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Cloning, tissue distribution, pharmacology and three-dimensional
modelling of melanocortin receptors 4 and 5 in rainbow trout
suggest close evolutionary relationship of these subtypes
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The rainbow trout (Oncorhynchus mykiss) is one of the most
widely used fish species in aquaculture and physiological re-
search. In the present paper, we report the first cloning, 3D (three-
dimensional) modelling, pharmacological characterization and
tissue distribution of two melanocortin (MC) receptors in rainbow
trout. Phylogenetic analysis indicates that these receptors are
orthologues of the human MC4 and MCS5 receptors. We created
3D molecular models of these rainbow trout receptors and their
human counterparts. These models suggest greater divergence be-
tween the two human receptors than between their rainbow trout
counterparts. The pharmacological analyses demonstrated that
ACTH (adrenocorticotropic hormone) had surprisingly high affin-
ity for the rainbow trout MC4 and MCS5 receptors, whereas o-,
B- and y-MSH (melanocyte-stimulating hormone) had lower
affinity. In second-messenger studies, the cyclic MSH analogues
MTII and SHU9119 acted as potent agonist and antagonist
respectively at the rainbow trout MC4 receptor, indicating that

these ligands are suitable for physiological studies in rainbow
trout. Interestingly, we found that the rainbow trout MC4 receptor
has a natural high-affinity binding site for zinc ions (0.5 uM)
indicating that zinc may play an evolutionary conserved role at
this receptor. Reverse transcription PCR indicates that the rainbow
trout receptors are expressed both in peripheral tissues and in
the central nervous system, including the telencephalon, optic
tectum and hypothalamus. Overall, this analysis indicates that the
rainbow trout MC4 and MCS5 receptors have more in common than
their mammalian counterparts, which may suggest that these two
receptors have a closer evolutionary relationship than the other
MC receptor subtypes.

Key words: adrenocorticotropic hormone (ACTH), G-protein-
coupled receptor (GPCR), hormone receptor, melanocortin,
melanocyte-stimulating hormone (MSH), rainbow trout (Onco-
rhynchus mykiss).

INTRODUCTION

The teleost fishes appeared about 150 million years ago in the late
Jurassic period [1], long after the divergence of the gnathostome
vertebrates. Today, there are over 20 000 teleost species identified
[2]. Ray-finned teleost fishes have attracted increasing interest in
biological research, and different species serve as widely studied
model organisms for various reasons. Rainbow trout (Onco-
rhynchus mykiss) has proven to be very suitable for a variety of
physiological experiments. The main advantages of the rainbow
trout are that, due to the size of the animal, it is easy to isolate
different tissues and cell types (reviewed in [3]), and it is very
suitable for behavioural studies, including regulation of food
intake. Rainbow trout is thus one of the most widely used species
for studies on fish today. Rainbow trout is also important in aqua-
culture and popular in sport fishing.

The melanocortin (MC) peptides [4] mediate their effects
through five MC receptors that belong to the rhodopsin family
of GPCRs (G-protein-coupled receptors) [5], which represent the
single most important class of drug targets. Each of these five

MC receptors has a characteristic binding profile regarding the
different pro-opiomelanocortin products [4]. The MCS5 receptor
has also been found centrally, although it is mainly expressed in
a number of human peripheral tissues, including adrenal gland,
adipocytes and leucocytes [6]. The functional properties of the
MCS5 receptor are, however, still not well understood, with
the exception of its participation in exocrine function to regulate
sebaceous gland secretion in mice [7]. Central MC signalling
plays an important role in the regulation of energy homoeostasis in
mammals. The critical role for the MC4 receptor in energy balance
was demonstrated by target disruption of the MC4 receptor gene
that induces hyperphagia and obesity in mice [8], and this receptor
is now one of the best-characterized monogenic causes of obesity.
Stimulation of the MC4 receptor reduces food intake [9], whereas
blocking of the receptor causes very strong orexigenic effect [10].
The MC4 receptor is currently one of the most pursued targets for
the development of drugs to treat obesity and anorexia.

Recent evidence indicates that the MC system in fish, including
the MC4 receptors, is involved in the central regulation of energy
balance, as in mammals [11-14]. The MC system thus seems to

Abbreviations used: 3D, three-dimensional; ACTH, adrenocorticotropic hormone; CNS, central nervous system; Dre, Danio rerio (zebrafish); Gga, Gallus
gallus (domestic chicken); GPCR, G-protein-coupled receptor; Hsa, Homo sapiens (human); HS024, cyclic MSH analogue, c[acetyl-Cys® Nle* Arg®,D-
Nal’,Cys-NH, "' Ja-MSH-(3-11); MC, melanocortin; Mmu, Mus musculus (house mouse); MSH, melanocyte-stimulating hormone; MTII, cyclic MSH
analogue, acetyl-Nle*-c[Asp®,p-Phe’ Lys'?]a-MSH(4-10)-NH,; NDP-MSH, [Nle*,p-Phe’ Ja-MSH; Omy, Oncorhynchus mykiss (rainbow trout); PCA, principal
component analysis; Rno, Rattus norvegicus (Norway rat); RT-PCR, reverse transcription PCR; Sac, Squalus acanthias (spiny dogfish); SHU9119, cyclic
MSH analogue, acetyl-Nle*-c[Asp®,0-Nal(2)”,Lys'®]a-MSH (4-10)-NHy; TM, transmembrane; Tru, Takifugu rubripes (Japanese pufferfish).
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The nucleotide sequence data for rainbow trout MC4 and MC5 reported will appear in DDBJ, EMBL, GenBank® and GSDB Nucleotide Sequence
Databases under the accession numbers AY534915 and AY534916 respectively.
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serve as an important part of the central molecular regulation of
food intake and growth in most vertebrates. However, much more
information is needed to understand how this family of peptide-
binding receptors, like many other such systems, has gained and
possibly lost its functions during vertebrate evolution.

Fairly little is known about how 3D (three-dimensional) stru-
ctures of GPCRs may be conserved through evolution. We have
recently published a 3D model of the Hsa (Homo sapiens) MC4
receptor that may aid development of selective substances for
this receptor [15]. During structural studies on this receptor, it
was also shown that the MC4 receptor remarkably has a natural
binding site for metal ions [15,16]. This has prompted spe-
culations that endogenous zinc ions could participate in the
regulation of MC receptor activity [16].

