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Anotacija

MSH-receptori ka fiziologiska strukturvieniba ir pazistami kops 1957. gada. Alfa-
melanocitstimuléjosa hormona/adrenokortikotropa hormona (MSH/AKTH) peptidu
iespéjamas saistiSanas vietas pie receptoriem ir atrastas gan smadzenu gan periférijas
audos. Vélakos gados receptoru pétijumos tika izmantotas melanomas $tnu linijas. Sis
testsistémas deva informativus rezultatus, bet tikai tagad ir zinams, ka Sie agrak iegutie
dati attiecas uz MC1 receptoru. 1992. gada aizsakta molekulara receptoru génu
klongSana paradija piecu MC-receptoru apakstipu eksistéSanu. Sie pieci MC-receptori
tika nosaukti péc numuriem - MC1, MC2, MC3, MC4 un MC5. Tie pieder pie ar G-
proteinu saistitiem receptoriem, kuriem ir septini hidrofobi transmembranas fragmenti
un tie visi stimulé cikliska adenozinmonofostata (cCAMF) veidoSanos. ledarbojoties uz
smadzenés, imunas sistémas Stnas un periferidlos audos esoSajiem receptoriem
melanokortini uzrada neierobezoti plasas to pielietoSanas iespgjas. Viens veids ka
selektivi regulét MC-receptoru apakStipus butu farmakologiski ietekmét tos procesus,
kas notiek Sunas, kuras tiesi producé MC-receptorus, vai ari izmainit So Stunu vai

audu attistibas apstak]us.

Saja darba ir aprakstiti jaunu sinttisku vielu, kuras selektivi aktivé visus lidz §im
atklatos MC-receptorus vai selektivi antagonizé dabigo hormonu vai citu agonistu
ietekmi uz Siem receptoriem, pétijumi. Dabigo hormonu, to sintétisko analogu un ne-
melanokortinu vielu darbibas salidzinajums Jauj izdarit secinajumus, ka alfa-MSH ir
selektivs MC1 receptora agonists, MC2 ir tikai AKTH receptors, MC3 receptoram ir
relativi augsta gamma-MSH piesaistiSanas sp€ja, kas savukart ir |oti zema MC4
receptoram, bet MC5 receptors atgadina MC1 receptoru ar piebildi, ka visi dabigie
hormoni saistas pie MC5 ar daudz zemaku afinitati ka pie MC1. Ar fagu displeja
skriningu atrastie peptidi uzrada labaku selektivitati pret MCI1 receptoru. Bez jau
zinamas MC1 lomas melanogenézes procesos tiesi pedéja laika zinatniska literatura
paradas dati par MC1 selektivu vielu nozimi imunas sistémas funkcionéSana. Ar
Sadam vielam var€tu arstét imunas sistémas slimibas, ietverot iekaisumus vai jebkuru
radniecigu gadijumu, kurd ir jaregulé makrofagu, neutrofilu, monocitu, keratinocitu,
melanocitu vai endot€lijStnu darbiba.

Parbaudot ar radioligandu saistiSanas metodi simtiem jaunu sintétisku peptidu tika

atrasti  savienojumi ar augstu selektivitati un sp&ju stimulét cAMF ~ MC-receptoru



proteinus producgjosas Sunas. Tika atklats, ka 26 locekju gredzena cikliskie peptidi,
Kur ciklu veido Cys4 un Cys 11, ar D-Nal7 aizvietotu Phe7 alfa-MSH molekula, ir
selektivi MC4 ligandi, bet savukart 29 loceklu gredzeni ir selektivi MC3 ligandi.

Saskapa ar datiem, kas tika iegtiti péc MC4-receptora proteinu neproducgjosam pelem
(knock-out mice), MC4 selektivas vielas var tikt pilnveidotas lidz aptaukosSanas,

anoreksijas vai bulémijas arstéSanas lidzek|iem.

Sis darbs ietver ari receptoru struktiras pétijumus, kadi ir iespéjami ar mutétu dabigo
receptoru klonu veidoSanu. legutie mutanti tika ekspreséti Sunas un raksturoti péc
sp€jas piesaistit MSH/AKTH peptidus. Sada tipa rezultati ir nozimigi tris dimensiju
struktiras kompjutermodelésanas programmam, jo lidz Sim vél nav izdevies attirit un
kristalizét nevienu membranas esoSa receptora proteinu, kas lautu ar spektriem noteikt
So receptoru uzbuvi. Tika raditi daudzi mutanti un So datu kopsavilkums rada, ka
ligandi saistas receptora transmembranu (TM) segmentu 1, 2, 3, 6 un dal&ji 7
iekSpusé. TM4 un TMS praktiski nepiedalas ta sauktas “saistiSanas kabatas™ (binding

pocket) veidoSana.

Ziditaju  Sunas ekspreséto MC-receptoru koncentracija ir nepietieckama receptoru
proteina attiriSanai, kas ari ir iemesls meklet citus veidus ka iegat lielaku daudzumu
receptoru. Ir zinams, ka bakulovirusa ekspresijas sistéma ir viena no visefektivakajam
biometodém liela daudzuma proteinu ieguvei. Tiesi més pirmo reizi paradijam, ka
inficgjot insektu Sf9 Stnas ar bakulovirusu nesosSu attieciga MC-receptora génu, tika
iegita augsta MCI1 proteina koncentracija. Musdienas Sadas Stnas tiek lietotas zalu
kompanijas liela apjoma vielu skriningam un tuvakaja nakotné tiks izmantotas

receptoru attiriSanai.



AHHOTAIIMA

Peuenropsr MCI (Me12HOUMT-CTUMV.IHPVIOWIETO FOPMOHA) U3BecTHb! ¢ 1937 rona xax
Gu3M0I0rHYecKe VYacTKH BO3ACHCTBHS 3TOCO FOPMOHA. [ax HalslBaeMble cadTsl (VHACTKH)
ceadpiBaHus 11w MCI/AKTID nentios ObL1d HafIeHs! 8 MO3rv # B mepudepuu. Vzvuenwue
ITUX peuenTopos ObLI0 Takke MPOU3BEICHO Ha KIETKAX MeTaHOMBL JTH TECT-CHCTeMBI JIaTH
CPaBHHMbIE pe3vIbTaThl. HO KAK ceHYac H3BECTHO, NOIyHEHHBIE JaHHBIE OTHOCUTHCH K
peuentopy MCI1. Hawunnas c 1992 roma. MeTOIOM MOIEKVISPHOTO KIOHUPOBAHUS ObLIH
HISHTHHIHPORaHE! ITh pasmyIHbX moIrvnos MC-penerntopos, KoTopsle OBLTH Ha3BaHBI, B
nopstike ux oTkpsemus. MCl. MC2, ... MC5-penentopamu. BbL10 yCcTaHOBIEHO, YTO OHM
MPHHALTIEKAT K KTACCY PEUENnTOPOB, CBA3AHHBIX ¢ [ -IIPOTEHHOM ¥ HMEIOT ceMb HapohoOHBIX
TpaHcMeMOpPaHRBIX QPArMeHTOB, KOTOPsle CTHMY.THPVIOT 06pazosanue HAMOD.

[TenTHaHBle  COPMOHBI  (METAHOKODTHHBI),  deiicTBya  uepe3  MC-peuentopesl,
MOK2AW30BAHHEIE B UCHTPATHHOA HEpBHOH CHCTEME U MNEepHpEpHH, OKaIb[BAIOT HACTOILKO
TMPOKUH CreKTp AeHCTBHSA, YTO HX CITOCOOHOCTH CTATH NMpeILIeCTREHHUKAMH ;T€KAPCTB MPOCTO
Gesrpanyarel. OHHM 43 NepPCNeKTHBHLIX HAMTPABIECHHI AB/IACTCS CEIEKTHBHOE PETYTUPOBAHUE
MC-peuentopos myTteM dapMaKoTOrHyecKoro Bo3IeHCTBHS Ha KIETKH ¥ TKaHH, [TPOM3BOLAILINE
MC-penerrtophsie GeKH.

Hactosimas padoTa o06o0llaer mporpecc B pa3paboTke HOBOW TPYIIIIBI XUMHAYECKHX
COeTMHEHUH, CeNeKTHBHO akTuBupyromux MC-peuenTopel, a Tawke SABAFIOMUXCS
aHTaroOHXCTAMH ,ﬂpyTHX‘l‘OpMOHOB ¥ arOHHCTOB JTHX peuenTopor. MOXKHO CAENATh Ci1eTYIOLIHE
OCHOBHEIE 3AKMIOYEHUS 110 pe3ybTataM paboTsl:

1. CpaBHUTENBHOE U3YHEHAE MPHPOIHBIX METAHOKOPTHHOB, HX CHHTETHYECKHX aHATOr0B,
a TaKXe COCNWHEHRH «HEe-MEJaHOKOPTHHHOM» MPHPOIH! MO3BOMMIIO OMPEIETHTh OCODEHHOCTH
pa3nuyHex noarunos  MC-peuenropoB. bBemo  ycranosmeso, uro o-MCI  sBrnsercs
cenexTUBHBIM mrangom MCl-peuerntopa, B To BpeMs kak AKTI cBazemaerca Tonsko ¢ MC2;
¥+MCI uMmeeT OTHOCHTENBHO Bhicokoe cpoactBO kK MC3, mo me x MC4; MCS B uesnom
RanmomuHaeT MC| peuentop, ¢ TO# pa3HWLEH, ITO BCE MEMAHOKOPTHRbL! CBAIBIBAOTCA C HHM
HAMHO[O XYXe.

2. TlenTuapl, waliaeHHBIE METOAOM CKPUHWHTA (Garosoro AWCILIEN NMOKa3sBaroT Gomnee
BBICOKYIO cenexTuBHOCTE K MCI. IoMHMO JaBHO H3BECTHOrO MeElaHOUUT-CTUMYIHPYIOLIEro
3pdexta B HacToAwmEee BpeMs HAKAIUTMBACTCS BCE GOMbME AAaHHBIX OO OrPOMHOM 3HAYEHHH
cenekTuBHeX MC! nura#gos B MOJYTHPOBaAHHY HMMYHHOR CHCTeMBL. TakHe COEIMHEHHS

MOCYT 65ITH BecsMa MOME3HB! B feYeHWH 3300NeBaHu#l HMMYHHOR CHCTEMBI, CBS3aHHBIX C

[Py}



NEHCTBUEM MaKpoparos. HEHTPOQPHIOB. MOHOUUTOB. KEPAaTUHOUHTOB. MEIAHOUMTOS. KIETOK
SHIOTE MK H Ip.

5. TecTuposaHHe COTEH CHHTETHYUECKWX [MENMTUIOB BHIABUIO HOBbiE COEIHHERHA C
CEIeKTHBHBIM BO3ICHCTBHMEM Ha OTIEabHble norrunsl MC-peuenTopos B COHETAHHH C
3pdekTuBHON cTUMYIAUME WM MErYOMpORanMeM o0pazosaHus UAME® 8 kIeTKax.
npou3ssoaaumx MC-peLenTopsl.

4. Hamu Q1m0 Hail1eHo. 41O 26-4ileHHble ouxmveckye neatuast Cvsd, D-Nal7, anatoru
Cysl1-a-MCT 4B1MIOTCA BBICOKOCEICKTHBHBOMH THraHIavMy 11t MC4-peuenTopa, B TO BpeMs
Kax 29-yjeyHpie OEMTUIBl SABIMOTCK CEIeKTUBHBIMMH smraxmnaMud a1t MC3. [lanusle.
NOMydeHHple B pPe3ViIbTaTe JKCIIEPHMEHTOB Ha Mbrmax Oe3 rexa MC4, moxassmaroT, 49TO
ceexTuBnble nuradael MC4-peremTopoB MOLYT CTaTb HEPCNEXTHBHBbMY fIpernaparaMu Al
NeYeHns HapymeHHUi O0MEHa BEMECTB: [THITHErO Beca. aHOpeXCHH, SVIEMUH U Ip.

Jannan paGoTa BKTIOWaET TakKe CTPVKTVPHYIO XapakTepUcTUKY pELEnTOpOE.
TDOMyYeHHYIO MVTeM H3ydeHHR MVTanTHbIX K1loHoB MCI1. MC3, MC4 u MCS-peuentopos.
KOTOpsIE OBLTH OXAPAKTEPU3OBAHB! METOJOM DATMOTUTAHIHOIO CBS3BIBAHUSA, A TaKXKe MO
CrIOCOBHOCTH CTHMYNRpoRaTh cHHTe? UAMOD B KIeTKaX, NMPOMIBOMAMIMX MYTAHTHBEIE T[EHBI.
ITonydeHusle pelyabTarsl SBAAOTCA BecbMa AHGOPMATHBHEIMH LA KOMIBEOTEPHOrO
MOQEMMPOBAHUS TPEXMEPHOH CTPYKTYDBI PEUENTOPHOro Oejka, Tak Kak [0 CHUX TOop He
CYmIECTBYET AAHHEIX O KPHCTAUIHYECKOW CTPYKType MemOpaRocBszanHHAX Oenkos. Mayuenue
MYTAaHTHEIX TeHOB [I0KAa3ano, 4uTO CaiiThl CBA3bIBAHMSA /IMIAHTAa HAXOOATICS BHYTPH
TpaxHcmemOpanusX Gparmentos TMI, TM2, TM3, TM6 1 TM7, 8 To Bpems, kak TM4 u TMS
IPAMO HE YUACTBYIOT B CBS3LBAHUH.

KOHIIeHTpaIDiA pelenTopHoro 6eqxa B KIeTKaX MO3BOHOUHBX, Npou3poasmux MC-
PELENTOpsI, ABIAETCA BENOCTATOYHOH UM €ro BbLieneHus H oumcTxH. M3sectHo, 4T0 Metox
THQUUMPOBAHHUS KIETOK HaKyNIOBUPYCOM ABIACTCS OJHHM 3 HanGonee 3hHeKTHBHBIX METOLOB
OPOHM3BOACTBRA OefXa, COOTBETCTRYIOWEro reHaM Bupyca. B 3To#t ¢BA3W 3TOT MeTon OsLT u3bpan
HamH [I8 yBernwdeHus mpoussogcTsa MC-peuentopos B knerkax. Hamu Bmepebie 65LTO
DOKa3aHO, YTO 3apakeHUe WHCeKTHBX KI1eTkoxk Sf9  6GakynosupycoMm, Hecymum TeH
cooTBeTcTByromero MC-peuentopa, (pHBOIKT K MOMYYEHHIO BBICOKOH KOHUeHTparmu MC-
penenTopHOoro 6enka. B nacToflmee BpeMs TakKMe KIETKH IOIHPOKO HCMOMBIYIOTCS
(bapMaeBTHYECKAMH KOMITAaHHAMM [UIS MACIITaOHOro CKpHHWHIA COCOMHEHHUH, W B DyaymmeM,

BEPOATHO, By YT HCIOMB30BATLCA TAKCKE [UTA OYHCTKY PELETTOPHOro Henxa.



ANNOTATION

Since 1957 MSH-receptors have been known as physiological entities. Binding sites
for MSH/ACTH peptides have been identified in number of brain and peripheral
tissues. Receptor studies were later also performed by binding on melanoma cell lines.
These test systems gave comparable results and it is now known , that data obtained
than with these systems refer to MC1 receptor. Starting at 1992 by the use of
molecular cloning genes encoding five different subtypes of MC-receptors have been
identified. These five MC-receptors are termed MC1, MC2, MC3, MC4, MC5 and
they belong to the class of G-protein coupled receptors which have seven
hydrophobic transmembrane domains and are coupled in a stimulatory fashion to
CAMP. Acting through these five (localised in central nervous system, immune
system and periphery) receptors melanocortin peptides exert so broad array of
peripheral and central effects, that their investigation has no borders. One way is to
provide means and methods to selectively regulation of MC-receptors by
pharmacological affecting processes and conditions related to tissues and cells
expressing the MC-receptors.

This study describes the design of a new group of chemical compounds which
activate MC-receptors selectively and with high potency as well as which antagonise
the action of other hormones and agonists on these receptors . Comprehensive testing
of natural peptides and their synthetic analogues as well as non-melanocortins
allowed to draw general conclusions. Such as, that oMSH is selective for the MCl
receptor, the MC2 binds ACTH, but not MSH peptides, the MC3 has relatively high
potency for YMSH, but MC4 low, that MC5 has the same potency order as MC1,
but MSH peptides bind to MC5 with much lower affinities. Peptides found by phage
display screening show higher selectivity for MC1. Besides already known effect of
MCI in melanogenesis there is growing number of data showing importance of MCI
receptor selective substances in immune system modulation. Such substances can be
used in the treatment of immunological diseases, including inflammation or any related
condition involving the action of macrophages, neutrophils, monocytes, keratinocytes,

melanocytes and endothelial cells.

Screening  hundreds of synthetic peptides revealed novel compounds with high
selectivity and affinity for MC-receptor subtypes in combination with effective
stimulation of cAMP formation in MC-receptor expressing cells . We discovered that
26 member ring cyclic peptides Cys4, D-Nal7, Cysl -aMSH analogues posses for



MC4 receptor, 29 member rings for the MC3. According to data from knock-out mice
MC4 selective substances have potential in treatment of overweight, anorexia and
bulimia.

The present study includes also structural characteristic of these receptors by
generation of mutated clones of human MCI1, MC3, MC4, MC5 receptors. These
mutants were functionally expressed in eukaryotic cells and characterised in
radioligand binding assay. Results of this nature is important for 3D modelling of
receptors protein as there is no data available of membrane bound receptor protein
crystalline structure. Mutagenesis study showed that ligand binding pocket is buried
within the TMI, TM2, TM3, TM6 and TM7, but TM4 and TM5 did not affect
binding.

Concentration of expressed MC-receptors in mammalian cells is inefficient for receptor
protein purification what is reason to search for other possibilities. It is known, that
baculovirus expression system is one of the most efficient method for high level
protein production. It was shown by us first time that infection of insect Sf9 cells with
baculovirus carrying corresponding MC-receptor gene gives very high MC-receptor
protein level. Nowadays such cells are used in drug companies for large scale
screening and in the future will be used for receptor purification.
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Abbreviations

MSH
mRNA

PCR
POMC

adrenocorticotropic hormone
base pair

carboxyl

adenosine 3:5-cyclic monophosphate
central nervous system

counts per minute
deoxyribonucleic acid
extracellular loop
isobutylmethylxantine
melanocortin

melanocyte stimulating hormone
mesenger ribonucleic acid
amino

polymer chain reaction
proopiomelanocortin

transmembrane



INTRODUCTION

Approximately three decades ago the first time in scientific literature ACTH/MSH
peptides (melanocortins) were mentioned (1, 2, 3). Since than up to nowadays a large
number of central and peripheral effects of natural melanocortins and their synthetic
analogues has been described. It was proved that:

1. ACTH and oMSH are not only present in the pituitary, but also in the other brain
structures and periphery.

2. Melanocortins are formed from large precursor - proopiomelanocortin (POMC),
which can be processed to ACTH, oMSH, YMSH and BLPH, which later can be
processed further to BMSH and B-endorphin (4, 5). In the brain POMC-containing cell
bodies are mainly localised in the arcuate nucleus of the hypothalamus (6) and nucleus
tractus solitarius (7). Small amounts of POMC have been detected also in the various
peripheral tissues and cMSH immunoreactivity has been found in the skin (8).

3. Peripheral targets for «MSH are melanocytes and melanoma cells, for ACTH -
adrenal gland, but lacrimal, Harderian glands, as well as peripheral nerves respond to
all ACTH/MSH peptides (for a review, Eberle 1988) (9). Although it was confirmed
long time ago that ACTH/MSH-like peptides may modulate brain functions
(conditioned avoidance behaviour, excessive grooming, stretching, yawing, release of
pituitary hormones etc. (9), the exact their targets in the brain were not established.
The melanocortin peptides are reported to have anti-inflammatory (10), antipyretic
activity (11), protective actions against renal injury after ischemia in mice and rats
(12), possibility to stimulate nerve regeneration (13), to influence blood flow, blood
pressure, heart rate (14, 15) and to exert behavioural effects mainly related to
attention, learning, memory, social, sexual behaviour (9).

The existence of specific receptors for the melanocortins has been shown in melanoma
cells (16. 17, 18), peripheral tissues (19, 20) and in the brain (21,22), but the first
cloned receptor was nominated by Chhajlani and Wikberg at 1992 (23) by applying
PCR (polymerase chain reaction) on the human genomic DNA and primers designed
by homology to the TM3 and TM6 of known G-protein coupled receptors (GPCR).
The same human melanocortin receptor named MCI and mouse MCI receptors were
independently cloned by Mountjoy et al. at the same year (24). Than human MC2
(24), MC5 (25), MC3 (26), MC4 (27) were cloned. Nowadays are cloned also MC
receptors of other species: bovine MC1 (28), chicken MC1 (29), mouse MC2 (30).
bovine (31), rat MC3 (32), mouse MC3 (33), rat MC5 (34), mouse MC5 (35), ovine
MCS5 (36) etc.



The MC receptors belong to the class of G-protein coupled receptors which are all
built from a single peptide forming 7 transmembrane domains and they all couple in
stimulatory fashion to cAMP.

The MC1 is present on melanocytes and melanoma cells (9). Recent data also indicates
that MC1 is expressed in limited areas (periaqueductal gray) of rat and human brain
(37) as well as in the testis (28). Also very recently MCI is shown to be present on
macrophages (38), neutrophils (39), glioma cells and astrocytes (40), monocytes and
endothelial cells (41), testis and ovary (42). This suggests a specific role of MC1 in
cutaneous and reproductive physiology as well as pathophysiology. The MC2 is
ACTH receptor. It is present in the cortex of adrenal gland (9). MC3 is found in
distinct areas of the brain, placental, gut tissues (26). MC4 is found to be present only
in the brain (27).

MCS5 receptor is expressed in the brain as well in several peripheral tissues (34, 35).
Taking together all expression data obtained in different species one can describe
localisation of MC receptor subtypes as following:

MCI - melanocytes, melanoma, macrophages, monocytes, brain (limited areas, such
as periaqueductal gray), adipose tissues, testis.,ovary.

MC3 - brain, placenta, duodenum, pancreas, stomach, heart.

MC4 - brain (widely distributed in almost every brain region, including the cortex,
thalamus, hypothalamus, brain stem and spinal cord).

MCS3 - brain, skin, adrenal gland, spleen, thymus, bone marrow, uterus, stomach,
thyroid, pineal gland, mammary gland.

The most studied and clarified physiological roles of the melanocortins were the
effects of «MSH on pigmentation and of ACTH on steroid production in the adrenal
gland. Recent knowledge about MC receptor localisation may help to establish and
explain a large number of other effects attributed to the MSH peptides. A diversity of
effects is induced by natural melanocortic peptides. These effects should be mediated
by different subtypes of the MC-receptors. There are growing number of publications
showing that MC1 receptors play important role in the modulation of inflammation an
effect claimed to be caused by the inhibition of the production of NO synthase (10).
MSH peptide is also known in increase the formation of interleukin 10 (IL-10) in
monocytes. Role of MSH peptides in cutaneous biology is described as ability to
stimulate pigment formation of the skin, to modify keratinocytes proliferation and
differentiation.



The most important achievement in the revealing of specific physiological role of each
MC receptor subtype is generation of knock-out MC4 and MC5 mice (inactivation of
the corresponding receptor by targeted gene disruption). MC4 knock-out mice
developed a obesity syndrome similar to aguoti obesity syndrome (43). associated
with hyperinsulinemia, hyperglycemia and elevated expression of neuropeptide Y in
the hypothalamus (44). MC5 knock-out mice gave strong evidence that this receptor
plays important role in the regulation of exocrine glands functions (45). Taking into
account already known data about MC1 and MC2 significance and above described
data about MC4 and MCS5 properties, only MC3 physiological role remains
unclierified. The obtained MC3 localisation in the heart and relatively high affinity of
this receptor for YMSH (which i1s known to influence the cardiovascular system) lead
to speculation that MC3 receptor may be involved in hypotensive, bradycardic
responses (46). However, Van Bergen 1997 (15) published data that effects of YMSH
on the cardiovascular system are not mediated by any of the cloned MC receptors.
Brain or peripheral tissues as source of MC-receptors in radioligand binding studies or
melanophores from lower vertebrates like frogs, lizards for testing agonist/antagonist
properties were performed since 1957 (9). Nowadays mainly cloned receptors are
used in screening experiments to find selective binders to each of receptor subtype.
Thus, knowledge of chemistry, mechanisms of action, physiological effects of the
melanocortin peptides have been reviewed and enlarged by use of molecular
techniques and especially by creating knock-out mice models.

AIMS

The overall aim of this work was to study all MC receptors.

The specific aims of present studies were:

1. To clone hMCS5 receptor.

2. To prove that MCI1 receptor 1s expressed in melanoma cells.

3. To show characteristic binding profile for all MC receptors.

4. With help of mutations into wild type receptor structure to find
important/unimportant ~ structure elements for receptor-ligand
interactions.

5. To find selective substances for each MC receptor subtype between
MSH/ACTH like peptides as well as between non-MSH peptides (like
TRH, dynorphines etc).

6. To develop large scale expression system in insect cells using
recombinant baculovirus expression system.

7. To screen MC1 active substances found by phage display library.



METHODS

brief description of methods used in corresponding papers.

1.Cloning of hMCS5 (Than called MC2 receptor).

The oligonucleotide primers for polymerase chain reaction (PCR) were designed on
the nucleotide sequence of the cloned MC1 receptor. The primers were synthesised
with EcoRl and BamHI linkers. Human genomic DNA was subjected to PCR using
the above described primers. One product was observed which was cloned into the
pGEM7zf+ vector (Promega Corp., USA) and the resulting plasmid, termed G8, was
sequenced using the chain termination method. [0 million clones of the human
placental DNA genomic library (Stratagene, USA) were screened with 32p_jabelled
G8 probe. Positive plaques were picked and 2400 bp Sac | fragment from the
genomic clone MC5, was subcloned into the pGEM5zf+ vector and sequenced. The
entire coding region of the MC5 genomic DNA clone was inserted into pRC/CMV
vector and used for transformation cells and later in binding studies.

2.The localisation of MC1 in WM266-4 human melanoma cells and melanoma
tissues was investigated by applying antipeptide antiserum prepared by immunising
rabbits with a 1l-mer synthetic peptide from hMCI1 receptors N-terminus. The
immunoreactivity was detected with enzyme-linked immunosorbent assay (ELISA).
The specific immunoreactivity was demonstrated on the surface of the cells by using
either biotin-avidin immunoalkaline phosphotase -(Vectastain-ABC kit I, Vector Red.
Vector Lab). or TRITC-staining method.

3. Mutagenesis studies were carried out in 4 different ways: 1) truncations at the
N-terminus. These constructs were made by PCR, checked on agarose gels by
electrophoresis, purified by Qiagen or Jetpure beads prior cloning and sequencing.

2) multiple mutations in certain area of the clone which were introduced
simultaneously. The constructs were made according to the so called Megaprimer
approach (47). These modifications were made on hMC3 extracellular loop (EL) 2,
TM4, TMS5 and mMCS5 ELI. EL3.

3) chimeras for melanocortin 1/3 receptors were created by a modification of the
megaprimer approach.

4) mutations were done by introducing single amino acid mutations separately in the
two putative start codons of the hMC3 at the N-terminal part and two mutations into
hMCI.



4. Cells and expression.

Eucaryotic cells were grown in Dulbecco's modified Eagles medium (Gibco, BRL)
with 10% foetal calf serum (Gibco BRL) and IX antibiotic/antimycotic solution (Gibco
BRL). Cells which naturally express MC receptors: WM-266-4, B16-F1, Y1 were
used in experiments when they were about 90-100 % confluent. COS-1, COS-7,
HEK-293, CHO, G4F cells were transfected on petri dishes with the corresponding to
aim of studies DNA (approximately 1 pg DNA for every le(}‘6 cells) mixed with
liposomes in serum free medium Optimem. MC1 and MCS5 receptor clones have been
cloned into the pRc/CMYV vector. The MC3 and MC4 receptors, cloned into CNV/Neo
vector, were gift from Dr. Ira Gantz, USA. The different mutants were cloned into
pRc/CMYV vector, but the chimeras into pcDNA 3.1.

The liposomes used were either the commercially available Lipofectin (BRL. USA) or
produced according to Campell (48). After 6 h Optimem was replaced with the
previous medium and cells were cultivated for 48 h. Cells were than detached from the
petri dishes by incubation in Hank's balanced salt solution (Gibco, BRL) with 0.5-1
mM EDTA for about 3 min, then scraped off, centrifuged and used for radioligand

binding, or cAMP determination, or localisation studies.

Baculovirus cxpression system is established as one of the most efficient method for
high level production :(49) and were used for insect Sf9 cells infection . Sf9 cells
were grown at density 2 million cells/ml and infected with baculovirus carrying

appropriate MC receptor gene and after 48 h were used in assays.

5.Radioligand binding.

