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Abstract
Melanocortin hormones and neurotransmitters regulate a vast array of physiologic processes by
interacting with five G-protein-coupled melanocortin receptor types. In the present study, we have
systematically studied the regulation of individual human melanocortin receptor wild subtypes using
a synthetic rhodamine-labeled human melanotropin agonist and antagonist, arrestins fused to green
fluorescent protein in conjunction with two-photon fluorescence laser scanning microscopy and
confocal microscopy. Stimulation of the melanocortin receptors by its cognate agonist triggered rapid
arrestin recruitment and receptor internalization for all four human melanocortin receptors examined.
Antagonists-bound melanocortin receptors, on the other hand, did not recruit β-arrestins, and
remained in the cell membrane even after long-term (30 min) treatment. Agonist-mediated
internalization of all melanocortin receptor subtypes was sensitive to inhibitors of clathrin-dependent
endocytosis, but not to caveolae inhibitors. In summary, agonist-mediated internalization of all
subtypes of melanocortin receptors are dependent upon β-arrestin-mediated clathrin-coated pits,
whereas, β-arrestin-2 conjugated green fluorescence protein (β-arrestin-2-GFP) recruitment is not
dependent on protein kinase A activation. Real time two-photon fluorescence laser scanning
microscopy is a most powerful tool to study the dynamic processes in living cells and tissues, without
inflicting significant and often lethal damage to the specimen.
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Membrane proteins are highly interesting drug targets as many of them serve as receptors, and
are involved in intercellular communication and in control of intracellular functions critical
for many aspects of health and disease. The melanocortin system consists of melanotropin
peptides derived from the pro-opiomelanocortin (POMC) gene, five melanocortin receptors,
two endogenous antagonists and two ancillary proteins (1). Recent pharmacologic and genetic
studies have affirmed the role of melanocortins in pigmentation (1), inflammation (2), immune
response (3,4), blood pressure and heart rate (5), energy homeostasis (6–8), feeding behavior
and sexual dysfunction (7–11), and other bioactivities (1). Development of receptor selective
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agonists and antagonists will further facilitate the investigation of these complex physiologic
functions and provide an experimental basis for new pharmacotherapies (12).

The human melanocortin-1 (hMC1) receptor is mainly expressed in melanocytes and
leukocytes and has been implicated in the regulation of the immune system, inflammatory
responses, and skin pigmentation (13–15). The hMC2 receptor, on the other hand, is expressed
in the adrenal cortex and mediates glucocorticoneogenesis (16). The native hormone for this
receptor is ACTH and will not be further considered in this study. The hMC3 and hMC4
receptors are mainly present in the central nervous system (17), but their distribution patterns
are different (17). The hMC3 and hMC4 receptors are thought to play complementary roles in
weight control (18,19). Finally, the hMC5 receptor is found in a variety of peripheral tissues
and plays an important role in the regulation of exocrine gland function (20). These discoveries
have intensified the interest in melanocortin receptor pharmacology. For example, design of
highly selective and potent hMC4 receptor agonists is expected to provide efficient
pharmacotherapeutics for the treatment of obesity (7,21,22).

Much effort has been made both in industry and academia to develop melanocortin drugs,
especially for the treatment of obesity and erectile function, and for effects on pigmentation.
The use of melanocortin receptor agonists in clinical practice; however, may encounter
potential problems due to the rapid reduction of the pharmacologic effects upon longer-term
treatment by agonists for the hMCRs inducing desensitization, internalization, and
downregulation. Receptor desensitization, internalization, and downregulation are common
and predictable phenomena caused by most GPCR agonists (23). Presently, however, very little
is known about the molecular mechanisms of all subtypes melanocortin receptors regarding
internalization, desensitization, and downregulation which are of critical importance to
understand the potential drug response mediated by agonists that might lead to the rational
selective drug design.

