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1 Melanocortin (MC) receptors are widely distributed throughout the body of chicken, like in
mammals, and participate in a wide range of physiological functions.

2 To clarify the pharmacological impact of ligands acting in the MC system, we expressed the
chicken MC1, MC2, MC3, MC4 and MC5 (cMC1–5) receptors in eukaryotic cells and performed
comprehensive pharmacological characterization of the potency of endogenous and synthetic
melanocortin peptides.

3 Remarkably, the cMC receptors displayed high affinity for ACTH-derived peptides and in general
low affinity for a-MSH. It is evident that not only the cMC2 receptor but also the other cMC receptors
interact with ACTH-derived peptide through an epitope beyond the sequence of a-MSH.

4 The synthetic ligand MTII was found to be a potent agonist whereas HS024 was a potent
antagonist at the cMC4 receptor, indicating that these ligands are suitable for physiological studies in
chicken.

5 We also show the presence of prohormone convertase 1 (PC1) and PC2 genes in chicken, and that
these peptides are coexpressed with proopiomelanocortin (POMC) in various tissues.
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Introduction

The domestic chicken (Gallus gallus) is among the most

investigated non-mammalian vertebrate species (Cheng, 1997).

It is likely that the use of chicken as an experimental model will

increase, as its genome today is completely sequenced (Burt &

Pourquie, 2003). Today, the human, mouse and rat genomes as

well as the genomes from the teleost fishes fugu and zebrafish

have been sequenced. The chicken genome will bridge the large

evolutionary gap between mammals and fish. Moreover, there

is a great interest in using chicken as a model for tracking

quantitative trait locus (QTLs). For example, there are large

programmes in place to track genes involved in regulation of

body weight homeostasis using anorectic chickens (Carlborg

et al., 2003).

G-protein-coupled receptors (GPCRs) are probably the

most pursued group of target proteins for drug development.

The melanocortin (MC) receptors are GPCRs that are

involved in a wide range of physiological functions, including

skin pigmentation, stress and immune response, sexual

behaviour, cardiovascular regulation and energy homeostasis.

The melanocortin peptides, including a-, b-, g-melanocyte-
stimulating hormone (MSH) and adrenocorticotropic hor-

mone (ACTH), are generated in mammals through a series of

ordered proteolytic cleavages of the precursor glycoprotein

proopiomelanocortin (POMC). Two kinds of endoproteases

are involved in this process, the prohormone convertase 1

(PC1; also called PC3) that generates ACTH from POMC and

the prohormone convertase 2 (PC2) that cleaves ACTH and

other parts of POMC to produce a-, b- and g-MSHs. The main

source of circulating melanocortins is the pituitary. POMC is

primarily processed into ACTH in the anterior lobe, while the

intermediate lobe is the major source of a-MSH (Adan &

Gispen, 1997). The intermediate lobe is well developed in lower

vertebrates, but in human adults and chicken it is difficult

to detect a-MSH and the quantities of circulating MSH is, in

general, low in these species. Tetrapods, including chicken,

have five MC receptor subtypes (Takeuchi et al., 1996; 1998;

Takeuchi & Takahashi, 1998a, b). The MC1 receptor is

expressed in mammalian melanocytes where it regulates

pigmentation. Mutations of the MC1 receptor in chicken,
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which renders the receptor constitutively active, result in

darker feather coloration (Ling et al., 2003). The MC1

receptor also plays a role for the anti-inflammatory actions

of MSH-peptides in mammals (Schiöth, 2001). The MC2

receptor, which only binds ACTH, is expressed in the cortex of

the adrenal gland and at low levels in adipocytes (Mountjoy

et al., 1992; Cammas et al., 1995; Boston & Cone, 1996). The

receptor has an endocrine function, and regulates the

biosynthesis of corticosteroids in the mammalian adrenal

gland. The MC3 receptor is found in the central nervous

system in mammals and MC3 receptor knockout mice exhibit

a metabolic dysfunction with increased fat stores and

decreased energy expenditure, indicating an important role in

energy homeostasis (Chen et al., 2000). The MC4 receptor in

mammals is exclusively expressed in the brain (Mountjoy et al.,

1994) and the knockout of this receptor induces overeating and

obesity in mice (Huszar et al., 1997). Agonists at the MC4

receptor are highly anorexic and antagonists generate orexi-

genic effects (Kask et al., 1998; Skuladottir et al., 1999). The

MC5 receptor is expressed in the brain but is also widely

distributed in the periphery (Labbe et al., 1994). Apart from

involvement in exocrine gland secretion in mice, the physio-

logical functions of this receptor remain obscure (Chen et al.,

1997). The chicken MC receptors are found in a wider range

of tissues. The chicken MC3 receptor seems to be expressed

exclusively in the adrenal gland (Takeuchi & Takahashi,

1998b), while the chicken MC4 receptor is found in a variety

of peripheral tissues as well as in the brain. Since the MC4

receptor appears to be the only MC receptor subtype present

in the chick brain, it has been suggested that this receptor

mediates feeding behaviour or body weight regulation in

chicken. However, the pharmacological profile of the avian

MC receptors has not been reported and the previous

assumptions about the chicken MC receptors have been based

on results from the mammalian orthologues.

In this paper, we report a comprehensive pharmacological

characterization of the MC receptors in chicken. Moreover, we

show the presence of convertase 1 (PC1) and PC2 genes in

chicken and determine their tissue distribution.