The radioligands used were labelled with 125I in our lab or purchased from
Amersham, Malme. []251]—\Tle4~D—Phc?—MSH: [IZEI—MSH], [3-IZS I-iodotyrosyizS]—
ACTH(1-39) were labelled by the Chloramine T method or iodobeads techniques and
purified by HPLC.

The binding assays were performed on whole intact cells into binding buffer - MEM
with Earles salts, 25 mM HEPES, pH=7.0, 0.2 % bovine serum albumin, ImM
1,10-phenantroline, 0.5 mg per litre leupeptin and 200 mg per litre bacitracin. Cells
were distributed in microtiter 96-wells plates, centrifuged and after removing buffer
incubated for 2 h at 379 with binding buffer containing for competition analysis
constant labelled ligand concentration and appropriate concentrations of unlabelled
competing ligand. For saturation analysis 12 concentrations of labelled ligand in the
range of 0.02 up to 20 nM were used. Non-specific binding was determined in the
presence of 3 UM appropriate unlabelled ligand. Untransfected cells were used as

13



control. After incubation the cells were washed with ice-cold buffer and detached from
the plates with 0.1 M NaOH solution. Radioactivity was counted in gamma counter
and the data analysed with a software package for radioligand binding studies (Wan
System, Umea, Sweden). The data was analysed by 1) fitting in to the four parameter
logistic function using non-linear least squares regression and then the Ki values were
obtained from IC5( values according to the equation of Cheng and Prusoff (49) or
by 2) fitting it to formulas derived from the law of mass action by the method

generally refereed to as computer modelling.

6. cAMP determination.

Cells were harvested and incubated for 30 min at 37° with Dulbeccos modified Eagles
medium containing 0.5 mM IBMX and appropriate concentrations of tested
substances. After incubation cAMP was extracted with perchloric acid, centrifuged
and the protein free supernatant was neutralised with 5 M KOH/TRIS solution. 0.05
ml of this neutral supernatant was added to a 96 well microtiter plate. The content of
cAMP was than estimated according to binding protein method (50). Samples were
harvested by filtration on Whatman GF/B filters using semiautomatic Brandel cell
harvester. Each filter was rinsed with 3 ml 50 mM TRIS/HCI pH=7.4. The filters
were punched out and put into scintillation vials with scintillation fluid EcoScint and
counted on beta-counter. The readings were converted into cAMP concentration by
constracting curves from standards.



RESULTS AND DISCUSSION

1.hMCS cloning (paper I).

The cloned DNA were coded for protein of 325 amino acids which possessed seven
hydrophobic segments, a characteristic of G-protein coupled receptors. This receptor
showed identical order of affinity for the melanocortin peptides as MCI, but the
affinities and the fold differences in the affinities were different from earlier described
MC receptors. These results suggested that we had cloned a new MC receptor
subtype.

2.hMC1 localisation (papers II and III).

It was shown earlier that «MSH can bind to melanoma cells, but it was not known
what subtype of MC receptors are localised on tumour cells. By applying an
antipeptide antiserum specific for MC1 receptor we demonstrated that MC1 is located
on melanoma cells as well as in specimens of melanoma tumours.

MC1 receptor had a patchy distribution with the receptor being arranged in clusters to
limited areas on the surface of the melanoma cells.

3.3D receptor structure studies

G-protein coupled receptors belong to the largest family of receptors with
approximately 1000 members in mammals and over 100 in humans for peptide
hormones. MC-receptor family has the shortest amino acid sequence among the G-
protein coupled receptors as they are correspondingly MC1 (317), MC2 (297), MC3
(361), MC4 (333) and MC5 (325 ) amino acids long. They have short N-(25-39)
and C-terminal regions (17-21) amino acids long as well as a very small second
extracellular loop ca 9 amino acids. The all MC receptor subtypes share considerable
amino acid identity, highest between the MC4 and MC5 (60% of identity, generally
highest homology for all MC-receptors are in transmembrane (TM) segments TMI,
TM3 and TM7.

1) Site directed mutagenesis ( paper [V-VI).

Our site directed mutagenesis studies of hMC1 receptor showed that mutations of
Asp-117 (D117) in the TM3, or His-260 (H260) in TM6 to Ala resulted in loss of
affinity for aMSH but not for NDP-MSH. These data were used to molecular
modelling and resulted in conclusion of putative interaction of D117 and H260 in the
MC1 receptor with His6 and Glu5 in the MSH peptides. Due to this hypothesis we
tested MSH peptides with exchanged His6 in the MSH peptide with Tyr6 and Glu5 to
AspS> (SHU9119), Melanotan I and did not find support to this idea. These data
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combined may indicate that D117 and H260 mutations cause conformational changes
in the receptor which can not be linked to any specific amino acid in the MSH
peptides.

2)Truncated clones - (papers VII-VIII).

The genomic DNA sequence for the hMC3 shows a 361 amino acid long open reading
frame. MC3 receptor Met38 aligns with Metl in the hMC1. The N-terminal of mouse
and rat MC3 are lacking the first ATG corresponding to the proposed transaction
initiation codon of hMC1.Therefore MC3 receptor has for 37 aminoacids shorter N-
terminal region as MC1. In order to investigate the importance of longer N-terminal
chain we made 3 mutant clones MC3 ATGI1, MC3 ATG2 and MC3 with deleted
sequence between first and second ATG (Mc3-Mto M). Binding results showed that
all MC3 clones are similar to the original wild type. Further we created 11 truncated
clones of hMCI, hMC3, hMC4 and hMC5 receptors in order to investigate the
putative participation of N-terminal region in ligand binding. The results show that 27,
25, 28 and 20 amino acids could be deleted from N-terminus of MC1, MC3, MC4 and
MCS5, respectively, including all potential N-terminal glycosylation sites in the MCI
and MC4 receptors, without affecting ligand binding.

3) Transmembrane regions (paper IX-X).

MC receptors belong to seven TM G-protein coupled receptors. TM4 and TMS5 show
low amino acid homology within the MC receptor family. In order to investigate the
participation of different TM domains of MC receptors TM4 and TMS of the MC3
were separately changed so that their amino acid sequences corresponded identically
with MCI1. These data provided evidence that these domains do not participate in
ligand binding. Creating a series of chimerical MC1/MC3 receptors showed that
residues within TM1 must participate in they selective binding. Moreover, the data on
the chimeras MCI1/MC3 indicate that TM1, TM2, TM3, TM6 and end domains of
TM7 are making up the binding pocket for the MSH peptides.

4. Characterisation of all MC-receptor subtypes (paper XI-XIV).

All new cloned MC receptors have been characterised by radioligand binding and
cAMP determination approaches.

Table. Ligand potency order

MCl NDP-MSH oMSH BMSH ACTH yMSH
MC2 ACTH

MC3 NDP-MSH yMSH BMSH oMSH ACTH
MC4 NDP-MSH BMSH oMSH ACTH yMSH

MC5 NDP-MSH oMSH BMSH ACTH yMSH
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The MC1 and MC5 have the same potency order but for MC5 ligand affinities are
more than 100-fold lower than for MC1. MC3 receptor binds YMSH with 2-3 fold
higher affinity as oMSH. However YMSH binds better to MCI and thus is not
selective binder to MC3. The main difference between the MC4 and the MCI and
MC3 is that yMSH binds with particularly low affinity to MC4.

ACTH1-39 has similar binding potency as «MSH for the all mentioned MC receptors
but only because of first 13 amino acids which are identical to tMSH. The MC1-MC5
receptors do not have a binding epitope for ACTH beyond the sequence of o« MSH.
MC2 receptor binds only ACTH, but not others melanocortin peptides. It was proved
using mouse adrenocortical cell line Y 1, that expresses MC2. These cells were found
to bind only ACTH. When other MC subtype DNAs were transfected into these cells,
characteristic binding of the iodinated NDP-MSH appeared for each of the receptor
subtype.

5. Search for selective ligands to each of MC receptor subtype (papers
XV-XX).

a) Screening of non-peptides and non-melanocortin peptides.

We have done relatively small screening of non-peptide substances and did not find
binders with calculable Ki values for their binding to MC receptors.

Screening of non-melanocortin peptides such as  TRH, its analogs, SP analog
spentin, LHRH, Tyr6-LHRH, GHRH, somatostatin, enkephalins, endorphins,
dynorphins and their analogs showed that few of them bind with micromolar Ki
values to MC receptors, mostly MC1. TRH turned out to be also full agonist for
receptor MCl in the transfected COS cells and natural mouse melanoma cells B16F1.
Dynorphinl-13 was partial agonist. Enkephalins, endorphins, LHRH, somatostatin,
tymopentin, spentin did not bind at all with 1 mM highest concentration tested.

b) Binding of cyclic and linear MSH core peptides.

We showed that cyclic 5-. 6-. and 7-amino acid long core peptides had much lower
affinities as their corresponding linear homologues. Moreover the relative loss of
binding due to the cyclisation did not change as the ring size decreased. Therefore,
decreasing the ring size does not seem to force the peptide into a more unfavourable
conformation.

We synthesised 9 NDP-MSH analogues where the N- or C-terminals were deleted or
exchanged by those of B- or YMSH and where the core residues His6, Phe7, Arg8,
Trp9 were individually substituted by Glu6, D-Nal7, Lys8. His9. respectively. These
results showed that N-terminal segment Serl-Tyr2-Ser3 of NDP-MSH is not
important for the binding to MC1. C-terminal Gly10-Lys11-Prol2-Vall3 of NDP-
MSH is clearly important for binding to all four MC receptors. These data indicated
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that low affinity of YMSH for MC4 is due to its C-terminal Aspl10-Argl1-Phel2.
Substitution of D-Phe7 by D-Nal7 increased the affinity for MC4 but not for the other
MC receptor subtypes.These results are valuable for molecular modelling and design
of selective drugs for MC receptors.

¢) MC4 receptor selective antagonists.

Synthesis of a novel series of cyclic MSH analogues lead to discovery that
compounds with 26 membered rings of Cys4, D-Nal7, Cysl1 aMSH4-11 displayed
specific MC4 receptor selectivity. They also showed strong antagonistic properties in
cAMP stimulation assay.

We found that a compounds with 29 members ring of Cys3, Nlel0, D-Nal7, Cysl1
oeMSH3-11 had highest affinity for the MC3 receptor.

We were first who reported truly MC4 and MC3 selective ligands. These substances
are used to clarify the physiological roles of the MC3, MC4 and MCS5 receptors. It is
already reported that HSO14 increases food intake in freely moving rats.

d) ACTH4-10 analogues. _

Phe-I7, Ala6 and D-Ala4, GIn5, Tyr6 substituted ACTH4/10 analogues were reported
to be putative MC receptor antagonists. Analysis of their binding properties showed
that His6 has a specially important role in binding to the MC receptors. Replacement
of Phe7 by para-iodo-Phe resulted in loss of affinity for the MCI receptor, but
BIM22015 and ORG2766 did not bind to MC receptors at all.

e) Cyclic D-Nal7 and D-Phe 7 oMSH analogues.

The binding of the 2 cyclic lactam MSH4-10 analogues MTIl and SHU9119 and 5
cyclic Cys4, Cys10-aoMSH analogues were tested on COS cells transiently expressing
the human MC receptors. Substitution of D-Phe7 by D-Nal7 resulted in a shift in
favour of selectivity for the MC4 receptor. HS9510 showed the highest selectivity for
the MC4 receptor among all the substances tested. However cyclic lactams displayed
an over all highest affinity for the MC receptors than cyclic Cys-Cys aMSH4-10
analogues.

f) New oMSH analogues MSH-B, HP-228, GHRP-6 and 153N-6.
Recently new MSH analogues were isolated from pituitary gland of the see lamprey
and MSH-B was found to be 10 times more potent than oMSH in a frog skin
darkening test. Another synthetic analog HP-228 was shown to inhibit induction of
nitric oxide synthase in vivo. MSH antagonist 153N-6 was identified by screening of
a hbrary of MSH5-13. A peptide GHRP-6 was identified in a search for a
competitive MSH antagonist using frog skin bioassay. This compound is enkephalin
analog also known as SK&F. All tested substances had the highest affinities for the
MCI receptor. MSH-B has similar  potency as a «MSH and these two peptides

induced also similar cAMP stimulation level in murine B16F1 melanoma cells.
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6.Expression of MC1 receptor in insect cells (paper XXI).

Recombinant baculovirus-based insect cell expression system generally yields high
expression levels of functional proteins what is not easily to reach in mammalian cells
In these studies insect Sf9 cells were engineered for expression of two different
epitope-tagged versions of hMC1 Flag-MC1-His and hMCI1-Myc. The virus infected
Sf9 cells expressed functional MC1 in high numbers and displayed ligand binding
pharmacology identical to that observed in mammalian cells.The expression level was
pmoles of binding sites per mg of protein and could be suitable for purification of
receptor by using immobilised metal chelation affinity chromatography or
immunoaffinity chromatography.

7. Phage display (paper XXII).

A phage display system for the selection of peptides binding to heterologously
expressed hMCI1 on the surface of insect cells has been established. Insect cells were
used to select binders from phage library, in which critical determinant Phe7-Arg8-
Trp9 were kept, whereas the flanking regions were allowed to vary freely. This was
first phage display which was used successfully with G-protein coupled receptors
lacking an extracellular binding domains. From all screened peptides in this library
MS04 was found to be the most selective binder to hMC1 described so far.



CONCLUSIONS

1. We and others have reported the cloning of five melanocortin receptors. They
belong to G-protein coupled 7 transmembrane segments receptor family and are the
shortest proteins in this family.

2. MC receptor localised on surface of malignant tumour cells and melanocytes is
proved to be MC1.

3. All MSH/ACTH peptides bind to MC1, MC3, MC4 and MCS receptors. but only
ACTH can bind to MC2 receptor. Besides MC2 receptor shows considerably less
sequence homology to the other MC receptors. For example, the homology of MC2
receptor to MC1 is only 25% and MC2 to the MC3 receptor is only 29%.

a-MSH is selective for MC1 receptor, the MC3 has relatively high binding affinity for
Y-MSH. MCS5 receptors shares the same potency order of natural MSH peptides as the
MCI1 but has much lower affinities. MC4 is special in a way that has very low affinity
to Y-MSH peptides.

4. Taking together all mutagenesis studies conclusion is that TM1, TM2, TM3, TM6
and end domains of TM7 are making up the binding pocket for the MSH peptides. N-
terminal regions, extracellular loops and TM4, TMS5 do not play an important role for
the ligand binding.

5. Radioligand binding studies of novel (synthesised in Uppsala, Department of
Pharmaceutical Pharmacology ) MSH/ACTH analogues confirm that we have found
general roles for MC3 and MC4 receptors selective substances. Thus, we have
discovered that 26 members cyclic [Cys4, D-Nal’, Cys!1] aMSH(4-11) derivatives
displayed specific MC4 receptor selectivity, but 29 members ring analogues MC3
selectivity.

It is also shown that these substances are antagonists in MC3 and MC4 transfected
cells. HSO14 shows antagonistic properties also in vivo experiments and increased
food intake in rats.

6. The MC1 receptor is functionally expressed in insect cells with concentration of 10

pmoles per mg of total protein, what is the highest reported expression level and may

be used for receptor large scale expression, purification, crystallisation etc.
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7. Screening of phage display library led to so far the most selective peptide MS04 for
MCI receptor. This peptide is used as lead substance for creating analogues, which
bind at pM affinities to MC1.

8. The analysis of earlier published MC active substances shows that SHU9119
(MC4 receptor antagonist) 1s practically non-selective in binding studies.

153N-6, MSH-B and HP-228 is selective for MC1. ORG2766 and BIM22015 do not
bind to the cloned MC receptors.
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A human genomic clone designated MC-2 is isolated. The cloned DNA
codes for a protein of 325 amino acids which possesses seven
hydrophobic segments, a characteristic of G-protein coupled receptors.
The MC-2 receptor is expressed in brain tissue but not in the melanoma
cells. When the MC-2 DNA is expressed in COS-7 cells, it binds [1251]-
labelled [Nle4, D-Phe’]- « melanocyte stimulating hormone (NDP-MSH)
which then could be displaced by melanotropic peptides a-MSH, B-MSH,
¥-MSH and adrenocorticotropic hormone, but not by non-melanotropic
peptide B-endorphine. The highest affinity of 5.18 nM was for the NDP-
MSH peptide. The novel MC-2 receptor and the MC-1 receptor, described
earlier by us (8) showed identical order of affinity for the melanocortin
peptides, but the affinities and the fold differences in the affinities to
the melanaocortin peptides were different when compared to the earlier
described MC-1 receptor. The results suggest that the MC-2 DNA codes
for a novel melanocortin receptor. e 1991 acadesic Press, tnc.

Melanocortin peptide family consists of a-MSH (melanocyte stimulating
hormone), B-MSH, y-MSH as well as ACTH (adrenocorticotropic hormone).
All these peptides are generated from a common precursor, the pro-
opiomelanocortin (POMC) by post-translational processing (1). Apart
from pituitary, the melanocortin peptides are known to be expressed in
other human tissues like skin, spleen and testis (2). Although the
receptors for melanocortins are present in melanocytes,

adrenocortical cells, immune cells and central nervous system (3), they
"display different pharmacological properties depending on the tissue
they are expressed in (4, 5, 6, 7). Recently, we (8) and others (9, 10)
have reported the cloning of melanocortin receptors. It is evident from
these reports that a particular MSH receptor showing the highest
affinity for a-MSH in radioligand binding (8) as well as cyclic AMP (9)
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assays is expressed only in the melanoma cells (originated from
melanocytes) and not in the other tissues including CNS and immune
system. Gantz et al (10) have recently described the cloning of a
melanocortin receptor which is expressed in the brain, placental and
the gut tissues but not expressed in the melanoma cells. In the present
report we describe the molecular cloning of yet another novel
melanocortin receptor which is expressed in brain but not in melanoma
cells. We have called the novel receptor MC-2, for simplifying the
nomenclature of different melanocortin receptors.

MATERIALS AND METHQOODS

Isolation of a genomic clone. The oligonucleotide primers for
polymerase chain reaction (PCR) were designed based on the nucleotide
sequence of the cloned MSH-receptor (8). The primers were synthesized
with EcoRl and BamHI linkers at the 5° ends to facilitate the cloning.
The primer sequences were:

(i) upstream primer 5"GGGAATTCTACGCACTGCGCTACCACAGCATCGTG and
(i) downstream primer 5"-GGGGATCCAATGCCCAGCAGGATGGTGAGGGTGA.

Human genomic DNA was subjected to PCR using the above described
primers. The PCR was done in a final volume of S0 pl and contained 1 pg
human genomic ONA, 10 mM Tris-HCI pH 8.3, 50 mM KCI, 1.5 mM MgClo,
0.001% gelatin, 200 uM of each deoxynucleotide, 1-uM of each primer
and 1 unit of enzyme Tag DNA polymerase (Perkin Elmer Cetus, USA).
The PCR thermal profile used was 939C for 60 seconds, 559C for 40
seconds and 729C for 60 seconds for a total of 25 cycles. Ten percent
of the reaction mixture was analysed by agarose gel electrophoresis.
One product was observed which was cloned into the pGEM7zf(+) vector
(Promega Corp., USA) and the resulting plasmid, termed G8, was
sequenced using the chain termination method (11).

Approximately 106 clones of a human placental DNA genomic library
(Stratagene, USA) were screened with [32P]-labelled G8 probe.
Hybridization was done in a buffer (6 x SSC, 5 x Denhardt’s solution,
10mM sodium phosphate pH 7.0, imM EDTA, 0.5% SDS and 0.1 mg/ml
denatured salmon testis DNA) at 600C for 12 hours. Positive plagues
were picked and after repeating the screening two more times a
positive plaque, designated MC-2, was isolated. A 2400 bp Sac |
fragment from the genomic clone MC-2, was subcloned into the
PGEMSzf(+) vector and both strands of the entire coding region were
sequenced using the chain termination method (11).

Functional expression of the MC-2 DNA. The entire coding region
of the MC-2 genomic DNA clone was inserted into the pRC/CMV vector
(Invitrogen Corp. USA). COS-7 cells were grown in Dulbecco’s modified
Eagle’s medium with 8 percent foetal calf serum and non-essential
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amino acids. Eighty percent confluent cultures were transfected with 1
ug DNA and 40 pg lipofectin (BRL, USA) in serum free medium. Five

hours after transfection the serum-containing medium was replaced

and cells were cultivated for 20 hours. Cells were then scraped off,
centrifuged, resuspended in serum-containing medium, plated on 48

well piates, and aillowed to grow for 24 hours. The cells were then
washed with 0.3 mi of binding buffer (minimum essential medium with
Earle’s salts, 25 mM HEPES pH 7.0, 0.2% bovine serum albumin, 1 mM 1,10-
phenanthroline, 0.5 mg per litre leupeptine and 200 mg per litre bacitracin)
and then incubated at 376C for 2 hours with 0.2 mi of binding buffer
containing 24,000 CPM of [1251]-NDP-MSH and the appropriate

concentration of unlabelled peptides. NDP-MSH was labelled with [1251] and
purified as described before (3). The plates were then put on ice, the cells
washed with 0.3 ml of ice cold binding buffer, and detached from plates
with 0.3 mi of 0.1N NaOH. Radioactivity was counted and data analysed by
an iterative, non-linear curve fitting programme suitable for radicligand
binding analysis.

RNA detection by PCR analysis. RNA from human brain tissue
(purchased from Clontech, USA) and WM266-4 melanoma cells {(made by
Fast Track kit from Invitrogen Corp. USA) were reverse transcribed with
SuperScript RNase H- reverse transcriptase (BRL, USA). PCR was performed
on samples before and after reverse transcription to rule out the paosibility
of genomic DNA contamination in RNA preparations. Five pg of RNA was
used for reverse transcription and then all of it was used as template in
the first PCR. The first PCR was performed with primers (described below
as number 1 & 2) specific for the 5°- and 3 -untranslated regions of the
MC-2 DNA. Ten percent of the first PCR reaction was then subjected to a
second PCR with primers {described below as number 3 & 4) specific for
the coding region of the clone MC-2.

Primer 1: 5°-GGAAGCTTTCTTTGGTAGGCTG
Primer 2: 5°-GGTCTAGAGCCACAGAGAGGAG
Primer 3: 5°-CTGCATTTCTTGGATCT
Primer 4: 5°-AAGCTGCACATGGATGC

Both the PCRs were performed with Gene amplification kit (Perkin
Eimer Cetus, USA). The PCR thermal profile used was 939C for 60
seconds, 559C for 40 seconds and 729C for 60 seconds for a total of 40
cycles. Fifty percent of the reaction was analysed by agarose gel
electrophoresis. The product at the 380 bp position was analysed by
restriction enzyme analysis and was found to contain the expected
pattern (data not shown).

RESULTS AND DISCUSSION

PCR primers were designed based on the consensus sequence of the human
MSH-receptor (8). Primers were used to perform PCR on human genomic
DNA, as many G-protein coupled receptors are known to be intronless. One
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<375 GIG TCC AGG GGC ACT CIT CCA GGT CIT AGG AAC GCA GGT CAG AAT GIG CAA GCC AGC TGC =16
-315 CGG GCA COGT GGC TCA CCT CIG TAG TAC CAG CAC TIT GGG AGG CTG AGA GAG AAG AIC GCT =256
-258 TGT GGC CAG GAG TIT GAG MX AGA CIG GGG CIT CAT AGG GAG ACC CIG TCT CTT AAA AAA -196
<195 AAA AAA AAA AM GGA CIG AGT GAG CCG AGC CCA GIC CIT TCA TGC ACT GIG TCA TIC AIC -136
=135 CCC TTT CIT AGG CIG TGT TGG TIC TAG GCT AGC TGC IGT CIT TCT TIG GTA GGC TGC TAA -76
«7% GCCT CTT TGG ATT GIG AAT TZA AAA CAT GIT TTA CAG TAA ATT TGC TGC CAA GAC AAG AGG  -16
<15 TGT ATT TCT CCA GCA ATG AAT TCC TCA TIT CAC CIG CAT TTC TIG GAT CIC AAC CIG AAT 44
1 Mat Asn Ser Sar Phe His Leu His Phe Leu Asp Leu Aan Leu Asn 15
- .
45 GCC ACA GAG GGC AAC CIT TCA GGA CCC AAT GIC AAA AAC AAG TCT TCA CCA TGT GAA GAC 104
16 Ala Thr Glu Gly Asn Lea Ser Gly Pro Asn Val Lys Asn Lys Ser Ser Pro Cys Glu Asp 35
» -«
105 ATG GGC ATT GCT GIG GAG GIG TIT CIC ACT CIG GGT GIC AIC AGC CTIC TIG GAG AAC ATC 164
36 mcmywmmwm S
165 TIG GTC ATA GGG GCC ATA GIG AAG AAC AAA AAC CIG CAC TCC CCC ATG TAC TIC TIC GIG 224
56 Val Lys Asn Lys Asn Leu His Ser Pro Met Tyr Pha Phe Val 75
225 TGC AGC CIG GCA GIG GOG GAC ATG CIG GIG AGC AIG TCC AGT GCC TGG GAG ACC AIC ACC 2:;
76
1 §
285 ATC TAC CTA CTC AMC ANC AAG CAC CTA GIG ATA GCA GAC GCC TTT GTG CGC CAC ATT GAC 344
96 Ils Tyr Leu Leu Asn Asn Lys His Leu Val Ile Ala Asp Ala Phe Val Azrg fis Ile Asp 115
345 AAT GIG TIT GAC TCC ATG ATC TGC ATT TCC GIG GIG GCA TCC AIG TGC AGC TTA €16 GCC :g;
ns
m
405 ATT GCA GIG GAT AGG TAC GIC ACC ATC TTC TAC GCC CIG CGC TAC CAC CAC ATC AIG ACG 464

136 Ila Ala Val Asp Arg Tyr Val Thr Ile Phe Tyr Ala Leu Arg Tyr His His Ile Met Thr 155

465 GCG AGG CGC TCA GGG GCC ATC ATC GCC GGC ATC T6G GCT TTC TGC ACG GGC TGC GGC ATT 524
156 Ala Arg Arg Ser Gly Ala Ile Ile Ala Gly Tle Trp Ala Phe Cys Thr Gly Qys Gly Ile 175
: v

325 GIC TTC ATC CTG TAC TCA GAA TCC ACC TAC GIC ATC CIG TGC CIC ATC TCC AIG TIC TIC 584
176 Yal Phe Ile Ley Tyr Ser Glu Ser Thr Tyr Val Ile leu Cvs Leun Ile Ser Met Phe Pha 195

$85 GCT ATG CTG TIC CIC CTG GIG TCT CIG TAC ATA CAC ATG TIC CIC CTG GCG CGG ACT CAC 644
196 wgmmmmmmmmmuauqmm 215

645 cmmmmmmmc&mmmmmmmmc&mmm 704
216 Val Lys Arg Ile Ala Leu Cys Pro Gly Pro Ala Leu Azg Gly Arg Gly Pro Ala Trp Gln 235

705 GGC GGG GTC ACC GIC ACC ATG CIG CIG GGC GIG TIT ACC GIG TGC TGG GCC CCG TIC TIC 764
236 Gly Ala Val Thr Yal Thc Met lew len Gly Val Phe Thr Val Cvs Trp Ala Pro Phe Phe 255

VI
765 CIT CAT CIC ACT TTA ATG CIT TCT TGC CCT CAG AAC CTC TAC TGC TCT CGC TIC ATG TCT 824
256 Len His Leu Thr Lem Met Leu Ser Cvs Pro Gln Asn Leu Tyr Cys Sar Arg Phe Met Sexr 275
825 CAC TTC AAT ATG TAC CIC ATA CIC ATC ATG TGT AAT TCC GIG ATG GAC CCT CTC ATA TAT 884
276 His Phe Asp Met Tvr leu Ile Teu Ile Mer Cvs Asn Ser Val Met Asp Pro Len Tle Tyxr 295
v
885 GCC TTC CGC AGC CMAA GAG ATG CGG AAG ACC TTIT AAG GAG ATT ATT TGC TGC CGT GGT TTC 944
296 Ala Phe Arg Ser Gln Glu Met Arg Lys Thr Phe Lys Glu Ile Ile Cys Cys Arg Gly Phe 315

945 AGG ATC GCC TGC AGC TTT CCC AGA AGG GAT TAA CGA CAA AGT GCT CCT CTC TGT GGC TCT 1004
316 Arg Ile Ala Cys Ser Phe Pro Arg Arg Asp 325

Fig.1. Nucleotide and the predicted amino acid sequence of novel human
melanaocortin receptor. Transmembrane segments (underlined) were
determined by hydropathy.analysis according to Kyte and Dolittle
(16). The asparagine linked glycosylation sites are marked (%) under
the respective amino acids.