In a recent communication (24), we reported on the use of two-photon fluorescence laser
scanning microscopy (TPFLSM) to observe internalization of hMCRs activated by
melanotropin agonists versus antagonists. In order to address the possibility that different
hMCR subtypes follow differential internalization and/or desensitization pathways which
might be able to shed useful information for selective drug design, we have performed further
detailed comparisons of the internalization mechanisms of the four human melanocortin
receptors (hMCR1, hMCR3, hMCR4, hMCR5) which use α-MSH as its ligand, by using
fluorescent-labeled (rhodamine, -Rho) derivatives of the non-selective melanocortin agonist
MTII (Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-NH2, Ac-Nle-c[Asp5, D-Phe7, Lys10] α-MSH
(4–10)-NH2) (25), (Rho-MTII), and of the hMC3 and hMC4 receptor antagonist SHU-9119
(Ac-Nle-c[Asp-His-D-Nal(2′)-Arg-Trp-Lys]-NH2, Ac-Nle-c[Asp5, D-Nal(2′)7, Lys10]α-MSH
(4–10)-NH2) (26), (Rho-SHU-9119; Figure 1). To visualize hMC receptors internalization, in
the present study, we have used state of art (27) TPFLSM and confocal microscopy techniques
on living HEK293 cells stably transfected with the individual hMC receptor subtypes.
TPFLSM is a powerful research tool that combines the advanced optical techniques of laser
scanning microscopy with long wavelength two photon fluorescence excitation to capture high-
resolution, three-dimensional images of specimens tagged with highly specific fluorophores.
The methodology is particularly useful to study dynamic processes in living cells and tissues,
without inflicting significant, and often lethal, damage to the specimen. TPFLSM has several
advantages over the traditional confocal scanning laser or conventional epifluorescence
microscopy. First, this technique obviates the need for a confocal aperture to enhance the signal
to noise ratio, as the probability of two-photon excitation falls off as the fourth power of distance
from the focal plane. In addition, as near infrared excitation wavelengths are used for excitation,
out-of-plane photobleaching of the fluorophore is highly reduced, and the exciting light can
penetrate deeper into the cell than visible or UV light (27).
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We also investigated the mechanism for internalization of the four hMCRs in HEK293 cells
transiently co-expressing the individual hMCR subtypes and green fluorescent protein-β-
arrestin fusion proteins (β-arrestin-GFP). In addition, internalization and signaling were also
examined by overexpression of dynamin and dominant negative K44A dynamin with a
chimeric protein composed of green fluorescent protein and β-arrestins (28–30) and hMCRs.
Finally, acid-resistant radioligand-binding assays were performed in the absence and presence
of internalization inhibitors in order to identify possible quantitative differences in the
internalization mechanisms (31) of the various melanocortin receptors.

Our present data demonstrate that agonist-mediated internalization in HEK293 cells stably
transfected with the four subtypes of melanocortin receptors (MC1R, MC3R, MC4R, and
MC5R) follow the pathway of agonist-mediated clathrin-coated pits (29). Furthermore,
imaging results show that there is no significant influence on the β-arrestin-GFP recruitment
by using the second messenger-dependent protein kinase A (PKA) activator (forskolin) and
the inhibitor H-89.

Experimental Section
Synthesis of labeled Rho-MTII, Rho-SHU-911

Peptides were synthesized by the solid-phase peptide synthesis (SPPS) method (25,26,32,33).
To obtain the fluorescent peptide conjugates, a rhodamine derivative [mixed
tetramethylrhodamine-5-(and-6)-isothiocyaate [5(6)-TRITC] isomers; Molecular Probes,
Eugene, OR, USA], was coupled to the N-terminus of the peptides through a 6-aminohexanoic
acid linker.

Nα-Fmoc-amino acids were obtained from Bachem (Torrance, CA, USA), NovaBiochem
(Switzerland), and Advanced ChemTech (Louisville, KY, USA). The side chain-protecting
groups were Boc, t-Bu Allyl and Alloc. Nα-Fmoc-Asp(β-Allyl)-OH, Nα-Fmoc-Lys(Nε-Alloc)-
OH, Nα-Fmoc-Trp(Boc)-OH, Nα -Fmoc-Arg(Boc)2-OH, Nα-Fmoc-His(Boc)-OH, and Nα-
Fmoc-6-aminohexanoic acid were used for the synthesis. Fmoc Rink amide resin was
purchased from Polymer Laboratories (Amherst, MA, USA). Organic solvents and reagents
were purchased from Aldrich (Milwaukee, WI, USA) and used without further purification.
All peptides were synthesized by Nα-Fmoc SPPS using 1,3-diisopropylcarbodiimide (DIC)
and 1-hydroxybenzotriazole (HOBt) as the coupling reagents.