In the present paper, we report the cloning of two MC receptors
in rainbow trout from a genomic library. We expressed the recep-
tors in eukaryotic cells, characterized their pharmacological
properties, including a test for metal-ion-binding sites, deter-
mined the anatomical distribution and performed the first
comparative analysis of 3D models of GPCRs in non-mammalian
species.

EXPERIMENTAL
Cloning and sequencing

Degenerate PCR primers were designed from sequence alignment
of all known MC receptor sequences to match highly conserved
domains of MC3, MC4 and MCS5 receptor subtypes. The primer
sequences were: 5-TAYKTNACXATHTTYTRYGC-3' and 5'-
AANGCRAADATXARNGGRTG-3' (X represents inosine or
cytosine). Genomic DNA of rainbow trout was extracted from
blood with a DNA isolation kit for blood (Boehringer Mannheim).
Touch-down PCR was performed on rainbow trout genomic
DNA using Tag DNA polymerase (Gibco) under the following
conditions: initial denaturation for 5 min at 95 °C, followed by
12 cycles of 30 s at 95 °C, 45 s at 4842 °C (lowered by 0.5 °C
per cycle) and 1 min at 72 °C. This was continued by 35 cycles
of 30 s at 95°C, 45 s at 48 °C and 1 min at 72 °C, with a final
extension of 5 min at 72 °C. Two different PCR products of
desired length were isolated and cloned into the plasmid vector
pCRII from TOPO cloning kit and transformed into TOP10 cells
(Invitrogen) according to the manufacturer’s instructions. The
plasmid inserts were sequenced with vector-specific primers
using ABI PRISM Big Dye Terminator Cycle Sequencing Ready
Reaction Kit v2.0 and analysed by an automated ABI PRISM
310 or ABI PRISM 3100 fluorescent-dye sequencer (Applied
Biosystems).

Isolation of full-length genes

Rainbow trout Lambda DASH® II Custom Genomic Library
(Stratagene) was generously provided by Dr Pierre Rescan
[INRA (Institut National de la Recherche Agronomique),
Rennes, France]. The isolation of the genes was per-
formed as described previously [17]. Briefly, the library was
plated with the bacterial host strain. The plaques were lifted on to
the nylon membranes (Osmonics), which were dried and hybrid-
ized with digested and **P-radiolabelled DNA probe. The filters
were washed and exposed to autoradiographic film (Amersham
Biosciences). Single clones were selected after the third screening,
and DNA was isolated. A shotgun library was constructed and
positive clones were selected by hybridization. The plasmid DNA
was isolated and sequenced as described above.
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Alignments and phylogenetic analysis

Alignment of predicted full-length amino acid sequences for the
new genes, together with other known MC receptors, was made
using CLUSTAL W 1.8 software [18]. The following receptor
sequences (with their accession codes) were retrieved from
GenBank® for this analysis: Hsa (Homo sapiens) MCI
(NM_002386), HsaMC2 (NM_000529), HsaMC3 (XM_009545),
HsaMC4 (NM_005912), HsaMC5 (XM_008685), Mmu (Mus
musculus) MC1 (NM_008559), MmuMC2 (NM_008560),
MmuMC3 (NM_008561), MmuMC4 (NM_016977), MmuMC5
(NM_013596), Rno (Rattus norvegicus) MC2 (AAN64994),
RnoMC3 (P32244), RnoMC4 (NP.037231), RnoMC5 (NP_
037314), Gga (Gallus gallus)y MC1 (D78272), GgaMC2
(AB009605), GgaMC3 (AB017137), GgaMC4 (ABO012211),
GgaMC5 (AB012868), Tru (Takifugu rubripes) MCl1
(AAO65549), TruMC2 (AAO065550), TruMC4 (AAO65551),
TruMC5 (AAO65552), Dre (Danio rerio) MC1 (NM_180970),
DreMC2 (NM_180971), DreMC3 (NM_180972), DreMC4
(AY078989), DreMC5a (AY078990), DreMC5b (AY078991),
Sac (Squalus acanthius) MC4 (AAO39833) and SacMC5
(J. Klovins, T. Haitina, A. Ringholm, M. Lowgren, D. Fridmans,
M. Slaidina and H. B. Schiéth, unpublished work). The new genes
have the following accession numbers: Omy (Oncorhynchus
mykiss) MC4 (AY534915) and OmyMC5 (AY534916).

The alignment was bootstrapped 1000 times using SEQBOOT
from the PHYLIP 3.6a3 package (http://evolution.gs.washington.
edu/phylip.html) to obtain a total of 1000 different alignments.
The obtained alignments were analysed with PROML from
PHYLIP 3.6a3 using Jones—Taylor—Thornton model with 1000
bootstrap replicates and tree randomization per alignment,
resulting in 1000 maximum likelihood trees. The consensus
maximum likelihood tree was obtained with CONSENSE from
PHYLIP 3.6a3 and plotted using TREEVIEW 1.6.6 (http://
taxonomy.zoology.gla.ac.uk/rod/treeview.html).