:product, designated as G8 was obtained which contained a 306 nucleotide
long sequence, showing G-protein coupled receptor characteristics and
about 15% homology to the already cloned MSH-receptor (8). This DNA was
then used to screen a human genomic library. A clone designated MC-2 was
isolated. From this clone a 2400 bp Sac | restriction fragment was
subcloned and sequenced. The cloned DNA contained an open reading frame
of 975 bp beginning with GCAATGA which is in agreement with the Kozak
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Fig.2. Agarose gel electrophoresis analysis of the PCR products
generated from the human brain and melanoma cells mRNA. Lane 1-
molecular weight markers, Lane 2-human brain mBNA without reverse
transcription, Lane 3-human brain mRNA after reverse

transcription, Lane 4-human melanoma cells mRNA without reverse
transcription, Lane 5-human melanoma cells mRNA after reverse
transcription. A specific product at the expected position of 380 bp is
seen only in the human brain sample after reverse transcription.

consensus sequence for translation initiation sites (12). The entire protei
consists of 325 amino acids with seven hydrophobic segments of amino
acids, a characteristic of G-protein coupled receptors (Fig. 1). The N-
terminal region contains three potential N-glycosylation sites at amino
acid positions 2, 20 and 28.

The mRNA from human brain and melanoma cells was converted to cDNA
and then subjected to two successive PCR amplifications using two
different sets of primers. In the first PCR whole coding region was
amplified and the product was subjected to second amplification with
primers within the coding region. A specific product of 380 bp was seen
in the mRNA sample from brain but not in the melanoma sample {Fig. 2).
No product was observed when the PCR was performed on mRNA without
converting it to the cDNA, thereby ruling out the possibility of genomic
DNA contamination in the mRNA samples. The melanocortin receptor
cloned earlier by us (8) and others (9) was found to be expressed only in
the melanoma tissue and no where else. Gantz et al (10) recently
described cloning of another melanocortin receptor which is not at all
expressed in melanoma cells but expressed in brain, placenta and gut
tissues. The novel receptor described in this report is also expressed in
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Fig.3. Relative potencies of melanotropins for inhibiting [1251]-NDP-
MSH binding to COS-7 cells transfected with MC-2 receptor DNA. Shown
are competition curves for non-labelled NDP-MSH (m), a-MSH (@), ACTH
(1-39) (Q). B-MSH (A), +MSH (V) and B-endorphine (O).

brain but not in melanoma cells ( Fig. 2). These results taken together
raise a very interesting possibility, that the receptor expressed in
melanoma tissue is only expressed there and the other melanocortin
receptors (described in this report and in ref. 9 and 10) are expressed at
least in brain and some selected peripheral tissues. Thus the receptor
expressed in melanoma cells is the only one likely to be mediating the
melanin synthesis, and by contrast the MC-2 (described in this report) and
MC-3 (10) receptors are likely to be mediating the other diverse actions of
melanocyte stimulating hormone. These actions include effect on attention,
memory and learning (5,13), temperature control in the central nervous
system (14), stimulation of the endocrine system (15) and modulation of
the immune inflammatory responses (6).

When the MC-2 receptor DNA was expressed in COS-7 cells and analysed by
radioligand binding analysis the [125/]-NDP-MSH was displaced from the

expressed receptor by melanotropic peptides (Fig. 3). The potency order was
NDP-MSH (K = 5.18 £ 0.54 nM), a-MSH (K; = 928 + 314 nM) > ACTH (1-39) (K|

= 929 + 389 nM) > B-MSH (Kj = 1.75 + 0.67 uyM) > +MSH (K; = 3.45 £ 0.88 uM).
The non-melanotropic peptide B-endorphine showed no affinity for the
- expressed MC-2 receptor. Although the potency order is identical to the one
reported earlier by us for the MC-1 receptor (8), the differences in the
affinities among different peptides is quite high. For example the
difference in the affinities of NDP-MSH and a-MSH for the MC-1 receptor (8)
was only four fold as compared to 185 fold for the MC-2 receptor described
in this report. Also the novel MC-2 receptor shows several fold lower
affinities as compared to the MC-1 receptor for the available melanotropic
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Fig.4. The amino acid sequence comparison of the melanocortin
receptors. The navel MC-2 sequence is compared to the other published
sequences. The amino acids common in all four receptors are marked by
dark shading. MC-3 is reported by Gantz et al (10). The MC-1 is reported
earlier by us (8). The ACTH receptor is reported by Mountjoy et al (9).

peptides. These results suggest that the novel MC-2 receptor is a subtype of
the melanocortin receptors. Perhaps, the low affinity of the known
melanocortin peptides could suggest that, there may exist a natural, high
affinity, endogenous ligand for the novel MC-2 receptor, which is yet to be
discovered.

In the following we suggest a nomenclature for different melanaocortin
receptors based on sequence homologies among these receptors. We suggest
that the receptor expressed in the melanoma cells should be called MC-1
(melanocortin 1) as that was the one cloned first (8,9). The receptor
described by us in this report should be called MC-2, as the receptor
described by Gantz et al. (10) is already called MC-3. The ACTH receptor (9)
should just be called ACTH receptor as it shows considerably less sequence
homology to the other melanocortin receptors. When the predicted amino
acid sequence of the cloned MC-2 DNA is compared to the other
melanocortin receptors (Fig. 4), it shows highest homology of 53% to the
MC-3 receptor described by Gantz et al (10). The cloned MC-2 receptor and
the MC-3 receptor show 42% homology to the MC-1 receptor expressed in
the melanoma celis (8, 9). The homology of ACTH receptor to MC-1 receptor
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is only 25% and to the MC-2 and the MC-3 receptors is only 29%. This
produces a very clear picture that the receptor expressed in the melanoma
cells (8,3) and the ones described by Gantz et al (10) and by us in this
report should be grouped together and the ACTH receptor (9) may perhaps
have a group of its own.

In this study we have described a melanocortin receptor MC-2, which is
expressed in brain but not in melanoma cells. This novel receptor has a
distinct primary structure. The expressed MC-2 receptor showed affinity to
the natural melanotropic peptide ligands, but not to the non-melanotropic
peptide B-endorphine.
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Abstract

The localisation of melanocortin | receptor (MCIR) in WM266-4 human melanoma celfs was investigated by applying an
antipeptide antiserum specific for the cloned human MCIR (MSH receptor). In enzyme-linked immunosorbent assay
(ELISA). the immunoreactivity was detected in the membrane fraction of WM266-3 cells. The ELISA reuactivity could be
inhibited by an antiserum pre-absorbed with its specific synthetic peptide. {n immunocytechemistry. the specific immuno-
reactivity was demonstrated on the surface of the cells by using either biotin-avidin immunoalkaline phosphatase- or TRITC-
staining method. These results indicate that the MCIR is prominently present on the plasma membrane of WM266-4 human

melanoma cells.

Keywords: Melanocortin | receptor; Antibody: Melanoma cell

1. Introduction

The current knowledge of melanocortin receptors
(MCRs) present in melanoma cells is mostly drawn
from studies using ligand binding in which melano-
cortin peptides like Nle*, D-Phe’ a-MSH or 8-MSH
were labelled as probes for MCRS. Data obtained
. with the use of such techniques suggest that the spe-
cific receptor for melanocortin peptides is present on
the cell membrane of the melanoma cells [1-3], but

® Corresponding author. Tel.: +46 18 [74406. fax: +46 (8
$59718.

N

also that some of these receptors may be localised
intracellularly {4.5]. The stimulation of the mela-
noma cell MC receptor leads to accumulation of
cAMP. increase in cytosolic calcium [6] and activa-
tion of protein kinase C [7]. These biological re-
sponses seem to be involved tn the regulation of cell
proliferation, differentiation. pigmentation, and me-
tastatic potential of melanoma [8-11].

Five different genes encoding structurally distinct
MCRs were recently cloned {12-16]. These MCRs
show distinct pharmacological responses to melano-
cortins and exhibit specific tissue distribution. The
melanocortin | receptor (MCIR). that was originally
cloned from the metanoma cells, displays high affin-

0304-3835/96/$15.00 Q@ 1996 Elsevier Science lreland Lid. All aghts reserved
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ity for melanocortin pepudes like a-melanocyte-
stimulating hormone (a-MSH) and is mainly ex-
pressed in cells of mefanocytic ongin (12.13]. In a
previous study we developed antipeptide antisera
against human MCIR. which were useful to detect
the MCIR both in a genetically engineered COS cells
expressing these receptors and in specimens of mela-
noma tumours [17]. However, the subcellular local-
isation of MCIR in melanoma cells requires further
determination as the delineation of intracellular
staining from cell membranous staining was
difficult with the use of frozen tissue sections of
melanoma tumours. The apparent quite unique distri-
bution of MCIRs to the tumour cells of malig-
nant melanoma prompts the possibility to use anti-
bodies directed against the receptor for the diagnosis
and treatment of the disease. In the present study we
were therefore interested in localising MCIR in
WM266-4 human melanoma cells by using immuno-
cytochemical approaches. Our results demonstrate
that immunologically detectable MCIR are promi-
nently present on the cell surface of human mela-
noma cells.

2. Materials and methods
2.1. Cell culture

WM266-4 human melanoma cells were cultured
in Dulbecco’s modified Eagle's medium supple-
mented with 10% heat-inactivated fetal bovine se-
rum, (% MEM non-essential amino acid and 1%
MEM vitamin solution, t00IU penicillin/m! and
100 ug streptomycin/ml at 37°C in a humidified at-
mosphere of 95% air and 5% CO,. Cells grown in
monolayers were detached from the culture flasks
and cotllected by low speed centrifugation (700 g).
The following preparations of the cells were accord-
ing to different expertmental procedures.

2.2. Receptor binding studies

A '3[ [Nle*. p-Phe’}-a-MSH ('Z1 NDP-MSH)
binding assay was carried out essentially as described
previously [12]. Incubation with 0.2 nM of label and
appropriate concentrations of the unlabelled NDP-
MSH was for 2 h at 37°C in MEM medium with Ea-
gle’s salts, 25 mM Hepes (pH 7.4), 0.2% bovine se-

rum albumin. | mM [.10-phenanthroline. 0.5 ug leu-
peptn/ml and 200 u« g bacitracin/mi.

2.3. Antipeptide antiserum

An anti-pepude antiserum was prepared by im-
munising rabbis with a [l-mer synthetic peptide
(M2-Y) derived from the amino terminus of cloned
human MCIR [12], as described [17]. The specificity
of the M2-Y anuserum binding to the human MCIR
has been previously documented (17].

2.4. Enzyme-linked immunosorbent assay (ELISA)

The pellet from the 700 X g spin of harvested
cells was resuspended in cold hypotonic buffer
(10mM Tns-HCI. {ug of leupepun/ml. | mM
EDTA. pH 7.6). and kept on ice for 30 min. The cells
were disrupted by using a stepped micro tip with
Saontfier B13 (4 X 10s at 60 W of power outpur).
The homogenate was centrifuged at 15 000 X g for

30 min and the pellet. assumed to represent the crude

membrane fraction. was then re-suspended in the
coating buffer ([0 mM phosphate. 137 mM sodium
chloride. 0.5 ug of leupeptin/ml, pH 7.6). The solu-
tton of crude membrane fraction (100 u1) was added
into each well of the 96-well EIA plate and incubated
overnight at 22°C. The following ELISA procedure
was performed as described previously [17.18]. In
brief, the coated plate was washed with distilled wa-
ter and loaded with 100 u! of 1.3% bovine serum
albumin in PBS for | h at 37°C to block unoccupied
sites. The antiserum which had been diluted to var-
ous concentrations with 1.35% BSA in PBS was added
into each well, and the plate was incubated at 37°C
for 1 h. The peroxidase-caonjugated. affinity isolated
goat antirabbit immunoglobulin (DAKQ. Glostrup.
Denmark) diluted 1:2000 with 1.5% BSA in PBS was
added to the wells. After incubating the plate at 37°C
for 1 h, 1.2-phenylenediamine (DAKO) was added as
chromogen substrate according to the instructions of
the manufacturer and the colour developed was
quantitated ar 490 nM using a kinetic microplate
reader (NOVA Biolabs). When competition experi-
ments were performed. the antiserum (1:100 dilution)
was pre-incubated with various concentrations of
M2-Y peptide at 37°C for | h before being added to
the ELISA plates.
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2.5. Immunocytochemistry

The cells seeded onto the poly L-lysine coated
glass slide were covered by the culture medium for
1-2 h in an incubator to allow the cells to attach well.
Attached cells were washed twice with 0.01 M PBS
(pH 7.4), and fixed in 4% paraformaldchyde for
8 min at 4°C, and then exposed to the antipeptide
antisera direcdy or after permeabilizing with 0.3%
Triton X-100 in PBS for 10 min. The andserum was
used at diludon of 1:50-500. and incubation was
carried out overnight at 4°C. Slides were then proc-
essed using the biotin-avidin immuncalkaline phos-
phates kit (Vectastain ABC kit [, Vector Red: Vector
Laboratories; ‘*ABC-staining’). The Vector Red
product has red colour and is also highly fluorescent.
Thus, the staining could be visualised by both light
and fluorescence microscopy. The biotinylated sec-
ondary antibody (1:200) and chromogen substrate
were used according to the instructions of the manu-
facturer. Levamisole solution (1.25 mM) was in-
cluded in the substrate solution to inhibit endogenous
alkaline phosphates. As an alternative to the ABC-
staining, TRITC-conjugated swine anti-rabbit immu-
noglobulin {DOKA) was applied as secondary anti-
body (1:40) after the application of the M2-Y antise-
rum.

3. Results

[nitial receptor binding studies showed that non-
labelled NDP-MSH competed with '3 NDP-MSH
binding in the WM266-4 cells with a K; of 80 pM.
This K,-value was essentially identical with that for
NDP-MSH binding to MCIR expressing COS cells
{19]. In ELISA assay. an immunoreactivity was de-
tected by using the M2-Y antiserum on the plates
coated with crude membrane fraction of WM266-4
cells (Fig. la). In contrast, only a minor reactivity
was seen when the antiserum was replaced with pre-
immune serum (Fig. la). Moreover, the positive
ELISA response was strongly and dose-dependently
inhibited by pre-incubating the M2-Y antiserum with
0.06—1 mg/ml of M2-Y peptide (Fig. ib).

When the M2-Y antiserum was applied in con-
junction with the TRITC- or ABC-staining methods
intense immunoreactivity was seen around the cell
surface of non-permeabilised WM266-4 cells (Fig.
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Fig. [. The immunoreactivity for MCIRs detected in the mem-
brane fraction of WM?266-4 melanoma cells by use of M2-Y an-
tiserum. (a) ELISA responses of M2-Y antiserum (@) and pre-
immune serum (O). (b) Inhibition of M2-Y antiserum ELISA
reactivity by M2-Y peptide.

2ac and d). However, the scope and intensity of la-
belling varied for different cells; some cells stained
intensely, some faintly and some did not even stain at
all. The proportion of cells staining positively ranked
approximately 8-31% for the individual experiments.
Pre-immune serum did not give any specific staining
for either TRITC- (Fig. 2b) or ABC-staining (not
shown). Moreover, the staining was blocked by pre-
incubating the M2-Y antiserum with 0.5 mg/ml of the
M2-Y peptide (not shown). When cells were perme-
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Fig. 2. Demonstration of cell surface focahisanon of MCIRs on WMI66-4 melanoma cells using TRITC-staining ra.b) and ABC-staining
(c.d) with M2-Y anuserum. The ucrascent photograghs 131 and ¢y show the staining of the plasma membranes of the WM266-4 cells. [n
(b) is shown the fluorzscent photograzn of the contol staimnyg of cails with pre-immune serum. The corresponding light microscopic pho-

tograph of i¢) s shown ind) 2% Bar = 100 um c.d) Bur = 10 um.

abilised with 0.2¢ Truton. ineracellular staining could
also be observed in some ceils along with the intense
staining of the cell membranes (Fig. 3,

4. Discussion

Bv use of immunocyvtochemical techniques we
have demonsirated that praminent expression of
MCIR s present on the ceil surface of WMZ66-4
cells. However. we have also observed that not all
cells are immunostainable and there was also a quite
high variability in the proporion of cells staimng
between different experiments. Thus varability might
reflect the differenual expression of MCIR n the
WM266-4 cetl population. Euariter reports have sug-

gested that the expression of MSH-receptors undergo
a strong variation with the cell-cvcle in melanoma
cells and the majority of receptors is found to be pre-
sent during the G2-phase {20-22]. There is some
evidence that the cell density affects the responsive-
ness of melanoma cells to a-MSH [24.25] and it is
possible that the density of the cells in culture may
also influence the expression of MCRs. For other
receptors, such as. e.g. for the a@,,-adrenoceptor in
HT29 human adenocarcinoma cells. it has been re-
ported that increasing cell deasity markedly increase
their expression [23].

The present immunocytochemical localisation of
MCIR on the surface of WM266-4 human melanoma
cells 1s in agreement with previous studies where
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Fig. 3. Immuno-staining of MC1Rs in WM266- melanoma cells permeabilized with Tntoa asing ABC-methed. Shown s praminent um-
munosaining of the plasma membrane of the celis, as well as weaker staining in incacellular campartments. 8ac = S0 um.

autoradiography using ['Z(JMSH as well as cyto-
chemistry using a fluorescent FITC-MSH conjugate
indicated that MSH receptors were present on the cell
surface of melanoma cetls (1.2.26]. However, these
early studies also indicated that the MSH receptors
had a patchy distnbution with the receptors being
arranged in clusters (o lirnited areas on the surface of
the mefanama cells. These observations are some-
what different o the present finding where the MCIR
immunoreactivity was distaibuted quite” uniformly
along the plasma membrane of the WM266-4 cells.
The reason for this difference is at present not clear,
but could be due to differences in sensitivicy and
resolution of the methodologies used. or in differ-
eaces in the cell lines employed.

Besides staining the cell membrane we also ob-
served that M2-Y antiserum was capable of stainiag
intracellular sites when the WM266-4 cells had been
permeabifised with Triton. This result is compatible
with previous studies where internal binding sites for
MSH were detected in the melanoma cells (4.5).

In conclusion. by using immunocytochemical
techniques we have demonstrated that the MCIR s
focalised to the cell surface of WM266-4 human
melanoma cells. These cell surface ceceptors might in
the future find use as a target for specific antibodies
for the diagnosis and treaument of the malignant
melanoma disease.
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aDstract

Peptides of 11 and 1§ residue lengths were synthesised according to the sequence of the N-terminal region of the human MC,
melanocyte stimulating hormone receptor. The peptides were conjugated to thyroglobulin and used for preparation of antisera in
the rabbit. Each of the conjugates raised antisera which showed high titre and specificity for its respective peptide antigen when
evaluated in an ELISA test. Both types of antisera immunostained MC, receptor expressing COS-7 cells. By contrast, the sera
did not stain control COS-7 cells not expressing the MC, receptor. Moreover, praimmmune sera or antiserum preadsorbed with its
respective peptide did not stain the MC, receptor expressing cells. The antisera were used to immunostain sections of normal
human skin, as well as samples of cutaneous malignant melanoma tumours obtained from a patient. The cells of the mclanoma
tumours were very strongly immunostained with the MC, receptor antisera. By contrast, melanocytes which were present in the
normal skin could not be visualised with cur antisera.

Keywords: Mclanocortin receptor; Antibody; Malignant melanoma

atroduction

Recently we and others have cloned five structurally
related receptor cDNAs which encode proteins that
bind melanocortin peptides such as melanocyte stimu-
I~+ing hormone (MSH) and adrenocorticotropic hor-

a¢ (ACTH). These proteins, representing members

1

° Corresponding author.

! This nomenclature is the one proposed to the HUGO Nomen-
*lature Committee and will likely be the final nomenclature agreed
upon. Of these receptors the MC, receptor is the receptor originally
cloned by us (Chhajjani and Wikberg, 1992) and Mountjoy et al.
(1992). The MC, receptor is the presumed ACTH receptor cloned
by Mountjoy et al. (1992). The MC; and MC, are the melanocortin
receptors subsequently cloned by Gantz et al. (1992a,b), whereas
MC; is yet another melanocortin receptor recently cloned by us
(Chhajlani et al., 1993). Please note that the MC; receptor was
originally termed MC, by us (Chhajlani et al. 1993). However, since
the HUGO Committec had decided to reserve the term MC, for the
receptor presumed to represent the ACTH receptor we have now
decided to use the term MC; for our previously called ‘MC;’
receptor. as this receptor is the fifth melanocortin receptor cloned.
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of the G-protein coupled receptor family, are accord-
ing to current nomenclature termed MC,, MC,, MC;,,
MC, and MC, receptors(Chhajlani and Wikberg, 1992;
Mountjoy et al., 1992; Gantz et al., 1993a,b; Chhajlani
et al,, 1993) !, Previous studies have indicated that the
MC, receptor is expressed in melanoma cells (De
Wied and Jolles, 1982; Chhajlani and Wikberg, 1992:
Mountjoy et al., 1992), whereas the other melanocortin
receptors are expressed in various other tissues such as
brain, placenta and intestine (Chhajlani et al., 1993;
Gantz et al., 1993a,b; Roselli-Rehfuss et al,, 1993).
Melanocortin receptors are known to mediate a variety
of physiological responses of the melanocortin pep-
tides, such as skin tanning, modulation of the immune
system and modulation of various endocrinological and
central nervous system functions (Smith et al., 1992;
Catania and Lipton, 1993). The different types of re-
sponses are most likely mediated by specific types of
the cloned melanocortin receptors. To study the physi-
ology of the different subtypes of melanocortin recep-
tors specific tools are required, e.g specific probes for
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their cellular localization and pharmacological agonists
and anctagonists specific for the different types of
melanocortin receptors. [n the present study we have
developed antisera directed towards the human MC,
receptor. These antisera showed high specificity and
could be used to immunostain MC, expressing cells, as
well as cells of malignant metanoma tumours that had
been obtained from a patient who had undergone
surgical excision of the tumours.

2. Materials and methods
21. Preparation of immune sera

The amino acid sequences of the human MC, recep-
tor was analysed with the antigenic index, according to
Jameson and Wolf (1983) by using the University of
Wisconsin GCG package (Madison, USA) in order to
find suitable peptides showing high antigenicity. More-
over, the peptides were selected to avoid any similari-
ties to the other cloned melanocortin receptors. Two
peptides from the N-terminal region of the receptor,
which corresponded to the amino acid residues 4-18
(peptide M1-Y) and 25-35 (peptide M2-Y), were se-
lected from this analysis. The peptides were synthe-
sised commercially (Multiple Peptide System; San
Diego, CA, USA) and conjugated to bovine thyro-
globulin, by using m-maleimidobenzoyl-N-hydroxy-
succinimide as coupling reagent. to afford coupling of
the terminal cystein of the peptide to thyroglobulin
(Harlow and Lane, 1988). (For the M2-Y peptide the
cystein of the native MC, receptor was utilised, whereas
for the M1-Y peptide an extra cystein had been added
at its C-terminus). thyroglobulin peptide conjugates
(05 mg dissolved in 250 w1 water) were emulsified at a
ratio of 1:1 (v/v) in Freund’s complete adjuvant and
injected intramuscularly into Swedish loop rabbits. Af-
ter three weeks, the rabbits were given booster injec-
tions with 0.5 mg of the conjugates in incomplete
Freund’s adjuvant and sera were collected 12~14 days
after the boosters. From all the rabbits preimmune

M1-Y M2-Y
Human MC-1R ==~=--=--
Mouse MC-1R == 230 20T LGSLASIT I M GLARH O L
MC-28 AEHE INSYERINTARNSOCPR____

MC-3R -_-NSIQEKYLEGOFUFPUSSTSFLATLLEPQUESILL TARNASCCILPSUQP

MC <R AUNSTHAGANTSLHLUMS SYARHSnAsE _STFRaYSOGBCYEqLF ...
MC-5R ccncccacann ansgFLHELoLnR{JE__GULSGPUENKSSPCERNG .

Fig. 1. Comparison of N-terminal amino acid sequences for the
melanocortin receptors cloned to date. The sequeces were aligned by
using the Mac Molly Tetra Package (Softgene, Berlin, Germany).
The boxed sequences are the peptides (M1-Y and M2-Y) which were
synthesised and used for immunisation of rabbits. As can be seen
these peptides show no homology with other human melanocortin
receptors.
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Fig. 2. Characterisation of antipeptide antisera with ELISA. The :op
pane!l shows ELISA responses of antisera against the respective
synthetic peptides derived from the MC, receptor. Shown are curves
for antibodies against peptide M1-Y (O), and peptide M2-Y (m).
The bottom panel shows the interaction of antisera with synthetic
peptides. Shown are dose-response curves of each antiserum with
either the relevaar or the irrelevant synthetic peptide. Each anti-
serum (1:100) was preincubated with peptide M1-Y or M2-Y at 37°C
for 1 h before adding to the ELISA piates, as indicated in the panel.

sera had also been obtained before the immunisations.
Sera were aliquoted and stored at —80°C until used.

22 Enzyme-linked immunosorbent assay (ELISA)

An ELISA method, similar to that of Appel et al.
(1990), was applied to determine the titre and speci-
ficity of the antisera. In these assays, each well of a
microtitre-plate (Costar 1/2 plates, Costar, Cambridge,
USA) was coated with 70 pmol synthetic peptide in 0.1
M sodium carbonate buffer, pH 9.6 and incubated
overnight at room temperature. The plates were then
washed 10 times with deionised water to remove un-
bound peptide. The sites that had not become occu-
pied by the peptide were thereafter blocked by incubat-
ing each well with 100 ul of 1.5% bovine serum albu-
min in phosphate buffered saline (33 mM phosphate,
145 mM NaCl), pH 7.2 for | h at 37°C. After washing S
times with deionised water, 50 w!l of the antiserum,
which had been diluted to various concentrations with
1.5% bovine serum albumin in phosphate buffered
saline, were added to each well followed by incubation
at 37°C for 1 h. After washing 10 times with deionised
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Fig. 3. Immunofluorescence staining of COST cells. with and without stable expression of MC, receptor. with the anti M1-Y and MZI-Y seru. The

" left bottom and top panels show COS-7 cells of a cell line that had been genetically enginezred 1o express the human MC, rzceziar Showa in
the right top and butrom panels are contral COS-7 cells which do not express MC  receotors. [ the left ynd right top punels arz showa results
for anti M1-Y serum. In the left and nght bouom punels are shown results for ari. M2 Y serum. Bar = 10 oM
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Fig. 4. Specificity of the anti-M!-Y serum for MC, receptor determined by fluoresceat staining. The top right and ieft panc!s show the staining of
the MC| receptar expressing cells with the M1-Y antiscrum and its corresponding phase contrast phatograph. respectively. The bottom sight and
- left panels show the stzining of the MC, receptor expressing cells with the ML-Y antiserum which was preabsorted with the ML-Y pegtide and

its cortesponding phase contrast photograph, respectively. Bar = 50 oM.

2.4. Immunostairing

The slides wers procassed either for indirect im-
munofluorescent or immunoperoxidase staining. The
slides for peroxidase staining were pre-incubated with
0.6% hydrogen peroxide in methanol for 20 min and
then for I h with 10% normal goat serum in P8BS, in
order to block non-specific staining. The slides used for
immunofluorescent staining were not pre-incubated
prior to exposure to antisera. Slides were incubated
overnight at 4°C with the prnimary antisera, diluted
1:100 for cell staining and 1:30 for tissue staining in
1.5% bovine serum albumin in phosphate bufferaed
saline, pH 7.2. Tre slides were thena incubated with
secondary antibodies for 1 h at room temperature. For
immunofluorescent staining TRITC-conjugated affinity
purified swine anti rabbit immunoglobulin was used at
a dilution of 1:40. After staining, the slides were ob-
served using a fluoresczat microscope. For im-
munoperoxidase staining HR peroxidase-conjugated
affinity purified goat ani rabbit immunogiobuiin
(DAKO, Denmurk) was used at a dilution of 1:200.

Chromogzn substrate (3.3-diamincbenzidine tetrahy-
drochiioride; DAKO, Deamark) wus then agplied ac-
cerding fo instruczions of the mancfaciurer. and chere-
after the sections were countersiained with haema-
toxvlin Maver RB 69 (Acotaksbolaget AB. Sweden).
Negative controls included omission of primary anti-
bodies. substitution of preimmune serum or pr2absorp-
tion of the antiserum with the syvathetic peodide (0.5
mg/ml) that had beza used o immunize the rabbit.
Benwzen 2ach incubation the shides were washed three
times with phosphate buffered saline.

