could not be distinguished using orthosteric ligands. Peptides as endogenous orthosteric
ligands may be more amenable to small molecule discovery efforts directed at producing
allosteric ligands. This is based on the concept that any compound acting at the orthosteric
site would likely need to bridge distant binding partners engaged by the larger peptide.
Therefore, an allosteric interaction with the receptor may be able to produce a significant
conformational change while acting in a more spatially restricted fashion. THIQ is a
selective MC4R agonist and it may have specific binding sites at MC4R. The crystal
structure of the THIQ shows that THIQ has an extended polypeptide backbone, piperidine
and cyclohexane group which forms the biologically active conformation (44, 61). In the
conformations of THIQ, the 4-chlorophenyl group and piperidine ring are close while the
aromatic ring of D-Tic is oriented in the opposite direction and the 1, 2, 4-triazol ring is
exposed to the environment. Although the structure of THIQ is totally different from that of
MSH, NMR study indicates that three dimensional structure of the THIQ was similar to
DPhe-Arg-Trp of MSH (32). If THIQ was docked into the binding pocket of the hMC4R, it
may have a similar spatial arrangement of common pharmacophore group with that of NDP-
MSH. Based on the THIQ structure and our current results, the possible ligand receptor
interactions occurred between THIQ and hMC4R may be as following: The side chain of the
central D-Phe (4-Cl) residue of the THIQ interacts with I129 and N123 which may be
important for binding and activation of THIQ. The charged amino acidic group may form
ionic interactions with several acidic residues from TM2 and TM3, including the most
functionally important E100, D122 and D126, which forms an H-bond with the backbone
amid group of D-Phe, which restrains the position of the ligand inside the binding pocket
which is similar to that of NDP-MSH in which Arg8 interacts with these residues (30, 31).
The triazole part of THIQ may interact with F261 and H264 (TM6). Figure 10 was
generated by pyMol system via Pogozheva’s earlier work (32). In the picture, the binding
site on receptor is showing orange color.
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Interestingly, our results also indicate that activation of the hMC4R by nonpeptide is very
sensitive to minor receptor alterations (i.e., mutations). Single amino acid substitutions
within the putative ligand pocket of hMC4R markedly decrease potency of THIQ compared
to that of peptide NDP-MSH. THIQ becomes partial agonist at D122A, D126A and I129A.
THIQ can not tolerate single receptor residue mutation which is consistent with other G-
protein coupled receptor angiotensin AT1 receptor in which single amino acid substitutions
within the putative ligand pocket markedly decrease efficacy of nonpeptide molecules
without significantly altering the function of the peptide, angiotensin II (62). This may be
due to more extensive and redundant interactions between the receptor and peptide or due to
peptide flexibility, which allows adjustment inside the modified receptor. It may be
reasonable that under evolutionary pressure, both the endogenous ligands and the receptor
may have adapted structures, which ensure optimal receptor activation, independent of
single amino acid differences. This would also explain why different species homologous of
the hMC4R, which share 90% amino acid identity (mouse, dog, human), show an equal
response to MSH but demonstrate marked differences in the response to synthetic drugs.