3D modelling

The full-length amino acid sequences of the Omy (Oncorhynchus
mykiss) MC4 and OmyMCS5 receptors were aligned with the
human orthologues and the bovine rhodopsin receptor using
CLUSTAL W (1.82). The TM (transmembrane) region boundaries
in the receptors were as follows. HsaMC4 receptor: TMI,
GIn**-I1e%; TM2, Phed'—Ile!™; TM3, Ile'?'-Ile'; TM4, Val'®—
1le'¥7; TMS, Ser'*—Met?'5; TM6, Asn**—Phe?’; TM7, Ser?$2—
Tyr*2; TM8, GIn*"7—Ile*"”. HsaMCS5 receptor: TM1, Met*—Ala®;
TM2, Pro”"—Leu”; TM3, Ile'*—Ile'*; TM4, Ser>*—Leu!”; TM5,
Tyr'®—Leu??; TM6, Ser?*—Ser’®*; TM7, Ser?>-Tyr*>; TMS,
GIn*®—Ile*'°. OmyMC4 receptor: TM1, GIn*’—Ile™; TM2, Pro®2—
Ile'''; TM3, Ser'>—Ile!*°; TM4, Ala!”'—Ile'*'; TMS5, Val'%*—Met?>??;
TM6, Asn**-Ser?”; TM7, Met®*-Tyr’7; TM8, GIn’'>—Phe’2.
OmyMCS5 receptor: TM1, Gln*¥-Ile’?; TM2, Pro*-Leu'”; TM3,
GIn'2-Ile’™*; TM4, Ala'*-Met'¥°; TMS, Val'*-Met*?’; TM6,
Ser*-Ser??; TM7, Met®-Tyr’*®; TM8, GIn’'°—Ile*. Motifs
common to GPCRs, such as the (E/D)RY motif in TM3 and
the NPXXY motif in TM7 were checked to match precisely.
The charges of the residues closest to the extracellular and
cytosolic side of the a-helices were also taken into account
when assigning the membrane-spanning regions. The structure
of bovine rhodopsin was taken from crystallographic data [21]
available on the Protein Data Bank (PDB 1HZX, chain A) and
was loaded in Sybyl 6.4 software (Tripos, Germany) running
on a MIPS R5000 workstation (Silicon Graphics O2®). The
extracellular and cytosolic regions of the protein were deleted,
as well as one subunit of the dimer. The distance and angle con-
straints were set between the residues closest to the cytosolic side.
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A framework was constructed for the modelling. The co-
ordinates from the rhodopsin structure were used as template
when the amino acid residues were built with amino acids of the
studied protein, each TM region was set as an ideal «-helix.
The three substructures (amino acids) on the cytosolic side were
not deleted for the TM regions, since constraints were defined in
those regions. TMS is not really a TM region, it is a postulated
a-helix region located along the inner side of the plasma mem-
brane. The amino acids in this region were introduced and then
the region was set as an ideal «-helix. After this, the structure
was suggested to be in a very strained state and subsequently
refined. Charges (‘KOLL_UNI") were loaded to the protein before
minimization [vacuum; maximum iterations, 10 000; force-field,
Tripos; termination, gradient 0.05 kCal/mol (1 kCal =4.184 kJ);
non-bonded cut-off, 8 A (1 A=0.1 nm); di-electric func-
tion, distance; dielectric constant, 1; charges, use current; initial
minimization, simplex] was carried out in subroutine ‘Powell’.

PCA (principal component analysis)

PCA was performed using SIMCA-P+ 10.0 software (Umetrics
AB, Umed, Sweden) [22]. Distances between key amino acids in
the receptors (especially well-preserved amino acids), one from
each of the seven TM helices, were measured. The distances were
as follows. Hsa MC4 receptor: Asp'?* (TM3) to Asn®?* (TM1),
Ile'™ (TM2), Trp'™ (TM4), His*** (TMS5), Pro*® (TM6) and
Asp?® (TM7), and Ile'™ to Asn®, Trp'7*, His?'#, Pro?® and Asp*®.
Hsa MCS5 receptor: Asp'" to Asn, Ile*¢, Trp'¢’, His*”7, Pro*?
and Asp?!, and Ile*® to Asn**, Trp'®’, His?”, Pro®3 and Asp®'.
OmyMCH4 receptor: Asp™! to Asn®, Ile!®, Trp'™, His?"®, Pro®®
and Asp®®, and Ile!®® to Asn®, Trp'”, His?!?, Pro** and Asp3®.
OmyMCS5 receptor: Asp'? to Asn®, Ile'%, Trp'”’, His?’, Pro*?
and Asp®!, and Ile'® to Asn*, Trp'”, His?!7, Pro*? and Asp*!.
PCA was performed on this data matrix. Different GPCRs served
as observations and the distances as variables for each GPCR.
The data were not modified and variables were not comprised in
order to get better goodness of fit (R2) and predicted variation

(Q2).

Cloning into pCEP expression vector

Full-length coding sequences were amplified by means of PCR
from receptor genes containing pUC18 plasmids with Pfu poly-
merase (Fermentas) using HindIIl and Xhol restriction sites
containing primers for the N- and C-terminus respectively.
Obtained fragments were then digested with both restriction
enzymes and gel-purified before ligation into a modified pCEP
expression vector [23]. All constructs were sequenced.

Expression of receptors

HEK-293 (human embryonic kidney) cells, grown to 50-70 %
confluence, were transfected with 10 ug of the construct using
FuGENE 6 Transfection Reagent (Roche) according to the
manufacturer’s instruction. The cells were grown in Dulbecco’s
modified Eagle’s medium/F-12 nutrient mixture (1:1) with
GlutaMAX I containing 10 % foetal bovine serum, 100 units/ml
penicillin, 100 pg/ml streptomycin, 2.5 pg/ml amphotericin B,
and 250 pg/ml geneticin G-418 (Gibco); in a humidified atmos-
phere containing 5% CO, at 37 °C. Semi-stable cell lines,
expressing target receptor, were obtained by selecting for growth
in the presence of 100 pg/ml hygromycin B (Invitrogen), first
added 24 h after transfection.

Radioligand-binding assay

Radioligand-binding experiments were performed as described
previously [12]. Briefly, HEK-293 cells expressing rainbow trout
receptors were harvested, and cell membranes were isolated.
The binding was performed in a final volume of 100 ul for 3 h at
room temperature (18-20 °C). Saturation experiments were car-
ried out with serial dilutions of '»I-labelled NDP-MSH {[Nle*,
D-Phe’]a-MSH (melanocyte-stimulating hormone)} and 1 uM
unlabelled NDP-MSH. Competition experiments were performed
with constant 0.6 nM concentration of '*’I-labelled NDP-MSH
and serial dilutions of competing unlabelled ligands: NDP-
MSH, «-MSH, B-MSH, y,-MSH, ACTH (adrenocorticotropic
hormone) (1-24), MTII {acetyl-Nle*-c[Asp’,D-Phe’,Lys'’]a-
MSH(4-10)-NH,}, HS024 {c[acetyl-Cys*,Nle*,Arg’,D-Nal’,
Cys-NH,!"']a-MSH-(3-11)} and SHU9119 {acetyl-Nle*-c[Asp’,
D-Nal(2)’,Lys']Ja-MSH (4-10)-NH,} (Neosystem). The mem-
branes were collected by filtration on glass fibre filters
(PerkinElmer), washed and dried. Solid scintillator sheets (Perkin-
Elmer) were melted on dried filters and radioactivity was counted
with automatic Microbeta counter 1450 (Wallac). Binding assays
were performed in duplicate from at least three independent
experiments. Non-transfected cells did not show any specific
binding with '»*I-labelled NDP-MSH. The results were analysed
with Prism 3.0 software package (GraphPad).