3. Results

The pegtdes used (o immuniZe he ratous were
chosen on the basis of ) their probaziin for high
immunogenicity predicied oy the Jameson and Wolf
antigzsic index and 2) their oradicted mgh specificity
tor the human MC,| receptor protein determined by
comparing the protzin segquences of  all the
melanocorun reczotors cloned o dare Two Jdifferent
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Fig. 5. Peroxidase staining of freeze cut sections of a primary cutaneous human malignant melanoma turmour and the skin loczied adjacsnt to the
tumour. The specimen was excised {rom the arm skin of a $3-year-old male and the seciions stained with aati M1-Y se2 using the peroxidase
method. Top left pane!: Paositive immunosiaining can be seen in melanoma cells of the tumour. Note the distinct staining of the zrea of the cells
surrounding their auclei (indicated by arrows). Top righ panel: Sections of the melanoma tumour stained with preimmune serum. Bottom left
panel: Section of the skin located adjacsat o the melanoma tumour. A considerable number of scattered ¢2lls in the epidermis are statned with
the anti-M1-Y serum. Bottom night panel: A paraliel section to the section shown in the bottom left panel stained with pra:mmune serum.

b .uddes, M1-Y and M2-Y (Fig. 1). were selected from
the N-terminus of the MC, receptor and synthesised
chemically, conjugated to thvroglobulin and injected
into rabbits. Both peptides proved to be highly im-
»  genic and zood production of antibodies resulted
L. .l four rabbits that had been injected with either
one of the conjugates. Thus, after the first booster
injection immunoreactivity was detected in all the sera
at dilutions of 1:10° or more. using ELISA plates
covered with 70 pmol of respective synthetic peptide
(Fig. 2, top panel). Bv contras:, no ELISA reactivity
could be observed for the preimmune sera (data not
shown). Both antisera were also demonstrated to be
specific for their respective peptide since the ELISA
respoase was dose-dependently inhibited by preincu-
bating the sera with the proper peptide. but not by
preincubating them with an irrelevant peptide (Fig. 2.
bottom panel).

In order to evaluate the ability of the antisera to
bind to the MC, receptor. a genetically enuinezred

stabie MC, receptor expressing COS-7 cell line was
immunostained with the sera. The results are shown in
Fig. 3. Both MI-Y and M2-Y antisera produced a
strong fluorescent pattern on the MC, reczptor ex-
pressing cells which appeared to be mainly located in
cytoplasmic or perinuclear areas. although a staining of
the cell membrane was alsc probabiy presear (Fig. 3
left top and bottom panels ard Fig 4. tog right panel).
(C.f. phase centrast photomicrograghs of cells shown in
Fig. 4. left tcp and bottom parels). [n contrast. there
was no significant staining of 2 COS-7 ceil line that did
not express the MC, receprar (Fig. 3. right top and
bottem pane's) or cells stained with antiserwn preab-
sorbed with its respective syathetic peptide (Fig. 4,
bottom right panel). :

The properties of the antisery were further evalu-
ated using cryostat sections from cutzneous malignant
melanoma tumours and normal skin. [n ¢the melanoma
tumours both the MU-Y and MI-Y anusera could
specifically immunostain the tumocr ooty The top left
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panel of Fig. 5 shows results for the staining of a
melanoma tumour with an M1-Y antiserum, using the
peroxidase method. As can be seen from the figure a
strong reaction is present in the area of the tumour
cells that surrounds the cell nuclei, indicating that the
staining is presumably located in the cell membrane of
the melanoma cells. By contrast, when preimmune
serum was used staining of the melanoma cells was
absent (Fig. 5, top right panef). Moreover, the malig-
nant melanoma sections were also strongly positively
stained when the immunofluorescant staining method
was used in conjunction with the anti MC, receptor
antisera, whereas the preimmune sera gave negative
staining (data not shown).

In Fig. S (bottom left panel) is shown the staining of
a sample of the skin that had been obtained just
adjacent to a melanoma tumour, with the M1-Y anti-
sera. As can be seen from the figure scattered cells in
the epidermis show a strong positive peroxidase reac-
tion. The cells being stained are arranged in a gradient
with most cells being located in the basal layer while
fewer cells are stained in the outer layers. By contrast,
preimmune serum did not stain the epidermal cells
(Fig. 5, right bottom panel). In strong contrast to these
results cells of normal human skin did not show any
positive staining to the anti MC, receptor sera (data
not shown). In order to eliminate the possibility that
the quenching of endogenous peroxidase of the sec-
tions using the hydrogen peroxide pre-incubation could
have led to a destruction of the MC, receptor antigen
in cells of the normal skin, we performed the staining
excluding the hydrogen peroxide pre-incubation step,
still staining was completely absent in these samples.
Moreover, using ethanol instead of acstone as a fixa-
tive the tssue did not induce any positive staining of
the normal skin samples (data not shown).

4. Discussion

In this study we have prepared antisera against a
humans MSH receptor. The antisera were raised in
rabbits by immunisation with peptides that had been
synthesised according to the amino acid sequence pre-
dicted from the MC, receptor cDNA, that we had
previously cloned (Chhajlani and Wikberg, 1992). Three
factors were considered in choosing the two peptides
used for the immunisations. Firstly, the peptides were
selected from the N-terminal extracellular region of
the receptor since this part of the amino acid sequence
should with high likelihood form an epitope that would
be accessible to the antibody. Secondly, the peptides
were selected according to their predicted high im-
munogenicity. It has been suggested that peptides which
have a more than 10 residues length, which are hy-
drophillic and which are derived from the C- and

N-terminal regions of proteins tend (0 be mare anti-
genic (Appel et al., 1990; Harlow and Lane, [988).
Thirdly, the peptides were selected on the critenia that
they should be substantially different from any se-
quences found in other melanocortin receptors. The
various other cloned mefanocortin receptors (MC,,
MC;, MC, and MC; receptor) show between 30-60%
homology with the MC, receptor, the largest homology
being found in transmembrane segments, whereas e.g.
the N-terminal sequences show a low degree of homol-
ogy. Moreover, a complete search in the EMBL
database indicate that there are no other known pro-
teins which show substantial similarities with the MC,
receptor (Chhajlani and Wikberg, 1992).

The two selected peptides of 15 (MI-Y) and 11
(M2-Y) residue length proved to be highly antigenic as
high titres were obtained in all rabbits aiready after the
first booster injection. Moreover, the antisera gave no
cross-reaction with the irrelevant peptide in the ELISA
assay indicating that the sera were specific. [n order to
evaluate the ability of the antisera to bind to the MC,
réceptor protein they were tested for their ability to
immunostain cells that expressed the MC, receptor. In
these studies we used a genetically engineered COS-7
cell line that showed stable expression of the MC,
receptor. Thus, whereas the MC, receptor expressing
COS-7 cells were strongly stained by both the M1-Y
and M2-Y antisera, normal COS-7 cells were not at all
stained, thus indicating that the antisera did recognize
the MC, receptor. Moreover, neither preimmune serum
nor antiserum pre-adsorbed with its synthetic-peptide
was able to stain the cells. OQur data also indicate that a
substantial amount of the specific immunaostaining oc-
curred in the intracellular or perinuclear compart-
ments. It may be observed that such a localisation of an
MC, receptor is quite possible as a number of studies
have suggested both an internal and external localisa-
tion of MSH-receptors in melanoma cells; the ability of
the receptor to become internalised being crucial for
the responsiveness of the cells for MSH (Orlow et al.,
1990; Chakraborty =t al., 1991)

We used the antisera in a preliminary attempt to
immunostain MC, receptor in human skin and
melanoma tumours. Our data clearly show that the
antisera could immunostain cells of malignant
melanoma ~tumours. The staining of the melanoma
cells was specific because pre-immune sera did not
stain these cells. Moreover,—scattered cells which were
present in the epidermis of the skin localised immedi-
ately adjacent to one of the melanoma tumours stained
intensely with our antisera. Since malignant melanoma
is derived from melanocytes it was of interest to com-
pare this pattern of staining with that of normal skin.
In strong contrast to the results of the skin sample of
the melanoma patieat, the normal skin did not show
any specific staining with our antisera. These results
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were repeated in samples from two different donors.
Moreover, excluding the peroxidase pre-quenching step
(see methods for details) did not disclose any im-
munoperoxidase staining cells in the normal skin. Since
melanocytes were clearly present in the normal skin
samples, as was evident from the presence of darkly
pigmented cells, it seems justified to conciude that
MC, receptors were not expressed in sufficiendy high
levels in the normal melanocytes to allow our antisera
to immunostain them. It has bezn reported that cul-
tured human melanocytes express functional MSH re-
ceptors (Thody et al., 1993), although the levels of MC,
receptor mRNA in cultured human melanocytes sesms
to be lower than the levels present in cultured murine
melanocytes or in a melanoma cell line (Cone et al.,
1993). The nature of the scattered MC, reactive cells
found adjacsnt to the melanoma tumour is at present
not entirely clear. Nevertheless since these stained
cells were found only in the vicinity of the melanoma
tumour it is highly probable that they were related to
the melanoma. Moreover, the pathological histological
examination shawed a malignant melanoma with a
continuous intraepidermal growth as well as at places,
an intraepidermal invasive growth. It is also interesting
to note that the staining pattern of the presumed
melanoma cells was is irregular. Thus in the top left
pane!l of Fig. § the staining appeared to be predomi-
nantly perinuclear plus membranal whereas in the bot-
tom left panel of the same figure the staining appears
to be nuclear. The reason for these differences in
staining pattern is at present not clear but it could
possibly be related to the ability of the MC, receptor
to migrate between different cellular compartments as
was already mentioned above. However, whatever the
explanation is for these findings we would like to point
out that our observations should be regarded as prelim-
inary. The sole purpose of the studies on melanoma
tumours was to show that it was possible to detect the
MC, receptor in a clinical sample. Thus, further stud-
ies will be required to validate our observations and to
map out the tissue distribution of the MC, receptor in
the human body.

In conclusion, we have developed two antipeptide
antibadies against the human MSH receptor of the
MC, type. Both antibodies displayed high titre and
specificity for their respective antigen and could specif-
ically immunostain MC, receptor expressing cells, as
well as the cells of malignant melanoma tumours. These
antibadies will be of value in further studies of the
organ distribution of the MC, receptor and in investi-
gations-of the molecular biology of the MC, receptor
in melanoma.
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SUMMARY: A model for the interaction of the melanocorntin-1 (MC!) receptor with
MSH peptide has been constructed. The model was built by homology modelling using
bacteriorhodopsin as template. A cyclic analogue of MSH could be docked into 2
binding pocket located between ransmembrane (TM) domains 2. 3 and 6 of the
receptor. The most significant receptor to ligand interactions occur between D117 in
TM3 of receptor with histidine in cyclic MSH-peptide, H260 in TM6 with glutamic in
peptide and D121 in TM3 with arginine in peptide. The mode! finds support from )
earlier mutagenesis datd. o 1995 Academic Press. Inc.

The 3D modelling of several G-protein coupled receprors (GPCRs) has led to better
understanding of the interactions of the receptors with their ligands. However, such
modelling was in the past mainly done for the cationic GPRCs (1) and yet only two
partial models for peptide hormone GPRCs were reported (2,3).

We and others receatly cloned a new family of GPCRSs, the melanocortin receptors, that
contains 5 known members termed MC1 - MCS (4-8). All of the melanocortin receptors
interact with pro-opiomelanocortin derived peptdes such as o-MSH, B-MSH, v-MSH
and ACTH, albeit with differing binding affinities (9).

$Address all correspondence to Jar] Wikberg, Pharmaceutical Pharmacology, Box
571, BMC, S-751 24, Uppsala, Sweden.

Abbreviations:
GPCR, G-protein coupled receptor; MCR, melanocortin receptor; MSH, melanocyte
stimulating hormoue; TM, transmembrane.
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The melanocortin receptors show high sequence similarity within their group, but the
sequence similarity to other GPCRs is comparatively low. Nevertheless the most
conserved aminoacids among the GPCRSs are also presext in the melanocortin receptors
and their all over feamres clearly identify them as belonging to the GPCR class. Ina
recent paper we reported specific alterations in the ligand binding properties in the MCl
receptor subtype by site directed mutagenesis of specific aminoacids in the third and
sixth ransmembrane segments, indicating that these aminoacids were part of the ligand
binding pocket of the receptor (10). In the preseat paper we report  for the first time a
3D mode! for a melanocortin recsptor.

MATERIALS AND METHODS

Software and hardware. Molecular modelling was done by using the Sybyl (Tripos. St.
Louis, Missouri, USA) package and a Sun IPX workstation. Sequence alignments were
performed using the MacMolly package on a Macintosh computer (Soft Gene,
Germany). Kyte-Doolitle plots were done using the GCG package (11) ona VAX
computer.

Sequencs analvsis. Sequences were obtained from the Brookhaven Protein Data Bank
or experimeatally by DNA sequence analysis of the cloned recsptor as zarlier reported
(4.5). The sequences of all five MC recsptors were aligned using the MacMolly
program. The location of ransmembrane helices were determined from Kyte-Doolinle
bydrophobicity plots. The alignment of MC receptor amino acid sequences to other
GPCRs and to bacteriorhodopsin were takea from the literature (12) except-for
transmembrane segment 5 (TVIS) which alignment will be detailed in the Results and
Discussion section.

* Peptide hormone modelling. For modelling the peptide hormone the cyclic peptide:

Ac-Cys-Glu-His-D-Phe-Arg-Trp-Cys-NMe
I |

was used. [ts squcture was built using the standard random conformation protein
building routine of Sybyl. Molecular dynamics simulations was applied at a
temperature of 300K using 25 ps step time to yield 2000 conformations from which the
36 with lowest energy were chosen and energy minimised using the Tripos force field.
The molecule with the lowest energy was used in our studies.

Receptor modelling, Modelling was performed using Sybyl with default parameters
unless otherwise specified. The seven transmembrane helices of the MC1 receptor were
first constructed separately using @-helical conformation. Helices 6 and 7 contains
proline residues for which the geometry were fixed resulting in kinked helices. The
helices were then superimposed on the helices of bacteriorhodopsin (13).

To preserve the general structure of the receptor its backbone was first constrained and
molecular dynamics simulation (100K temperature, | fs time step) was applied to yield
1000 conformations, from which 4 were chosea and energy minimised using the
Kollman force field (14) The constraint of the backbone was then removed and the
models were subjected further energy minimisation. The model with the lowest energy
was selected for use in the docking studies.

Ligand docking. The cyclic ligand, obtained as described above, was manually docked

to the receptor mode! and the complex subjected to energy minimisation using the
Kollman force field (14).
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RESULTS AND DISCUSSION

Modelling of ligand, Modelling of the natural MSH peptide hormones poses big
problems because of their flexibility and the lack of any previous 3D structural data.
The cyclic peptide used for the present stdy i related to @-MSH 5-9, which is the
central core in @-MSH that earlier studies suggest is binding to the MSH-réceptors (15).
Earlier studies have also shown that the cyclisation at the 4-10 positions in MSH gives a
compound with high affinity for the MSH-receptors (16). Moreover higher activity of
both cyclic and linear MSH-peptides may be afforded by substitution of the L-Phe with
D-Phe (17,18). While the chosen cyclic MSH-analogue has some restriction due its SS
bridge, there still remains a possibility for many conformers. Its structure was therefore
built by performing long molecular dynamics simnlation and selecting the ones with
lowest energy for further energy minimisation. The structure with the lowest energy
thus obtained was used in the docking studies as is shown in fig 3.

Sequence alignments. The alignment of all the MC recsptor sequeacss is shown in fig.
1. Most of the conserved amino acids are located within the presumed TM helices. The
carboxyterminal, first extracellural and third intrace!lular loops differs significantly
whereas the other extra and intracellular loops as well as the amino-terminal show
regions of substantial similarity.

It was previously reported that the MCR wransmembrane sequencss can be aligned with
the sequences of the whole group of GPCRs (12). Although most conserved amino
acids among the GPCRs are also preseat in the MC receptors there are some exceptions;
one of the most interesting being the lack of a proline in TMS for the MC receplors.
This fact might suggest a specific role for TMS in the MC receptors as compared to
other GPCRs. Moreover the extreme short extra~cellular loop berween TM4 and TMS in
the MC receptors compared to other GPCRs (12) is an interesting observation.

None of the TM regions of the MCRs showcd. any apparent homology to
bacteriorhodopsin, eicept TMS which contains a nine amino acid long aligﬁable motif
in which up to five amino acxdsan: equal and some others similar. Moreover, four
aminoacids on each side of the motif are also similar (fig. 2).

Modelling of receptor and docking of ligand. The final MCIR model selected after the
dynamics simulation and energy minimisations showed an all over preserved 7
transmembrane @-helical structure with substantial helice to helice interactions.

Our earlier mutagenesis studies (10) suggested that D117 in TM3 and H260 in TMS6 is
part of the ligand binding pocket. Moreover, it is plausible that TM2 is also close to the
binding region. This is because a natural point mutation has been found in TM2 of the
MCIR giving rise to a constitutively activated receptor (19).
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Fig.2. Alignment of TMS of MC receptors and bacteriorhodopsin (BRD). The aine
amino acid long alignable motf (see text) marked by horizoatal bars.

The ligand could be docked into a pocket located between TM2, TM3 and TMS6 of the
model Energy minimisation yielded a receptor-ligand complex with several points of
interaction between receptor and ligand. The most interesting interactions are the
formations of salt bridges betwezn D117 in TM3 with the histidine of the cyclic
peptide, betwesn H260 ia TM6 of the receptor with the glutamic residue of the ligand.
and the D121 in TM3 with the arginine residue of the ligand. There is also an
interaction between E35 of TMI for the receptor and the tryptophan residue of the
ligand (fig. 3). In our previous study (10) we found that the D117—>Ala, as well as the
H260—>Ala mutation in the MCIR leads to a drop in affinity for the linear @-MSH but
not for the analog [1251)-Nle?, D-Phe’-MSH, a fact that indicates differences in their
points of attachment to the MCIR. However, a cyclic peptide analog having the
identcal core as the peptde used in the present study was also found to loose affinity
for the above mentoned mutated receptors in a similar fashion as a-MSH. (In fact the
same pattern was also found when the D-Phe of the cyclic analogue was substituted
with L-Phe, although the allover affinities became lower; Frindberg at al., unpublished

. Fig.3. The mode! of the interaction of the cyclic MSH analogue with the MC! receptor.
Shown are the backbones of the receptor and ligand (gray) with the side chains of some
of the aminoacids (black) having ligand to receptor interactions; from left to right E53-
R, F4-L, W6-L, H3-L, D121-R, E2-L, R5-L. H260-R and D117-R. (Code used denotes
aminoacid oumber followed by R for aminoacid of receptor or L for aminoacid of
ligand.)
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data). Thus these data seem to indicate thar the cyclic peptide may have a similar
conformation as the natural MSH. The furure modelling studies must take into account
that different MSH-analogues may bound with slightly different points of attachmeat to
the MCIR.
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SUMMARY: The molecular basis for the a-melanocyte stimulating hormone (a-MSH)
stereoselectivity was studied by examining ligand binding to site specific mutants of
the melanocortin 1 receptor (MCIR). The amino acids Asp!l”, Phel’®, His209 and
His260 were targeted for mutation to alanine as they are conserved in the
melanocortn receptor family. Expression of the wild type and the MCIR mutants in
COS-7 cells revealed that the binding affinities for the a-MSH (L-isomer) was reduced
by 267 fold for the D117—A mutant and 132 fold for the H260—A mutant. In contrast,
the binding affinity for the [Nle*, D-Phe’]-0-MSH (NDP-MSH; D-isomer) remain
unchanged between the wild type and the mutants. Moreover, the mutants also
displayed reduction in affinity to L-isomers of all the other melanocortic peptides
examined. Thus, the mutation of single amino acids in the third and sixth
transmembrane segments results in the display of ligand stereoselectivity of the
MCI1R. In addition, these data represent the first evidence of the different binding
epitopes on a G-protein coupled receptor for a peptide ligand stereoisomers, both of
which are shown to be potent agonists. s 1994 acacemic 2ress, Inc.

a-MSH was originally isolated from the pituitary gland (1), and has been shown to
induce skin pigmentation (2). Later studies revealed the presence of other
melanocortin peptides like B-MSH, ¥MSH and desacetyl-a-MSH (3). Apart from
playing a role in skin pigmentation, melanocortin peptides are proposed to have
neuromodulatory, behavioural, neurotransmitter and other biological effects (4). Such
diverse functions can be attributed to the melanocortin receptor subtypes with their
discrete cellular distribution (5, 6,7, 8, 9).

Abbreviations:
MCIR, melanocortin 1 receptor; MSH, melanocyte stimulating hormone; NDP-MSH,

[Nlet, D-Phe7]-u-MSH; D, aspartic acid; F, phenylalanine, H, histidine; A, alanine.
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The structure-function relationship of a-MSH has been analysed by studying the
biological effects of a number of structurally and stereochemically modified analogues
(10, 11, 12). Based on these studies, it was concluded, that the internal six amino add
segment of Met~(Glu/Gly)-His-Phe-Arg-Trp, which is shared by all melanocortic
peptide molecules, can independently bring about the melanosome dispersion in the
ambiphibian melanophores (13). Earlier studies had also demonstrated, that the heat-
alkali treatment of the a-MSH results in a peptide with increased biological activity.
This is attributed to the racemization of methionine, and phenylalanine at positions 4
and 7, respectively resulting in the development of a synthetic analogue [Nle#, D-
Phe’]-a-MSH (NDP-MSH) in which Met at position 4 and of L-Phe at position 7 were
replaced by norisoleucine and D-Phe, respectively (14). The NDP-MSH was shown to
be 26 times more potent than a-MSH in the adenylate cyclase assay (14). The reason
for this increased biological activity was never fully explained, though it was
speculated that NDP-MSH due to its altered structure could either irreversibly bind to
the receptor, or could irreversibly affect the signal transduction between the receptor
and the adenylate cyclase (14).

In this report we demonstrate, that the higher binding affinity of the NDP-MSH as
compared to its L-isomer a-MSH, is due to the fact, that these two peptides interact
with the melanocortin receptor with atleast two different points of attachment.

MATERIALS AND METHODS

Site directed mutagenesis- The human MC1R ¢DNA (5) was subcloned in the Hind III
site of the pRC/CMV vector (InVitrogen Corp., USA) and subjected to the site
directed mutagenesis using the mutagenesis kit for the double stranded plasmid DNA
as per manufacturer’s conditions (U.S.E. kit, Pharmacia Sweden). The mutagenic
primers used were:

(i) GTGACATTGGCCAGCTGC (D117 4),

(i) GGTAGGCGATGGCGAGCGTGCTGAA (F179—A),

(ili) GGGCCAGCATGGCGACGTACAGCAC (H29—A) and

(iv) GTGAGTGTGAGAGCCAGGAAGAAGGG (H¥0-A).

The selection primer used to convert the Xbal site to the Nhel in the pRC/CMV vector
was: GCTATAGAATAGGGCCCGCTAGCTGCATGCTCGAGCG.

Briefly, the denatured double stranded plasmid DINA was annealed to the mixture of
mutagenic and the selection primers and the new strand of DNA was synthesized
using the T4 DNA polymerase and sealed with the T4 DINA ligase in a single step. The
so modified DNA was used to transform mutS E. Coli, the plasmid DNA was
prepared and digested with Xbal restriction enzyme, which resulted in the
linearization of the wild type DNA while leaving the mutated DNA circular.
Transformation of INVaF” bacteria with the digested DNA yielded colonies 90% of
which contained plasmid DNA with the desired mutation as verified by sequencing
the cDNA clone. Large scale plasmid preparations were made for the mutated and the
wild type DNA using the Qiagen plasmid preparation kit (Qiagen Inc, USA), and
used for the expression studies.
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Expression of MCIR and radioligand binding- Wild type and the mutant D174 and

H260—A mutants were transfected into the COS-7 cells using the cationic lipid
Lipofectin (Life Technologies Inc. USA) as per the manufacturer’s instructions. Cells
were harvested 48 hours after transfection, distributed in the 48 well plates and used
for radioligand binding. All assays were performed in duplicate. NDP-MSH was
labelled with [1%]] and purified as described (15). The transfected cells were washed
with 0.2 ml of binding buffer (Minimum essential medium with Earle’s salts, 25 mM
HEPES, pH 7.0, 02 % bovine serum albumin, 1 mM 1,10-phenanthroline, 0.5 mg per
litre leupeptin and 200 mg per litre bacitracin). The cells were then incubated for 2
hours with 0.2 ml binding buffer containing a fixed concentration of (1Z1}-NDP-MSH
and appropriate concentrations of the unlabelled ligand. After incubation the plates
were put on ice, the cells washed with 0.2 ml of ice-cold binding buffer and detached
from the plates with 0.4 ml of 0.1 N NaOH. Radioactivity was counted (Packard
autogamma, scintillation spectrometer) and data analysed by a iterative, non-linear
curve fitting programme, suitable for the radioligand binding analysis. The Kj values
were obtained from ICsq values using the Cheng and Prusoff equation (16).

RESULTS AND DISCUSSION

The effect of point mutations in the MCIR at four different positions (see fig.1) was
examined by comparing the radioligand binding properties of the wild type and the
mutated receptors. The point mutations we have created produced four mutant
proteins for the MCIR. In three of these mutants charged amino acids were replaced
by the nonpolar alanine. In the fourth mutant aromatic phenylalanine was replaced by
alanine. The ligand binding properties of the mutated receptors allowed us to identify
the amino acids that distinguish the binding pockets of the a-MSH and its D-isomer,
NDP-MSH. In order to select residues for mutagenesis the amino acid sequences of
the members of the melanocortin receptor family was compared. Based on this
comparison the MCIR sequence was analysed for the amino acids which (i) were
predicted to be in the transmembrane regions, (ii) had reactive groups and (iii) were
conserved among the melanocortin receptor family. Four amino adds namely, D117,
F179, H20% and H260 were selected and mutated to alanine. These four different
mutants and the wild type receptors were transiently expressed in the COS-7 cells
and ti'le affinity of the melanocortic peptide ligands were determined in (135]]-NDP-
MSH competition binding experiments (table 1). The binding to the D117—A and
H260— A mutants were substantially reduced in their affinities for the all L-forms of
the melanocortic peptides examined (a-MSH, B-MSH, +MSH Nlet -aMSH and
desacetyl a-MSH), but not at all for the D-form of the peptide, NDP-MSH (fig. 2). For
the mutants FI7°— A and H209-A the affinity of neither the D- nor the L-forms of the
melanocortic peptides were altered, suggesting that they are not involved in the

ligand binding.

Several reports have detailed the points of attachments between the nonpeptide
ligands and the amino acids in the G-protein coupled receptors of the adrenergic and
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Fig. 1. Putative two dimensional topography of the MCIR showing amino acid sequence
and positions of the residue D117, F179, H209 and H260, marked by the arrows.
Dashed lines denotes the cell membrane boundaries.

serotonergic families (17, 18, 19). The non-peptide antagonists, to the G-protein
coupled receptors for small peptide ligands, have been demonstrated to interact with
the residues in the transmembrane segments (20, 21). It has also been shown for the
neurokinin-1 receptor that the different non-peptide antagonists interact with epitopes
located in the transmembrane segments as well as in the extracellular loops of the
receptor (22). The alteration in the binding affinity of the L-isomers of the

melanocortic peptides to the D117—A and H260—A, reported in this study,
demonstrates for the first time the residues involved in the binding to the natural

agonistic ligands such as a-MSH. The synthetic, D-isomer NDP-MSH, which has
earlier been shown to be a highly potent agonist for the melanocortin receptor (14) has
same affinities for the wild type and the mutant receptors (D!17—A and H260—-4).

Table 1: The K; values of the melanocortic peptide ligands for the wild type MCIR and the mutated receptors

Ligand Wild type MCIR  Muytant D174 Mutant H0oA Mutant F17%— A Mutant HO%—A
Ki (nM) Ki (nM) Ki (M) Ki (nM) Ki (nM)

NDP-MSH 0.021 £0.006 0.056 = 0.005 0.027 £0.01 0.058 =0.008 0.023 £ 0.005

a-MSH 0.130 £0.025 34888 1725227 0.10+0.014 0.040 £0.09

Nlet-a-MSH 0.047 £0.011 8.06 =0.99 0.8=0.09 n.d. nd.

B-MSH 0.882+=0.143 357 £32 458 =438 n.d. n.d.

+MSH 12+021 > 30 000 106 £ 10 nd. nd.

desacetyl-a-MSH  0.046 £0.005 107+93 4.63 =039 nd. nd.
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These results taken together suggests that NDP-MSH and a-MSH binds to the
receptor at different amino acid residues. Nevertheless they are still able to bring
about the activation of the receptor (14, 23, 24).

In summary, this is the first report describing specific residues of the melanocortin 1
receptor binding site. We also demonstrated for the first time that the stereoisomers of
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Fig.2. Inhibition of (12[|-NDP-MSH binding by different melanocortin peptides for
the wild type MCIR (@) and its mutants D117 A (M) and H2%05A (A). The
competiting ligands were NDP-MSH (A), a-MSH (B), B-MSH (C), +MSH (D),
Nle*-a-MSH (E) and desacetyl-a-MSH (F).
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a peptide, where both the isomers are agonists, can react with the receptor via
different amino add residues.
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Abstract

Recent site direcied mutagenesis studies on the melanocorsa | i MCl) receptor have dwcuted the tmpvriaace o0 DT and
H260 amino acid residues (or the Sinding of :-MSH imelanocyte samulating hormone). Here. we repurt toe tesaag o 12 cvelic
and linear MSH pepudes on the DII"A and HI60A murtant recsptors. Moreover, we comiructed = Joudie mutant whieh
displayed & major loss tn affinicy for [Nle*., D-Phe’]z-MSH. Qur new Jata of His® and Phe’ subsiituizd MSH peptides are
compared with previous results and :he hvpothesis of pucative :ateractions of DI and H260 wuith singiz tmine acids :n the MSH
peptide. Our conclusions are that the D1{7A 1nd the H260A mutations may cause conformational changes ‘n the re=ceptor which
can not be linked 0 any speatic amune acid n the MSH-pepudes. € 1997 Elsevier Science [reland Lrd.