Methods

Receptor clones and peptides

The receptor clones were received by polymerase chain

reaction (PCR) using specific primers, containing HindIII

and XhoI sites, and genomic phage clones as template (cMC1

from Gallus gallus Rock Cornish and cMC2, cMC3, cMC4

and cMC5 from Gallus gallusWhite Leghorn) (Takeuchi et al.,

1996; 1998; 1999; Takeuchi & Takahashi, 1998a, b). The PCR

was performed, starting with 1min 951C denaturation,

followed by 40 cycles of 50 s at 951C, 50 s at 501C and 65 s at

721C. The reaction ended by 5min final extension at 721C. The

DNA fragments were purified using QIAquick Gel extraction

Kit (Qiagen, Sweden), digested with HindIII and XhoI and

ligated into pCEP4 Turbo expression vector (Marklund et al.,

2002). Finally, the constructs were confirmed by sequencing

using ABI PRISM Dye Terminator cycle sequencing kit v2.0

(Applied Biosystems, U.S.A.). For characterization of the

chicken receptors, we consistently used human melanocortin

peptides. a-MSH is conserved in all positions between the two

species, and also ACTH(1–24) has a high degree of conserva-

tion except that chicken has Arg15 and Ile20 that correspond to

Lys15 and Val20 in the human peptide. Three positions in

chicken g-MSH, Ser4, Asn9 and Lys10 differ from the human

peptide that contains the following amino acids: Gly4, Asp9 and

Arg10. The b-MSH sequence differs more and is DEGPYR-

MEHFRWGSPPKD in the human POMC as compared with

DGGSYRMRHFRWHAPLKD in the POMC sequence in

chicken. The common amino-acid sequence HFRW is entirely

conserved in all the human and chicken peptides.

Expression of cMC receptors

DNA for transfection was prepared using Qiagens Plasmid

Maxi Kit (Qiagen, Sweden). HEK 293 EBNA cells, 50–70%

confluent on 100mm plates, were transfected with 15 mg of the
construct using FuGENEt Transfection Reagent (Boehringer

Mannheim, Biberach an der Riss, Germany), diluted in

Optimem medium (Gibco BRL, Stockholm, Sweden). After

transfection, cells were grown in DMEM/Nut Mix F-12 with

glutamax-1 (Gibco BRL), containing 10% foetal bovine

serum (Gibco BRL/Life Tech), 0.25mgml�1 G418, 2.5mgml�1

amphotericin, penicillin–streptomycin (100U penicillin, 100mg
streptomycin ml�1) (all from Gibco BRL). Cells with

semistable expression were selected for growth in the presence

of 100 mgml�1 Hygromycin B (Invitrogen), starting 48 h after

transfection. Cells were harvested and frozen in �801C in

aliquots until binding assay. The MC2 receptor is known to be

difficult to express, probably due to failed transport of the

receptor to the membrane (Noon et al., 2002). Various types of

cell lines have been evaluated and functional expression has

been obtained in some melanoma and adrenocortical cell lines

(Schimmer et al., 1995; Penhoat et al., 2000). The cMC2R was

expressed in M3 cells that were purchased by ATCC and

cultured in Kaighn’s Modification of Ham’s F-12 Medium

(F-12K) supplemented with 15% horse serum (ATCC), 2.5%

foetal bovine serum and 1% GlutaMAX (Invitrogen). The cells

were kept in humidified atmosphere of 95% air and 5% CO2 at

371C. One day before transfection, about 200,000 cells were

plated in 35-mm culture dishes. Transfections were carried out

with 1.5mg DNA using Lipofectamine Reagent PLUS (Invi-

trogen) according to the manufacturer’s instructions. Transi-

ently transfected cells were used 72 h after transfection.

Receptor binding assays

Intact transfected cells were re-suspended in 25mM HEPES-

buffer (pH 7.4) containing 2.5mM CaCl2, 1mM MgCl2 and

2 g l�1 bacitracin. Saturation experiments were carried out in

96-well plates and in a final volume of 100ml. The labelled

ligand 125I-(Nle4, D-Phe7) a-MSH (NDP-MSH) was diluted

in series starting with 6 nM added to the first well. The

nonspecific binding was determined in the presence of 2mM
unlabelled NDP-MSH. Finally, cell suspension was added and

the plates were incubated for 3 h at room temperature. In

competition experiments, the cells were incubated for 3 h at

room temperature with 125I-labelled NDP-MSH at a constant

concentration of 0.2 nM and appropriate concentrations

(starting at 1–10 mM and diluted 1 : 3) of competing unlabelled

ligands. The incubations were terminated by filtration through

Glass Fibre Filters, Filtermat A (Wallac Oy, Turku, Finland),
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which had been presoaked in 0.3% polyethylenimine, using a

TOMTEC Mach III cell harvester (Orange, CT, U.S.A.). The

filters were washed with 5.0ml of 50mM Tris (pH 7.4) at 41C,

dried at 601C and then treated with MeltiLex A (Perkin Elmer)

melt-on scintillator sheets and counted in a Wallac 1450

(Wizard automatic Microbeta counter). The results were

analysed with a software package suitable for radioligand

binding data analysis (Prism 3.0 – Graphpad, San Diego, CA,

U.S.A.). The binding assays were performed in duplicates and

repeated three times. Nontransfected HEK293-EBNA cells did

not show any specific binding for (125I)NDP-MSH. NDP-

MSH was radio-iodinated by the chloramine T method and

purified by high-performance liquid chromatography (HPLC).