Radioligand competition binding assay with zinc

The competition binding assay was performed as described above,
but all reaction components were resuspended in the buffer con-
taining 137 mM NaCl, 5 mM KCl, 0.44 mM KH,PO,, 4.2 mM
NaHCOs;, 1.2 mM MgCl, - 6H,0 and 20 mM Hepes, pH adjusted
to 7.4. Competition experiments were performed with constant
0.6 nM concentration of '*I-labelled NDP-MSH and various
concentrations of ZnCl, (Sigma).

cAMP assay

This assay was performed as described previously [12]. Briefly,
cells expressing rainbow trout receptors were incubated with
2.5 uCi/ml of [*H]ATP, before collection and resuspension in
buffer containing 137 nM NaCl, 5 mM KCl, 0.44 mM KH,PO,,
4.2 mM NaHCO;, 1.2 mM MgCl, - 6H,0, 20 mM Hepes, | mM
CaCl,, 10 mM glucose and 0.5 mM isobutylmethylxanthine,
pH 7.4. The stimulation reaction was performed with approx. 2 x
105 cells and various concentrations of MTII and SHU9119 alone,
or with a fixed concentration (0.1 uM) of SHU9119. After in-
cubation, cells were centrifuged at 900 g and lysed. ATP/ADP and
cAMP from cell contents were separated using chromatography
columns, with an internal standard of 0.5 nCi/ml of [*C]cAMP
used, scintillation cocktail added and samples counted using a
Tri-carb liquid scintillation B-counter. After standardization of
results the amounts of [*’H]cAMP converted from [*H]ATP and
EC;, values were calculated. All experiments were performed in
duplicate and repeated three times.

RT-PCR (reverse transcription PCR) and hybridization analysis

The total RNA was isolated from number of peripheral tissues
(head kidney, liver, adipose tissue, ovary, pyloric caecum, intes-
tine and muscle) and several brain regions (telencephalon, hypo-
thalamus, optic tectum, cerebellum and brain stem) [17].
Tissues were rapidly dissected from freshly killed rainbow trout
within 5 min and stored in RNAlater (Ambion) for 24-72h at
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Figure 1

Amino acid sequence alignment of MC receptors constructed using CLUSTAL W 1.8

Putative TM regions are marked with lines. Black boxes mark conserved amino acid positions. Accession numbers are listed in the Experimental section.

4 °C before RNA extraction. Total RNA and then cDNA was pre-
pared as described by Larson et al. [17]. The cDNA obtained
was used as a template for PCR with specific primers for the re-
ceptor genes: for the MC4 receptor gene (expected size 395 bp),
5-GGCGTGCTCTTCATTATCTAC-3" and 5-GTCTTCCTCA-
TCTCTTGGCTC-3'; and for the MC5 receptor gene (expected
size 399 bp), 5'-GGCGTCTATGTGTTCTCTCCT-3' and 5-AG-
GATAAGGTGGAGGAAGAAG-3'. The PCR products were ana-
lysed and hybridization was performed as described previously
[12]. Briefly, DNA from the gel was transferred on to nylon filters
and hybridized with a random-primed 3*P-labelled, receptor-spe-
cific probe. After hybridization, filters were washed and exposed
to autoradiography film. Due to the appearance of double bands
(results not shown), the PCR products were denatured in 3 %
formaldehyde/25 % formamide solution and separated on a 1.4 %
agarose gel using Mops buffer (20 mM Mops, 2 mM sodium
acetate and 1 mM EDTA), resulting in a single band. The PCR
products obtained from the genomic DNA were used as positive
controls in the hybridization blots. Sequence analysis of the PCR
products confirmed the presence of target receptor sequences. The
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RT-PCR reactions and hybridization were performed three times
each.

RESULTS
Cloning and sequence analysis

The degenerate PCR resulted in products with an expected size of
450 bp. The following cloning and sequencing of the fragments
allowed us to identify two different clones with high similarity
to MC4 and MCS5 receptors respectively. The clones were used
for high-stringency screening of a rainbow trout genomic library.
Two positive clones were isolated and sequenced; as a result, two
different genes of 1017 bp and 1023 bp were identified, corres-
ponding to putative MC receptors of 339 and 341 amino acids
respectively. The amino acid sequence alignment of the new
rainbow trout genes together with human, chicken and zebrafish
MC receptors is shown in Figure 1. The percentage similarities
of amino acid sequences are shown in Table 1. The rainbow trout
receptor of 339 amino acids had the highest identity with the
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Table 1

GenBank® accession numbers are listed in the Experimental section.

Percentage identity of the full-length amino acid sequences for the MC receptor subtypes from different species

HsaMC1 HsaMC2 HsaMC3 SacMC4 DreMC4 Tru MC4 OmyMC4 GgaMC4 RnoMC4 MmuMC4 HsaMC4 SacMC5 DreMC5a DreMC5b TruMC5 OmyMC5 GgaMC5 RnoMC5 MmuMC5 HsaMC5

HsaMC1 100 H 48 a7 48 50 46 46 46 46

HsaMC2 100 45 44 46 48 44 45 44 45
HsaMC3 100 61 61 62 58 56 56 56
SacMC4 100 76 74 75 70 72 4l
DreMC4 100 79 75 69 70 69
Tru MC4 100 n 68 68 68
OmymMC4 100 69 70 69
Ggamc4 100 87 86
RnoMC4 100 98
MmuMC4 100
HsaMC4

SacMCh

DreMC5a

DreMC5b

TruMC5

OmyMC5

GgaMC5

RnoMC5

MmuMC5

HsaMC5

44 48 47 44 43 2 47 46 45 45
56 61 60 59 57 55 61 58 58 59
73 67 67 65 66 64 68 64 64 65
69 66 67 64 64 63 66 63 63 62
67 66 65 63 64 62 65 62 62 61
69 66 65 63 66 64 64 62 61 60
88 65 62 62 62 60 64 61 60 60
93 64 60 62 61 59 62 61 60 61
9% 63 61 62 61 59 62 61 61 61
100 64 61 63 61 59 64 61 60 61
100 75 n 7 72 8 73 73 7

100 74 79 82 74 69 69 70

100 74 70 n 70 70 67

100 79 2 68 68 69

100 7 67 67 66

100 80 80 79

100 9% 82

100 82

100

MCH4 receptors, with 69 % (human) to 77 % (zebrafish) amino
acid identity and was therefore designated as the OmyMC4 recep-
tor. The other rainbow trout receptor showed the highest identity
with the DreMC5a receptor (82 %) and was named the OmyMC5
receptor. The similarity between the two new rainbow trout re-
ceptors is 64 %.