Keywords: MCI cecepror: MSH: Ligand binding: Mutagenesis

1. Introduction

Molecular cloning has identified five differen:
melagocortin (MC) receptor subtvpes. termed MCl-3
[1-5]. The MC receptors belong to the family of G-
protein linked receptors and do not share high amino
actd homology to any other receptor group. The MCl
receptor binds z-MSH (melanocyte stimulating hor-
mone) with high affinity {6-38] and s the only MC-sub-
type expressed in melanocytes and melanoma cells. but
it has also been detected in cat and human brain along
with other subtypes of MC-receptors [9]. The MC2
receptor is the adrenal cortical ACTH (adrenocorti-
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ceutical Pharmacology. Biomedical Centre. 8ot 591, 751 24 Uppsala.
Sweden. Tet.. +46 18 174160 fav: -36 18 359718 e-mail
helgis@bme.uu.se

cotropic hormone) receptor. This cecaptor binds ACTH
with high affinity, but 1t shows negligtbie atfinity for
MSH peptides {10]. The MC) reczptor. the MC3 recep-
tor and the MC3 receptor ure 2xpressed n the brain
where they have largelv unknown tunctions. and where
they may mediate the diverse central etfects caused by
exogenously applied melunocortuc peptides. The MC3
receptor and the MC5 receptor also huve been detected
in peripheral tissues {for ceview se= (11]).

By site directed mutagenesis of the MCl receptor.
amino acid residues that may be a part of the receptors
binding pocket were identitied {12]. Mutation of Asp
117 (DU in the third runsmembrane segment. or of
His 260 (H260) in the sixth transmembrane segment to
Ala resulted in loss of atfinity tor z-MSH but not for
[Nle*, D-Phe x-MSH. All natural MSH peptides tested
(which have an L-Phe wn position 7} lost affintty for
both mutants. whereas the D-Phe’ containing [Nle'.
D-Phe’]z-MSH was not affected. [n another study.

0303-7207/97/517.00 € 1997 Elsevier Saence Ireland Lid. All rights reserved.
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muolecular modeiling wus applied to gan nsight o
the receptars 3D structure. This study indicated a puta-
tive interacuion of the D117 and the H260 in the MCI
recaptor with His in position 0 and with Glu in position
3 in the MSH pepudes. respecuvely [13].

The presemt study wus undertaken to shed further
lignt into the interacuons off MSH-peptides with the
MC! receptor We report hers the binding of several
linear and cvclic MSH peptides to the DII7A and
HI%0A muant MCI receptors. as well as the properties
of 4 new double mutant clone.

2 Materials and methods
2.1 Ciemiculs

(Nie*. 0-Phelz-MSH [I4]. porcine [-MSH (/-
MSHp). Y6-3-MSHp (porcine ¥-MSH where His in
position 6 has deen repiaced with Tvr: note that in the
present paper we use the position numbers shown in
Table ) and (Cis®. n-Phe” Cys'Jz-MSH4-13) i(2-
1300 [13.16] were purchused from Saxon Biochemicals
GmeH. Germany  Ciclic (Cys®. 0-Phe’, Cys'"z-MSH
t1-131 ((1-13101 and cvelic [Cys®. L-Phe”. Cys'']z-
MSHiI-13) 1l =13 were synthesised by Scandinu-
vian  Pepude Ssyntheses. Cuelic  [Cys®.  L-Phe’.
Cys™2-MSH(2- 101 (14-10)D), cyclic [Cys*. D-Nal'.
Cys'"z-MSH(4- 101 1HS9310). Asn-His-(D-Phe)-Arg-
Trp-Gly  (NHAFAWG). Met-Asn-His-(D-Phe)-Arg-
Trp-Gly (IMNHAFAWG) were svnthesised in our lubo-
ratories using the solid phase upproach and purified by
HPLC. SHLU91!9 and Melanotan II (MT [I) werse
synthesised as descnbed previously [17.18]. [Nle®. p-
Ph2l2-MSH was radiv iodinated by the Chioramine T
method and purified by HPLC

2.2 Construcrion of receptor clones

The human MCI receptor gene [1] was cloned into
the =xpression vector pRc CMV (InVitrogen). The mu-
tunt MCI receptor clones DIITA (Asp in position |17
mutated to Ala) and H260A (His in position 260 mu-
tated into Ala) werz the same as constructed carlier
[12]. The doubie mutant clone was generated by cloning
from the single mutant clones. A ca 900 bp frugment
was cleaved out of the D260A mutant clone by Syr [l
(Suc 11) and New 1. The Ss¢ Il site is a unique sie
between the D117 and H260. This fragment was cloned
into the corresponding sites in the DIITA mutant and
sequenced.

2.3 Expression of receptor clones

For receptor expression COS cells were grown in
Dulbecco’s modified Eagle’s medium with 10%. fetal
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call’ serum. 30%» confluent cultures wers transtecied
with the DNA mixed with liposomes in serum (res
medium. The liposomes were the commercally avail-
able Lipoiectin (BRL. USA) or producsd according 1o
Campoell (1995) [19]. After transiection the serum-fres
medium was replaced with the serum contaimng
medium and the cells were cultivated for ca 28 1. Cells
were then scraped ofT. centrifuged and used for radioli-
gzand hinding.

2.4 Binding studies

The transiected cells were resuspended with binding
buffer (Mimimum Essential Medium with Earle’s salts,
15 mM HEPES. pH 7.0. 0.2% bovine serum albumn, |
mM [.10-phenanthroline. 0.3 mg per | leupepun and
200 mg per | bacitracin) and distributed into 96 well
plates (approximately 20000 cells well) and centnfuged.
The Hinding buffer wers immediately replacad with 1.1
mi 9inding buiTer in 2uch well. containing a consiunt
concantration of [**1][Nie*. p-Phe’]z-MSH und uppro-
priate concesntrations of an unlabelled ligand. Plates
were then incubated for 2 h at 37°C. After incubation.
the czils werz washed with 0.2 ml of ice-cold binding
buffer and detached irom the plutes with 0.2 ml of 0.1
N NuOH. Radicactvity was counted (Wallac. Wizard
automutic zamma countert and data unalyzed with the
BindAid software progrum (Wun Syvstem AB. Umed.
Sweden). Data were either anulvzed by fitung it to
formulus derived from the law of muss-action by the
method generally referred to us computer modelling. or
by fitting to the four parameter logistic function. K-val-
ues were calculatad by using the Cheng and Prusofl
equatton [20]. For suturution analysis, 12 concentra-
tions of ['**[][Nle*. p-Phe’|z-MSH in the range of 0.02
up 0 3 nM were used. Non speciic binding was
determined in the presence of 3 uM [Nle' D-Phe’]zx-
MSH. The K, value lor the double mutants werc
detcrmined {rom competinon assavs with [Nie'. D-
Phe’]z-MSH using the law of muss yction 4nalysis and
sharing the K, vaiue for [Nle'. D-Phe’]z-MSH and
(*N[Nie*. D-Phe]2-MSH All the binding assavs were
performed in duplicate wells and repeated three umes
Untransfected COS cells did not show any speutfic
binding to ['**I][Nle*. 0-Phe’]z-MSH (see Fig 3)

3. Results

Wild type MC! receptor and MCI reccptor mutant
clones D117A and H260A were expressed in COS cells
and tested in binding assavs using ['I[Nle’. D-Phe’]z-
MSH us radioligand. Saturation curves for the MCI.
DI117A and H260A are shown in Fig. | Competition
curves of the || MSH-peptides obtained 1n these lests
are shown in Fig. 2. Euch curve shows datu for u
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representative zxpentment in which each daw pomnt 15
the mean of 1 duplicate determination. [n Tabie |. the
K-values obtained rom the computer analysis of these
dara are shown together with X, -values for ["*I][Nle’.
D-Phe]z-MSH obtained {rom the saturation curves. In
Table 2 the structures of the tested peptides are shown.
aligned with the sequencss of z-MSH and [Nle'. -
Phe]z-MSH. Competition curves for [Nle*. o-Phe’]z-
MSH on the DI17A - H280A double mutant reczptor
and the wild type MCI receptor are shown in Fig. 3.

The double mutant clone had very low affinity: for
[Nle'. D-Phe’]z-MSH the X, value was 90 = 16 aM as
compared with the 31 =6 pM for the wild type MCI
receptor. The low affinity of the double mutant made it
impossible to further characterise it with other peptides

[+ Xvil- MC1

=
S T

"

L

'35 NOP-MSH bound (M)
o
8

a Q.3 r 1.5 2 25 k|
"B yOP-MSH (aM)

?

D117A

o
g

o

(=]
-
]

1281 NDP-MSH bound (nM)
o
B

a Qs 1 1.5 2 is 3
"B NDP-MSH (nM)

0127 y2e0a

5. NDP-MSH bound (nM)
o
a

15 ' 2 25 3
1351 NDP-MSH (nM)

Fig 1. Sawuration curves of ['**[[Nle’. 0-Phe"]z-MSH obtained from
transfected COS cell. The figures show toal binding (M) and binding
in the presence of 3 M cold [Nie*. 0-Phe2-MSH (®) for wild type
MC! receptor clone. DIITA mutant and H260A muant. Lins
represent the computer modefled best fit of the data using an one-sie
model for the towal hinding.

in competitton A33ud s watn the sume Jecuracs 4s 1or the
single mutants.

We also tested the Sinding of ['“[|[Nle”. p-Phe’z-
MSH 0 the DIITA ind H250A mutants v saturation
analyses, We observed sbout I foid lower ufinuy tor
both the mutunts when compared wvith the wild tvpe
clone. This murznal lower affinity was aot observed by
competition inalvses using the [Nle®. D-Phe’]z-MSH
[12). probubly Jdue o 1 lower sccuracy of the :ompet-
tion issay.

A general :endency tur the invesuguted linear pep-
tudes was thut the DI117A caused 1 higher loss of
affimity than the H260A mutauon. As can be seen from
Table 1, f#-MSHp bound with about 200 foid lower
affinity to the DI117A mutant and 232 foid lower affimity
for the H260A mutant. when compared with the wild
type MCI receptor These results urs simiiar 0 those
reported <arlier for the human 7-MSH (121 The Ya-:i-
MSHp had 280 lold iower affimty tor the wild tvpe
receptor thun the 7-MSHp However. the Yo-/-\MSHp
had 4 neghgbie wfnuy for the D1i7A mutant snd the
H280A mutant. Shorter “ingar cors peondes whwch Auve
Asn and D-Phe in positton §oand T.orespeciineh, iz
NHAFAWG and MNBJIFAWG) had muen lower
affinity for the mutunts snd zspeciuily for the DII7A,
which 15 1 pattern sinmlbar o that 2arlier obsemed tor
the nuturul z-0 - and  -MSH J[2]

Seven cyclic compounds were estzd. whieht Jid nut
show this ditfercar busding to the two mutunts s
descnbed ubove. Five substances are ovelic [Chs'
Cys'"]z-MSH anulogues which are cvclistsed 5y zeneru-
tion of a disulphide hridg= betwesn the 2 Cus isez Tuble
2). The (1-13D ind (4-13)D had 1 very high sfinuy
for the MCI receplor. whereus the shorter (4- 11D and
HS9310 with the bulky umino ucid 0-Nal . hud much
lower atfiaity tor the wild type MCI reczptor This wis
not surprising as it hus been reported eurlier thut the
C-terminal tripeptide (Lss-Pro-Val) 15 very important
for the acuvity of [Cys® Cys™x-MSH inulogues in
frog and lizard skin bwoussays [21]. The (1-150. (3
130 and (1-13L huve all considerable and =gually
lower affinities for both the murants, but the (2-1010
binds with simular or onb slightly lower athmn o both
of the mutants. HS9310 has about 21ght times lower
affinity for the H260A. However. 1t showed neghigible
affinity for the D117A mutant since it Jdid not Jisplucs
("S[)[Nle*, p-Phe’]x-MSH even in concentrutions Jas
high as 100 xM.

SHU9LI9 and MT (1 are cyeclisised via a4 luctum
bridge between the Asp und Lys side chains (sez Tuble
2). SHU9119 has. like HS9310. the amino acid D-Nul
(D-2"-naphthylulanine) in the 7-positiun. As can be seen
from Tuble | the SHUY119 compound showed threz
fold higher alfinity for the H260A mutunt compared
with the wild type MC! recepror. wherzus the MT ([
had three foid lower atfinity for the H2504, Both MT
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Fig. 2. Competition curves of different MSH unalogues obtained on COS calls transfected with the wild type MC! receptor clone « B, wild type
MCI receptor clone. D117A mutunt | &) or H260A mutant (@) obtained by using 4 fixed concentration of ~ 2 aM ["**{|[Nie* 1-Phe |z-MSH
and varving the cancentrations of the non-labeiled compeung pepude. Competing peptides used ire indicated on the abscissa for euach panel.

Il and SHU91(9 had much lower affinity lor the
DII7A mutant compared with the wild type. Thus.
although the overull affinities of SHUS119 were consid-
erably higher than for HS9510. they showed a simifar
pattern of affimty chunges since they essenually re-
tained therr atfiniues for H260A while losing it for
D117A. In this context it mas be mentioned that the
SHU9119 substance was found to be an antagonist
selective for the human MC3 recsptors but an agonist
for the MCI receptor [17].

4. Discussion

The hormone binding sites of G-protein coupled
receptors for amines. like the catecholamine receptors
[22]. ars comparauvelv well characterised and a fair
understanding of the nature of their interactions with
ligands is now available. On the other hand our under-
standing for the mechanisms underlying ligand binding
to G-protein coupled receptors for peptide hormones is
much less well developed.

In order 1o invesugate possible interactions of the
D117 and the H260 in the MCI recaptor we generated
a clone that contained both the D117A and the H260A
mutations (DI17A — HI60A). As can be seen from Fig.

3 the double mutation induced a very drastic reduction
of affinity for [Nle*. p-Phe’]z-MSH. as measurzd in
competition with ["**[[[Nle*, p-Phe’]z-MSH. These re-
sults were unexpected. as the single mututions show
only about two fold lower affinity for ['*'I}[Nle’. D-
Phe’]z-MSH than the wild type. The low affinuty of the
DI17A and H260A mutants might be caused by a
rupture of 4 bond betwesn these two amino acids, if the
D117 and H260 were interacting. We might then have
expected that the double mutant would have similar
affinity to the ligands as the single mutants. The earfier
published data [12] may support this as both mutations
lead to a similar affinity pattern. The result of the
double mutant show otherwise, which might indicate
that D117 and H260 are not directly interacting.
Earlier site directed mutagenesis showed that the
D117 and the H260 amino acids are important for the
binding of MSH peptides to the MCI receptor More-
over. based on molecular modelling of the MCI recep-
tor it was postulated that there might be a direct
interaction by a salt bridge formation of the His" in the
MSH peptide with the D117 of the receptor and the
Glu® in the MSH peptide with H260 of the recepror
(13]. A simple way to test the hypotheses for the
His®>'D117 interaction seemed to exchange the His" in
the MSH pepude to an amino acid capabile of only a
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curves using ' PI[Nle* -Phe lz-MSH | TTUNDPY und cileremt

K, ind K3 saiuss imean = S.E.M) obtaned rom

MSH inalogues on MC!. DI1TA and HIS0A iransiectied COS .zils iogether with refauve ufimiey muws.

Reczptor Pos 7 MC: DIITA H250A DIITAMC: HI50A. MC:
Ligand K, (nmolil) K, (nmolil) K. (amalil)

('=nNoP o-Phe 0.183 =0.016 0,473 ~0.057 0.401 =0,023 - s
#-MSHp L-Phe 236 0.4 458 = 53 L7213 00 3
Y6-g-MSHp L-Phe 634 =9 > 300 000 > 100 000 > <00 » 300
MNHAFRWG o-Phe 1.57 =0.08 2490 = | 700 63=116 P =
NHAFRWG o-Phe 633 =34 31 200 = 3300 2000 ~ 578 9 5a
(1-1o D-Phe 0.037 =0.009 0.500 =0.100 0.480 - 0.098 s 13
(=13 -Phe 0.57020.110 730160 95517 2 7
14-1310 o-Phe 0.033 =0.009 5.10 =0.57 194 =035 150 150
4-1000 D-Phe 19‘!;32 ) 4[0:% 1[7:_‘: 21 1
H3%310 o-Nal 762=70 > 100 000 $00=173 >1300 0
Melanotan (1 o-Phe 0.7 =0.147 251 =61 23720710 w0 5
SHU 9119 D=-Nal 0.566 =0.172 444~ 10 0.225 - 0.055 570 0.34

comparauvely weak interacton with DII7. This re-
placement in the ligand should then result in 2 loss of
affinity. comparabie to that caused 5v the DI 17A mu-
taton. for the natural MSH-pepude. Our data show
that replacement of the His® in the MSH pepude with
Tve® (Y6-F-MSHp) resulted n the 2xpected reduction
in affinity for the wild type receptor. However. the
Y6-3-MSHp showed negligtble 2ifinity for the DIITA
mutant receptor which was an unexpected finding. [n
addition. the Y6-7-MSHp pepude fuiled to bind to the
H260A mutant. Thus, the data do not seem to support
the hypothesis [13] that there is a direct interaciton of
the His® of the MSH pepudes with the DIi7 in the
recsptor.

Inutial data on the DI1TA and H2I50A mutants indi-
cated that the synthetic melanocoruc peptide [Nle'.

Tabie 2

D-Phe’[z-MSH bound with alternate pomnts of sctach-
ment to the MCI recaptor. compared with [Nie®}z-
MSH or the naturul melanocaruc ligands such as
x-MSH. This was becuuse netther of the DIITA or
HZ60A mutations aiTected the alfimity of the svntheuc
ligand whereus the arfiauties of linear (L-Phe’’-MSH-
peptides wers markedhy reducsd. [n the presentr study
we used oyelic MSH unulogues ([ -13)D. (4-1510 4nd
(I-13)L. having «aither & D or 2n L-Phe 1t position ~
and we found ull these ciclic pepudes to benave in 4
similar tushuon since they lost affimiey for both the
DUITA and H260A mutations. Another similar cvelic
MSH unulogue: (4-1010 had only shightly lower ur
sitmilar affinuy for both the mutants us comparad with
the wild iype. Thus. the new data do aot support the
hypotheses that [D-Phe’|z-MSH analogues bind mn 2

Alignment of z-MSH and [Nie* 0-Phe |2-MSH (NDP) to the MSH 1nalogues rested in chus study.

Pepude:posiucn no. I 2 3 4 § 6 7 3 9 U] 1 [ 13
1-MSH Ser Tyr Ser Met  Glu His Phe Arg  Trp Gly Lys Pro Vai
NDP Ser Tvr Ser Nie Glu His 0-Phe Arg Tp Giv Lys Pro val
g-MSHp Pro* Tve Arg Met Glu His Phe Arg  Trp Gis Ser Pro Pro®
Y6-J-MSHp Pro* Tyr Arz Met  Glu Tyr Phe Arg Trp Gly Ser Pro Pra®
NHIFRWG . Asn His D-Phe Arg Trp Giv

MNHAFRWG Met  Asn His 0-Phe Arg  Trp Giv

(1-1ho Ser Tyr Ser Cus Glu His D-Phe Arg Trp Cus Lys Pro Val
(-1 Ser Tyr Ser Cus Giu His 0-Phe Arg Tep Cus Lys Pro Vai
(4-13o Ceus Giu His D-Phe Arg Trp Cys Lys Pro Vai
{3~101p Cvs  Glu His o-Phe Az Trp Cus

HS9510 Cis Giu His oNat Arg Trp  Cis

Melanotan 11 Nie Asp His D-Phe Arg  Trp Lis

SHU 9119 Nle Asp His o-Na*  Arz  Trp Lys

All peptides have an acetyl-group on the N-terminus and an amide group on the C-terminus. sxcept MNHIFRWG 1nd NHAFRAWG which do
not have an acsryl group at the N-end. The amino acid residues which make up the nng closure in the cvelic compounds are shown underfined

n ialies. f
*“Asp-Glu-Gly of N-terminus is not shown in the table.
*Lys-Asp of C-terminus is not shown in the table.
“D-Nal = o-Z"-naphchylalanine,
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Fig. 3. Competiuon cunes (0f nun-iabeiled Nle’. 0-Phe’'z-MSH
abtained an COS cells iraasteciad wun wmid 1yvpe MC! regeptor clone
(@), che D117A = HI60A mutant : ¥ und 100 transiected COS cails
(@) using 1 fixed concentruion o ~ 2 aM ["F{(Nle! 0-Phe’iz-
MSH or the wild :vpe and aon transiccted COS Jells and ~ 20 aM
["*1}{Nle*. 0-Phe lx-MSH ior the DIITA - H15%A mutant

principaily different way to the MCi receptor com-
pared with {L-Phe’]z-MSH unalogues as onginally sug-
gested in Frindberg et al.. 1994 [12].

The cvelic lactam analogues MT [l and SHUS119
have high affinities for the MCIl receptor and much
lower affinity for the D117A mutant. Thus property is
shared by the HS9510. which like SHU91 (9 has o-Nal’.
It is interesting to note that SHUSI LY and MT [l have
an Asp in position 3 which is formally an Asn due to
the formation of a lactam bridge with the Lys' side
chain in the formation of the ring structure of the
compound. The fact that SHU9119 retans full affinity
for the H260A mutnt lends further support to the
hypothesis that the H260 in the receptor does not
interact with position 3 of the ligand.

Taken together our new data are difficult to reconcile
with the original hypothesis of direct interactions of
D17 and H260 in the MC! receptor with His® and
Glu’. respectively. in the MSH peptides or that there
are alternauve points ol attachment for x-MSH and its
stereo isomer [Nle®. n-Phe’]z-MSH. The common de-
nominator for the DI17A and H260A mutations seems
to be a drop in affinity for most of the tested peptides.
The data indicate that the DI17A and the H260A
mutations may cause conformational changes in the
receptor which can not be linked to any specific amino
acid in the MSH-pepudes. This is also supported by the
double mutant clone which resulted in more than 1000
fold loss in affinity for the [Nle'. p-Phe’]z-MSH. The
Dt17A mutation greatly affected the binding constants
of the bulky D-Nal’ compounds and the siructurally
less restrained linear peptides. Therefore. this mutation
might decrease the flexibility of the receptor protein.

Vloicewar and Celluiar Enducrimalugy 126 (1997, J13.19

Further studies using site directed mutagenesis. mod-
elling of the 3D swructure of the MC! recsptor and
specific modifications of MSH analogues will be re-
quired to achieve a further understanding of these
issues.
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Abstract

The genomic DNA for the human melanocorun MC; receptor indicates an unusually long N-terminus. Two possible manslation
initiation sites. the one originally proposed and one alternate 111 bp downstream. were mutated. For a third mutant the DNA between
these initiation sites was deleted. All mutants were expressed in COS (CV-1 Origin. SV40) cells in the same level. and they bound
peptide hormones in the same fashion, as did the wild type clone. The data obtained indicate that both sites can function as the sole
translation initiation sites of the human clone and that the proposed N-terminus of the human melanocortin MC receptor is not important

for the ligand binding of the receptor.

Keywords: Melanocortin MC, receptor: MSH (melanocyte-stimulating hormone): Ligand binding: Mutagenesis

1. Introduction

The melanocortin hormones originate from proopiome-
lanocortin. which is proteolytically cleaved into three bio-
logically active families of peptides, the adrenocorti-
cotropins, melanocortins and endorphins. Adrenocorti-
cotopin (ACTH), «-MSH (melanocyte-stimulating hor-
mone) and B-endorphin have a well-known role in adrenal
cortical function, pigmentation and analgesia. The
melanocortins have, additionally to their involvement in
pigmentation, a broad array of other physiological func-
tions, which underlying mechanisms are not understood. In
the CNS. melanocortins have been shown to influence
behaviour, memory, thermoregulation, analgesia and con-
trol of cardiovascular systems (Eberle, 1988).

Molecular cloning has identified five melanocortin re-
ceptor subtypes, known as MC,-MC; receptors (Ch-
hajlani et al., 1993; Chhajlani and Wikberg, 1992; Gantz et
al., 1993a,b; Mountjoy et al., 1992). The melanocortin MC
receptors form a family of their own with distinct differ-
ences to other G-protein-coupled receptors. Besides other
characteristic features, the MC receptors are the smallest

* Corresponding author. Fax: (46-18) 559-718.

G-protein-coupled receptors showing short N and C termi-
nal sequences.

The melanocontin MC, receptor has high affinity to
a-MSH. It has been detected in human melanocytes and in
small numbers in the brains of rats and humans. The

- melanocortin MC, receptor is expressed in the adrenal

gland (Mountjoy et al., 1992). The melanocortin MC,
receptor is expressed in the brain, i.e. predominantly in the
arcuate nucleus and in few regions of the brain stem. in
addition to placenta and gut tissues (Gantz et al., 1993a).
The melanocortin MC receptor is expressed in the brain
and the melanocortin MC; receptor has. in addition to its
expression in the brain, a wide peripheral distribution (for
review see Siegrist and Eberle. 1993).

The genomic DNA sequence for the human
melanocortin MC; receptor revealed a 361 amino acids
long open reading frame, which allowed for the assign-
ment of an unusually long N-terminal sequence. Compari-
son of the human melanocortin MC receptor subtypes
shows that methionine in position 38 (Met*®) of the
melanocortin MC; receptors aligns with the Met' in the
human melanocortin MC, receptor. The cloning of the
homologous receptors from rat (Roselli-Rehfuss et al.,
1993) and mouse (Desarmaud et al., 1994) revealed reading
frames of only 323 amino acids for the receptors of both

0014-2999,/96 /515.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.

PII S0014-2999(96)00566-3



382 H.B. Schiith et al. / European Journal of Pharmacology 31411996} J81-384

species. The rat and mouse sequences are lacking the first
ATG corresponding to the proposed manslation initiation
codon of the human melanocortin MC, receptor, but they
both have translation initiation codons corresponding to
Met® of the human clone. The N-terminus of these pro-
posed receptor proteins is therefore 37 amino acids shorter
than the human clone. It has been suggested that the start
codon of the human melanocortin MC; receptor should be
assumed to be identical o these other receprors.

Mutagenesis studies (Frindberg et al.. 1994) and mod-
elling (Prusis et al.. 1995) of the MC-receptors are presently
carried out in our laboratory. and we need to know which
parts of the receptor proteins are expressed and which are
of importance for ligand binding. The length of the N-
terminal sequence is also of importance for making spe-
cific antibodies against the melanocortin MC; receptor.
The aim of the present study was therefore to investigate
by mutagenesis and binding which parts of the N-terminal
sequence of the human melanocortin MC; receptor are
really essential for the expression and hormone binding of
the protein.

2. Materials and methods
2.1. Chemicals

The [Nle',0-Phe’]a-MSH. o-MSH. B-MSH and v,-
MSH (H,N-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-
Phe-NH ,) were purchased from Saxon Biochemicals. Ger-
many. [Nle®,p-Phe’Ja-MSH was radioiodinated by the
Chloramine-T method and purified by HPLC (high-pres-
sure liquid chromatography).

2.2. Mwated and truncated melanocortin MC, receptor
clones

The mutated and uncated melanocortin MC; clones
were created with PCR (polymerase chain reaction). The
following primers were used in combination with 5’ HindIII
linker and 3'Xbal linker (mutated posidons in bold, the
ATG corresponding to Met' is underlined). The 5 primer
for MC;-ATG1l was; GGAAGCTT GACTGAGCATC-
CAAAAGAAGTATCTGG (the mutation is shown in
bold and the position of the first ATG codon is underlined).
The S'primer for MC;;-ATG2 was;
GGAAGCTTGAATGAGCATCCAAAAGAAGTATCTG-
GAGGGAGATTTIGTCTTTCCTGTGAGCAGCAGCA-
GCTTCCTACGGACCCTGCTGGAGCCCCAGCTCGG-
ATCAGCCCTTCTGACAGCACTGAATG. The 5 primer
for MC;-MioM was: GGAAGCTTGAATGAAT-
GCTTCGTGCTGC. The 3 primer used for all the clones
were; GGTCTAGACTATCCCAAGTTCATGCCG. (All
primers are written in 5° to 3'direction). The PCR products
were cloned into the HindlI and Xbal sites of the
pRc/CMV vector (Invitrogen) and the inserts and adjacent

sequences of the vector DNA used for transfection experi-
ments were confirmed by sequencing.

2.3. Expression of receptor clones

The human melanocortin MC; receptor DNA. cloned
into the expression vector CMV /neo. was a gift from Dr
[ra Ganz (Ganwz et al.. 1993a). For receptor expression.
COS (CV-1 Origin. §V40) cells were grown in Dulbecco’s
modified Eagle’s medium with 10% foetal calf serum.
Eighty per cent confluent cultures were mansfected with
the DNA mixed with liposomes in serum free medium.
The liposomes were the commercially available lipofectin
(BRL. USA) or produced according to Campbell (1995).
After mansfection the serum-fres medium was replaced
with the serum containing medium and the cells were
cultivated for ca. 48 h. Czlls were then scraped off.
cenmrifuged and used for radioligand binding.

