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Abstract

Gamma-melanocyte stimulating hormonyeMISH) is a peptide derived from the ACTH
precursor, pro-opiomelanocortin (POMC), and belongs to a family ofdesptalled the
melanocortins that also comprises alpha and beta MSH. Although censeretrapods,
the biological role ofy-MSH remains largely undefined. It has been demonstrated
previously thaty-MSH is involved in the regulating the activity of hormone sensitive
lipase (HSL) activity in the adrenal and more recently, inatigocyte. It has been
shown also to have effects on the cardiovascular and renal systems.

This short review will provide a brief overview of the roleyefISH in the adrenal and
the more recent report that it can also regulate HSL funatidhe adipocyte. We also
present some preliminary data purporting a direct role foryBy8ISH in the regulation

of HSL phosphorylation in the heart. Taken together these datassuiygey-MSH

peptides might play a more widespread role in lipid and cholesterol utilization.
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Historical perspectives/Introduction

MSH biology began in the 1950s with the purification and charactenzafia andf3
MSH. These two peptides, that both have the ability to induce chang&safolor in
amphibia and fish, contain a core sequence of Glu-His-Phe-Ardqatpst essential for
the biological activities of these peptides. The cloning of the gn®OMC in 1979
(Nakanishi et al., 1979) revealed, not only that these two MSH peptieies derived
from the same precursor, but that the POMC sequence also encodetl M3hi-like
peptide. This peptide was named gamma-M$MWI$H) and is located in the amino
terminal of the molecule known as the 16KDa fragment (subsequently also ke@nor a
y-MSH). It is flanked by classical dibasic residue processiteg and contains a slightly
modified MSH core sequence, Gly-His-Phe-Arg-Trp, where the §&hkubstituted for a
Gly. Based on the location of these processing sites, the aptiedisted three possible
processed products (Figure 1) that have persisted in theureeratMSH is 11 residues
long and represents a fully processed amidated peptidldSH is the same peptide but
without the amidation, whilgs MSH contains the sequence up to the next dibasic site at
the N-terminal of the joining peptide.

Cloning and sequencing of the POMC gene from other speciesveageck the absence
of they MSH sequence in some species. Although present in all tetrapaolsy &ish the
y MSH sequence is absent from the most recently evolved ray-firgied the euteleosts
such as carp, salmon and trout (For a review see Dores and Le2@ile,Interestingly,
y MSH is present in the evolutionary older cartilaginous fish anthenybunger lobe-
finned fish, leading to the hypothesis that the euteleosts havelhadustlthey MSH

sequence (Dores and Lecaude, 2005).
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In mammals the sequence wf MSH is highly conserved, although the C-terminal
sequence ofs MSH is not. This variation suggests that this region might not be important
for biological action. Another significant variation occurs in the wdtere the Arg-Arg
processing site needed to creggeMSH is changed to Pro-Arg, suggesting that this
peptide is probably absent in this species (Jackson et al., 1983; Pedersen et al., 1982).
Although the cloning of the POMC gene suggested the existentteesd new MSH
peptides, it was not until 1981 that they were first purified from bowren and
pituitary. Full characterization of these peptides convincingly shdhe@xistence of;
andy; MSH (Bohlen et al, 1981; Browne et al., 1981), although there was no evidence for
the existence of, MSH.

The most surprising observation from the purification studies wasbttaty; and ys;
carry an additional lysine at the N-terminus. The fact thatwhis not predicted from the
gene sequence was a consequence of the assumption that cleavageabdbe C-
terminal side of the dibasic pair, which is not actually the eadeavage occurs at the C-
terminal side of the arginine residue (Zhou et al., 1993). The rtyagdrPOMC peptides
are flanked by Lys-Arg (the most efficient combination folaehge by the prohormone
convertase enzymes) and thus cleavage occurs at the C-tesidanalf the dibasic pair.
However y-MSH is flanked at its N-terminal with an uncommon Arg-Lyse;sit
consequently cleavage occurs after the lysine and not at tdren@al side of the dibasic
pair.

The fact that this additional Lys residue appears to be esdentiall biological activity,

at least in the adrenal (Pedersen and Brownie, 1983), mbaked unreasonable to
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hypothesize that the importance of this lysine has placed sulffievolutionary pressure
on the system to retain the Arg-Lys cleavage site.

Despite clear experimental evidence showing the presence and impaftamedysine at
the N-terminus of thg-MSH peptides, they are not readily available commercialty. N
doubt as a result of this, most studies in the literature haveyM&tH peptides that lack

this critical residue.