Phylogenetic analysis

Phylogenetic analysis was performed using the maximum like-
lihood method. The topology of the tree was the same with (results
not shown) or without an out-group (Figure 2). The OmyMC4
receptor grouped with the DreMC4 receptor, corroborating
the identification above based on the percentage identity. The
OmyMCS receptor branched together with DreMC5a receptor,
while the DreMCS5b receptor probably rose in an earlier teleost
duplication.

3D structure modelling

In order to gain insight into the evolution of the 3D structures of
the MC receptors we performed molecular modelling on the Omy
and Hsa MC4 and MCS5 receptors. The framework for the models
was generated from the co-ordinates of bovine rhodopsin. No
mutagenesis data from MC receptors were taken into account
during the modelling. The four receptors were modelled and
the results are presented in Figure 3. The resulting minimization
energy for all the four receptors was similar, ranging from approx.
3600 to 4500 kCal/mol.

The modelled HsaMC4 receptor gave the energy of 3646 kCal/
mol. Asp'20, [le'?5, Asp'26, Tle'?, Ser'3?2 and Leu!® in TM3, Ile'* in
TM2 and Asp®® in TM7 are facing the space between TM2, TM3
and TM7. Trp'”* in TM4 was pointing towards the extracellular
side, whereas Pro?® in TM6 is facing the lipid membrane. His?4
in TMS5 and Asn® in TM1 are both facing to the centre of the
receptor. The HsaMCS5 receptor had the energy of 4425 kCal/mol.
Asp'® in TM3 is pointing towards His?7 of TMS. Ile% in TM2
and Asp®' in TM7 are facing into the receptor. Pro?** in TM6 and
Asn>* of TM1 are facing the lipid membrane, whereas Trp'? in
TM4 is facing the cytosolic side of the membrane. Compared with

OmMCs

Figure 2 Phylogenetic analysis of MC receptors using full-length amino
acid sequences

The consensus tree was generated by maximum likelihood analysis (PHYLIP 3.6a3). The
numbers above the nodes indicate bootstrap replicates. Accession numbers are listed in
the Experimental section.

their counterparts in the HsaMC4 receptor, TM1 and TM4 have
both rotated almost 180° around their own axis in the HsaMC5
receptor. TM3 has rotated approx. 90° clockwise compared with
that of the HsaMC4 receptor. The OmyMC4 receptor had the
energy of 4481 kCal/mol. Asp'?' in TM3 is facing TM6, whereas
Asp*? in TM7 is pointing towards Ile!% in TM2. Asn® in TM1,

© 2004 Biochemical Society
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Figure 3 Orientation of TM1-TM7 regions in the computer model, based on the crystallized bovine rhodopsin receptor

The models are seen from the extracellular side: (A) HsaMC4 receptor, (B) HsaMC5 receptor, (C) OmyMC4 receptor, (D) OmyMC5 receptor. Positions and directions of highly conserved amino acid

residues are highlighted. Distances between these amino acids are noted.

Table 2 Distances between TM regions in Hsa and Omy MC4 and MC5 receptors used for PCA

Distance (A)
GPCR TM2-TM1 TM2-TM3 TM2-TM4 TM2-TM5 TM2-TM6 TM2-TM7 TM3-TM1 TM3-TM4 TM3-TM5 TM3-TM6 TM3-TM7
HsaMC4R 25.8 16.48 30.38 47.55 28.72 30.01 19.95 20.41 33.07 13.72 18.97
HsaMC5R 27.65 11.32 30.29 39.65 20.14 26.05 236 19.51 29.10 14.08 18.38
OmyMC4R 25.76 13.26 31.26 42.52 24.03 27.06 203 19.51 29.76 14.48 17.4
OmyMC5R 2518 16.4 33.23 4453 26.38 26.75 20.35 19.49 29.78 13.57 16.64

Pro? in TM6 and Trp'” in TM4 are all facing the lipid membrane.
His?® in TMS is facing the interior of the receptor. TM3 has
only rotated approx. 45° compared with the HsaMC4 receptor.
The OmyMCS5 receptor gave the energy of 3854 kCal/mol. Asp'®
in TM3 is pointing towards TM5 and His?"7 in TMS is facing
the intrareceptor space. Trp!”” in TM4 is pointing towards the
cytosolic side of the membrane, whereas Pro?¢? in TM6 and Asn®
of TM1 are facing the lipid membrane. Asp*! in TM7 and Ile!
in TM2 are facing into the space between TM1, TM2, TM3 and

© 2004 Biochemical Society

TM7. TM1, TM3 and TM4 are rotated in the same fashion as in
the HsaMCS5 receptor.

PCA of 3D structure

PCA on distances between the TM regions within each receptor
(Table 2) shows that the rainbow trout receptors have a closer
structural similarity between themselves than do the human
receptors. Figure 4 shows the loading plot of distances. The
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Figure 4 PCA of distances within the four modelled receptors: HsaMC4
receptor, HsaMC5 receptor, OmyMC4 receptor and OmyMC5 receptor

(A) Score plot of the modelled GPCRs. The two first principal component score vectors, t[1] and
t[2], are plotted. The principal component score vectors are linear combinations of the distances
and the score plot is a summary of the relationships between the GPCRs. (B) Loading plot of
the distances in the receptors. Plot of the first two loading vectors, p[1] and p[2]. The loading
vectors are the weights combining the original variables (distances) to form the score vectors.
The loading plot shows the relationships between the variables and is a means to interpret the
scoring plot. The two plots are complementary and a direction in one plot corresponds to
the same direction in the other plot.