2.4. Binding swudies

The wansfected cells were washed with binding buffer
(Minimum Essential Medium with Earle’s salts, 25 mM
Hepes. pH 7.0, 0.2% bovine serum albumin. | mM [.10-
phenanthroline, 0.5 mg/l leupeptin and 200 mg /! baci-
racin) and distributed into 96 well plates. The cells were
then incubated for 2 h at 37°C with 0.1 ml binding buffer
in each well, containing a constant concentration of
["*1][Nle*,p-Phe” Ja-MSH and appropriate concentrations
of an unlabelled ligand. After incubation. the plates were
put on ice. the cells washed with 0.1 ml of ice-cold
binding buffer and detached from the plates with 0.2 ml of
0.1 N NaOH. Radioactivity was counted (Wallac, Wizard
automatic gamma counter) and data analysed with the
BindAid software (Wan System AB. Umed. Sweden). Dara
were cither analysed by fiuing it to formulas derived from
the law of mass-action by the method generally referred to
as computer modelling, or by fitting to the four parameter
logistic function. K, values were calculated by using the
Cheng and Prusoff equation. The binding assays were
performed in duplicate wells and repeated three times.

3. Results

Three mutants of the human melanocortin MC; recep-
tor were created in order to investigate whether the pro-
posed extracellular N-terminal domain of the human
melanocortin MC, receptor is essential for its hormone
binding activity. The ATG codons, corresponding to the
first and second methionine in the original sequence (Gantz
et al., 1993a), were mutated to CTG resulting in the clones
MC;-ATG1 and MC ;-ATG?2, respectively. In a third clone
the entire sequence between the first and the second ATG
was deleted (MC ;-MtoM). (See schematic presentation of
the clones in Fig. 1).
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Fig. 2. Competition curves of [Nle',0-Phe’Ja-MSH (m). a-MSH (@).
and y,-MSH (@) obtained on transfected COS cell using a fixed
concenuration of ~2 aM ["*3I)[Nle*.D-Phe’ Ja-MSH for the different
melanocortin MC; receptor clones.

COS cells were transfected with the wild type
melanocortin MC; receptor and the three mutants. The
binding properties of ['**I[Nle*,0-Phe’]a-MSH for the
mutated and the truncated clone were indistinguishable
from that of the wild type MC; clone. The K, values are
in close agreement with results obtained earlier in our
laboratory (Schitth et al.,, 1995). The competition curves
for [Nle*,D-Phe’ Ja-MSH, a-MSH and +,-MSH on mans-
fected COS cells are shown in Fig. 2 for the wild type
MC;, the MC;-ATG1, MC;-ATG2 and the MC;-MtoM,

respectively. The K, values for [Nle*.0-Phe’ Ja-MSH. a-
MSH. B-MSH and vy -MSH are presented in Table 1. As
can be seen from the table the K values for different
mutants and the wild type receptors were almost the same.
and well within the range of the normal variability of
radioligand assayv used. Moreover. the level of expression
indicated by the data analvsis was similar for all the four
clones investigated (data not shown).

4. Discussion

The alignment of all known melanocortin receptors has
already indicated that the proposed N-terminus of the
human melanocortin MC; receptor and a murine
melanocortin MC; receptor (Fathi et al.. 1993) are un-
usally long. Both clones contain a possible alternative
translation initiation codon. which can be aligned to the
initiation codon in clones of the same melanocortin recep-
tor subtype of other species. Recent dama also indicate that
amino acid residues in the N-terminal loop of the
melanocortin MC, receptor might be important for the
ligand binding (Chhajlani et al.. 1996).

Comparison of the sequences surrounding both transla-
tion initiation codons reveals strong deviation from what is

" believed to be a standard eukaryotic translation initiation

site (Kozak. 1984). Data from a more recent statistical
analysis of known translated sequences (Cavener and Ray.
1991) indicate that the first site (GCAAUGA) occurs in
fewer vertebrate sequences than the second (TGAAUGA).
Both sequences are underrepresented and this has made it
impossible to draw direct conclusions.

In order to investigate the importance of the putative
extra long N-terminal chain of the human melanocortin
MC, receptor we made three mutant clones. The proposed

Table
K, values (means + S.E.M). obtained from competition curves for MSH peptides on mefanocortin MC ., MC;-ATGI. MC;-ATG2 and MC ,-MtoM
Ligand MC, MC,-ATGl MC ,-ATG2 MC ,-MtoM
’ (nmol /1) (nmol /1) (nmoi /1) (amol, 1
(Nle* b-Phe” Ja-MSH 0.347 £ 0.032 0.289 £ 0.041 0.279 = 0.075 0.316 = 0.023
a-MSH 231 $32 352 £49 185 £43 2153 £33
B8-MSH 328 47 188 +1.4 166 +1.38 3L £33
Y,-MSH 7.52 0091 8.68 £2.1 123 =37 9.19 =302
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transiation initiation codon and the alternate anslauon
initiadon codon 111 bp downsweam were independently
mutated by a point mutation ATG — CTG (MC -ATGI
and MC;-ATG2), while the rest of the sequence was not
changed to keep proposed intron /exon borders (Desamaud
et al., 1994). In a third mutant the 111 bp between the first
and the second ATG were deleted (MC;-MtoM). All three
mutants were easily expressed in COS cells in similiar
levels and readily characterized by radioligand binding. All
three clones showed binding properties similiar to those of
the original wild type melanocortin MC, clone. The data
obtained for the MC,-ATG!1 and the MC ;-MtoM mutant is
therefore in agreement with previously published data for
melanocortin MC; receptors from other species. It is thus
conceivable that Met®® can indeed function as the sole
translation initiarion site of the human clone. More surpris-
ing is the fact that even the MC,-ATG2 mutant. which
does not contain the Met®® codon. could be expressed
successfully and in amounts similiar to those obtained with
the other constructs. The proposed splicing site (Desarnaud
et al.. 1994) between the first and the second ATG might
therefore not be functional for the human melanocortin
MC, clone. at least in the vector system used for this
study. It remains unclear whether both translational prod-
ucts are present when the receptor is expressed in tissues
in vivo. Stll the similarity of the binding properties sug-
gests that this would have no effect on the pharmacology
of this receptor. Our data shows, that the proposed N-
terminus of the human melanocortin MCj; receptor is not
important for the ligand binding of the receptor; at least for
modelling and mutagenesis studies. only the sequence
from Met® needs to be taken into account.
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The TM=+. L2 and TMZ show low urmino :c:d tomoioy: withia te MC ~soescer iy Thres muzns
of ©i= tuman MCZ rscentor wers sreziad norder 0 invesiigaee e zarnsizzton of m2ke t2yions alizand
binding. The TVl ELZ and TMI wers secarutels chungsd 9% muelnpie mutzgznesis <0 iRt ther mino
acid seguences zecame identcul v e quman MC cecezior. Tie mueznis vers axzrassec n COS o2
and :hev sound gestids ligunds in he same asiion as de wsld wee MCE recazier ciane. Cur mmuls
inciczze that the muao :cids hao wverz mumed o e MCS mecezior 2o aor uf2ct e Zinding o MSH
peztices. Trne Jawx provide furdiar :vidence. dhat the mutaeed segions may acr zarmvizaee ot ol figead
bincing. zs lmcicared 2y mecailing 2xgenments ind Jomology JOMDInEon. T 904 aczzemi Trn

The roles of the melanocoric pectides. @-MSH and ACTH in pigmeniztion and serdide-
neogeneses are quite well undassiood. Tne melanccorntins also show a variery of other geripheral
and central effects such as anupvretic. neurotrophic, anti-inflammarory. analgesic affects and
control of learming. memory and motivatuon. whose mechanisms of aciicn remain largaiv
unksown [[-2].

Bv molecular cloning. the genes for dve MC receprors were recenadly isolated [3-7]. Binding
experiments of expressed MCL. MC3. MC+ and the MC3 recazror geaes have shown that the
subtypes bind o the nawral melanocorin peptides. @-MSH, §-MSH. v-MSH and ACTH with
specific and unique affinicy prodies (3-10]. The MCl receptor has a high affinity for a-MSH
and is exprassed in melanoma c2lls. The MC2 (or ACTH) cecaptor does not bind the MSH
peptides. but binds ACTH with high affinity in coatrast to the other MC receptors which bind
ACTH with low affinicy {1 L]. The MC3. MC+ and MC3 receptors bind o the MSH peprides
with much lower affinity than the MCl1 recepror [10]. These subrypes ars all expressed in the
brain. The MC3 recepror also has a wide peripheral distibudon (12].

The MC receptors are G-protein coupled and show topology of 7 wansmembrane (TN
receptors. The MC receptor subtypes show considerable amino acid hemology: trom 38 %
berwesn the MCI and the MC2 up o 60 % betwean the MC4 and the MCS3. The MC receptor
family has closest homology to a cannabinoid receptor, to which the MC1 has 32 % amiro
acid idendry.

Very lirle is known about how the melanocortin peptides bind to the MC receptors in
geaneral. Amino acid residues in the TM3 and TM6 [13] and in the extra cellular loops (EL)
[14] in the MC1 receptor which may participate in the ligand binding have besa identfied by
site directed mutageaesis. A natural single residue mutadon in the TMZ of murnne MClI

! Address all corresgondencs to: Heigr B. Schuoth or Jarl £.S. Wikberz, Pharmaceuticzl Pharmacoiogy. Box 3910
BMC, 5-751 24 Uppsala. Sweden. Fax: -26-18-339718. E-mail: Jelgis@bme.au.se. jwikterg@bme.uu.se.
Abbreviations: MSH. melanccyte sumuladng hormone: ACTH. adrenocorticowapin: MC. metznocortin: TH Toas-
membrane: EL, exma celluizr loop: PCR. polymer chain reacdon: COS. CV-1 Ongin. SV-0.
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resulted in consdrugvely acdve recegor (13]. Molecular modeiling and ligand docking using
cyclic [Cys®, D-Phe”. Cys'%la-MSH indicated that this ligand zould 5e Jocksd inte 2 Jocker
locared berwesn the TM2. TMZ and TM6 of the medeai [16].

Tae aim of this studv was 10 mutwate the TMd, TMS and 1.7 1 ordar 0 Ind out wrether
they pardcipate in ligand binding.

MATZSRIALS AND METHCCS

Chemicals. (Nle*. D-Phe ja-MSH /NDP-MSH) [17]. (NMe'la-MSH and 2-MSH wers jurchased Tom Sachem.
Switzeriand. Cyclic [Cvs*. D-?he’”. Cysla-MSH (1-13) 1¢CDC) and zvelic [Crs’. L-PRe”. Cus'Na-MSHE(1-13) (cCLO)
wers synthesised by Scandinavian Peptide Syntheses. <CDC and =CLC wers cvclisised Dy 1 disuighids Indge zervesa
the rwo Cys. NDP-MSH 'was :adioiadinated 9y the Chiccamine T merhod ind jurided v HPLC.

Murazed MC3 recezear clones. The muant MCZ recepior clones wers macs 5v 2CR 718, 161 3r.::’.‘- 1 Tegment
of e tuman MC3T rscaztor slone (5] was amrlified 3v PCR using Jownsgeax
an upsT=am Jrimer with 2 ¥oa [linkar. These PCR precucss, or mz e, taneaimag
and uses in ampiidcztion of e whoie recstar zene using 2 dowas T 1
produc:s wers cloned into the HinDII and Xaul sitas of tne 2R CMV weztor '1\
seguencas of !¢ vector DNA used [or Tansizution axgenimanats wers sandomed ov >e’" sncing The I
used for all the cione2s was: GCT CTA GAC TAT CCC AAC TTC ATC C2C. qAll prmes u= wnts
direczions. The 37 ené arimer used Jor afl the clones wes: GCA ACT TTG AAT GAC CAT CTA AAA G
TCT GC. The muwtien srmer for MCE-TVZY was: ACC AAG GCC CTC ACS TG GTC GCG GCT ATT TCC
GTC GCC TCC CTC GTC TT( TCC ACG C7TG TIC ATC CTT 7AC TCZ GAC ACT A~y AT, Tre muzuen
primer for MC3-EL2%S was: TG GTG T1C ATC G7C TAC TaT GAT CAC GTA ATC CTC ATT CTG TGS
CTC A. The mutaticn arimer Jor MC3-TMY was: TaC TCG GA-\C ACC AAA CCO CTC T C“C TCC CIC
GTC GTC T7C TTC CTC GCC ATG CTG GTC CTC ATG GCT CTC CTC TAC GTC CacC ATC- -CCT.

Expression of recepror clones. Tne quman MC! {31 was clonad into tha 2xgressicn vecior 2R CMYV i nVirogen.
The Auman MC3 recagtor DNA. cloned into e 2xpression vesior 2CMVines. was 2 2ift Stom Dr. Irx Cane 157
recsptor expression. COS-1 cells werz zrown in Dujbeczo’s maodifed Eagle’s macium wich 10 % foerai czif serum.
Eightv percent confuent sultwres were wransiecred with the DNA muxed wis liposomes in serum free medium (for
decxils se= (10]). After xaasiection. the serum-irez medium was rsglaced with growth medium and the csils wers
cultivated for abour ~38 . Cails were then scrzped off. cenwmifugad. and Jse" ‘or radioiigand 7tacing.

Binding studies. The ransiestad ~-'ls wers washed with sinding ul } 2nd disiizuted lato 9€ well piadss.
The c2ils wers then incubared for 2 i 2t 37°C wich 0.03 ml dinding Huifer in 2ach well. Contzining 3 2onsiant
conceatration of {'~1]NDP-MSH and appropriate concentrzticns of an unizbeiled ligand. Aftar incutaden. the
cells wers washed with 2.2 mi of ic2-coid dinding burfer and Jecached Tem the piatas with 3.2 mi of 0.1 N
NaQHK. Radicactivity was counted {Wallac. Wizard automatic gamma sounrzr) and dacz anaivsed with 1 softwars
package for radioligand 7inding anaivses (Wan Sysiem. Umed, Sweden). Daca wers zither analvsed 3v Juing it
to formulas derived from the law of mass-action by the method geaenaily raferred 10 15 computer medziling. or
by fdwing o the four parameter logistic funciion. K-values were calculated by using the Cheng ind Prusoff
equadon {Z0]. The binding assays were performed in duplicate wells and rapeatsd thraze times. Unczasiecied
COS-1 c=lls did aot show any specific binding o ['“[[NDP-MSH.

LA CTA

RESULTS

Three mutants of the human MC3 receptor wera created in order to invastigate the participa-
ton of TV, EL2 and TMS in ligand binding. The TM4, TMS3, and EL2 were separately
changed so that these amino acid sequencss became identical with the corresponding sequences

.in the human MCI recsptor. 10 amino acids in the TMA4. 4 amino acids in the EL2 and 1!
amino acids in the TMS were mutated to the corresponding amino acids in the MC1 1o generate
the mutanes MC3-TM4YY, MC3-EL2™, and MC3-TM3™, respectively (see schematc repre-
sentanon of the clones in Fig. 1).

Wild rype MC3 recaptor and MC3 recepror mutant cloges MC3-TV=YS, MC3-EL2YC and
MC3-TM35¥! were expressed in COS cells and tested in binding assavs using ['*“I]NDP-MSH
as radioligand. Saturation curves for the MC3, MC3-TM4Y<' MC3-EL2™<* and MC3-TM3%<
are shown in Fig. 2. Competdtion curves of different MSH-pepddes obtained in these tests are
shown in Fig. 3. In Table I. the K -values obtained from the computer anclvsis of these dara
are shown together with the K -values for ['"“IJNDP-MSH obuined from the saturation curves.
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FIG. L Top pars Aligamenc of the amino acid sequencas of 13 cloned MC reczgrors (MCZ not included) with
the muaanc clones described in the text. Numbess in parentheses denote the iczassion aumeers in EMBL and CenBank
Data Lioraries. [27080 is identical with U08333 and (22327 15 idenncal with U0835< and XT6297 in these regions.
The abbreviatons for the species are as foilows: h: human. 9:Zovine, m:munne. ozt schicken. owovine. The muarad

showing the mutacions in Th(=, EL I and TMZ.

NDP-MSH has abour 4 fold higher affinity for the MC! recsptor compared to the MC3
recsptor (ses Table 1). @-MSH and [Nle'Je-MSH are even more suitable for discrimination
berwesn the two receptors as these peptides have about 100 fold higher affinity for the MC1
compared to the MC3 recepeor. Cyclic [Cys®, Cys'%le-MSH analogues are known as poteat
melanotropes in pigmentation assays [21]. It is possible that these peprides bind differendy to
the receptors than the linear MSH peptdes. The ¢CDC and ¢CLC have more than 30 fold
higher affinity for the MC! receptor than for the MC3 recepror. As can be sesn from Table
1 and Fig. 2 and 3, the K|, values of ["“[JNDP-MSH and the X, values of NDP-MSH, [Nle“]e-
MSH, e-MSH, ¢CDC and ¢CLC of the mutant receptors are indistinguishable from that of
the wild type MC3 reczptor.

DISCUSSION

Hydropathicity ploes of G-protein coupled reczptors indicate that they contain hydrophobic
domains of 20-25 amino acids in length which represear transmembrane regions. Basad on
structural similarities with the extensively characterised proteins rhodopsin and bacteriorhodop-
sin, these regions are predicted to be a-helices and to be oriented o form a ligand binding
pocket. For many small ligands like adrenaline. the binding pocket is assum=d to be buried
berwesn the TM domains. Much less is known about the binding of larger ligands like the
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FIG. 2. Samrartion surves of ['“IJNDP-MSH obuined from mwansiectad COS 2sils. The dgurss show total Zinding
(M) and Sinding in the prasencs of 3 uM cold NDP-MSH (@) for wild type MC3 recaptor clone. MC3-TM2YE,
MC3-TMEM and MC3-ELI"C. Lines represent the computer modeiled est At of the data using a one-sitz modal
for total binding. :

MSH peptides where the EL may also participate in the ligand binding. Alanine mutations on
residues in TM3. TM6, EL2. EL3 and the N-terminal sequence had effects on ligand binding
[13,14]. It is not known whether these amino acids have direct contact to the ligand or whether
these mutations only cause conformational changes. Multiple alignment of the cloned MC
receptors MC1 (human. rat. mouse, bovine), MC3 (human. rat. mouse), MC4 (human, rat)
and MC5 (human. rat, mouse. ovine) show low homology of the TM4 and TM3. 12 positions
in TM4 are occupied by 4 or more different amino acids. The TM3 has 5 whereas the TMI,
TM3 and TM7 have only one. and the TM6 has two and the TM2 has 5 variant posidens.
The N-terminal and the EL’s show low homology (the MC2 was not included in this comparison
as it does not bind the MSH peptdes). Preliminary molecular medelling of the MCI recsptor
indicated an arrangement of the TM domains with the TM4 and TMS outside of the binding
region for the MSH peptide [16].

The MC35 receptor shares 43, 42 and 57 % amino acid identity with the MC1, MC4, and
MCS35 receptors respectvely. Our results show that the binding of the MC3 recsptor was not
affected by changing the sequence to that of the MC1 in TM4, TM3 and EL2. The dan
indicate that the amino acids that were mutated in the MC3 do not affect binding of the MSH
pepddes. It sesms quite probable that we would have observed some changes in the ligand
binding for these different pepddes if the TM4, EL2 or TMS5 directly participated in the peptide
binding. Our data thus provide further evidence that the mutated regions do not partcipate at
all in ligand binding. as indicated by modelling experiments and homology comparison.

It is interesting to note that the mutation Asp'**Ala in the EL2 led to a complete loss
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FIG. 3. Comperidon curves of NUP-MSH . B, a-MSH (@1, 2COC (A 2né :CLC 1 ¢ obiained an Tmasiac
COS c=ils using 1 fixed conczamzdon of ~2 aM ['“[[NDP-MSH Jor she diffarsnr MCS resaztor slenes.

of binding in the MCI receptor {14]. As can be seea in Fig 1. thers is a0 Asp in the ELZ
of the MC3 receptor. If the Asp'™ directly participated in binding to the MSH peptidas
in the MC1 recapror, we might expect that insertion of Asp into the MC35 or the whole
EL2 from the MCI. as in the case for MC3-EL2M%, would huve 2ffects oa the binding.
No effect was observed. One plausible 2xplanation for the loss of binding is that the MCl
Asp'**Ala muraton caused a loss of a hydrophilic residue in the EL2 which influencad
its structural functionality. Of course it is possible. although it se2ms rather unlikely. that

TABLE |
K and X,* Values (mezn = S.E.ML) Obuined Jom Competiton and Saturaticn Curves Using ["“[INDP-MSH 1nd
Diff=reat MSH Analogues on Transfected COS-i Cells

= Recsptor
MC3 MCS-TMME MC3-EL2MS MC3-TMFYE MC1

Ligand K, (amoll) K, (amol) K (nmolN) K, (nmoll) K (amol)
["“IINDP-MSH* 0.358 = 0.055 0.269 = 0.0+ 042 = 0.068 0.404 = 0.098 0.100 = 0.009
NDP-MSH 0.304¢ = 0.032 0339 =00 0367 = 0.067 0.201 = 0.028 0.062 = 0.C09
a-MSH 193 = 3.1 .9.2139 263=413 303 =466 0.223 = 0.02v
MN1e']-a-MSH 270 =30 L53=40 313 =53 41 z89 0.141 = 0.017
«CDC 233 =19 40.0 = 43 1209 = 13.7 = 3.6 0.210 = 0.013
CLC 226 =53 285 =263 160 = 38 107 =33 1.32 = Q.13
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the MSH-peptide has an important attachmeat point at the EL2 in MC1. which the MC3
does not shars.
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Abstract The non-homologous N-terminal regions of four
buman meianocortin (VMC) receptors were truncated in order to
investigate their putative participation in ligand binding. Eleven
constructs were made, where different numbers of residues from
the N terminus were deleted. These constructs were used for
transient expression experimeats in COS cells and analysed by
Hgand binding. The results show that 27, 25, 28, and 20 amino
acids could be deleted from the N terminus of the human VIC1,
MQC3, ¥MIC4 and MC35 receptors, respectively, including alil
potendal N-terminal glycosylation sites in the MC1 and the
MC4 receprors, without affecting ligand binding or expression
levels. The results indicate that the N-terminal regious of the
human M C1, VIC3, VIC4 and VICS3 receptors, do not play an
important role for the ligand binding properties of these
receptors.
© 1997 Federation of European Biochemical Societies.

Key words: Melanocortin (MC) receptor: MSH; Ligand
binding; N terminus: Truncation

1. Introduction

Pro-opiomelanocortin (POMC) is mainly expressed in the
pituitary, hypothalamus and brain stem, and is post-transla-
tionally processed into the melanocortins, i.e. @-MSH (mela-
nocyte stimulating hormone), B-MSH, ¥+MSH and ACTH
(adrenocorticotropic hormone). Besides the well-known effects
of ACTH on steroid production in the adrenal gland and a-
MSH on pigmentation, the melanocortins display a broad
array of additional physiological actions including effects on
behaviour, memory, thermoregulation, pain perception, nerve
regeneration, inflammation and blood pressure [1,2].

Five melanocortin receptor subtypes have been cloned [3—
7]. The MC1 receptor is expressed in melanocytes and has
high affinity for a-MSH. The MC2 receptor is the ACTH
receptor in the adrenal gland. The MC2 receptor has a distinct
pharmacology from the other MC receptors as it binds ACTH
with high affinity but not the MSH peptides [8]. The human
MC3 and especially the human MC4 and MC5 receptors bind
the MSH peptides with lower affinity than the human MC!
receptor [9.10]. The physiological roles of these receptors are
much less established compared to the MCl and the MC2
receptors. The MC3 receptor is expressed in the brain and
also in the periphery where it has been found in the placenta,
gut tssues and the heart [5,11]. The MC4 is predominantly
found in the brain where it is widely distributed in almost
every brain region [6.12]. Recently, it has been shown that

*Corresponding authors: H.B. Schiéth and J.E.S. Wikberg.
Fax: (46) (18) 559-718.
E-mail: helgis@bmec.uu.se or jarl wikberg@farmbio.uu.se

distupton of the MC3 recspior results in obesity [13]. The
MC3 receptor is also found in the brain. but is more abun-
dantly expressed in peripneral dssues [7.14,15].

Very little is known about how the MSH peptides bind to
the MC receptors. By use of site directed mutagenesis amino
acids in the N terminal. extracsilular loops (EL) [16] and in
the transmembrane regon (TM) 3 and TM6 [17] in the MC!
recsptor have been identified. which mav participate in the
ligand binding. Multiple mutations in TM4, EL2 and TMS
in the MC3 receptor indicate that these regions may aot in-
fluencs specific ligand binding [18]. Two quite differeat 3D
models of the MCI[ receptor which wers based on bacterio-
rhodopsin homologv modelling and ligand docking in be-
tweend the TM regions have besa published [13,20]. The se-
quences of the MC recspror subtypes are highly conserved.
particufariy in the TV rezions whereas the N-terminal regions
varies quite a lot berween the diferent subtypes.

The atm of this studv was to investigate a purtative partic-
ipation of N-ierminal regions of the human MCl, MC3, MC4
and MCS3 receptors in ligand binding.

2. VMlaterials and methods

2.1. Chemicals

[Mlet, D-Phe la-MSH INDP-MSH), a-MSH and B-MSH were pur-
chased from Saxon Bicchemicals. Germany. or Bachem. Switzerland.
NDP-MSH was radiotodinated by the Chloramine T method and
purified by HPLC.

2.2. Generation of truncated clones

The wuncated clones were made by PCR. Fragments of the wild
type MC receptor clones were amplified by PCR. using downstream
primers carrying 2 HindIII linker and a ATG start codon for various
positions in the N-terminal region of the MC recsptors and an up-
stream primer with a Ybal linker. These PCR products were purified
and cloned into Hindlll and Xbal sites of the pRe/CMV vector (In-
vitrogen) (or the pcDNAS5.1/Zeo vector (Invitrogen), see Section 3),
and the inserts and adjacent sequencss of the vector DNA used for
transfection experiments were confirmed by sequencing. The 3° end
primer used for the MC! clone was: GAC GTC TAG ATT CAC
CAG GAG CAT GTC A (all primers are written in 5’ to 3" direc-
tion), for the MC3 clones: GGT CTA GAC TAT CCC AAG TIC
ATG CCG, for the MC4 clones: GAC GTC TAG ATT CAA TAT
CTG CTA GAC AAG GTC, for the MC3 clones: GAC GTC TAG
ATT CAA TCC CTT CTG GGA AAG CT. The 5’ end primer used
for the MCIATES clone was: GGG AAG CTT CAC ATA TGC
AGA CAG GAG CCC GGT. for the MC3*TC+ clone: GGA AGC
TTG AAT GCC CTC TGT TCA GCC AAC A. for the MC3IATGS!
clone: GGA AGC TTG AAT GCC TAA TGG CTC GGA GCA C,
for the MC33T68 clone: GGG AAG CTT CAC ATA TGA GCA
ACC AGA GCA GCA GCG CCT. for the MC3*T%® clone: GGA
AGC TTG AAT GAA TGC TTC GTG CTG C. for the MC4ATCH
clone: GGG AAG CTT CAC ATA TGA GCA ATG CCA GTG
AGT, for the MC4*T69 clone: GGG AAG CTT CAC ATA TGT
CCC TTG GAA AAG GCT A, for the MCIATE3 clone: GGG AAG
CTT CTC ATA TGT CTG ATG GAG GGT GCT A, for the
MCSATC clone: GGG AAG CTT CAC ATA TGA ATG CCA

0014-5793/97/S17.00 & 1997 Federation of European Biochemical Societies. All rights reserved.
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Fig. 1. Alignment of the N-terminal amino acid sequeancss of the cloned human MC recsprors (MCZ not inciuded) with the mutant clones de-
scribed in the text. Numbers in pareatheses denote the accsssion aumbers in EMBL and GenBank Data Ubraries. Borders berween the N-ter-
minal region and TMI are as proposed (19]. Poteaual N-terminal giycosylation sites are Soxed. (1) The ruman MC3 receztor is dispiaved rom
the Mer™ as the prec=ding sequencs may not be 'xpr:ssed {21]. (2) Constructs which did 2ot give rise ‘o specific binding after transfection are

dezoted by (—) and the others by (+).

CAG AGG GCA. for the MC3*TG2! clone: GGG AAG CIT CAC
ATA TGT CAG GAC CAA ATG TCA and for the MC3ATSS ¢igne:
GGG AAG CTT CAC ATA TGA AGT CTIT CAC CAT GTG AL

2.3. Cells and expression

The wild type dumag MC! and auman MC3 receptor [3.7] wers
cloged into the expression vector pRC/CMYV (Invitrogen). The wild
type human MC3 and human MC4 receptar DNA. cloned into the
expression vector pCMV/neo. wers 2 #ift from Dr. {ra Ganwz [3.6].
Far receprac axpression, COS-{ ceils wers zrown in Duibecso’s modi-
fied Eagle’s medium with 10% foetal calf secum. Eigaty percent con-
fluent cultures 'vers transiecied with the DNA muxed with liposomes
in serum fres medium (for details ses [10]). After transfection. the
serum-{res medium was replaced with growth medium and the cells
were cultivated for about 48 h. Cails were then scraped off. cenun-
fuged. and used for radioligand binding.