Thebiological role of gamma-M SH

Unlike a-MSH and ACTH, the-MSH peptides have not been intensively investigated.
The first reports for a role for these peptides appeared igatthye 1980s (for a review see
Harmer and Bicknell, 2005) when it was demonstrated thay8y¢SH and pro-MSH,
although not directly steroidogenic, have the ability botWitro andin vivo to potentiate
the steroidogenic response of the rat adrenal to ACTH (Figufleelersen & Brownie
1980, Pedersed al. 1980, Al-Dujailiet al. 1981). This effect appears to correlate with
the ability of both peptides to increase the activity of the epzifarmone Sensitive
Lipase (HSL) (Pedersest al. 1980). HSL was first characterized in adipose tissue
(Trzeciak et al., 1984) and is critical for the stimulated breakdofatriacylglycerol (Li

et al., 2002), but also has the ability to hydrolyze cholesterokeS§irce the majority of
cholesterol in the cell exists in an esterified form, theeiase in HSL activity ultimately
results in an increase in the amount of free cholesterol tb ifde the steroidogenic
pathway (Pedersen and Brownie, 1987).

Characterization of the activity §dMSH by Pedersen and Brownie revealed that deletion

of the amino terminal lysine of Lyg-MSH, to generatgs-MSH, results in a reduction

5
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of adrenotropic potency to 2%, in comparison to synthetic\ykydSH. It was shown
also that residues (1-11) contain almost all the information needdmofactivity, while
the C-terminal region (12-24) has limited influence on the bioagtitLys-y;-MSH
(Pedersen and Brownie, 1983). This latter observation might be expentdering the
lack of conservation between species of the sequence in this region.

In the same study, Pedersen and Brownie used radio-ligand binding tageieeshe
existence of a-MSH receptor expressed by the adrenal gland. They showedathat r
adrenal cortex membrane preparations not only possessed high dfiivuiiyg sites for
radio-labelled Lys/3-MSH distinct from those for ACTH (Pedersen & Brownie, 1983),
but that binding was not confined solely to the adrenal. In comparisdrerieyels of
binding were observed in rat adipose tissue, skeletal muscle sta$ tmembrane
preparations and lower levels of binding in rat cardiac muscle, ocaady spleen

membrane preparations (Pedersen & Brownie, 1983).

A rolefor y-MSH in the adipocyte

The widespread binding of Ly8-MSH led Pedersen and Brownie to speculate the
possible existence of a functional relationship between yBy&¥ISH binding and
lipid/cholesterol utilization. It also seems reasonable to hypathdbat Lysy3-MSH
may have a widespread role in the regulation of HSL, sine@pears to be the key
enzyme affected by Lyg3-MSH in the adrenal. Indeed, comparison of the expression
pattern of HSL to that of the binding profile of Ly3-MSH shows HSL expressed in

every tissue that shows specific binding of $gsMSH.
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To further investigate this hypothesis we looked at the tsffet Lysy3-MSH on the
adipocyte, the tissue with the highest specific binding. The melanmoqoeptides,
ACTH, a-MSH andp-lipotrophin (LPH), have long been known to promote lipolysis, to
varying degrees, in the adipocytes of various mammalian sp@tiege and Engel,
1958; Ramachandran et al.,, 1976; Ramachandran and Lee, 1976; Boston, 1999).
However, only one study (Ng, 1990) can be found showingyihltSH, (without the N-
terminal lysine), is weakly lipolytic in rabbit adipocytes. Ugiglycerol release as a
measure, Ly§8-MSH was found to be a potent stimulator of lipolysis (Figure &) am
apparent E¢ of 3.56nM (Harmer et al., 2008). In order to investigate the molecular
basis for this lipolytic effect we investigated the phosphorylatioH®If at key residues
known to affect its activity (Figure 4a). Phosphorylation at Sera@DSer 563 increase
the activity of HSL while Ser 565 is basally phosphorylated atidvesl to prevent the
phosphorylation of Ser 563. Immunoblotting showed that 3yMSH could stimulate
the phosphorylation of Ser 660 and 563 whilst also reducing the phosphorylaSen of
565. We extended these studies to look at the phosphorylation of PeXilipimolecule
that in its un-stimulated state surrounds the lipid droplet proteittingm HSL activity.
Upon phosphorylation Perilipin A, moves away from the droplet allowingsscmo HSL.
Lys-y3-MSH was found to phosphorylate Perilipin A (Figure 4b) in a dtmendent
manner.

These results show that Ly38-MSH can activate HSL and Perilipin A resulting in
lipolysis, supporting the hypothesis that lWMSH may have a wider role in

lipid/cholesterol utilization.
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A rolefor Lysy3-MSH in other tissues?