HsaMC4 receptor is the only receptor located in the lower-left
quadrant of the scoring plot (Figure 4A), while in the loading
plot, both the distances to TM7 are located in that same quadrant
(Figure 4B). It seems evident that it is the distances from TM7
to TM2 and TM3 that have diverged the most. This divergence is
not seen in any mutagenesis data, but is entirely an effect from the
energy minimization of the model. The result of the modelling
also indicates that TM4 and TM5 may be more distant to the
other regions in HsaMC4 receptor than in any of the other models
(Figure 3). TM4 and TMS have, however, low identity with bovine
rhodopsin, and the rhodopsin model therefore does not serve as
a good template for this region. Moreover, there are not so many
mutagenesis experiments performed in these regions that could
help to clarify their importance. The HsaMC5 receptor is in the
lower-right quadrant of the score plot (Figure 4A) that coincides
with the distance between TM1 and TM2 in the loading plot
(Figure 4B). Taken together, the HsaMC4 receptor thus seems to
have diverged differently as compared with the HsaMCS5 receptor
(Figure 3 and Table 2). The rainbow trout receptors are closest
to each other on the scoring plot. They are both together in the
upper half of the scoring plot, which is related to the distances
between TM2 and TM3, and between TM2 and TM4, that are
also found in the top-left quadrant of the loading plot. Looking at
Table 2, we can see that the differences between the receptors are

mainly related to the distance between TM2 and TM3 and less
related to the distances between TM2 and TM4. Considering the
overall distances in all four receptors, TM5 and TM6 do not seem
to contribute to the structural difference between the receptors
that are found in the scoring plot. Thus the models indicate that
TM1, TM2, TM3 and TM7 are most responsible for the structural
divergence of the different MC receptors (Figure 3).

Competition binding

In order to characterize the new rainbow trout receptors pharma-
cologically, the synthesized human peptides were used as ligands
in a binding assay. «-MSH is fully conserved between human
and rainbow trout, whereas there are minor differences in the
sequence of B-MSH and ACTH, but not within the predicted core
binding region of the peptides. Figure 5 shows saturation and
competition curves for the OmyMC4 and OmyMCS5 receptors.
Table 3 shows the K, and K; values obtained from saturation and
competition experiments respectively. For comparison, Table 3
also includes previously published results for the human MC
receptors tested with the same methodological approach. The
OmyMC4 and OmyMCS5 receptors bind NDP-MSH with similar
affinities, which are slightly higher (approx. 3-fold) than for the
human orthologues. Likewise, the endogenous ligand «-MSH
had 3.2-fold higher affinity, whereas S-MSH had a very similar
affinity for the OmyMC4 receptors, compared with the HsaMC4
receptor. Interestingly, another natural ligand y,-MSH had 112-
fold higher affinity for the OmyMC4 receptor as compared with
the same receptor subtype in human. ACTH (1-24), which is
generally considered to be equipotent to full-length ACTH (1-
39), had also clearly higher affinity (36-fold) for the OmyMC4
receptor, as compared with HsaMC4 receptor. On the other hand,
the synthetic ligands MTII and HS024 had 4.8- and 8.8-fold
lower affinities respectively for OmyMC4 receptor, whereas the
same receptor binds another synthetic ligand, SHU9119, with
61.8 pM affinity, that is 11-fold higher than as for the HsaMC4
receptor. The OmyMCS5 receptor binds the endogenous ligands
with clearly higher affinities than the HsaMCS5 receptor, whereas
the affinities for the synthetic ligands are lower. So, «-MSH had
83-fold, B-MSH had 120-fold, y,-MSH had 79-fold and ACTH
(1-24) had almost 106-fold higher potency, whereas MTII had
slightly lower, HS024 had 10-fold and SHU9119 had 18-fold
lower affinities for the OmyMCS5 receptor. Overall, however, the
characteristic potency order NDP-MSH > «-MSH > -MSH >
¥ 1-MSH determined for the HsaMCS5 receptor [24] was conserved
for the OmyMCS5 receptor.

Identification of zinc-binding site

OmyMC4 and OmyMCS5 receptors expressed in HEK-293 cells
were tested in competition binding for their ability to bind zinc.
Binding curves are shown in Figure 6. The analysis of the curves
(Table 3) showed that the OmyMC4 receptor has a zinc-binding
site with a K; of 0.481 +0.016 uM, which is approx. 40-fold
higher compared with the K; of 20.07 & 1.33 uM for the HsaMC4
receptor. In contrast, the OmyMCS5 receptor does not bind zinc.

Measurement of intracellular cAMP

The expressed rainbow trout MC receptors were also tested for
their ability to couple to G-proteins and induce the accumulation
of cAMP, as well as for the agonistic—antagonistic relationship
between synthetic substances. Both receptor subtypes reached
maximal levels of response when stimulated with agonists. As
shown in Figure 7, SHU9119 had no effect on intracellular cAMP

© 2004 Biochemical Society
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Figure 5 Saturation curves with Scatchard plots and competition curves for the OmyMC4 and OmyMC5 receptors expressed in HEK-293 cells

The saturation curves (left) were obtained with '25|-labelled NDP-MSH and the figure shows total binding (filled square) and binding in the presence of 2 M unlabelled NDP-MSH (filled tri-
angle). The lines represent the computer-modelled best fit of the data assuming that ligands are bound to one site. The competition curves (right) for NDP-MSH (open circle), a-MSH (filled triangle),
B-MSH (open square), y1-MSH (filled circle), ACTH (filled square), MTII (asterisk), HS024 (filled rhombus) and SHU9119 (open triangle) were obtained by using a fixed concentration of approx.

0.6 nM "]-labelled NDP-MSH and varying concentrations of the unlabelled competing peptide.

Table3 K, and K; values (means + S.E.M.) obtained from saturation and
competition curves respectively for MC peptide analogues and Zn?* on the
Omy and Hsa MC4 and MC5 receptors

K4 or K; value (nmol - I=")

Ligand Receptor... OmyMC4 HsaMC4* OmyMC5 HsaMC5%
["SINDP-MSH (K4)  0.693+0.099  1.78+036 0454+0038 5.05+1.00
NDP-MSH (K ;) 054140113  1.96+039 0730+0.05 239+0.10
a-MSH (K;) 162+ 48 522 +122 986+29.7 8240+ 1670
B-MSH (K) 342+99 387 + 208 120+38 14400+ 1670
y1-MSH (K) 461+ 88 51800412000 538+46 42600+ 6600
ACTH (1-24) (K,) 208-+05 755+151  261+14 2760 +780]
MT I (K;) 1.38+0.46 6.60+0.821 3044137 46.1+7.97
HS024 (K;) 3.00+0.87 034140089 3514105 3.29+1.15§
SHU9119 (K ) 0.0618+0.0146 0.689+0.251 20.9+56 11240317
InCly (K1) 481+16 20070+ 13309 NB ND