2.4. Binding studies

The transfected cells were washed with binding burfer (9] and dis-
tributed into 96-well micro tter plates (approximately 40000 cells/
weil). The cells weze then incubated for 2 & ac 37°C with 0.05 ml
binding buffer in each well. containing the same concentration of
[*“IINDP-MSH and appropriate conceatrations of an unlabelled li-
gand. After incubation. the cells were washed with 0.2 mi of ice-cold
binding buffer and detached from the piates with 0.2 mi of 0. M
NaOH. Radioactivity was counted (Wallac. Wizard automatic gamma
counter) and dara analysed with a software package for radioligand
binding analyses (Wan System. Umed. Sweden). Data were analysed
by fitting it to formulas derived from the law of mass-action by the
method generally referred to as computer modelling. For saturation
analysis, 12 concentrations of [ [[NDP-MSH in the range of 0.02 up
to 20 aM were used. Non-specific binding was determined in the
presence of 3 uM NDP-MSH. The binding assays wers performed
in duplicate wells and repeated thres times. Untransfected COS-{ ceils
did not show any specific binding to ["“[[NDP-MSH.

2

3. Results

Eleven truncated clones of the human MCl, MC3, MC4
and MCS5 receptors were created in order to investigate the
putative participation of the N terminus in figand binding (see
schematic representation of the clones in Fig. 1). The human
wild type MC receptors and truncated clones were used for
expression experments i COS-1 calls which were subse-
quently tested in binding assays using ['**[JNDP-MSH as ra-

dioligand. The truncated clones 2xpressed at levels similar to
the wild type clones, except the MC3TC8 MCUATES and
MC3ATC3 which did not show any specific binding in the
COS-1 cells after transiection (data oot shown). Saturation
curves for the wild type and the MCIATC3, M(C347682,
MCIATGS and MICSAC clones. are shown in Fig. 2. Com-
petition curves of different MSt-pepudes Jor the same recez-
tors are shown wn Fig. 3. In Table L. the X values obtained
from the computer analysis of these data are shown rog=ther
with the K, values for [*"*I]NDP-MSH obtainad from the
saturation curves.

We have earlier shown chat the comparatively long cDNA
derived N-terminal sequence of the human MC3 recsptor up
to ATG™ does not participate in ligand binding (21]. Further
truncation of the human MC3. as well as the human MC4
and human MC3 receptors resulted in clones termed
MC3ATGH | MC3ATGL, MC4ATC2 and MC3MTCH, When
these constructs were expressed ther bound NDP-MSH (a-
MSH) i similar fashion as respective wild type receptor
(see Table 1). Deletion of additional amino acids {rom these

. reczptors and the MC1 recepror. resulted wn clones termed

MCIATGB | MC3ATE8 MCHATC™ and MC3ATC?. These
clones were expressed and fully charactensed by ligand
bicding using both saturation analysis (['*I[JNDP-MSH)
and competition analysis (NDP-MSH, «-MSH and B-MSH).
The results show (Table 1) that the binding coostants of
the MSH peptides for these truncated receptors are in-
distinguishable from those of the corresponding wild
type receptors. Moreover, the binding constants presented
in Table 1 are in close agreement to those found earlier
for the wild type MCIl, MC3, MC4 and MC3 reczptocs
[9.10,22].

Additional constructs, termed MC3*TG8 MC4ATCS and
MC5*TSB did not show any specific binding to labelled
NDP-MSH when transfected to COS-1 cells. We made two
clones of each of these constructs, and we also cloned the
MCHATSS and the MC34TG™ into the pcDNAS. 1/Z2o vector
(in addition to the pR/CMV vector) without creating any
specific binding in COS-1 cells after transfection.

—

Fig. 2. Saturation curves of ['**[J]NDP-MSH obuained from transfected COS calls. The fgurss show total binding (W) and binding in the pres-
ence of 3 pM unlabeled NDP-MSH (@) for the wild type and MCIATOB, MCIATOR, MCIATED MC5ATC? clones. Lines represeat the com-

puter maodeiled best fit of the data using an one-site model.
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Fig. 3. Competition curves of NDP-MSH (m), a-MSH (@), B-MSH (a) obtained on transfected COS cells using a fixed concentration of ~2
oM ["2NDP-MSH for the different MC receptor clones.
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Table t

K, and X, (nmoll) values (mean = S.E.M) obtained (rom compeudon and saturadon curves using [SIINDP-MSH and different MSH ana-

logues on transfected COS-1 ceils

Receptor-sasd K, X,

[*BNDP-MSH NDP-MSH a-MSH B-MSH
MCl 0.109 =0.062 0.046 =0.011 0.210 =0.089 233=0.93
MCIATGD 0.184 +£0.027 0.050=0.013 0.141 =0.090 2.75=0.66
MC3 0.394 =0.061 0.493 =0.035 33.2=9.62 57.0=12.0
MC3ATGH od 0.534=0.092 ad nd
MC3ATGL nd 0.413=0.038 32+42 ad
M(C3ATCR 0.435 =0.036 0.395 =0.0a2 Mi=33 643="3
MC4 229=-0.27 1.86 =0.35 2030 = 410 642 =130
MC4ATCH ad 1.0520.10 1730 =530 nd
MC3ATCD 2.59=0.22 1.28=0.28 957 =319 513 =120
MZS 236 =0.71 265=0.57 4990 = 300 13900 = 3600
MCSATGH ad 1.09=0.2! 3570 =1730 od
MC5ATG [44=0.23 ’ 215+%0.20 3270 = 1080 10100 =1 700

nd, not determined.

4. Discuossion

For most G-protein coupled receptors. in particular those
serving as recognition sites for low molecular weight com-
pounds like adrenaline. the ligand binding pocket is thought
to be localised betwesn the TM regions, which are predicted
to form a-helices analogous to the extensively characterised
bacteriorhodopsin. For other G-protein coupled recsptors
that bind small peptides. like neurokinins [23], enkephalins
[24] or secretin and vasoactve intestinal polypepude [23] the
N-terminal region is known to play an role for the ligand
binding. For glvcoprotein hormone receptors [26] the N-ter-
minal region can be even more important. such as for the
lutropin/chorigonadotropin recaptor. where the N-terminal
domain alone is sufficient for high affinity hormone binding
{27]. Truncations of G-protein coupled receptors have besn
shown to both increase or decrease ligand affinities (28]. The
melanocortin receptor family has the shortest amino acid se-
quence among the superfamily of G-protein coupled recep-
tors. The human MCI, MC2, MC3, MC3 and MC3 receptors
are 317, 297, 361 (or 324 [21], 333. 325 amino acids long,
respectively. They are characterised by having short N- (ca.
25~39 amino acids) and C-terminal regions (ca. 17-21 amino
acids) as well as a very small second extracellular loop (ca. 9
amino acids).

Our present results show that 27 amino acids of the human
MCI1, 25 amino acids of the human MC3 receptor, 28 amino
acids of the human MC4 receptor and 20 amino acids from
the human MC3 receptor could be deleted from the N termini
without affecting the expression or binding of [**I]NDP-
MSH, NDP-MSH, a-MSH or B-MSH. Further deletions of
the N termini resulted in ‘total loss of binding’, which may
have been caused by misfolding or problems with the mem-
brane integration of the receptor.

Qur results show that all potential N-terminal glvcosylation
sites can be removed from the MCl and MC3 receptors
(MClAsn!S, MClAsn™, MCHAsn’, MC4Asn'  and
MC4Asn®) as well as two potential glvcosylation sites
(Asn® and Asn®) from the MC3 receptor and three potential
sites from the MC35 receptor (Asn®, Asn'® and Asn™) without
causing any effects on ligand binding or expression. Our re-
sults thus indicate that N-terminal glycosylation is unlikely to
play an important role in the folding and membrane targeting
of the MC receptors.

It remawns unclear whether the non-binding clones
(MC3ATG8  MC4ATCSH and V[CIATC™) werz axpressed and
inserted into the cell memorane. [t is uniike!y that the com-
plete absencs of specific ligand binding for these constructs
was caused by deietion of residues crucial for ligand binding
while all other deletions did not 2ven change :the ligand bind-
ing properties at all. Structural or axpression complications.
or influence on the integration of the recegtors o the cell
membrane are more probable explanations.

The precise border between the extraceilular N-terminal
part and TMI is aot known. Amino acids proposed to pre-
cede TMI. liks the conserved Glu (MCIGlu®®) and positive
charges may be important for the structure. folding or ligand
binding. Moreover, the conserved Cys (MC1Cyvs™) which may
form a disulphide bridge with a corresponding Cys residue n
extracellular loop 3 (or 2ven zlsewhere in the receptor) may
also be important for receptor structure. Tne observation that
the MCIATC™ {5 giving binding, but not the 2qually trincated
MC5*76= | may indicate important role for amino acids pre-
ceding the TMI. A recent analysis of G-protein coupled ce-
ceptors revealed, that those lacking a leader sequence. like
the MC receptors. have a high preference for a positive
charge in the N terminus close to TMI[29]. This is in con-
trast to the more general ‘positive inside’ rule developed
earlier [30] and may indicate a specific role for Lvs™® and
Lys™ in the MC4 and the MC35 receptors. respectively.
Thus, the loss of a positive charge may play some role in
the loss of binding observed. but no such positive charge x-
ists in the MC3 receptor. In the latter case one might spec-
ulate that a lack of hydrophilic residues in the N-termunal
region, besides the earlier mentioned conserved Glu, might
cause problems in membrane insertion and orientation of
™I

All the MC receptors have a Ser residue close to the N-
terminal end (MCl1Ser®, MC3Ser?, MC4Ser* and MC3Ser?).
This Ser was recently proposed to participate in ligand bind-
ing based on the finding that a Ser/Ala exchange in the MCl
receptor resulted in loss in affinity to NDP-MSH and a-MSH
[16]. Our data contradict those previous results but at present
we do not have any rational explanation to this discrepancy.

In summary, our results indicate that neither the N-terminal
regions nor carbohydrates added by glycosvlation of these are
likely to be essential for ligand binding for the human MC
receptors Or for their structural fidelity.
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ABSTRACT

The melanocortin receptors MC1 and MC3 are G protein-cou-
pled receptors that have substantial structural similarities and
bind melanccyte peptides but with different affinity profiles. We
constructed a series of chimeric MC1/MC3 recaptors to identify
the epitopes that determine their selectivities for natural mela-
nocyte peptides and synthetic analogues. The chimeric con-
structs were made by a polymerase chain reaction that used
identical regions in or just outside transmembranes (TM) 1, 4,
and 6 and divided the receptors into four segments. Saturation

and competition studies an the expressed chimeric prcteins
indicate that TM1, TM2, TM3, and TM7 are involved in the
subtype-sgecific binding of melanacyte peptides to these re~
cepters. The results support the hypothesis that TM4 and TMS
may not contribute to the ligand-binding specificity of the MC
receptors. This is the first report to descrnbe the subtype-
specific harmane-binding domains of the melanocortin recep-
tar famnily.

The melanocortin peptides are primarily known for their
effects on pigmentation in melanocytes (a-MSH) and for reg-
ulation of steroid production in the ACTH. They also mediate
a variety of other effects with both central and peripheral
origin. Effects have been reported on heart rate, blood pres-
sure, lipolysis, learning, memory, behavior, inflammation,
pyretic control, analgesia, and nerve regeneration, as well as
effects on events surrounding parturition (O'Donahue and
Dorsa, 1982; Eberle 1988).

Molecular cloning of the first MC receptor found in mela-
nocytes, MC1, and the ACTH receptor from the adrenal
gland, MC2, was followed by identification of three new mela-
nocortin receptors, MC3, MC4, and MC5 (Chhajlani and Wilk-
berg, 1992; Mountjoy et al., 1992; Chhajlant et al., 1993;
Gantz e? al., 1993a, 1993b). The MC receptors are coupled to
G proteins and share considerable amino acid homology.

The physiological roles of the newly discovered MC3, MC4,
and MCS5 receptors are not fully understood. The MC3 recep-
tor is expressed in the brain and also in the periphery. It has
been found in the placenta and gut tissues and has been

This work was supported by grants rom the Swedish Medical Research
Council (04X-05957), the Swedish Centrala Forsoksdjurs Namnden, the Gros-
chinsky, Bergwall, and Wiberg foundations, the Royal Swedish Academy of
Sdence, the Howard Hughes Medical [nstitute (HHMI 75195-348501), and
the Swedish Sodety for Medical Research.

shown more recently to have relatively high expression in the
human heart (Gantz et af., 1993a; Roselli-Refhuss, 1993;
Chhajlani 1996). The expression of the MC3 receptor in the
heart and its preference for v~MSH may indicate that it could
mediate the effects of +MSH regulation of heart rate and
blood pressure. The MC4 receptor is predominantly found in
the brain, where it is represented at multiple sites in almost
every brain region, including the cortex, thalamus, hypothal-
amus, brain stem, and spinal cord (Gantz et al., 1993b;
Mountjoy et al., 1994). Recent findings showing that the
agouti peptide is an MC4 receptor antagonist (Lu et al.,
1994), that the MSH peptides influence feeding behavior
(Fan et al.,-1997), and that MC4 receptor kmockout mice
become fat (Huszar et al., 1997) relate the MC4 receptor to
weight homeostasis. The MCS5 receptor is found in the brain,
and more importantly, it has a wide peripheral distribution,
although it has still a much less defined physioclegical role
{Chhajlani et al., 1993; Labbé et al., 1994; Fathi et al., 1995).

The MC1, MC3, MC4, and MCS5 receptors have a distinct
affinity pattern for the natural melanocortins (a-MSH,
B-MSH, »MSH, and ACTH) (Schicth ez al., 1995, 1996a),
whereas the MC2 receptor binds only to ACTH, not to the
MSH peptides (Cammas et al., 1995; Schiéth et al., 1996¢).
Currently, there are selective substances available for the
MC1 and MC2 receptor subtypes (a-MSH and ACTH, respec-

ABBREVIATIONS: MSH, melanacyte-stimulating hormane; ACTH, adrenacorticotrophic harmone; ¢CDC, cyclic (Cys*,0-Phe’.Cys'%a- melanc-
Cyte-stimulating hormone(1-13); ¢CLC, cyclic [Cys*L-Phe’ Cys'%a-~ melanocyte-stimulating harmone(1-13); EL, extraceflular loap; MC, meianc-
cortin; NDP-MSH; [Nle*0-Phe”)a- melanccyte-stimulating hormane; PCR, polymerase chain reaction; TM, transmembrane.
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dvely), but there are only a few reports on specific ligands for
the other subtypes. However, cyclic lactam analogues (Hruby
et al., 1995) and ACTH(4-10) analogues (Adan et al., 1994)
were reported to show some selectvity.

The identification of important physiological roles of the
MC receptors and the simultaneous lack of potent selective
substances have increased interest in defining the ligand-
binding regions of these receptors. Residues in the TM3 and
TM6 (Friandberg et al., 1994) and in the extracellular loops
(Chhajlani et al., 1996) of the MC1 receptor, which may
participate in the ligand binding, have been identified by
site-directed mutagenesis. Several natural mutations in TM2
and one in the TM7 of the MC1 receptor bave been shown to
relate to skin and hair or fur color in mice, humans, foxes,
and horses (Robbins et al., 1993; Valverde et al., 1995; Mark-
lund et al., 1996; Koppula et al., 1997; Vage et al., 1997). Two
different models of the MC1 receptor have been published
(Prusis et al., 1995; Haskell-Luevano et al., 1996). In those
studies, ligands were docked into the models, and a number
of different amino acids were proposed as participants in
ligand binding. The aim of this study was to generate MCL/
MC3 receptor chimeras to determine the participation of
different TM domains in Lgand binding.

Materials and Methods

Peptides. NDP-MSH (Sawyer et al., 1980), (Nle*]a-MSH, o-MSH,
and yl1-MSH were from Bachem (Bubendorf, Switzerland). ¢<CDC
and cCLC (Sawyer et al., 1982; Knittel et al., 1983) were synthesized
by Scandinavian Peptide Syntheses (Kopine, Sweden). ¢cCDC and
cCLC were cyclized by a disulfide bridge between the two Cys pep-
tides. NDP-MSH was radiciodinated by the chloramine T method
and purified by high performance liquid chromatography. All cell
culture media were provided by Life Technologies (Taby, Sweden).

Generation of chimeric MC1/MC3 receptor clones. Chimeras
were created by a modification of the ‘mega-primer’ approach (Landt
et al., 1990) using Vent polymerase (Biclabs, Stockbolm, Sweden). In
the first step, the smaller of the two receptor parts was amplified by
PCR with the use of the primers shown in Fig. 1 and the correspond-
ing end primer. Primers P2 and P3 are universal primers, which can
be used on both genes; P1 was suitable for the MC1 receptor as a
template in the first PCR only. The fragment from the first receptor
was purified (Geneclean; Genomed, Bad Oeynhauser, Germany) and
used in combination with the other end primer on the gene of the
second receptor in a second PCR reaction. An aliquot of the reaction
was subjected to-horizontal agarose gel electrophoresis, and the band
corresponding to the size of the chimeric gene was excised and

partially eluted by briefly freezing and centrifuging the agarose

piece. An aliquot of the supernatant was used for a third PCR
amplification by using the kinased end primers suitable for the
chimera. After concatenation with T4-Ligase, ta improve efficdency of
restriction enzyme treatment (Jung et al., 1993), the gene was pre-
pared by cleavage with Xbal/HinDIII, cloned into pcDNA3.1 (In-
Vitrogen, Oxon, UK), and sequenced. Primers used in this study for
the 3’ and 5’ ends of the genes were (5'- 3’ direction) GGT CTA GAC
TAT CCC AAG TTC ATG CCG (MC3-3’), GGA AGC TTG AAT GAG
CAT CCA AAA GAA GTA TCT GG (MC3-5"), GAC GTC TAG ATT
CAC CAG GAG CAT GTC A(MC1-3"), and GGA AGC TTC ACATAT
GGC TGT GCA GGG ATC (MC1-3").

Expression of receptor clomes. The human MCI1 receptor
(Chhajlani and Wikberg, 1992) was cloned into the expression vector
pR/CMV and the chimeras were cloned into pcDNA3.1 (InVitrogen).
The human MC3 receptor DNA, cloned into the expression vector
CMVaeo, was a generous gift from Dr. Ira Gantz (Gantz et al.,
1993a). For receptor expression, COS-1 cells were grown in Dulbec-
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co's modified Eagle’'s medium with 10% fetal calf serum. Eighry
percent confluent cultures were transfected with the DNA mixed
with liposomes in serum {ree medium (for details see Schioth et al.
(1996c)]. After ansfection, the serum-free medium was replaced
with growth medium and the cells were cultivated for about 48 hr.
Cells were then scraped off, centrifuged, and used for radioligand
binding.

Binding studies. The transfected cells were washed with binding
buffer (Schidth et gl., 1995) and distributed into 96-well plates (ap-
proximately 40,000 cells/well). The cells were then incubated for 2 hr
at 37" with 0.03 ml binding buffer in each well, which contained a
constant concentration of [*3[INDP-MSH and appropriate concen-
trations of an unlabeled ligand. After incubation, the cells. were
washed with 0.2 ml of ice~cold binding buffer and detached from the
plates with 0.2 ml of 0.1 N NaQH. Radioactivity was counted (Wizard
automatic gamma counter; Wallac Oy, Turku, Finland) and data
were analyzed with a software package for radioligand binding anal-
yses (Wan System, Umea, Sweden). Data were analyzed by using
computer modeling to fit them to formulas derived from the law of
mass action. For saturation analysis, 12 concentrations of [**I[JNDP-
MSH ranging from 0.02 to 3 nM were used. Nonspecific binding was
determined in the presence of 3 uy NDP-MSH. The binding assays
were performed in duplicate wells and repeated three times. Un-
transfected COS-1 cells did not show any specific binding to
{***[INDP-MSH.

cAMP assay. COS cells expressing the receptors were grown as
above. Cells were detached from almost confluent adherent cultures
and incubated for 30-60 min at 37° in ordinary growth medium
containing 0.5 mMm of the phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine. Aliquots (20 wl) of the hormone dilutions in growth
medium were prepared in 96-well plates and placed in a water bath
at 37°. For the stimulation, about 3 X 10° cells in 180 ul were quickly
added to each hole to obtain immediate mixing. After 15 min, 20 ul
of 4.4 M perchioric acid was added, mixed, neutralized after a few
minutes by addition of 20 ul base (5 M KOH, 1 M Tris), and centri-
fuged. The determination of cAMP in the resulting supernatant was
carried out as described previously (Nordstedt and Fredholm, 1950).
The cAMP assays were performed in duplicate wells and repeated
three times.

Results

Eight chimeric clones of the human MCL/MC3 receptor
were created to investigate the participation of different do-
mains of the MC1 and the MC3 receptors in ligand binding.
The chimeras were made by using short primers based on
DNA sequence identity in or just around TM1, TM4, and
TM6. Primers and the relevant regions of the receptor genes
are shown in Fig. 1. The junctions were chosen primarily on

-the basis of DNA sequence identities, but care was taken to

maximize similarities of the adjacent protein sequences to
minimize local structural changes. The second PCR reaction
in particular was usually free of nonspecific products and
almost all clones sequenced had the expected sequences. Two
of the chimeras were made of the MC1 receptor up to TM4 or
TM6 with the MC3 receptor making up the rest of the recep-
tor. These were termed 1(4)3 and 1(6)3, respectively. Twa
complementary chimeras that were also made by using the
same set of primers had the amino-terminal segment up to
TM4 or TM6 from the MC3 receptor and the carboxyl-termi-
nal end from the MC1 receptor. These were termed 3(4)1 and
3(6)1, respectively. One chimera, termed 1(2)3, had the MC1
receptor sequence only up to TM1. In addition, starting from
these chimeras, we made three chimeras with sequences
from the MC3 receptor, from TM4 to TM6 [termed 1(4)3(6)1],
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TM1 to TM4 [termed 1(2)3(4)1], and TM1 to TM6 [termed
1(2)3(6)1], and the N- and C-termini from the MC1 receptor.
A schematic representation of the clones is shown in Fig. 2.

The wild-type human MC3 and MC1 receptors and the
chimeras were expressed in COS-1 cells and tested in radio-
ligand-binding assays with [**[INDP-MSH. Saturation
curves for the MC1, 1(4)3(6)1, 1(2)3(6)1), 1(4)3, 3(6)1, and the
MC3 receptors are shown in Fig. 3. Competition curves of
different MSH-peptides with the same receptors are shown
in Fig. 4. In Table 1, the K, values obtained from the com-
puter analysis of these data are shown, together with the K,
values for [*?’]INDP-MSH obtained from the saturation
curves.

NDP-MSH has only 4-3-fold higher affinity for the MC1
receptor than for the MC3 receptor (see Table 1). -MSH and
MNle*)a-MSH are more suitable for discrimination between
the two receptors because these peptides have about 100-fold
higher affinity for the MC1 than for the MC3 receptor. Cyclic
[Cys*, Cys'®la-MSH analogues are well known as potent
melanotropes in pigmentation assays (Knittel et al., 1983).
These peptides may bind differently to the receptors than the
linear MSH peptides. The ¢cCDC and ¢CLC have more than
50-fold higher affinity for the MC1 receptor than for the MC3
receptor. »MSH, however, has very similar affinity for both
of these receptors (3.16 = 0.78 nM for-the MC1 receptor and
7.31 = 2.51 oM for the MC3 receptor) and therefore was not
included in this study.

The results show that the chimeras 1(6)3, 1(4)3, 3(4)1, and
3(6)1 all have intermediate affinities for the MSH analogues
that are clearly distinguishable from those of both the MC1
and the MC3 receptors. Almost indistinguishable affinities
were found for 1(6)3 and 1(4)3, as well as for 3(4)1 and 3(8)1
and for the two chimeras 1(2)3(4)1 and 1(2)3(6)1. The 1(2)3-
receptor affinities are closest to those of the MC3 receptor.
The 1(4)3(6)1 receptor displayed affinities that are indistin-
guishable from those of the MC1 receptor. The 1(2)3(4)1 and
1(2)3(6)1 receptors show affinity profiles that are close to
that of the MC1 receptor, although these receptors have
lower affinity to the MSH peptides than the MC1 receptor.

COS cells transfected with the wild-type receptors and the
chimeras were also stimulated by 10 oM concentration of

e TM ] N e IL 1
mcl-protein 60:

NDP-MSH. All the cells responded with an increase in the
levels of intracellular cAMP in response to NDP-MSH (Fig.
2). The differences in the responses for the different clones
may be related to different levels of expression of the recep-
tors. )

Discussion T

The MC receptors are the smallest G protein-coupled re- -
ceptors yet cloned. Their characteristic properties are short °
amino-terminal and carboxyl-terminal ends and a very small -

second extracellular loop. The MC receptor subtypes share
considerable amino acid identity; the identity is lowest be-

tween the MC2 and the MC4 receptors (38% identity) and -

highest between the MC4 and the MC5 receptors (60% iden-

tity). The MC1 and the MC3 receptors have 45% amino-add .

identity. Generally, the MC receptor subtypes show lowest
homology in the intra- and extracellular loops and in TM4
and TM5, and highest homology in TM1, TM3, and TM7. It
can not be judged from the sequence data alone whether the
larger differences in TM4 and TMS3 are the cause of the
different specificities of the receptors, or if they were simply
less preserved during evolution because they lacked a role in
ligand binding.

Construction of chimeric receptors of related G protein-
coupled receptors has proven to be a valuable tool to deter-
mine binding specificity of receptor domains (Frielle et al.,
1988; Kobilka et al., 1988). However, chimeric proteins may
be malfunctioning simply because of incompatibility of the
different structural elements that are brought together arti-
fidally. Because the MC receptors have rather closely related
sequences, extra care was taken to use regions of extended
sequence similarity for the junction sites of the fusions. This
should have reduced local disturbances of the receptor struc-
ture. It also improved the probability of obtaining correct
PCR products with the mega-primer approach that we were
probably first to use for this type of cloning procedure. Other
groups have been using overlap extension with similar suc-
cess (Wang et al., 1995). However, all the chimeric MCI/MC3
receptors constructed in this study could be expressed and

_______ *vw TM Q weswrwaew

AlaThrIleAlaLysAsnArgAsnLeuHisSerProMetTyrCysPheIleCysCysLau

(PLl)

________________________ veverer e TM 4 wTvTES

mcl-ONA 180: gccaCCaTcGecCAaGAACCGgAACCTGCACTCaCCCATGTACTGCTTcaTCTGCLGCCTG
<~--GGACGTGAGTGGGTACATGA-S"'
mc3-DNA 180: ctggCCgTgGECAgGGAACGGCAACCTGCACTCCCCGATGTACTECTTECTCTGCAGCCTG
mcl-protein 60: LeuAlaValValArgAsnGlyAsnLeuHisSerProMetTyrPhePhelLeuCysSerLeu
————————— “IL 2
mcl-protein 146: PheTyrAlaLeuArgTyrHisSerlleValThrleuProArgAlaArgArgAlaValila
mcl-DNA 438: TTCTACGCaCTgCGCTACCACAGCATCGTGACCETGECGegGGCgCggegageegTeGeG
{P2)5' -TACCACAGCATCgTGACC~~>
mc3 -DNA 438: TTLTACGCGCTcCGCTACCACAGCATCAaTGACCGTGagGaaGGCcCtcacctrgaTeGeG
mc3-proctein 146: PheTyrAlalLeuArgTyrHisSerIleMecThrValArgLysAlaLeuThrleulleVal
L EE R RN X & ] TM 5 I EEEEE R EEEEEE AR EEE R EE R R SRR NENIEREE NE R R E S EL 3 -
mcl-protein 246: LeuGlyIlePhePhelLeuCysTrpGlyProPhePheleuHisLeuThrLeulleValLeu
mcl-DNA 731: CTGGGCATETTCETCcTCTGCTGGGGCCCCTTCTTCCTgCAtCTcacaCTCATCgTCceC
(Pl) S5'-TCTGCTGGGGCCCCTTCTT-~>
mc3-DNA 734: CTGGGCgTgTTCAaTCtTCTGCTGGGcCCCCTTCTTCCTeCACCTggL cCTCATCATCacC
mcl-protein 247:

LeuGlyValPheIlePheCysTrpAlaProPhePheLeuHisleuvalLeulleIleThr

Fig. 1. PCR-primers P1-3 and
corresponding sequences in the
MC1 and MC3 receptors. The 5’
and 3’ ends of the primers are
indicated. Underfined amino ac-
ids, junction sites between the re-
ceptors in the chimeras.
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Fig. 2. Schematic representation of the structure of the chimeras aligned with graphical presentation of cAMP response and pK, values for
Nle*Ja-MSH, a-MSH, cCDC, and <CLC.
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bound by **3[-NDP-MSH with high affinity. Moreover, all the
chimeras were shown to be functionally active (Fig. 2).