NDP-MSH and a-MSH were purchased from Neosystem,

France.

cAMP assay in HEK-293 EBNA cells

The transfected cells were incubated for 2 h with 2.5 mCiml�1

(8-3H)adenine (Amersham pharmacia biotech, Uppsala, Swe-

den), then washed and harvested in a medium composed of

137mM NaCl, 5mM KCl, 0.44mM KH2PO4, 4.2mM NaH-

CO3, 1.2mM MgCl2, 20mM HEPES, 1mM CaCl and 10mM

glucose, pH adjusted to 7.4. The pelleted cells were re-

suspended in the medium as above containing 0.5mM

3-isobuthyl-1-methylxantine (Sigma). The ligands to be investi-

gated were diluted in appropriate concentrations starting at

0.1 mM in a 96-well plate. The reactions were started by adding

the cell suspension to the dilutions and after 10min at 371C

stopped by centrifugation at 1300� g for 1min. The super-

natants were decanted and 200 ml 0.33M perchloric acid was

added to each well. The cells were frozen down to �201C,
thawed and spun. The extent of conversion of [3H]ATP to

[3H]cAMP was then determined by Dowex/Alumina sequential

chromatography (Salomon et al., 1974). [14C]cAMP (Amer-

sham Bioscience, Uppsala, Sweden) tracer in 0.75ml 0.33M

perchloric acid was added to each column together with the

samples. The ATP/ADP and the cAMP fractions were

dissolved in scintillation cocktail (optiphase HiSafe3, Wallac,

Turku, Finland) and analysed in a b-counter. The conversion
to [3H]cAMP was calculated as the percentage of the total

eluted [3H]ATP and was normalized to the recovery of

[14C]cAMP. The cAMP assay was performed in duplicates

with approximately the same amount of cells and repeated

three times for each receptor.

cAMP assay in M3 cells

Intracellular cAMP production induced by MC2R expressed

in M3 cells was measured by sequential chromatography on

Dowex and alumina columns as described for HEK 293

EBNA cells with the following modifications (Gallo-Payet &

Payet, 1989). At 72 h after transfection, MC2R transiently

transfected M3 cells plated on 35mm culture dishes were

incubated for 1 h at 371C with the complete culture medium

containing 2mCiml�1 (3H)-adenine (NEN). The cells were then
washed twice with Hank’s buffer saline and equilibrated in the

same buffer containing 1mM isobutyl methylxanthine (IBMX)

for 15min at 371C. ACTH or a-MSH (start concentration 1 or

0.1 mM, respectively) was added to the incubation medium for a

further 15min at 371C. The reaction was ended by aspiration

and addition of 1ml ice-cold 5% (w v�1) trichloroacetic acid.

Cells were harvested and 100 mM ice-cold 5mM ATP plus 5mM

cAMP solution was added to the mixture. Cellular membranes

were pelleted at 5000� g for 15min at 41C and the super-

natants sequentially chromatographed on Dowex and alumina

columns according to the method of Salomon et al. (1974),

allowing the elution of (3H)-ATP and (3H)-cAMP respectively.

cAMP formation was calculated as follows: percent con-

version¼ ((3H)-cAMP/((3H)-cAMPþ (3H)-ATP))� 100 and

expressed as percentage of maximum stimulation.

RT–PCR

Total RNA was prepared from various tissues of 3-day-old

Rock Cornish chicks using the method of Chomczynski &

Sacchi (1987). In total, 1 mg of total RNA prepared from each

tissue was reverse transcribed using a SuperScript II reverse

transcriptase (Gibco BRL) according to the manufacturer’s

directions. A one-tenth aliquot of the reactions was used in

each PCR using specific primers for POMC, PC1, PC2 or

GAPDH. Since both of the chicken PC1 and PC2 sequences

were not available from DNA databases, we performed

homology search on an EMBL DNA database with human

PC1 (accession number 1813186A) and PC2 (accession

number BT007928) and found chicken ESTs, BU118934 and

BU119126, showing high levels of identity to the human PC1

and PC2, respectively. The primers for the chicken PC1 and

PC2 designed based on the EST sequences were CTGACCA

AAGAATAACAAGTGCTGA and AGACAAAAGCTTGA

ACCAAGG, and AGAGGCTAACTTGGATCTAACCTG

and GGAACCTGAAAAGATACCACCACCAAG, respec-

tively. The primers for the chicken POMC designed based on

our reported chicken POMC gene (Takeuchi et al., 1999) were

AGGCTGGTGTTTTGGCGTGT and AGTCGGCTGAGA

GTTACCCCATG. The sequence of primers specific for the

chicken GAPDH was described previously (Takeuchi &

Takahashi, 1998a). The PCRs were carried out using Takara

Taq DNA polymerase (TAKARA, Otsu, Japan) and a thermal

cycler (Gene Amp PCR System 9600, Applied Biosystems).