Rink amide resin (100 mg, 0.065 mmol/g) was placed into a 5 mL polypropylene syringe with
the frit on the bottom and swollen in dichloromethane (DCM; 2 mL) for 30 min and in N, N-
dimethylformamide (DMF; 2 mL) for 30 min. The Fmoc-protecting group on the Rink linker
was removed by 50% piperidine in DMF. After 20 min the solution of piperidine was removed
and the resin was washed with DMF (2 mL, 10 times). Nα-Fmoc amino acid (3 eq., 0.195 mmol)
and HOBt (3 eq., 0.195 mmol) were dissolved in 700 μL of DMF and then DIC (3 eq., 0.195
mmol) was added. The coupling mixture was sucked into the syringe with the resin and shaken
for 1–3 h. Coupling completion was monitored with a ninhydrin test. The coupling mixture
was removed and the resin was washed with DMF (2 mL, five times). The Nα-Fmoc group was
removed with 50% piperidine in DMF over 20 min. Each coupling and deprotection step was
repeated until a linear peptide with N-terminal linker (6-aminohexanoic acid) was assembled.
Cyclizations through a lactam bridge were realized by using 3 eq. of 1-hydroxy-7-aza-1H-
benzotriazole (HOAT), DIC in the presence of tetrahydrofuran (THF) overnight, and changing
to fresh coupling reagents every second day, for up to a week until cyclization was complete.
The final wash of the resin was undergone with DMF (2 mL, five times) and DCM (2 mL, five
times). The product was cleaved from the resin and the side chain-protecting groups removed
with a mixture of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIPS), and 2.5%
water during 1.5 h. The cleaved mixture was evaporated on a rotary evaporator. The crude
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peptide was dissolved in acetic acid and purified by high-performance liquid chromatography
(HPLC). For the labeling, 1 mg of pure MTII (or SHU-9119) was dissolved in 100 μL of
dimethyl sulphoxide (DMSO) and added to 30 μL of 1 M NaHCO3 buffer to get the pH to 8.5–
9. Then 1.1 eq. of the dye rhodamine (T-490 from Molecular Probes) was dissolved in 100
μL and immediately added to the solution of the peptide, and the reaction mixture was stirred
at room temperature for 1 h. Then, HPLC was run when the reaction was completed, DMSO
was evaporated off and purified product by RP-HPLC (C18 bonded silica column, YMC-Pack
ODS-AM 150 × 4.6 mm, S-3 mm, 120A).

Cell culture and DNA transfection
The pEGFP-N1 plasmid was obtained from CLONTECH (Palo Alto, CA, USA), FuGene 6
was from Roche Diagnostics (Indianapolis, IN, USA), and HEK293 cells were from ATCC
(Manassas, VA, USA). 3-Isobutyl-1-methylxanthine (IBMX), Forskolin, Conacavalin A, and
Nystatin were from Sigma (St Louis, MO, USA). All restriction enzymes were from Invitrogen
(Carlsbad, CA, USA); Minimum Essential Medium (MEM), fetal bovine serum, Opti MEMI
medium, and Lipofectamine were from Invitrogen. H-89 and Filipin were from Calbiochem
(San Diego, CA, USA).

The cDNAs encoding the human MC1, MC3, MC4, MC5 receptors in the pcDNA3.1
mammalian expression vector were obtained from Dr I. Gantz (University of Michigan Medical
Center, Ann Arbor, MI). Site-directed mutagenesis was carried out to remove the stop codon
of bovine β-arrestin 1 and to introduce a unique restriction site into the cDNA. The cDNA has
been subcloned into the pGFP-C1 (CloneTech, Mountain View, CA, USA) expression vector
using XhoI and SalI restriction sites. The cDNA encoding the rat β-arrestin-2-GFP were kindly
provided by Dr R. J. Lefkowitz laboratory (Duke University Medical Center, Durham, NC).

For stable transfection, HEK293 cells (ATCC) were grown on a 10 cm plate in MEM with
Earle’s Salts (Invitrogen), supplemented with 10% (v/v) heat-inactivated fetal bovine serum,
penicillin G (100 μ/mL), and streptomycin (100 μg/mL), at 37 °C, in a humidified atmosphere
containing 95% air and 5% CO2 to 80–90% confluence. The cells were transfected with (0.2
μg cDNA) using the Lipofecta-mine 2000 reagent in Opti-MEM (Invitrogen), according to the
manufacturer’s instructions. Stably transfected cells were selected by the addition of antibiotic
(G418) 24 h after the transfection.