Data taken from *[31], 1[32], 1[33], §[10], ||[34], q[15]. ND = not determined; NB = no
binding detected.
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Figure 6 Competition curves for the OmyMC4 (filled square) and OmyMC5
(open square) receptors expressed in HEK-293 cells, obtained by using a
fixed concentration of approx. 0.6 nM '%I-labelled NDP-MSH and varying
concentrations of ZnCl,

accumulation in the cells expressing the OmyMC4 receptors at
any dose tested. In contrast, MTII induced a dose-dependent
cAMP accumulation with an ECs, of 0.582 nM for the OmyMC4
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Figure 7 Generation of cAMP in response to MTII (asterisk), MTIl with a
fixed concentration of 0.1 «M SHU9119 (filled triangle) and SHU9119 (open
triangle) for the OmyMC4 and OmyMC5 receptors expressed in HEK-293 cells

Untransfected cells showed no adenylate cyclase activity in response to MTIl and SHU9119
(results not shown). The CAMP assay was performed in duplicate and was repeated three times
for each receptor subtype.

receptor. When the cells were incubated with increasing con-
centrations of MTII and a fixed concentration of SHU9119, the
EC5, was shifted to 522 nM for the OmyMC4 receptor, indicating
an inhibition of the cAMP accumulation that would have been
expected for a functional antagonist. For the cells expressing
the OmyMCS5 receptors, however, we obtained dose-dependent
increase in cAMP accumulation by both MTII and SHU9119 with
ECs, values of 6.86 nM and 0.404 nM respectively, reaching the
same maximum levels, which indicates full agonistic properties
of these ligands on the OmyMCS5 receptor.

Tissue distribution

The tissue distribution of the rainbow trout MC receptor mRNA
was determined by RT-PCR. The results of the RT-PCR for each
of the receptor gene are shown in Figure 8. Each pair of PCR
primers was designed to be specific for one receptor subtype.
No cross-hybridization was detected in our samples. It should be
noted that the PCR assay was not designed for quantification, but
gives good qualitative information. The OmyMC4 receptor did
not show strong signals in any type of tissue analysed. Among
the peripheral tissues, the expression was detected only in head
kidney, while in CNS (central nervous system), it was detected in
three brain regions: telencephalon, optic tectum and the highest
levels in the hypothalamus. The OmyMCS5 receptor showed very
high signals in two peripheral tissues: head kidney and ovary,
while the signal in pyloric caecum was very weak and could not
be detected with ethidium bromide staining. All analysed brain
regions showed expression of the OmyMCS5 receptor, with the
strongest signal in telencephalon, followed by slightly weaker
signals in hypothalamus, weaker signals still in the optic tectum

and cerebellum, and a very weak signal, detectable only on the
Southern blot, in the brain stem.

DISCUSSION

We have shown the presence of both MC4 and MCS5 receptors
in rainbow trout. This is in agreement with our findings in
Japanese pufferfish (Takifugu rubripes), which has four of
the mammalian MC receptor subtypes, including the MC4
and MC5 receptors. Japanese pufferfish, however, lacks an
MC3 receptor. Zebrafish has one MC4 receptor, but also two
copies of the MC5 receptor. The OmyMCS5 receptor is most
similar to the DreMC5a receptor (82 % amino acid identity),
whereas it has clearly less similarity to the DreMC5b receptor
(75% identity). The additional copy of the MCS5 recep-
tor in zebrafish is likely to have occurred through an independent
tetraploidization event that teleost fishes underwent, before the
split of rainbow trout and zebrafish [25,26]. Our screening of a
rainbow trout genomic library, that was similar to the one per-
formed on zebrafish (resulting in two copies), did not provide any
evidence for additional copies, suggesting that a putative MC5b
receptor copy in rainbow trout may have been lost.

We also investigated the 3D structure of the receptors and their
divergence through molecular modelling. Interestingly, the PCA
analysis on the distance matrices (Figure 4) indicates that the
OmyMC4 and OmyMCS5 receptors are the most similar of the four
receptors. It is also intriguing that the models indicate that the
human receptors have diverged in different regions within the re-
ceptor protein. The relative position of TM7 has diverged most
for the HsaMC4 receptor and OmyMC4 receptor, whereas the re-
lative positions of TM1 and TM2 may have diverged most in the
HsaMC5 and OmyMCS5 receptors. It also appears that the 3D
structure of the two human receptors has diverged differently. We
recently published a detailed model of the HsaMC4 receptor, sup-
ported by artificial metal-ion-binding sites that provided specific
information about the orientation of the TM2 and TM3 regions
[15]. The binding pocket of the MC4 receptor is suggested to be
located between TM2, TM3 and TM7 according to this model. The
HsaMC4, HsaMC5, OmyMC4 and OmyMCS5 receptor models
show overall similarities with the HsaMC4 receptor model pub-
lished by Lagerstrom et al. [15], with regard to the position of
TM2 and TM3, whereas the main differences are related to TM7.
We are not aware of any previous evolutionary comparative 3D
modelling performed on GPCRs. We believe that our models will
provide important guidance in the differences between these two
subtypes.

The OmyMC4 receptor has similar affinity for «-MSH and
B-MSH, whereas it has much higher (36-fold) affinity for ACTH
as compared with the HsaMC4 receptor. This is very interesting in
light of our findings in Japanese pufferfish and chicken show-
ing that the MC4 receptor has higher affinity for ACTH-derived
peptides as compared with «- and S-MSH [12]. Moreover, the
MC1 and MCS receptor in Japanese pufferfish and chicken have
also higher affinity for ACTH-derived peptides as compared with
a-, B- and y-MSH. The OmyMCS receptor also has much higher,
or more than 100-fold higher affinity for ACTH as compared with
the HsaMCS5 receptor. Taken together, it is tempting to speculate
that ACTH-derived peptides may have played an important role
as the ‘original’ ligand at the MC receptors, while the specificity
of the different subtypes for the «-, - and y-MSH peptides may
have appeared at later stages during vertebrate evolution.

The mammalian MC5 receptor has the same potency order
for binding to the different MC peptides as the MC1 receptor,
although it binds to all these ligands with much lower affinity.

© 2004 Biochemical Society
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Figure 8 Expression of 0OmyMC4 (a) and OmyMC5 (b) receptor mRNA as determined by RT-PCR

The tissues, controls and expected sizes of the PCR products are denoted above each gel. Ethidium-bromide-stained agarose gels are presented above autoradiographs of Southern blots, hybridized
with gene specific probes. PCR and hybridization were performed three times with qualitatively similar results.