The conditions for the PCRs were as follows: 35 (for POMC),

30 (for PC1), 27 (for PC2) and 25 (for GAPDH) cycles of serial

incubations including 30 s at 951C, 30 s at 551C (for PC1 and

PC2) and 1min at 601C (for POMC and GAPDH) or 721C

(for PC1 and PC2) were performed, followed by additional

incubation for 10min at 601C (for POMC and GAPDH)

or 721C (for PC1 and PC2). A one-tenth aliquot of each reac-

tion was electrophoresed on 2.0% agarose gels, stained with

ethidium bromide, and photographed under ultraviolet

illumination. The gels were subsequently transferred onto

Hybond-Nþ (Amersham Pharmacia Biotech, Uppsala,

Sweden) and subjected to Southern blot analysis using corres-

ponding cDNA probes radio labelled using a-[32P]dCTP
(3000Cimmol�1, Amersham Pharmacia Biotech) and a Ran-

dom Primer DNA Labelling Kit Ver. 2 (Takara, Shiga, Japan).

The PCR-amplified cDNA fragments were also subcloned into

pGEM3Zf(þ ) plasmids and subjected to sequencing. Dideoxy-

nucleotide sequencing was performed using a Big-Dye termi-

nator cycle sequencing kit (PE Applied Biosystems, Foster

City, CA, U.S.A.) and an automated DNA sequencer (PE

Applied Biosystems 373A). Sequence analyses were carried

out using GENETYX software. The chicken PC1 and PC2

cDNA sequences obtained in the present study are available
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from DDBJ, EMBL and GenBank data libraries under

accession numbers AB121969 and AB121970, respectively.

Phylogenic analyses

Three different methods, Neighbour-Joining, Maximum

Parsimony and Maximum likelihood, were used to gain

three phylogenetic trees. The new sequences for PC1 chicken,

PC2 chicken, hPC1/PC3 (1813186A), hPC2 (BT007928),

hPC4 (HSU49114), hPACE4 (D87995), hPC7/hPC8/LPC

(BT007578) and hFurin (1211240A) were all aligned using

the UNIX version of ClustalW 1.82 (Thompson et al., 1994).

The default alignment parameters were applied. The align-

ments were bootstrapped 1000 times using SEQBOOT from

the Win32 version of the Phylip 3.6 a2.1 package (Felsenstein,

1993) to obtain a total of 1000 different alignments. Protein

distances were calculated using Protdist from the Win32

version of the Phylip 3.6 a2.1 package. The Jones–Taylor–

Thornton matrix was used for the calculation. The trees

were calculated from the 1000 different distance matrixes,

previously generated with Protdist, using NEIGHBOR from

the Win32 version of the Phylip 3.6 a2.1 package, resulting

in a file with 1000 trees that was analysed using Consense

from the Win32 version of the Phylip 3.6a2.1 package to

get a bootstrapped consensus tree. The trees were plotted using

Treeview (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

Maximum parsimony trees were calculated from the same

input files that were used for Protdist using Protpars from

the Win32 version of the Phylip 3.6 a2.1 package. The trees

were unrooted and calculated using ordinary parsimony and

the topologies were obtained using the built-in tree search

procedure. Consensus trees were calculated and plotted as

described above. Maximum likelihood trees were calculated

from the same input files as were used for PROTDIST and

PROPARS. The analysis was performed using PROTML from

Phylip 3.6a2.1 with 1000 bootstrap replicas and tree randomi-

zations per alignment. The built-in tree-search algorithm was

used to estimate the topology. g-Distributed rates were used to

control for rate variation among sites, with nine rate categories

and a coefficient of variation of substitution of 1.24 as

calculated from an a value of 0.65. The a parameter was

calculated using Treepuzzle (Schmidt et al., 2002) on the same

data set using the same substitution matrix.

Results

The wild-type chicken (c) MC1, cMC2, cMC3, cMC4 and

cMC5 receptors were cloned into expression vectors and

expressed in mammalian HEK-293 or M3 cells. Their

pharmacological profiles were determined on intact cells. The

natural MSH-ligands and different ACTH-fragments as well

as several synthetic ligands were tested in radioligand binding

for the cMC1, cMC3, cMC4 and cMC5 receptors. The Kd and

Ki values obtained from saturation and competition experi-

ments are listed in Table 1 together with previously published

results for the human MC receptors for comparison, tested

with the same methodological approach. It should be

mentioned that these human MC receptor-binding values have

been tested repeatedly for over a decade with very consistent

results. Figure 1 shows the saturation curves for these four
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receptors. The competition curves for some of the compounds

can be seen in Figure 2.

The results show that NDP-MSH binds to a single saturable

site at all chicken receptors except for the cMC2 receptor that

was tested separately in M3 cells (see below). The results from

the saturation assay suggest that binding to the 125I-labelled

NDP-MSH differs considerably from that for the human MC

receptors (Figure 1). Among the chicken MC receptor

subtypes, the labelled NDP-MSH binds with highest affinity

to the cMC3 receptor, which is in contrast to the human

receptor profile, where the MC1 receptor has clearly the

highest affinity for NDP-MSH. The affinities for the cMC3

and cMC4 receptors to the labelled NDP-MSH are similar, in

absolute numbers, to the affinities for the corresponding

human receptors, whereas the Kd value for the cMC1 receptor

is about 25-fold lower and about 11-fold higher for the cMC5

receptor as compared to the human counterparts (see Table 1).