Transient transfections for imaging were performed in HEK293 cells which had stably
expressed melanocortin receptors. Cells were grown to 90–95% confluency in a 24-well plate,
and transfected with β-arrestin-1-GFP or β-arrestin-2-GFP (0.3μg each), as indicated. Six hours
later cells were washed with serum-free MEM and changed to the fresh MEM-growing
medium. Finally, agonist treatments were performed at 37 °C in serum-free media at a
concentration of 10 nM.

Confocal and two-photon fluorescence laser scanning microscopy
To directly visualize the internalization of hMCRs, recombinant HEK293 cells were grown on
35 mm Petri dishes to 50% confluency. After removal of growing medium, rhodamine-labeled
agonist Rho-MTII, or antagonist Rho-SHU-9119, was added to achieve a 10−8 M final
concentration in MEM without serum. Two-photon laser scanning microscopy was performed
using 830 nm excitation light, while for single photon imaging, 540 nm excitation light was
used. Fluorescent images (x–y scan) were collected at 1-min intervals (to 30 min) and after 30
min treatment of the drug, a Z-scan (x–z scan) is performed.

To visualize β-arrestins translocation to the cell membrane, HEK293 cells transiently co-
transfected with cDNAs encoding the hMCRs and β-arrestin-GFP fusion proteins were washed
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with MEM without serum, and Rho-MTII or Rho-SHU-9119 were added to a final
concentration of 10 nM. Confocal fluorescent microscopy was performed on a Zeiss
(Cincinnati, OH, USA) LSM 510 laser scanning microscope using a Zeiss 63 × 1.4 numerical
aperture water immersion lens with dual line-switching excitation (488 nm for GFP, and 544
nm for rhodamine) and emission (515–540 nm GFP, and 590–610 nm for rhodamine) filter
sets.

Receptor-binding assay
Competition binding experiments were performed on whole cells. hMCRs stably transfected
in HEK293 cells (34,35) were seeded on 96-well plates (50 000 cells/well), 48 h before the
assay. For the assay, the medium was removed and cells were washed twice with freshly
prepared MEM containing 25 mM HEPES (pH 7.4), 0.2% bovine serum albumin (BSA), 1
mM 1,10-phenanthroline, 0.5 mg/L leupeptin, 200 mg/L bacitracin. The cells were then
incubated with 0.14 nM [125I]-[Nle4, D-Phe7]-α-MSH (Perkin-Elmer Life Science, Wellesley,
MA, USA, 50 000 c.p.m./well) in the presence of increasing concentrations of the unlabeled
peptides for 40 min at 37 °C. The medium was subsequently removed and the cells were washed
twice with the assay buffer and lysed using 500 μL 0.1 M NaOH and 500 μL 1% Triton-X-100.
The radioactivity was measured in a Wallac 1470 WIZARD Gamma Counter (Perkin Elmer,
Boston, MA, USA). The data were analyzed using GRAPHPAD PRISM 3.1 software (San
Diego, CA, USA).

Adenylate cyclase assay
HEK293 cells transfected with hMCRs were grown to confluence in MEM (Gibco, Carlsbad,
CA, USA) containing 10% fetal bovine serum, 100 units/mL penicillin and streptomycin, and
1 mM sodium pyruvate (35). The cells were seeded on 96-well plates 48 h before assay (50
000 cells/well). For the assay, the medium was removed and the cells were rinsed with 1 mL
of MEM buffer, or with Earle’s balanced salt solution (EBSS; Gibco). An aliquot (0.4 mL) of
the EBSS was placed in each well along with IBMX (5 μL; 0.5 mM) for 1 min at 37 °C. Varying
concentrations of melanotropins (0.1 mL) were added and the cells incubated for 3 min at 37
°C, then cells will be treated with the trypsin for 30 seconds. The reaction was stopped by
aspirating the buffer by adding ice-cold Tris/EDTA buffer to each well (0.06 mL). The 96-well
plates were covered and placed on ice. After dislodging the cells, the suspension was transferred
to polypropylene microcentrifuge tubes, and placed in a boiling water bath for 15 min. The
cell lysates were centrifuged for 2 min (6500 rpm, 5000 g), and the cAMP content was measured
using the TRK 432 competitive-binding assay kit, according to the manufacturer’s (Amersham,
Piscataway, NJ, USA) instructions.