In summary, THIQ specific binding at MC4R is different from that of NDP-MSH. THIQ
utilizes both conserved residues (E100, D122, D126, F254, W258, F261, and H264) and
unique residues (N123, I129 and S131) for specific binding and signaling at hMC4R.
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Figure 1.
Sequence comparison between nonpeptide THIQ and peptide NDP-MSH.
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Figure 2.
The procedure of the triazole-based non peptide THIQ synthesis
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Figure 3.
Schematic representation of the chimeric human melanocortin receptors utilized in these
studies. Panel A schematically depicts the seven transmembrane structures of the “wild-
type” (WT) MC4R (drawn with heavy lines) and MC2R (drawn with thin lines). Panel B
depicts the structure of the chimeric MC4R with the substituted TMs of the MC2R.
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Figure 4.
Binding affinity and potency of THIQ at the wild-type hMC4R and hMC2R. Panel A depicts
the binding affinity of THIQ as determined by inhibition of 125I NDP-MSH binding. Panel
B demonstrates the ability of THIQ to stimulate the production of intracellular cAMP. Data
points represent the mean ± SEM of at least 3 independent experiments.
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Figure 5.
Binding affinity and potency of THIQ at the chimeric receptors. Panel A depicts the binding
affinity of THIQ as determined by inhibition of 125I NDP-MSH binding. Nonspecific
binding was determined by measuring the amount of 125I-label bound on the cells in the
presence of excess 10−6 M unlabeled ligand. Specific binding was calculated by subtracting
nonspecifically bound radioactivity from total bound radioactivity. Panel B demonstrates the
ability of THIQ to stimulate the production of intracellular cAMP. Data points represent the
mean ±SEM of at least three independent experiments.
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Figure 6.
Receptor sequence comparison between MC4R and MC2R. The mutated conserved TM
residues in these experiments are denoted by bold. The mutations of the residues affected
THIQ binding were highlighted by bold italic.
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Figure 7.
Binding affinity and potency of THIQ at the mutations of the conserved amino acid residues
of the hMC4Rs. Panel A shows the binding affinity of unlabeled THIQ to displace 125I
NDP-MSH. Nonspecific binding was determined by measuring the amount of 125I-label
bound on the cells in the presence of excess 10−6 M unlabeled ligand. Specific binding was
calculated by subtracting nonspecifically bound radioactivity from total bound radioactivity.
Panel B shows that THIQ to stimulate cAMP production. Data points represent the mean
±SEM of at least three independent experiments with duplicated wells.
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Figure 8.
Binding affinity and potency of THIQ at the mutations of the conserved amino acid residues
of the hMC4Rs. Panel A shows the binding affinity of unlabeled THIQ to displace 125I
NDP-MSH. Nonspecific binding was determined by measuring the amount of 125I-label
bound on the cells in the presence of excess 10−6 M unlabeled ligand. Specific binding was
calculated by subtracting nonspecifically bound radioactivity from total bound radioactivity.
Panel B shows that THIQ to stimulate cAMP production. Data points represent the mean
±SEM of at least three independent experiments with duplicated wells.
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Figure 9.
Binding affinity and potency of THIQ at the mutations of non-conserved amino acid
residues of the hMC4Rs. Panel A shows the amino acid residue differences between hMC4R
and hMC2R. Panel B shows the binding affinity of unlabeled THIQ to displace 125I NDP-
MSH. Nonspecific binding was determined by measuring the amount of 125I-label bound on
the cells in the presence of excess 10−6 M unlabeled ligand. Specific binding was calculated
by subtracting nonspecifically bound radioactivity from total bound radioactivity. Panel C
shows that THIQ to stimulate cAMP production. Data points represent the mean ±SEM of at
least three independent experiments with duplicated wells.
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Figure 10.
Two-dimensional representation of a proposed three dimensional model illustrating the
synthetic melanocortin THIQ docked inside the hMC4R. Three receptor binding pockets are
hypothesized. The first is a predominantly ionic pocket formed by Asp122 and Asp 126. The
second a hydrophobic pocket formed by aromatic residues in TM6., F261 and H264 are
included. The third one is THIQ specific, including N123 and I129.
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Table 1
Receptor domain exchanges of hMC4R on THIQ binding and siganaling

All determinations were on cells transfected with wild-type or chimeric receptors. Ki values for THIQ were
determined from displacement of 125I-NDP-MSH binding, as described under “Experimental Procedures”.
The data shown are mean ± SE of at least three independent experiments.

Receptor expression (% WT) THIQ Ki (nM) THIQ (EC50 (nM))

hMC4RWT 100 5.9 ± 1.1 3.3 ± 0.7

hMC4R/TM2 hMC2R 97 ± 10.5 6.2 ± 0.2 3.1 ± 0.3

hMC4R/TM3 hMC2R 95 ± 5.4 76.2 ± 17.3* 91 ± 6.2*

hMC4R/TM4 hMC2R 93 ± 4.7 7.2 ± 2.3 3.5 ± 0.3

hMC4R/TM5 hMC2R 92 ± 6.5 6.7 ± 3.4 3.9 ± 0.4

hMC4R/TM6 hMC2R 96 ± 5.5 5.3 ± 0.2 2.8 ± 0.6

hMC2RWT 100 No NR

NO: no binding; NR: no response.
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Table 2
Effect of the substitutions of the conserved amino acid residues of hMC4R on THIQ
binding and cAMP production

All determinations were on cells transfected with wild-type or mutant receptors. The receptor concentration
was determined by FLAG-tagged receptor expression and expressed as % of Wild type receptor protein. Ki
values for THIQ were determined from displacement of 125I-NDP-MSH binding, as described under
“Experimental Procedures”.

Receptor expression (% WT) THIQ Ki (nM) THIQ (EC50 (nM)) Max (100% WT)

hMC4R 100 5.6 ± 1.0 0.8 ± 0.2 100

S94A 93 ±5.8 4.3 ± 0.9 1.2 ± 0.2 82 ± 9.2

E100A 65 ± 7.5 19 ± 5.9* 5.7 ± 0.5* 96 ± 4.5

D122A 78 ±11 38 ± 3.6* 16 ± 3.2* 52 ± 8.3

D126A 35 ± 10 ND 453 ± 43* 26 ± 8.2

S127A 97 ± 5.8 5.7 ± 0.6 1.4 ± 0.5 94 ±4.5

S132A 96 ± 3.8 5.9 ± 0.7 1.3 ± 0.4 95 ± 6.1

T178A 94 ± 2.7 6.4 ± 0.4 1.7 ± 0.9 91 ± 9.9

F201A 95 ± 6.8 5.3 ± 0.3 1.0 ± 0.2 95 ± 3.9

M204A 98 ± 5.5 6.0 ± 0.9 1.1 ± 0.3 93 ± 8.8

F254A 91 ± 6.3 16 ±2.9* 4.9 ± 0.9* 85 ± 11.2

W258A 89 ± 3.9 21 ± 3.9* 11 ± 1.3* 90 ± 12

F261A 81 ± 8.3 98 ±6.9* 216 ± 18* 93 ± 3.2

H264A 78 ±4.5 >103* >103* 3 ± 0.5

*
P<0.05 compared with WT receptor.
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