The nonlabelled NDP-MSH binds to the chicken receptors

with similar affinities as the labelled, which is in agreement

with previous assumptions that the iodine on Tyr2 does not

affect the binding to MC receptors. The endogenous peptide

a-MSH, which has very high affinity for the human MC1

Figure 1 Saturation curves with Scatchard plots of 125I-labelled (Nle4, D-Phe7)a-MSH obtained with transfected HEK-293 (EBNA)
cells using a fixed concentration of (Nle4, D-Phe7)a-MSH at the chicken MC1, MC3, MC4 and MC5 receptors. The figure shows
total binding and binding in the presence of 2 mM NDP-MSH. Data points represent means of duplicates and error bars indicate
standard error of the mean (s.e.m.).

Figure 2 Competition curves of six different ligands at the chicken MC1, MC3, MC4 and MC5 receptors. The curves were
obtained using intact HEK-293 cells with semistable expression of the receptors and fixed concentration of 0.2 nM 125I-labelled
NDP-MSH. Data points represent means of duplicates and error bars indicate standard error of the mean (s.e.m.).
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receptor, showed generally lower affinities for all the chicken

receptor subtypes. This is most pronounced for the cMC1

receptor as a-MSH shows 1800-fold lower affinity for this

receptor in comparison to the hMC1 receptor. Moreover, the

desacetylated a-MSH binds the cMC3 receptor with about

15-fold higher affinity than a-MSH. This difference in binding

of a-MSH and its desacetylated counterpart is smaller for

the cMC1 and cMC5 receptors, while for the cMC4 receptor

no difference was found. The endogenous ligand b-MSH

shows, similar to a-MSH, in general lower affinities to the

chicken receptors than the human ones. b-MSH has the

highest affinity for the cMC4 receptor among the chicken

receptors. g-MSH binds clearly with the highest affinity to the

cMC3 receptor. g-MSH had previously been shown to have

preference for the MC3 receptor in mammals but is not

selective for the MC3 subtype as the hMC1 receptor binds

g-MSH with a higher affinity than the hMC3 receptor. The

selectivity of g-MSH for the cMC3 receptor is displayed in

Figure 3.

Our competition experiments revealed that chicken recep-

tors bind ACTH with a higher affinity than a-MSH. When

we detected the relative high affinity of ACTH(1-24), we

subsequently evaluated other ACTH fragments. While

ACTH(1–24) bound with equal affinity to the MC3, MC4

and MC5 receptor subtypes, it bound to the cMC1 receptor

with somewhat lower affinity. This is in contrast to how

a-MSH binds to the mammalian receptors, where a-MSH

has the highest affinity for the MC1 receptor. In order to

determine whether the positively charged amino acids beyond

the a-MSH sequence in ACTH could be important to the

binding, ACTH(1–16) and ACTH(1–17) were tested. Interest-

ingly, cMC3 receptor bound the two shorter fragments with

about 16- to 17-fold higher affinity on comparison to

ACTH(1–24). The affinity for cMC3 to ACTH(1–17) is

0.2 nM, which is among the highest that any peptide, without

artificial residues or nonendogenous sequence, has to any MC

receptor. The affinities of ACTH(1–16) and ACTH(1–17) were

also slightly higher to the cMC1 and cMC4 receptors, whereas

they were slightly lower for the cMC5 receptor as compared

with the ACTH(1–24). It is notable that the cMC4 receptor

binds the ACTH-fragment with about 100-fold higher affinity

and the cMC5 receptor with approximately 300- to 600-fold

higher affinity in contrast to the human counterpart. Previous

studies have shown that that there are no differences in the

potency of ACTH(1–24) and the full-length ACTH(1–39) at

the human MC receptors (Schiöth et al., 1995; 1997a).

ACTH(1–39) is also suspected to be much more unstable in

in vitro assays as compared with ACTH(1–24) (Schiöth et al.,

1995). For the chicken MC receptors, ACTH (1–39) displays

about four- to 20-fold lower affinity in comparison with

ACTH (1–24).

We also tested three synthetic ligands that are widely used to

delineate the role of specific MC receptors in physiological

studies. The cyclic lactam MSH analogue MTII binds with

high affinity to the cMC4 receptor and with about six-fold

lower affinity to the cMC3 receptor. HS014, which is selective

for the mammalian MC4 receptors (Schiöth et al., 1998),

displays clear selectivity also for the cMC4 receptors with

about 90-fold higher affinity as compared with the cMC3

receptors. HS024, which bound the human MC4 receptor with

10-fold higher affinity than HS014, shows higher affinities also

for the chicken subtypes as compared with HS014. HS024 has

about 10-fold higher affinity for the cMC4 receptor as for the

cMC3 receptor.

In order to investigate the ability of the chicken MC

receptors to couple to intracellular messengers, we performed

measurement of cAMP in the cells upon stimulation in HEK-

293 cells. The results for the cMC1, cMC3, cMC4 and cMC5

receptors are shown in Figure 4. The cMC2 receptor was

expressed in M3 cells and stimulated with ACTH in the same

way as the receptor subtypes above. This curve can be viewed

in Figure 5. Since each of the chicken receptor subtypes

revealed an increase in level of cAMP after agonist stimula-

tion, it was concluded that they were all coupled in a similar

manner as the human counterparts. The EC50 values from the

cAMP assay are presented in Table 2.

a-MSH, ACTH(1–24), and MTII functioned as full agonist

at the cMC1, cMC3, cMC4 and cMC5 receptors. The EC50

values were fairly similar for the different receptors and the

ligands. We also tested ACTH(1–16) at the cMC3 receptor and

the results showed the similar potency as for the longer

fragment (4.38 nM). It should be mentioned that the cAMP

assay is by far less sensitive to detect differences between

Figure 3 Competition curve of g-MSH at the chicken MC1, MC3,
MC4 and MC5 receptors. The curves were obtained using intact
HEK-293 cells with semistable expression of the receptors and fixed
concentration of 0.2 nM 125I-labelled NDP-MSH. Data points
represent means of duplicates and error bars indicate standard error
of the mean (s.e.m.).