Acid-resistant binding assay
Stably transfected HEK293 cells were seeded into 24-well plates and grown to reach 90%
confluency. The cells were washed twice with MEM without serum, and 100 μL [125I]-NDP-
α-MSH (100 000 c.p.m.) was added in the presence of 0.1% BSA to reduce non-specific
binding. The cells were incubated at 37 °C for the indicated times, and washed with 2 × 1 mL
ice-cold phosphate-buffered saline (PBS; pH = 7). In order to remove the surface-bound
radioligand the cells were subsequently incubated with 500 μL acid wash solution (150 mM
NaCl and 50 mM acetic acid, pH = 3) at 37 °C in a water bath (36). The acid wash solution
was removed from the wells and was saved as the extracellular fraction. To obtain intracellular
fraction, containing the internalized radioligand, the cells were lysed with 500 μL 0.1 NaOH
and 500 μL 1% Triton-X-100 for 5 min, and the radioactivity was measured in a Wallac 1470
WIZARD Gamma Counter (Perkin Elmer).
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The internalization inhibitors were added to the incubation medium together with the
radioligand. The concentrations of the inhibitors were as follows: sucrose (0.45 M),
concanavalin A (25 μg/mL), nystatin (50 μg/mL), and filipin (Sigma; 5 μg/mL).

Data analysis
IC50 and EC50 values represent the mean of duplicate experiments performed in triplicate.
IC50 and EC50 estimates and their associated standard errors were determined by fitting the
data using a nonlinear least squares analysis, with the help of GRAPHPAD PRISM 4 (Graphpad
Software, San Diego, CA, USA).

Computational procedures
Molecular modeling experiments employed MACROMODEL 8.1 equipped with MAESTRO
5.0 graphical interface installed on a LINUX REDHAT 8.0 system. Peptide structures were
built with standard bond lengths and angles and they were minimized using OPLS-AA force
field and Polak-Ribier conjugate gradient (PRCG). Optimizations were converged to a gradient
RMSD <0.05 kJ/Å mol or continued until a limit of 50 000 iterations was reached. Aqueous
solution conditions were simulated using the continuum dielectric water solvent model (GB/
SA) as implemented in MACROMODEL. Extended cutoff distances were defined at 8 Å for
Van der Waals interactions, 20 Å for electrostatics, and 4 Å for H-bonds.

Conformational profiles of the cyclic peptides were investigated by MACROMODEL’s Large
Scale Low Mode (LLMOD) procedure of KolossvQry (37–40) using the energy minimization
parameters as described above. A total of 10 000 search steps were performed and the
conformations with energy difference of 50 kJ/mol from the global minimum were saved. The
structures illustrated in Figure 2 are the lowest energy conformations of superimposed of MTII/
Rho-MTII and SHU-9119/Rho-SHU-9119.

Results and Discussion
In earlier work from this laboratory (24), a two photon fluorescence laser microscopy technique
(TPFLSM) was used to investigate the internalization mechanism of the hMCR subtypes in
real time. With this technique, it is possible to obtain independent images of a cell at different
depths, and thus to array the images to produce a three-dimensional cell image. TPFLSM has
several advantages over confocal scanning laser microscopy or conventional epifluorescence
microscopy. As the rate of a molecule absorbing two-photons simultaneously is proportional
to the square of the incident intensity, the probability of two-photon excitation falls off as the
fourth power of distance from the focal plane. This property of the TPFLSM obviates the need
for a confocal aperture to enhance the signal to noise ratio. In addition, as TPFLSM uses longer
wavelength (near infrared) light to excite the chromophore, the exciting light can penetrate
deeper into cell, while out-of-focal-plane photobleaching is greatly reduced.