The low affinity of this receptor has even prompted speculations
that the MSH peptides may not be the natural ligands for this
subtype in humans. Our results show that the OmyMCS5 receptor
has much higher affinity for all of the endogenous peptides as
compared with the human orthologue. This indicates that, at least
in fish and, perhaps, also during early vertebrate evolution, MSH
peptides were important for this receptor.

We also determined the binding of several synthetic peptides
to the rainbow trout receptors. The cyclic MSH analogues, MTII,
SHU9119 and HS024, are peptides that are widely used for in vivo
studies. These show clear preference for the OmyMC4 receptor
above the OmyMCS receptor. The potencies of these substances
are high or very high, which makes them all very suitable for
physiological studies in rainbow trout. Moreover, we showed that
SHU9119 acts as a full antagonist and that MTII acts as a full
agonist at the OmyMC4 receptor in second messenger studies.
This means that if the MC4 receptor plays a similar role in rainbow
trout as in mammals, the administration of SHU9119 should in-
crease food intake, whereas administration of MTII should
decrease food intake. Our preliminary data on injection of these
substances into rainbow trout also indicate that this is the case
(E. T. Larson, J. Schjolden, H. B. Schiéth and S. Winberg,
unpublished work), supporting further a conserved agreement
between the pharmacology and physiology of the MC4 receptors
through vertebrate evolution [14].

In light of the recent interesting findings that MC receptors
may have binding sites for zinc [15,16], we tested if zinc could
also bind these ‘ancient’” MC receptors. Remarkably, we found
that the OmyMC4 receptor has a relatively high-affinity binding
site for zinc. It seems evident that there exists an evolutionarily
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conserved ability to bind this metal ion. Holst et al. [16] reported
that zinc bound to the HsaMC4 receptor with a K; of 19 uM,
which is in line with what we have found (results not shown) and
previously reported (K; of 20 uM; [15]). Interestingly, the affinity
of zinc for the OmyMC4 receptor was considerably higher (K, of
0.5 uM). The zinc ion works in an antagonistic fashion at the
OmyMC4 receptor, which is in agreement with what we found
for the HsaMC4 receptor, whereas Holst et al. [16] found zinc
caused small partial stimulation of the HsaMC4 receptor. The
differences are probably related to differences in the experimental
conditions [15]. It is tempting to speculate that endogenous zinc
ions could be a factor in the regulation of MC receptor activity
[16], considering that zinc, after iron, is the most abundant
transition metal in the brain [27]. Most of the zinc is, however,
incorporated into metal-protein complexes. The high affinity of
the OmyMC4 receptor makes a role of endogenous zinc even more
likely. This would be possible particularly in the CNS, where zinc
is found stored in synaptic vesicles and can be co-released with the
neurotransmitter to reach concentrations of up to 300 uM in
the synaptic cleft [28]. Moreover, vesicular zinc is also found
in the hypothalamus [29], the main expression site for the MC4
receptor. Rather surprisingly, the OmyMCS5 receptor did not bind
the metal ion, and our studies on the HsaMC5 receptors indi-
cate the same. Previously, it was shown that the HsaMC1 receptor
also binds zinc in similar fashion as the HsaMC4 receptor [16].
It has been difficult to determine the location of this binding
site within the receptor protein. Mutagenesis studies indicate that
Cys?"! in extracellular loop 3 of the MmuMCI1 receptor could be
involved. This residue is conserved in the HsaMC1 receptor, and
the HsaMC4 and OmyMC4 receptors, as well as in the OmyMC5



The melanocortin 4 and 5 receptors of rainbow trout 485

and HsaMCS5 receptors. It is possible that the metal ion binds
in a bidentate or perhaps even a tridentate metal-ion site [16].
It has been speculated that the Asp!'!® in the MmuMC1 receptor,
a residue that is conserved in all MC receptor sequences found
so far, could also participate in this binding site. Our models
of the MC4 and MCS5 receptors (see Figure 3) indicate that this
could be the case as this residue is turned towards the binding
cavity. Looking at the sequence differences between the MC4 and
MCS5 receptors and possible explanations for why the OmyMC5
receptor does not bind zinc, we found that this could be related to
the fact that the OmyMCS5 and HsaMCS5 receptors lack one of the
proline residues (replaced by Leu?”® in the OmyMC5 receptor)
in between Cys?™* and Cys?%, in the third extracellular loop, that
may be part of the interaction point with zinc. Proline is known
to form kinks within TM regions and this proline residue may
be crucial in causing conformational rigidity enabling the zinc to
interact with one or the other cysteine residues.

RT-PCR is not well suited for quantitative analysis of gene ex-
pression, but it is very effective to detect the expression of genes
in wide range of tissues. The mammalian MC4 receptor is only
expressed in the brain. The OmyMC4 receptor was found in
the hypothalamus and telencephalon. Somewhat surprisingly, the
receptor was also found in one peripheral tissue, the head kidney.
It is interesting that in chicken, the MC4 receptor is expressed in
a wide variety of peripheral tissues, including the heart, adrenal
glands, ovaries, testes, spleen, adipose tissue and eye, as well as
the brain [30]. The MC4 receptor has also been found in some
peripheral tissues in zebrafish [11]. The head kidney includes the
inter-renal tissue, the piscean homologue to the adrenal gland.
In mammals, it is the adrenal gland which is the predominant
site for the expression of the MC2 receptor, which mediates the
effects of ACTH on steroidoneogenesis. It is therefore possible
that the expression of the MC4 receptor is reminiscent of a wider
role of this receptor during early vertebrate evolution, and it is
possible that the MC4 receptor participated in mediating the effect
of ACTH on inter-renal tissues. This notion is also strengthened
considering the relatively high affinity of the OmyMC4 receptor
for ACTH. If this is true, it is possible that the MC4 receptor has
subsequently developed into a more specific CNS receptor due to
higher demand or requirement for the central regulation of body
mass in the lineage leading to mammals.

In summary, we have shown that the rainbow trout has both
MC4 and MCS5 receptors. We have performed comprehensive
characterization of their primary and 3D structures, pharmacology
and tissue distribution. Interestingly, the rainbow trout receptors
show several features that indicate that they may have shared
functional roles during early vertebrate evolution. The receptor
clones will facilitate functional characterization of the MC recep-
tors in rainbow trout and our understanding of the roles of the
genes involved in the complex MC system. The pharmacological
characterization is important for further studies of the central
regulation of food intake in rainbow trout. Moreover, the study
provides important information in how MC receptors may have
gained and lost their functions during the evolution of verte-
brates.
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