Table 2 Intracellular response in the form of EC50 values (means7s.e.m.) obtained for the chicken MC receptors on
exposure to endogenous agonists; a-MSH and ACTH(1–24) as well as a synthetic agonist (MTII) and antagonist (HS024)

Ligand cMC1 (nM) cMC2 (nM) cMC3 (nM) cMC4 (nM) cMC5 (nM)

a-MSH 3.8070.64 NS 2.2270.45 3.1370.59 2.6370.23
ACTH(1–24) 9.2972.90 16.772.03 4.9071.11 2.8470.32 4.5672.16
MTII 2.9071.33 ND 2.7270.59 1.4170.49 11.972.81
HS024 9.5872.01 ND NS NS 68.070.86

NS: no stimulation; ND: not determined.
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ligands or receptors as the binding assay. Upon addition of

HS024, an antagonist for the mammalian MC4 and MC3

receptors, we observed increased levels of second messenger

for the cMC1 and cMC5 receptor, while cMC3 and cMC4

receptor signalling were inhibited. For both the cMC1 and

cMC5 receptors, HS024 appeared to function as a full agonist.

When the cMC3 and cMC4 receptors were incubated with

increasing concentrations of a-MSH and a fixed concentration

of HS024, the a-MSH curves were shifted to a lower EC50. This

indicates that HS024 is a functional antagonist for these

receptors.

We expressed the cMC2 receptor in M3 cells and the

intracellular response was measured after adding ACTH and

a-MSH. The M3 cells possess basal activity in response to

ACTH due to the presence of endogenous MC1 receptors. The

cells transfected with the cMC2 receptor gave however a curve

with higher maximum response than the native M3 cells (see

Figure 5). The EC50 values obtained from cMC2 receptor

transfected cells (EC50¼ 15.7 nM) were about 10-fold lower on

comparison with the hMC2 receptor (EC50¼ 2.0 nM). The cells

transfected with the cMC2 receptor were also tested for

response to a-MSH. The intracellular cAMP level was not

deviating from that received on native M3 cells, that is, the

cMC2 receptor was not stimulated by a-MSH.

We also examined whether POMC and the processing

enzymes PC1 and PC2 are co-expressed in tissues of 3-day-old

chicks by RT–PCR. Except for the liver, all tissues examined

were found to co-express POMC, PC1 and PC2 although their

indicative expression levels vary with different tissues (see

Figure 6). PC1 and PC2 belong to a family of endoproteases

sharing structural characteristics, such as possessing a bacterial

subtilisin-like catalytic domain and a P domain. Since the

chicken PC1 and PC2 sequences were not available from DNA

databases and the corresponding regions of cDNAs amplified

by RT–PCR in this study were significantly conserved among

the family, it might be possible that the RT–PCR amplified

other members of the family, although the deduced amino-acid

sequence of our PC1 and PC2 cDNAs shared 86.8 and

94.0% identities with human PC1 and PC2, respectively. The

phylogenetic analyse show the chicken PC1 and PC2 group

with high bootstrap values to the human orthologues. The

Neighbor-Joining, Maximum Parsimony and Maximum like-

lihood methods resulted in trees with similar topology for PC1

and PC2. The analysis thus confirmed that our cDNAs encode

chicken orthologues of the mammalian PC1 and PC2. The tree

calculated using the Maximum likelihood method is displayed

in Figure 7.

Discussion

It is remarkable that ACTH-derived peptides seem to be the

preferred ligands above a-MSH for all the MC receptors

subtypes in chicken. The ACTH-derived peptides have

Figure 4 Generation of cAMP in response to stimulation with a-MSH, ACTH(1–24), MTII and HS024 at the chicken MC1, MC3,
MC4 and MC5 receptors. The figure also show curves obtained after stimulation with a-MSH in the presence of a fixed
concentration of 0.1mM HS024 at the cMC3 and cMC4 receptors. Each point represents the normalized mean7s.e.m. as a
percentage of ATP conversion. The assay was performed in triplicates and repeated at minimum twice for each receptor and ligand.

Figure 5 Generation of cAMP in response to ACTH and a-MSH
at the cMC2 receptor expressed in M3 cells. The background
response caused by the presence of endogenous MC1 receptors in
the M3 cell line is also showed for ACTH and a-MSH, respectively.
The values are normalized according to the maximum stimulation of
the cMC2 receptor and each point represents the average7s.e.m. of
values in duplicate.
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previously not been considered to have a specific role for the

MSH binding MC receptors. Earlier studies on the mamma-

lian receptors show that MSH peptides have the highest

potency at the MC1, MC3, MC4 and MC5 receptors, while

ACTH-derived peptides display similar or slightly lower

affinities at these receptors. Moreover, ACTH is the only

peptide that is known to bind the mammalian MC2 receptors.

The mammalian MC2 receptor is not only known to have very

different pharmacology but also different physiology as

compared with the other MC receptors.