For these studies, a functionalized rhodamine dye [5(6)-TRITC mixed isomers] was introduced
at the N-terminal of the universal melanotropin agonist for melanocortin receptors MTII (25,
41) and at the N-terminal of SHU-9119 (26,42) an antagonist for the hMC3R and hMC4R, but
an agonist for the hMC1R and hMC5R. To reduce potential interactions between the dye and
the pharmacophore for the melanocortin 1, 3, 4, and 5 receptors, a 6-aminohexanoic acid linker
was used (Figure 1). Labeled drugs were synthesized using standard SPPS with a Nα-Fmoc
strategy (32,33). Conformational profiles of the peptides with the dye were investigated by
MACROMOD-EL’s (MACROMODEL 8.1) LLMOD procedure. It was evident that the
rhodamine dye was quite separated from the core pharmacophore sequence [His-D-Phe/D-Nal
(2′)-Arg-Trp] of Rho-MTII and Rho-SHU-9119 (Figure 2). In addition, pharmacologic radio-
ligand binding and functional assays (cAMP assays) were performed with the fluorescent dye-
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labeled peptides in HEK293 cells stably transfected with melanocortin receptors (34,35) The
IC50 and EC50 values of rhodamine-labeled MTII (Rho-MTII) and SHU-9119 (Rho-
SHU-9119) were very similar to those of the unlabeled MTII and SHU-9119 (labeled MTII
versus free MTII and labeled SHU-9119 versus free SHU-9119 with all subtypes of
melanocortin receptors stably transfected in HEK293 cells are illustrated in Figure 3). These
data indicate that the derivatization did not significantly modify the binding properties of the
ligands at the hMCRs.

Two-photon fluorescence laser scanning microscopy imaging was performed with the labeled
drugs Rho-MTII or Rho-SHU-9119 using stably transfected HEK293 cells expressing
individual melanocortin receptor subtypes. In control experiments we used untransfected
HEK293 cells that were not labeled with Rho-MTII, or Rho-SHU-9119 (data not shown). In
additional control experiments we also demonstrated that the free rhodamine dye in itself does
not interact with the melanocortin receptor expressing HEK293 cells. Conversely, in HEK293
cells stably transfected with hMC receptors, the rhodamine-labeled peptides produced a dose-
dependent increase in cellular fluorescence. Fluorescent images were obtained from the ligand-
treated cells at 1-min intervals for 30 min. The fluorescent-labeled agonist, Rho-MTII fully
translocated into intracellular compartments within 10 min in HEK293 cells expressing hMCRs
(Figure 4), whereas the fluorescent-labeled antagonist, Rho-SHU-9119, remained completely
on the cell surface of the HEK293 cells which were stably transfected with hMC3 and hMC4
receptors, even after 30 min treatment (Figure 4). As expected Rho-SHU-9119 internalization
was observed in HEK293 cells stably expressing the hMC1 and hMC5 receptors. These results
provide further evidence of earlier results from our laboratory that SHU-9119 (26) behaves as
an antagonist at the hMC3 and hMC4 receptors, but functions as an agonist at the hMC1 and
hMC5 receptors. Our recent finding confirms these data, and illustrates the usefulness of the
TPFLSM technique to determine the agonist/antagonist properties of novel ligands without
requiring a detailed knowledge about intracellular signal transduction pathways. This property
of the TPFLSM technique would be especially advantageous in screening putative lig-and
libraries for orphan G-protein-coupled receptors (GPCR).

In order to investigate and differentiate the molecular mechanism of agonist-mediated
internalization in all subtypes of hMCRs expressed in HEK293 cell lines (43–48) fluorescent
imaging experiments were also performed in HEK cells transiently co-transfected with all
subtypes of hMCRs and green fluorescence protein (GFP)-conjugated β-arrestins 1 and 2 (β-
arrestin-1-GFP and β-arrestin-2-GFP). The confocal fluorescence imaging show that prior to
agonist addition, both β-arrestin-1-GFP and β-arrestin-2-GFP, are evenly distributed
throughout the cells in the case of each hMCR subtype (Figure 5). A parallel experiment in
absence of receptors in HEK293 cells was underwent and no changes were observed (data not
shown). Conversely, after addition of MTII, β-arrestin-2-GFP quickly translocated to the cell
membrane for all four types of melanocortin receptors that respond to α-melanotropin (hMC1R,
hMC3R, hMC4R, and hMC5R) in the stably transfected cell line (Figure 5). Similar results
were obtained with a β-arrestin-1-GFP co-transfected with hMCR4 after treatment with agonist
(MTII; data not shown). These observations have revealed the involvement of an agonist-
mediated clathrin-dependent internalization pathway in HEK293 cells stably transfected with
hMCRs. It is important to mention here that in our studies, we have treated the drug directly
in the living cell system, instead of growing cells on dishes with coverslip inserts that may
cause lowering of image resolution, and thus attain the dynamic properties of the living cell
system in real time in response to the drugs.