With clear evidence for a role for Ly§-MSH in the regulation of HSL activity in the
adrenal and the adipocyte the question arises as to what a#egeptide has on other
tissues that both express HSL and also bind it with high affindyfufther investigate
this we have recently started to investigate the effectsysfy3-MSH on the heart.
Various gamma-MSH peptides have been shown to affect the cawlitarasystem
(Humphreys, 2007) increasing blood pressure and heart rate, althougarthésdieved
to be the result of changes in sympathetic outflow from the Gittger than a direct
effect on the heart. However, the heart does express HSL andiradsoLysy3-MSH,
observations that open up the possibility that \3<¥MSH may have a direct action on
the heart. Since previous studies have demonstrated that HSL issexpne rat cardiac
myocytes (Small et al.,, 1989), we have investigated the effeatt Lysy3-MSH
stimulation has on HSL phosphorylation in cultured primary neonatalcasetiac
myocytes. Treatment of serum-starved cardiac myocytes wish/3-WMSH resulted in
rapid and dose-dependent phosphorylation of HSL (Ser 660) at doses asliOvwpmol
(Figure 5a). In view of the fact that the heart is made uprakddferent cell types (i.e.
cardiac myocytes, fibroblasts, endothelial cells and vasculaottrmuscle cells), and
that non-myocyte cell populations are likely to represent approgiyn&% of the cells
present in primary cultures, we sought to demonstrate that HSLph@sphorylated in
cardiac myocytes in response to lyBsMSH. Immunofluorescence demonstrated co-
expression of Ser 660-phosphorylated HSL and the cardiac myocskernsarcomeric

tropomyosin, in Lys/3-MSH-stimulated cardiac myoctes (Figure 5b).
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These observations of dose-dependent phosphorylation of HSL in responsentolar
doses of Lys3-MSH in cardiac myocytes, when taken together with thieedinding
study by Pederson and Brownie demonstrating \3yMSH binding in heart tissue,
strongly support the existence of a direct role for {39vSH in the regulation of HSL
activity in the heart. However, the functional significance ofs¢hebservations will

require further investigation.

A receptor specific for y-MSH?

The effects of Lys3-MSH on the adrenal and the ligand binding studies were described
before the identification of the melanocortin receptors (MCRBgse receptors were
identified in the 1990’s and comprise a family of 5 related G-prateupled receptors,
denoted MC1-5R, that have a varied tissue distribution and ligand spediable 1)
(For a recent review see Wikberg and Mutulis, 2008). Of the 5 MibBsthe MC3R has
been shown to have any significant affinity feMSH (Gantz et al., 1993), although its
role in mediating the effects gfdMSH on HSL activity are contradicted by several pieces
of evidence. Firstly, the mRNA expression profile of the MC3R isthetsame as the
binding profile described by Pedersen and Brownie, although expressiba MC3R
has been reported in the rat adrenal (Dhillo et al., 2003). Secondly;l A8Cas potent an
agonist at the MC3R agMSH, which does not correlate with the low affinity for the
Lys-y3-MSH binding site described reported by Pedersen and Brownie. Thillyave
shown previously that SHU9119 (an antagonist at the MC3R and MC4Rplsde, or
conversely MTIlI (an agonist of the MC3 and MC4R) able to mimic dineergistic

actions of pror-MSH on ACTH induced steroidogenesis (Harmer and Bicknell, 2004).
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Finally, our recent study in adipocytes showed that HS024 (an ardagotine MC1, 3,
4 and 5 receptors) was incapable of blocking the lipolysis stietulay Lysy3-MSH
(Harmer et al., 2008).

These observations are not easy to interpret, but suggest thattatmeacology of the
known MCRs is either more complicated than previously thought, or ke might

exist another, as yet uncharacterized, melanocortin receptor speclfis-y3-MSH.

Summary

Gamma-MSH was one of the first peptides to have had its seqpesdieted from the
DNA sequence of the genes that encodes it. The subsequent parifichthe peptide
and the identification of the additional N-terminal lysine, seagea timely reminder that
purification of the native molecule is still an important part lné tharacterization
process.

The biological role of;-MSH is still not fully understood. However, the data from the
adrenal, the adipocyte and the heart, lends credible evidence toahbaté is involved
with the global regulation of HSL activity. Whether this holds fruall the other tissues
that express HSL and binding sites f{@MSH, and as importantly whether it is
physiological relevant, remains to be determined and certavdyrants further

investigation.
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Figure L egends

Figure 1: Sequence comparison of the rat MSH peptides. ThreesmpédMSH were
proposed by Nakanishi et al, 197%1—V-- y3- MSH. Purification of bothy andys-MSH
from the pituitary clearly show that cleavage occurs afteatbmine residue of the Arg-
Lys cleavages site resulting in the retention of the lysine residue at grenidl.