The preference to ACTH-derived peptides is also interesting

considering that the MC2 receptor in chicken seems to have a

similar basic pharmacological profile (see Figure 5) as the

mammalian orthologues, being specifically activated by

ACTH but not responding to a-MSH. The data suggest thus

that these specific characteristics of the MC2 receptors are

likely to have been conserved through vertebrate evolution,

while the ligand specificity of the other MC receptor subtypes

may have evolved differently. This consequent conservation

suggests that MC2 receptor-associated functions, such as stress

response, may be of prominent importance throughout the

evolution.

a-MSH has identical amino-acid sequence as the first 13

amino acids in ACTH and the peptides share a common core

of four amino acids, His6-Phe7-Arg8-Trp9 (HFRW), which is

believed to be crucial for activation at the MC1, MC3 MC4

and MC5 receptors. The amino acids Lys15-Lys16-Arg17-Arg18

play an important role for binding of ACTH to the MC2

receptor (Hofmann et al., 1970; Schwyzer, 1977; Buckley &

Ramachandran, 1981). The core sequences, HFRW may

potentiate and/or increase the effect of ACTH at the MC2

receptor as deletion of these residues from the peptide renders

it inactive (Eberle, 1988). Problems related to expression,

membrane insertion and radioligand binding of the MC2

receptors have however hampered detailed pharmacological

characterization of this receptor. Kapas et al. (1996) analysed

the mouse MC2 receptor expressed in HeLa cells for binding to

ACTH fragments (ACTH1–17, 1–24, 1–39). High affinity was

received for ACTH(1–17), emphasizing the importance of the

four positively charged amino acids beyond the a-MSH

sequence for binding to the MC2 receptor. Moreover, in a

study of the pharmacological properties of ACTH-derived

peptides at the other MC receptor subtypes, it was suggested

that these receptors do not have a binding epitope for ACTH

beyond the sequence of a-MSH (Schiöth et al., 1997a). Our

new data for the chicken MC receptors suggest that the four

positively charged amino acids beyond the a-MSH sequence

Figure 6 RT–PCR analysis of the expression of POMC, PC1 and
PC2 mRNAs in 3-day-old Rock Cornish chicks. (a) Assessment of
the ability of each primer set to amplify its corresponding cDNA.
Single band was observed in the PCR with each primer set when
pituitary total cDNA was used as a template. No band was
amplified in the PCR with the same primer sets when the chicken
genomic DNA was used as a template. The genomic DNA used was
intact because PCRs with primer sets specific for intronless genes
including MC1–MC5 receptors successfully amplified DNA frag-
ments with the predicted length. (b) Tissue distribution of the
expression of POMC, PC1 and PC2 mRNAs. The upper panel
shows the electrophoretic pattern of PCR products while the lower
panel shows a Southern blot hybridization of the same gel to a
specific chicken cDNA probe. A 100 bp ladder used as a molecular
marker is indicated on the left. Negative controls in (a) and (b)
indicate the PCR without template and the PCR with non-RT RNA,
respectively.

Figure 7 Molecular phylogenetic tree showing the relationship
between chicken and human PC1 and PC2, together with other
human prohormone convertas. The tree was calculated using the
Maximum likelihood method on 1000 replicates. The numbers of the
branches are bootstrap replicas. The novel chicken PCs are marked
with circles.
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indeed contribute to increase the affinity at all of the cMC

receptor subtypes. ACTH(11–24) did not bind the chicken

receptors (data not shown), which indicates that these amino

acids alone cannot make strong enough interaction with the

receptor to enable binding. It can be speculated that the

ACTH peptide could have served as an important ligand, or

even as an ‘original’ ligand for the ancestral MC receptors.

Subsequently, during vertebrate evolution, the other subtypes

might have evolved specificity to the a-MSH (MC1), g-MSH

(MC3) and b-MSH (MC4), while the preference for ACTH

was retained in the chicken lineage.

Our characterization of the cMC3 receptor is unique as it is

the first non-mammalian MC3 receptor to be pharmacologi-

cally investigated. This is important as the role of the MC3

receptors is not well understood and the functional significance

of g-MSH is still unclear (Chen et al., 2000). g-MSH has

previously been suggested to play a specific role for the MC3

receptor where it acts as a relatively high-affinity ligand, while

it has very low affinity for the MC4 receptor. It is indeed

fascinating if a specific role of g-MSH at the MC3 receptor is

conserved through several vertebrate species. It is also

intriguing that the MC3 receptor is missing from Fugu (Logan

et al., 2003; Klovins et al., 2004), which together with several

teleosts interestingly also lacks the g-MSH part of the POMC

(Takahashi et al., 2001).

The domesticated chicken is a widely used research animal

both in physiological trials as a food intake model or to

identify major QTLs that affect feeding and body weight

(Cheng, 1997). Our data reveal that HS024 and MTII are

suitable ligands for physiological studies in chicken as both

these substances exhibit high potency at the cMC4 receptor.

We confirmed that HS024 acts as effective antagonist and

MTII as an agonist in the intracellular studies and it is likely

that these substances act likewise in other aves. According to

our data, both HS014 and HS024 show selectivity for the MC4

receptor (see Table 1 and Figure 4), indicating that these

substances can be used to discriminate between the MC3 and

MC4 receptors also in aves, as they have been used in rodents.