The major mechanism of internalization of GPCRs in most mammalian cells is endocytosis
via clathrin-coated vesicles (49–51). This occurs when the receptor is in an agonist-bound state,
indicating that the receptor needs to be in an active conformation in order to stimulate
endocytosis. In the active conformation, the majority of GPCRs are phosphorylated by G-
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protein-coupled receptor kinases (GRKs; 52–54) which then leads to the binding of the
cytosolic protein, β-arrestin. Arrestin binding physically uncouples the receptor from G
proteins and recruits it into clathrin-coated microdomains in the cell membrane. The final step
that completes vesicle formation is the cleavage of the budding vesicle from the cell membrane
by dynamin, a 100 kDa GTPase protein. An alternative route for receptor internalization in
certain mammalian cells is via the caveolae-mediated pathway. Caveolae, vesicular
invaginations in the plasma membrane that contain the scaffolding protein caveolin, specific
lipids, and cholesterol are morphologically distinct from clathrin-coated vesicles, but their
budding and fission is also dynamin dependent (55–57). Thus, the caveolae internalization
pathway can be distinguished from clathrin-mediated internalization by measuring the
sensitivity of the internalization to sterol-binding agents, such as filipin and nystatin (58).

We also investigated the relative involvement of clathrin-coated pits, and caveolae-dependent
internalization pathways in hMCRs internalization. In order to get quantitative data in these
assays, acid-resistant radioligand binding was measured in the absence and presence of specific
inhibitors of the clathrin-mediated (hypertonic sucrose, concanavalin A) and the caveolae-
mediated (nystatin, filipin) pathways. Our results show that agonist-mediated internalization
was significantly inhibited by hypertonic sucrose and concanavalin A at all the four subtypes
of hMCRs (Figure 6). But that was not the case with nystatin and filipin (Figure 7). These data
further confirm that agonist-mediated internalization in HEK293 cells stably transfected with
hMCRs operate through clathrincoated vesicles, while the involvement of the caveolae
pathway is minimal in this particular receptor system.

Finally, to identify whether the second messenger-dependent PKA (56,58) is involved in the
agonist-mediated internalization, HEK293 cells expressing hMCRs and β-arrestin-2-GFP were
treated with forskolin (activator of adenylate cyclase) and H89 (a PKA inhibitor). It was
observed that there is no significant increase or decrease in the recruitment of β-arrestin-2-GFP
based on the time–course (Figure 8). This observation suggests that agonist-mediated β-arres-
tin-2-GFP recruitment is not dependent on PKA activation. Similar findings were reported
earlier for the adrenergic receptor (50) where it was shown that in the absence of agonist-
induced conformational change of the receptor, activation of PKA by forskolin has little
influence on the internalization of the receptor. The function and expression of the receptor is
likely to be a major determinant for its response to agonist MTII.