Figure 2: Lys+ys-MSH potentiates the steroidogenic actions of ACTH. Isolatednal
cells were packed into two separate columns (control and tjeatet continuously
perfused as previously described (Harmer and Bicknell, 2004). PulgeSTed (1ng/l)
(hatched boxes) were given to both columns, while the treated colusnalseagiven an
increasing dose of purified Lygs-MSH. A clear potentiating effect can be seen at doses
above 1pM.

Figure 3: Lysys-MSH stimulates lipolysis in 3T3 L1 adipocytes. Cells wereutall as
described in Harmer et al., 2008 and were incubated with various dosesfied Lys-
ys-MSH. After 4 hrs incubation, glycerol content of the media waaswed using a
serial enzymic assay. Results are expressed relativetteated cells (zSEM) with the
curve fitted using GraphPad Prism.

Figure 4a: Lysy-MSH stimulates a dose dependent phosphorylation of HSL and
Perilipin A at key serine residues in 3T3 L1 adipocytes. Cedi®wultured as described
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in Harmer et al., 2008 and were incubated with various doses of gurifgys-MSH.
After 20 mins incubation, cells were lysed and the extracts immotted|with either
total or phospho specific HSL antibodies. Phospho specific bands weresdchyn
densitometry and are represented as a ratio of total HSL expression)+SEM

4b: Cell lysates were also blotted with a specific Periligin antibody. When
phopshorylated Perilipin A undergoes a significant shift from 62-67KR&ad8 were
scanned and are represented as a the percentage of Perillpah RAigrated at 67KDa
(£SEM). In both 4a and b *p<0.05, **p<0.01 compared to untreated control.

Figure 5: Lysys-MSH stimulates a dose dependent phosphorylation of HSL at Ser-660 in
primary neonatal rat cardiac myocytes. Cells were isolated 2 day old Wistar rat
ventricles as described previously by Bicknell et al., 2004. Enriclaediomyocytes
(95% pure) were allowed to adhere overnight before being seruvedttor 48hours.
Cultures were then stimulated with various doses of purifiedy-}dSH. (A) After 20

mins incubation, cells were lysed and the extracts immunoblotitédotvospho-specific
Ser660 HSL antibody. (B) To confirm that LysMSH induced activation of Ser-660
phosphorylation in cardiac myocytes and not in contaminating non-mypcytes
immunofluorescence was performed as described (Bicknell et al4) 2B0ng anti-
sarcomeric tropomyosin (red) and anti-phospho-Ser-660 HSL (green) aesibbdiclei

of cells were stained with DAPI (blue). Cardiac myocytestaining phosphorylated
HSL (Ser-660) are indicated with arrowheads. (C) Control celihich the primary
antibody were omitted showing the absence of non-specific staining.

Table 1: Characteristics of the 5 known melanocortin receptors sholiing
affinities, expressed as B£(nM) values, and tissue distribution as determined by
northern and PCR analysis. Data modified from MacNeil et al., 2002.
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Figurel

a-MSH Ac-Ser-Tyr-SerMel-Glu-His-Phe-Arg-Trp-Gly- Lys-Pro-Val-NH2

B-MSH  Ala-Asp-Gly-Pro-Tyr-Arg-Val-Glu-His-Phe-Arg-Trp-Gly - Asn-Pro-Pro-Lys-Asp

v1-MSH Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-NH2

12-MSH Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly

13-M5H Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-Pro-Arg-Asn-Ser-Ser-Ser-Ala-Gly-Gly-Ser-Ala-Gln
Lys-y3-MSH Lys-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-Pro-Arg-Asn-Ser-Ser-Ser-Ala-Gly-Gly-Ser-Ala-Gin

Page 15 of 20


http://ees.elsevier.com/mce/download.aspx?id=27590&guid=01ec80ef-5dbf-4705-be40-ca3e7cccf564&scheme=1

Figure2
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Figure3

Glycerol release (Fold above control )/4hrs/6.3x10 E cells)
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Figure4d
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Figure5

Dose of Lys-y3-MSH
- =
2525325
2 - 2 s E F o B
+ () =& ™ = - - -
A | 2 N !|
DAPI Phos HSL Ser 660 Tropomyosin Merge

B...
C...

Page 1Y ot 20

—

50uM

S0 M


http://ees.elsevier.com/mce/download.aspx?id=27594&guid=e966fc5b-9eb8-4a15-a435-31a9772dd661&scheme=1

Table 1

Ligand MCIR MC2R MC3R MC4R MC5R
o-MSH (EC5, nM) 4 >1000 1 2 20
ACTH;.04) (ECso nM) 11 1 7 4 41
v-MSH (ECs, nM) 40 >1000 6 300 600
Tissue distribution Melanocytes Adrenal Brain, Kidney, Gut, Brain, Spinal cord | Adrenal, Brain,
Macrophages | (Adipocytesin | Heart, Placenta, Adrenal Lung, Spleen.
rodents) Exocrine glands
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