There exist three natural forms of a-MSH: desacetyl-,

monoacetyl- and diacetyl-a-MSH. N-terminal acetylation of

Figure 8 Overview of the tissue distribution and pharmacology of the MC receptors in fish (zebrafish, goldfish), chickens, rodents
(rat and mouse) and humans. The fishes (Carassius auratus, Danio rerio) diverged from the line leading to mammals about 450
million years ago (MYA). The lineage leading to chicken (Gallus gallus) bifurcated later about 300 MYA and the rodents (Rattus
rattus, Mus musculus) line diverged about 75 MYA (Waterston et al., 2002). The endogenous ligand preferences for the human and
chicken MC receptor subtypes are shown in the box to the right, and the relative binding affinities for a-MSH and ACTH(1–24) at
the human and chicken MC receptors are presented in the box to the left references for humans (Chhajlani & Wikberg, 1992;
Mountjoy et al., 1992; 1994; Boston & Cone 1996), chicken (Takeuchi et al., 1996; Takeuchi & Takahashi, 1998a, b), rodents (Gantz
et al., 1993; Labbe et al., 1994; Cammas et al., 1995) and fishes (Ringholm et al., 2002; Cerda-Reverter et al., 2003b; Logan et al.,
2003).
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desacetylated a-MSH, the POMC cleavage product, generates

a-MSH. The major fraction of desacetyl a-MSH produced by

the pituitary is acetylated to a-MSH while desacetyl- a-MSH is

more abundant in the brain, the foetus, human blood and

amniotic fluid. The functional significance of this acetylation is

unknown although it has been shown that the biological

activity of many peptide hormones and neuropeptides is

modified by N-terminal acetylation. In addition, it has been

demonstrated that the two peptides (a-MSH and desacetyl

a-MSH) give rise to different physiological effects in vivo

(reviewed by Mountjoy et al., 2003). Our study is the first to

address the pharmacological impact of acetylation of MSH

peptides in non-mammalian species. The results suggest that

there are slight differences in the binding affinities between the

acetylated and non-acetylated peptide in chicken. The cMC1,

cMC3 and cMC5 receptors display slightly higher preference

for the desacetylated peptide, which partly correlates with the

result from humans, where the MC3 receptor seemed to favour

the desacetylated form of ACTH (Schiöth et al., 1997a).

There are several other features of the cMC receptor

pharmacology that are worth mentioning. We found that the

cMC5 receptor in general display higher affinity for the

natural melanocortin peptides as compared with the human

orthologue. This is particularly evident for the ACTH-

fragments, which have about 200- to 500-fold higher affinities

for the chicken receptor, indicating that the mammalian MC5

receptors may have lost their affinity to melanocortin peptides.

Moreover, HS024, an antagonist at the mammalian MC1,

MC3, MC4 and MC5 receptors, operated as a full agonist at

both the cMC1 and cMC5 receptors. Interestingly, this

correlates well with results received from the goldfish MC5

receptor (Cerda-Reverter et al., 2003a) that show the same

agonistic profile for HS024 at the MC5 receptor. The ability of

this compound to act as both agonist and antagonist at similar

receptors may be useful to study the structural features that are

needed for the activation of the MC receptors.

The five MC receptor genes show considerable sequence

identity that seems to be highly conserved through the

vertebrate evolution (Ringholm et al., 2002; Cerda-Reverter

et al., 2003b, c). Despite this, it is evident that the different

subtypes diverged functionally early to take on their specific

roles. The tissue distributions pattern is an important indicator

of the functional roles, for key vertebrate species emerging, as

well as the pharmacological profiles of each subtype. In order

to provide an overview for how the anatomical and

pharmacological evolution coincide, we highlight what is

known about the tissue distribution and pharmacology of

the MC receptors in Figure 8, where the main evolutionary

points are represented by fish (zebrafish, goldfish), chickens,

rodents (rat and mouse) and humans.

In summary, we have performed a comprehensive study of

the pharmacological properties of the entire cMC receptor

repertoire. This is the first study that covers the pharmacology

of all five MC receptors in a single species. The results indicate

a more prominent role for the ACTH-fragments in chicken

compared to mammals and hypothesis about how the specific

characters of the different receptor subtypes may have

developed. The study also provides applicable information

setting guidelines for use of ligands in physiological trial when

studying the melanocortin system in aves.
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pet, Åke Wibergs Stiftelse, The Novo Nordisk Foundation and
Melacure Therapeutics AB, Uppsala, Sweden to H.S., and the
Japanese Society for Promotion of Science (Grant-in Aid for Scientific
Research) to S.T.

References

ADAN, R.A. & GISPEN, W.H. (1997). Brain melanocortin receptors:
from cloning to function. Peptides, 18, 1279–1287.

BOSTON, B.A. & CONE, R.D. (1996). Characterization of melanocortin
receptor subtype expression in murine adipose tissues and in the
3T3-L1 cell line. Endocrinology, 137, 2043–2050.

BUCKLEY, D.I. & RAMACHANDRAN, J. (1981). Characterization of
corticotropin receptors on adrenocortical cells. Proc. Natl. Acad.
Sci. U.S.A., 78, 7431–7435.

BURT, D. & POURQUIE, O. (2003). Genetics. Chicken genome –
science nuggets to come soon. Science, 5626, 1669.

CAMMAS, F.M., KAPAS, S., BARKER, S. & CLARK, A.J. (1995).
Cloning, characterization and expression of a functional mouse
ACTH receptor. Biochem. Biophys. Res. Commun., 212, 912–918.
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