The major findings of the present study can be summarized as follows: TPFLSM technique
can serve as a rapid, real time screening method to differentiate between agonists and
antagonists irrespective of any knowledge of their intracellular functional properties (orphan
receptors). This can be achieved either through co-transfected β-arrestins-GFP or fluorescence-
labeled ligands. In the future, TPFLSM technology can also be developed with robots for high
throughput screening of combinatorial chemical libraries. This study also provides evidence
that all wild subtypes of melanocortin receptors which responds to α-MSH (hMCR1, hMCR3,
hMCR4, hMCR5) share the same mechanism of agonist-mediated internalization, i.e. all the
hMCRs are subject to agonist-dependent endocytosis via clathrin-coated pits. This is in parallel
with the observation of Gao et al. (43) and Shinyama et al. (58). who examined the MC4R by
using a chimeric protein, composed of the MC4R and GFP to study MC4R localization and
trafficking. Nevertheless, fusion of a large protein unit (GFP) with the receptor may
significantly affect the receptor trafficking (GFP may contribute additional phosphorylation
sites, trafficking motifs, etc. to the resulting chimera). Therefore, using wild type of hMCRs
in this study is a marked improvement over the previous investigations where MC4R chimera
was used. However, as discussed above, we went much further with our analysis/investigations
of various subtypes of melanocortin receptors.
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On the other hand, we have observed that β-arrestin-2-GFP recruitment is not dependent on
PKA activation. Agonist-activated receptor conformation change might be critical for the β-
arrestin recruitment. Furthermore, there are no significant differences between each subtype
of receptor based on the time–course of internalization of the fluorescent-labeled ligand and
agonist-activated β-arrestins-GFP recruitment. Further studies of desensitization and
resensitization of agonist-mediated internalization using these methods will provide new
additional insights into the selective mechanisms for regulation of hMCRs signaling. In
addition, such studies can be very useful for drug discovery studies for other GPCRs.
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Figure 1.
Structure of super-potent agonist Rho-MTII. Bold line is MTII, dash line is linker, and regular
line is rhodamine. In the case of the antagonist (SHU-9119), D-Nal (2′)7 is substituted for D-
Phe7 in MTII.
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Figure 2.
Three-dimensional structure of MTII, SHU-9119, and their rhodamine-labeled derivatives.
Upper: superimposed MTII (blue) and Rho-MTII (orange with yellow link and red dye) from
LLMOD-derived structure. Lower: superimposed SHU-9119 (blue) and Rho-SH-U-9119
(orange with yellow link and red dye) from LLMOD-derived structure.
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Figure 3.
Binding affinities (IC50) and cAMP activities (EC50) for MTII versus Rho-MTII at all subtypes
of melanocortin receptors stably transfected in HEK293. There is no significant change of
biologic function at each subtype of melanocortin receptors with or without the rhodamine dye.
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Figure 4.
Real time two-photon fluorescence laser scanning microscopy and confocal images of HEK293
cells which have of stably expressed human melanocortin receptors with its agonist (Rho-
MTII), within 10 min treatment with the agonist (10 nM; lower), the agonist–receptor complex
totally internalized at each subtypes of melanocortin receptors stably transfected cell lines;
however, antagonist (Rho-SHU-9119; upper) even after 30 min treatment with the drug (10
nM), antagonist–receptor complex still retain on the cell surface at hMC3R and hMC4R. Laser
excitation for TPFLSM was at 830 nm. The whole cell binding studies were performed at 37
°C in the presence of Minimum Essential Medium (MEM) without serum. Cells were washed
two times before adding drugs.
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Figure 5.
Fluorescence imaging of the agonist-mediated relocalization of β-arrestin-2-GFP at the cell
surface of HEK293 cells transiently co-transfected with hMCRs and β-arrestin-2-GFP. Upper:
β-arrestin-2-GFP transiently transfected into HEK293 with hMCRs, without any treatment of
the drug, β-arrestin-2-GFP are evenly distributed inside of the cytoplasm at each subtypes of
transfected cell line; Lower: β-arrestin-2-GFP transiently transfected into HEK293 with
hMCRs and treated with MTII (10 nM), after 10 min, β-arrestin-2-GFP relocalized to the cell
membrane at each subtypes of transfected melanocortin cell lines. The whole cell imaging
studies were performed at 37 °C in the presence of Minimum Essential Medium (MEM)
without serum. Cells were washed two times before adding drugs.
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Figure 6.
Internalization of the hMCRs in HEK293 cells. Cells were incubated with [125I]-NDP-α-MSH
without treatment of concanvalin (▼); with treatment of concanavalin A (|) or with treatment
of 0.4–5 M sucrose (•) at 37 °C for the indicated times. Acid-resistant and acid-sensitive binding
were determined. The internalization (acid-resistant binding) was measured as a function of
total binding at each time-point.
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Figure 7.
Internalization of the hMCRs in HEK293 cells. Cells were incubated with [125I]-NDP-α-MSH
and caveolae inhibitors, filipin (▼) and nystatin (▼) compared with control (|) at 37 °C for
the indicated times. Acid-resistant and acid-sensitive binding were determined. Percentage
internalization (acid-resistant binding) was expressed by measuring total binding at each time-
point.
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Figure 8.
Fluorescence imaging of HEK293 cells transiently co-transfected with β-arrestin-2-GFP and
hMCRs treated with forskolin and H89. Upper: β-arrestin-2-GFP transiently transfected into
HEK293 with hMCRs and treated with H-89 (100 nM), after 10 min. Lower: β-arrestin-2-GFP
transiently transfected into HEK293 with hMCRs and treated with forskolin (100 nM) after 10
min. There is no significant relocalization of β-arrestin-2-GFP at each subtypes of the
transfected cells. The whole cell imaging were performed at 37 °C. Cells were washed two
times with the binding buffer before adding drugs.
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