The MCL/3 receptors were divided into four major seg-
ments by taking advantage of identical DNA sequences in or
just outside TM1, TM4, and TMS (see Fig. 1). Our data on the
chimeras having the transition in TM6 show that the seg-
ment containing the carboxyl terminus with part of the TMS6,
the entire TM7, and the intracellular carboxyl terminus is
important for the specific binding of both the linear and cyclic
MSH peptides tested in this study. However, replacement of
a central segment, from TM4 to TMS6 in the MC1 receptor in
the MC3 receptor, which resulted in 1(4)3(6)1, did not seem
to affect ligand binding. Moreover, the affinities of 1{(4)3 and
1(6)3 to the MSH peptides were indistinguishable, as were
the affinities of 3(4)1 and 3(6)1 and the affinities of 1(2)3(4)1
and 1(2)3(6)1. Qur data indicate that this central region from
TM4 to TM6 is not important for the selective binding of the
MSH peptides. The data also show that not only the carboxyl-
terminal but also the amino-terminal region of the receptors
is important for the selective binding properties. We have
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Several natural mutants have been identified that mﬁu_
ence the biological function of the MC1 receptor for hair, t'ur‘
and skin colors. These include Asp294His in TM7 in the
human MC1 receptor (Valverde et al., 1995), Glu92Lys in
TM2 in the murine MC1 receptor (Robbins et al, 1993),:
Ser83Phe in TM2 of the horse MC1 receptor (Marklund et al >
1996), Cys125Arg in the TM3 of the fox MC1 receptor (Vige -
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et al., 1997), Val92Met in TM2 in the human MC1 receptor
(Valverde et al., 1995; Xu et al., 1996), and Asp84Glu in TM2
in the human MC1 receptor (Valverde et al., 1995). In a
mutagenesis study, His260 (in TM6) and Aspll7 (in TM3)
were mutated to Ala in the MC1 receptor, which resulted in
loss of affinity to «-MSH (Friandberg et al, 1994). Thorough
characterizationr of these mutants indicates that although
His260 and Aspll17 do not interact with any specific residue
in the MSH peptides, these mutations cause conformational
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changes in the receptor (Schiéth et al., 1997a). We have also
shown earlier that multiple mutations in TM4, EL2, and
TMS5 in the MC3 receptor that transform these regions so
that they become identical to the MC1 receptors do not affect
ligand binding (Schigth et al, 1996b). Taken together, these
mutant data also support our present interpretation that
TM1, TM2, TM3, and TM7 are the most important for ligand
binding, whereas TM4 and TM5 may be: xrrelevant to thxs
aspect of the MC receptors.
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K, values (mean > standard error) obtained from competition and saturation curves using [**[JNDP-MSH and different MSH analogues on

transfected COS-1 cells

Ligand receptar [“B1NDP-MSH* NDP-MSH a-MSH ONle*)-o-MSH «CDC «CLC
nmoll/L .
MC1 - 0.121 = 0.009 0.083 = 0.034 0.210 = 0.031 0.115 = 0.019 0.305 = 0.044 1.27 = 026
1(4)3(6)1 0.193 = 0.023 0.048 = 0.008 0.152 = 0.067 0.195 = 0.034 0.337 = 0.049 1.62 = 0.41
12)3(4)11 0.314 = 0.042 0.296 = 0.063 0.642 = 0.096 0.561 = 0.098 581 =171 - 35.1=13.9
1(2)3(6)1 0.341 = 0.034 0.201 = 0.024 0.891 = 0.110 0.700 = 0.091 ~ 2,65 =028 -- 24.9 =28
1(6)3 0.341 = 0.137 0.241 = 0.040 110=21 2.28 = 0.61 6.66 = 0.49 61.5 =113
1(4)3 0.380 = 0.084. 0.350 = 0.158 5.31=108 120 = 0.19 8.19 = 131 36.0=177
3(4)1 0.386 = 0.076 0.323 = 0.023 194 = 3.1 628 = 0.43 8.93 = 1.09 50.1 = 4.7
36)1 0.313 = 0.037 0.309 = 0.027 2.82 = 0.18 225 = 0.22 5.88 = 0.79 333 =64
1(2)3 0.327 = 0.037 0.216 = 0.033 8.61=0.95 386 =112 100 =12 115 = 48
MC3 0.564 = 0.045 0.439 = 0.038 235 =54 184 = 3.4 233=29 226 = 53

© K, values.
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The linear and cyclic peptides bind o the different chime-
ras and wild-type receptors with the same relative order of
patency. This is also true for both the linear and cyclic pep-
tides, in which c-Phe is repiaced with 0-Phe, which indicates
that these peptides may not bind in the principally different
manner indicated by an earlier report (Frandberg et al.,
1994). Because bath the MC1 and the MC3 receptors and the
chimeras have the same relative potency order to the linear
and cyclic peptides, it is tempting to speculate that the bind-
ing pocitet of both the receptors is conserved.

The primary challenge in the molecular modeling of G
protein-coupled receptors for drug design is the orientation of
the TM regions with respect to the binding site. Two molec-
ular models have been published describing the human MC1
receptor. Rhodopsin and bacteriorhodopsin were used as a
template for both the models, which also took into account
the early mutagenesis data. In the first model (Prusis et al.,
1995), ¢cCDC was docked into a binding pocket between TM1,
TM2, TM3, TM6, and TM7, with putadve amino-acid con-
tacts in TM2, TM3, and TMS6. In the more recent model
(Haskell-Luevano ez al., 1996), MTI, a cyclic lactam ana-
logue, and the core tripeptide (D-Phe)-Arg-Trp were docked,
and amino acids in all TM regions were identified as possible
contact points. The two models are quite different even
though they both rely on TM2 and TM3 as important do-
mains for the MSH peptide binding.

It should be taken into account that the construction of
chimeric proteins maps only the differences in binding prop-
erties between two receptors, but not the properties common
to both receptors. Nevertheless, our present and earlier data
indicate that the binding site of the MC receptors is formed of
two major regions that are conceivably located near one an-
other in a space around a hypothetical center of the receptor.
One domain includes TM1, TM2, and TM3. Another domain
includes TMT and perhaps TMS6. A third domain consisting of
TM4 and TMS3 seems not to be involved in the selective
binding. This is supported by recent mutagenesis data and
the proposed arientation of the TM regions in the first mo-
lecular model (Prusis et al., 1995), where the low homologies
of TM4 and TMS led to their placement outside of the pep-
tide-binding pocket.

For amine neurotransmitter receptors, which are much
better characterized structurally than other G protein-cou-
pled receptors, the ligand-binding pockets are assumed to be
centered between TM3, TM4, and TM5 (Balwin, 1993). Also,
the cannabinoid receptors, which are the G protein-coupled
receptors with the highest homology to the melanocortin
receptors, do have important binding elements centered be-
tween TM4 and TMS5 (Shire ef al., 1996). Most of the neuro-
~ transmitter receptors whose ligands are small molecules
have a conserved Pro in TM4 or a conserved Cys in EL2
(which can make a disulfide bridge with Cys in EL1). Several
peptide binding G protein-coupled receptors also have these
conserved amino acids and important ligand interactions in
TM4 and TM3. These conserved amino acids are not found in
the MC receptors, and TM4 and TMS do not seem to have an
important role for the specific binding of MSH peptides.

The present data and other mutagenesis data for the MC
receptors and their structural relationship to other G pro-
tein-coupled receptors suggest the conclusion that the MC
receptors belong to a group separate from the other receptors
mentioned above and that these different groups are distin-

guished a0t only 5y diferences in their sequences but also by
the mode of interactons with their ligards.
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Abstract

The DNAs encoding three melanocortin receptor subtypes (melanocortin MC, recsptar, melanacortin MC; receptar and
melanocortin MCj receptor) were expressed individually in COS (CV-1 Origin, SV40) cclls w0 characterise their ligand binding
properties. The results indicated that ['"Z[[Nle®, D-Phe’Ja-MSH (melanocyte stimulating hormone) bound to a single saturable
site with X, values of 85.1 8.0 pmol/! (mean £ S.E.M), 396 = 65 pmol/l and 5.05 = 1.00 nmol/! for melanocortin MC,
receptor, melanocortin MC,y receptor and melanocortin MC; receptor, respectively. The melanocortin MC,| reczptor and the
melanocortin MC recaptor showed a similar potency order to the melanccortic peptides examined which was markedly dilferent
from the potency order of the melanocortin MC; receptor. The melanocortin MC, recaptor and melanocortin MC; recepior hac
a relatively higher affinity for @-MSH than v-MSH and 8-MSH, whereas the melanocartin MC reczptor had higher affinity for
desaceryl-a-MSH, y-MSH and 3-MSH compared to a-MSH. The inclusion of the endapeptidase inhibitor phosphoramidon to
prevent the breakdown of ACTH-(1-39) (adrenocorticotrophic hormone) to a-MSH, decreased ACTH«1-39) binding affinity
showing that ACTH<1-39) had a mich lower affinity for melanocortin MC, receptor than rcported earlier.

Keywords: Melanocortin receptor subrvpe; ['Z1]Nle*, D-Phe’)a-MSH ligand binding; MSH (melanocyte stimulating hormone)
peptide selectivity; Phosphoramidon

1. Introduction recent cloning of melanocortin receptors by us and

others (Chhajlani et al., 1993; Chhajlani and Wikberg,

Proopiomelanocortin  (POMC) is primarily ex- 1592; Gantz et al, 1993a,b; Mountjoy et al,, 1992),
pressed in the central and peripheral nervous systems suggests that these various effects may be mediated by
where it is posttranslationally cleaved into several pep- different subtypes of MSH receptars. To date 5 differ-
tide hormones that include meclanotropins and adreno- ent melanocortin receptor subtypes (melanocortin MC,
corticotropins (Eipper and Mains, 1980). «-MSH receptor, melanocortin MC, receptor, melanocortin
(melanocyte stimulating hormone) was the first MSH MC, receptor, melanocortin MC, receptor and
peptide hormone discovered (Lerner and Lee, 1955) melanocortin MC receptor) ! have been described.
and was shown to induce skin pigmentation. Later The melanocortin receptors show 25-53% amino acid
studies have demonstrated the presence of a-MSH sequence homology between each other (Chhajlani et

along with other proopiomelanocortin peptides such as
B-MSH, y-MSH and other MSH/ACTH (adrenoc-
orticotrophic hormone) fragments in the CNS {central

nervous system), where they are proposed to have ' This nomenclature is the one proposed by the HUGO nomencla-

neuromodulatory, behavioural, neurotransmitter and ture committee. Please note that the melanoccortin MCy receptar

other biological effects (Bloch et al., 1979; Civelli et al., was ariginally termed by us as melanocortin MC, receptor (Ch-

1982; De Wied and Jolles, 1982; Tatro, 1990). The  Mailani et al, 1993). However, since the HUGO namenclature com-
y r 2] Y -

mittee decided to reserve the term melanocortin MC, receptor for
the receptor presumed to represent the ACTH receptor, we decided
10 agree upon the term melanocortin MCy receptor for what we

- previously called “melanocortin MC, receptor”, as this receptoc was
* Corresponding author. Tel.: +46 18 174123; Fax: +46 18 559718. the fifth melanocortin receptor cloned.

0922-4106,/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
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al., 1993)and share a transmembrane topography with
other G-protein coupled receptors. The first
melanocortin receptor (melanocortin MC, receptor)
that was cloned is expressed only in the melanocytes
and melanoma cells and thus has been postulated to
mediate the skin pigmentation effects of MSH pep-
tides.

The melanccortin MC, receptor has also besn
termed the ACTH receptor, a2 nomenclature that was
assigned because of its exclusive localisation in the
adrenal gland. The remaining three melanocortin re-
ceptors, melanocortin MC; receptor, melanocortin
MC, receptor and, melanocortin MC4 receptor are all
expressed in brain and might be responsible for the
neural effects of the melanocortin peptides. None of
these three latter receptors have been detected in
melanocytes nor in the melanoma cells. In this study
we report functional expression of human melanocortin
MC,, melanccortin MC; and melanocortin MC; re-
ceptors in COS (CV-1 Origin, SV40) cells, and their
pharmacological characterization using the radioligand
binding approach.

2. Materials and methods

2.1. Materials

ORG 2766 peptide was a gift from Organon Inter-
nationals, Holland. All the other peptides were pur-
chased from Saxon Biochemicals, Germany. The yl-
MSH (H,N-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-
Arg-Phe-NH,), y2-MSH (H,N-Tyr-Val-Met-Gly-His-
Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH) and, the y3-MSH
(H ;N-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-
Phe-Gly-Arg-Arg-Asn-Gly-Ser-Ser-Ser-Ser-Gly-Val-
Gly-Gly-Ala-Ala-Gin-OH) peptides were from Bachem.
Phosphoramidon was purchased from Boehringer
Mannheim, Germany.

2.2. Expression of cloned melanocortin receptors

The melanocortin MC, receptor cDNA was excised
from the pcDNA I vector (Chhajlani and Wikberg,
1992) and cloned in the HindIII site of the pRC/CMV
vector (InVitrogen, USA). The melanocortin MC; re-
ceptor DNA was cloned between the HindlII and Xbal
sites of the pRC/CMYV vector as described earlier
(Chhajlani et al., 1993). The melanocortin MC; recep-
tor DNA in the expression vector pCMV /neo was a
gift from Dr. Ira Gantz (Gantz et al., 1993a).

For receptor expression, COS cells were grown in
Dulbeccds modified Eaglés medium with 8% foetal calf
serum and non-essential amino acids. Eighty percent
confluent cultures (80% of the Petri dish surface was
covered with cells) were transfected with 1 ug DNA

and 40 ug Lipofectin (BRL., USA) in serum free
medium according to the instructions of the Lipofectin
manufacturer. Five h after transfection. the serum-free
medium was replaced with the serum containing
medium and the cells were cultivated for 20 h. Cells
were then scraped off, centrifuged. resuspended in
serum-containing medium, plated on 43-well plates,
and ailowed to grow for 24 h before performing the
radioligand binding.

2.3. Binding studies

All assays were performed in duplicate. [Nle*, D-
Phe’la-MSH (melanocyte stimulating hormone) was
labelled with "1 and purified as described before
(Tatro and Reichlin, 1987). The transfected cells were
washed with 0.2 ml of binding buffer (minimum essen-
tial medium with Earle’s salts, 25 mM Hepes, pH 7.0,
0.2% bovine serum albumin, 1| mM 1,10-phenan-
throline, 0.5 mg per litre leupeptin and 200 mg per litre
bacitracin) while being attached to the 43-well plates.
The cells were then incubated for 2 h at 37°C with 0.2
ml binding buffer containing a fixed concentration of
['B1]INle*, D-Phe’]a-MSH and appropriate conceatra-
tions of the unlabelled ligand. Afrer incubation the
plates were put on ice, the cells washed with 0.2 ml of
ice~cold binding buffer and detached from the plates
with 0.4 m! of 0.1 N NaOH. Radioactivity was counted
(Packard autogamma, scintillation spectrometer) and
data analysed by fitting it to the four parametric logis-
tic function using non-linear least squares regression.
The K, values were obtained from 1Cj, values accord-
ing to the equation of Cheng and Prusoff (1973).

For saturation analysis, 12 concentrations of
['B1][Nle*, D-Phe’]a-MSH in the range of 0.02 up to 8
nM were used. Nonspecific binding was determined in
the presence of 3 uM [Nle®, D-Phe’]a-MSH. The data
from saturation experiments were analysed by an itera-
tive, non-linear curve fitting programme suitable for
radioligand binding analysis (Bergstrom and Wikberg.
1986).

For investigating the effect of phosphoramidon or
the binding of ACTH-(1-39) and «-MSH, phospheo-
ramidon was added to the binding buffer during incu-
bation and washing steps to a final concentration ot
100 u M.

3. Results

In order to characterize the proteins encoded b:
melanocortin MC,, melanocortin MC; anc
melanocortin MC; receptors pharmacologically, the:
were traasiently expressed from their correspondin;
DNAs in COS cells. The iodinated a-MSH analogu:
['®I]INle®, D-Phe’la-MSH (Tatro and Reichlin
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1987)was selected as radioligand because of its high
affinity towards the melanocortin receptors (Siegrist et
al., 1989)

Saturation curves shown in Figs. 1A-C were ob-
tained by incubating varying concentrations of the
[*ZIINle®, D-Phe’]la-MSH in the absencs and pres-
ence of 3 uM unlabelled [Nie*, D-Phe’]a-MSH for
melanocortin MC, receptor, melanocortin MC; recep-
tor and melanaocortin MC; receptor, respectively. The
results indicated that ['Z[[Nle*, D-Phe’]a-MSH bound
to a single saturable site with a K, of 85.1+8.0
pmol /!l (mean + S.EM), 396 + 65 pmol/! and 5.05 +
1.00 nmol/! for melanocortin MC, receptor,
melanocortin MC, receptor and melanocortin MC;
receptor, respectively.

The K; values obtained from the competition exper-
iments are listed in Table 1, and the competition
curves for some of the compounds examined are shown
in Figs. 2A~C. As can be sean from Table | the
potency order for the melanocortin MC, receptor was:
[Nle!, D-Phe’]a-MSH > a-MSH > desacetyl-a-MSH >
ACTH-(1-10) > 8-MSH > y3-MSH > ACTH-(1-39) >
y1-MSH > y2-MSH > ACTH-(4-10). In contrast, the
melanocortin MC; receptor has a markedly different
potency order as compared to the melanocortin MC,
receptor, the order of potency for melanocortin MC,
receptor being: [Nle*, D-Phe’]a-MSHE > desacetyl-a-
MSH > y1-MSH > y3-MSH > 8-MSH > y2-MSH > a-
MSH > ACTH-(1-3%) > ACTH-(1-10) > ACTH-(4-
10). The melanocortin MC; receptor has higher affin-
ity for desacetyl-a-MSH, y1-MSH, y2-MSH, y3-MSH
and B-MSH than for a-MSH. The melanacortin MCj
receptor shows similarities in the potency order to that
of melanocortin MC, receptor: [Nle*, D-Phe’Ja-MSH
> desacetyl-a-MSH > a-MSH > 8-MSH > ACTH-(1-

Table 1

39) > y1-MSH. However, compared to both the
melanccortin MC, receptor and melanocortin MC,
receptor, the melanocortin MCy receptor has consider-
ably lower affinity to all the compounds examined.
[Nle*, D-Phe’]a-MSH is the only compound with K,
value in the nanomolar range whereas all the naturally
occurring ligands tested have K| values in the micro-
molar range.

ACTH-(22-39) shows no displacement of ['ZI][Nle*,
D-Phe’]a-MSH bound to any of the receptors studied.
The «-MSH analogue ORG 2677 (Me«(Q,)-Glu-His-
Phe-D-Lys-Phe-OH] did not show any displacement of
['ZI][Nle*, D-Phe’]a-MSH even at a concentration of
100 mM. Neither H,N-Ser-Met-Glu-Val-Arg-Gly-Trp-
OH (5-MSH) nor H-Met-Glu-His-Phe-Pro-Gly-Pro-OH
did displace ['Z1[Nle*, D-Phe’]a-MSH bound to any
of the receptors.

Phosphoramidon is a potent and specific inhibitor of
endopeptidase-24.11, which is suggested to degrade the
ACTH-(1-39) to the a-MSH (Matsas et al., 1984, Smith
et al, 1992). In order to investigate a putative enz-
matic degradation of ACTH-(1-39) a 100 oM conczn-
tration of phosphoramidon was added to the binding
and washing buffers during binding assays. Fig. 3 shows
the competition curves for ACTH-(1-39) and «-MSH
in the presence and absence of phosphoramidon for
melanocortin MC, reczptor. The binding of a-MSH to
melanocortin MC, receptor is not influenced by the
presence of phosphoramidon, but the curve for ACTH-
(1--39) is shifted to the right. For melanocortin MC,
receptor, the K, values of @-MSH in the presence and
absence of phosphoramidon were 53.5 + 6.6 pmol/|
and 33.4 + 10.5 pmol/l, respectively. By contrast, the
K, values for ACTH-(1-39) in the presence and ab-
sence of phosphoramidon were 2500 + 470 pmol/1 and

K; and K, values (mean = S.E.M) obtained from competition and saturation curves, respectively, for MSH/ACTH like peptides on
melanccortin MC | R, melanocortin MC;R and melanocortin MCR transfected COS cells, together with the relative affinity ratios of the

melanocortin receptor subtypes

-

Ligand MC, MC, MC, MC,/MC, MC,/MC, MC/MC,
K; (nmoi/D K, (nmol/1) K, (nmol /D
{*Z5) NDP-MSH * (3) 0.0851 + 0.0080 0.396 + 0.065 5.05 + 1.00 46 59 13
NDP-MSH (10) 0.0231 + 0.0036 0.224 +£0.035 239 +£0.10 9.7 100 i1
a-MSH (10) 0.0334 £ 0.0105 20.7 £3.7 8,240 + 1,670 620 250.000 4c0
desacetyl-«-MSH (3) 10.0432 + 0.0221 3.68 £ 135 3,620 £ 770 85 8.400 980
B-MSH (3) 1.17 £ 0.27 134+ 6.4 14,400 + 1,670 11 12,000 1,100
y1-MSH (3) 2.68 £ 0.35 7.06 + 2.90 42,600 + 6,600 26 16,000 6,000
Y2-MSH (3) 11.2 54 177+ L9 > 100,000 1.6 - -
v3-MSH (3) 1.39 £0.24 10918 > 100,000 7.8 - -
ACTHA1-10)(3) 1.08 = 0.29 145 £ 26 > 100,000 130 - -
ACTH-(4-10) (3) 106 = 15 784 + 135 > 100,000 7.4 - -
ACTH-(1-39)°(3) 250239 869+ 239 17,000 £ 3,300 35 6800 200
ORG2766 (2) > 100,000 > 100.000 > 100,000 - - -
8-MSH (2) > 30,000 > 30.000 > 100,000 - - -

:Kd values (nmol/1).
Values obtained in presence of phosphoramidon.

Numbers in parentheses equal numbers of times assays were performed.
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Fig. 1. Saturation curves of ['ZIINle*, D-Phe’}a-MSH obtained
from transfected COS cell. The figures show total binding (®) and
binding in the presence of 3 uM cold [Nle*, D-Phe’la-MSH (o) for:
(A) melanocartin MC, receptor; (B) melanocortin MC; receptor; (C)
melanocortin MC; receptor. Lines represent the computer modetled
best fit of the data using an oae-site model for the total binding.

254 + 66 pmol /1, respectively. Considering the above-
mentioned results for melanocortin MC, receptor, the
competition curves for the ACTH-(1-39) on
melanocortin MC; receptor and melanocortin MCy
receptor were performed in the presence of phospho-
ramidon. The K; values reported for ACTH-(1-39) in
Table 1 are all obtained in the presence of phospho-
ramidon.

o
. .

4. Discussion

Extensive studies to correlate the structure and
function of the a-MSH have been carried out in rela-

tion to its role in peripheral pigmentation. The «-MSH
and its structural analogues have been characterised
for their effects on e.g. activation of tyrosinase,
melanogenesis and melanin dispersion, as well as for
their binding to the MSH receptor on the melanoma
cells (Eberle, 1988). Binding dara for MSH peptides to
the receptors expressed on melanoma cells lines
(Siegrist et al, 1989; Tatro et al., 1990) are in good
agreement with the results reported here for the
mefanocortin MC, receptor. {Nle®, D-Phe’]a-MSH is
reported to have a K, value of 625 £5.2 pmol/! in
the human D10 melanoma ceils (Siegrist et al., 1989)
which is close to the K, value of 85.1 +8.0 pmol/!
reported here. This K, value and the similar potency
order for the MSH peptides gives further evidence that
the receptor clone of melanocortin MC, receptor is

100 g2 A

125 | NDP-MSH bound (%)

V25 ) NDP-MSH bound (%)

Caompetitar 10g (nM)

-]
| I ]

b

125 NDP-MSH bound (%)

T 2 3 4 S 6 1 38
Competitor log (nM)

Fig. 2. Competition curves of [Nle*, D-Phe’la-MSH (m), a-MSt

(®), y,-MSH (a) and ACTH-(4-10) (@) obtained on transfecte.
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125 ). NDP-MSH bound (%)

Comgeutor log (M)

Fig. 3. a-MSH and ACTHA1-39) in the preseace and absence of
phosphoramidon. Shown are competition curves of: a-MSH in ab-
sence of phosphoramidon (¢ ), a-MSH in presence of phasphorami-
don (a), ACTH{1-39) in absencz of phosphoramidon (e) and
ACTH«1-39) in presencs of phosphoramidon (W) obtained for
melanocortin MC, receptor transfected COS cells using fixed can-
centration of ~ 2 aM ['S[fNle*, D-Phe’la-MSH.

identical to the recaptor expressed naturally in the
peripheral melanocytic cells. The structure activicy data
generated earlier can, therefore, most probably be
transferred to the genetically expressed melanocortin
MC, receptor.

a-MSH is the natural ligand showing the strongest
binding for the melanocortin MC, receptor. Circulat-
ing levels of a-MSH in mice have been reported to be
in the range 70-140 pM (Thody et al,, 1984). K, value
of 33.4 £ 10.5 pmol/l indicates a very high affinity of
a-MSH to the melanocortin MC | receptor. a-MSH is
furthermore selective for the melanocortin MC, recep-
tor, as it has 620- and 25000-fold lower affinities for
melanccortin MC; receptor and melanocortin MC;
receptor, respectively. The 22 amino acid long POMC
fragment B-MSH shares a seven amino acid long core
with -MSH but has so far no proposed specific
physiclogical function. The affinity of B-MSH for the
melanocortin MC, receptor is 35 times lower than that
of a-MSH, but it is nevertheless still 11- and 12 000-fold
more selective for the melanocortin MC, receptor
compared to the melanocortin MC; receptor or
melanocortin MC; receptor, respectively. Besides indi-
cating the possible physiological preferences of the
receptor” activation by the peptides, our findings are
useful in delineating these receptors in tissue samples.

Desacetyl-a-MSH is posttranslationally processed
into a-MSH (Dores et al., 1991; Verburg-van Keme-
nade et al., 1987). Both the forms occur naturally. The
majority of o-MSH originates from the pituitary
melanotrophic cells whereas hypothalamus releases the
desacetylated form. The desacetyl-a-MSH/a-MSH K,
ratio is 0.4 for the melanocortin MC; receptor, 1.3 for
the melanocortin MC, receptor while it is as high as 15
for the melanocortin MC; receptor. Of the naturally
occurring peptides, desacetyl-a-MSH has the highest
affinity for the melanocortin MC; receptor. However,

in spite of these observations, desacetyl-a-MSH cannot
be called selective for the melanocortin MC; receptor
as it has a 13-fold lower affinity for the melanocortin
MC; reczptor than for the melanocortin MC, recsp-
tor.

The third group of MSH peptides procassed from
the POMC precursor are termed y-MSH (Nakanishi et
al., 1979). These peptides share a tetrapeptide core of
His-Phe-Arg-Trp with a-MSH. 3-MSH and ACTH. It
has besn proposed that the y-MSH might play a spe-
cific physiological role in relation to rat melanocortin
MC, receptor (Roselli-Rehfuss et al, 1993). However,
in our hands y-MSHs ars not selective for the
melanocortin MC; receptor. Thus the K| values (see
Table 1) of the y-MSH peptides for melanocortin MC;
receptor are higher than the ones for the melanocortin
MC, receptor. Moreover, it is not the y-MSH but the
desacatyl-a-MSH which has the highest affinity for the
melanocortin MCj; receptor.

The binding data of the truncated ACTH fragments
1-10 and 4-10 (Table 1) demonstrate that both car-
boxyl end (Lys-Pro-Val) and the amine end (Ser-Tyr-
Ser) are inde=d important for the binding to all the
receptors studied. ACTH-(1-10) has a distinctly lower
affinity than a-MSH and desacetyl-a-MSH for all the
receptors studied. The loss of three amino acids at the
COOH end of a-MSH, leads to a 33- and 7-fold loss in
affinity for the melanocortin MC, receptor and
melanocortin MC; receptor, respectively. This suggests
that the amino acid lysine at position 11 of the a-MSH
peptide may be contributing to the binding. Moreover,
the N-terminal portion of a-MSH, containing the acidic
hydroghillic amino acid tyrosine. also seems to be
significant {or the binding to the receptors as the
removal of the first three amino acids in ACTH-(4-10)
results in a 98- and 5-fold loss of affinity for the
melanocortin MC, receptor and melanocortin MC;
receptor, respectively when compared to the ACTH-
(1-10).

The o-MSH/ACTH-(4-9) analogue ORG 2766
which has been reported to be active in several be-
havioural tests (De Wied and Wolterink, 1988) does
not displace ['Z [][Nle*, D-Phe’]a-MSH bound to any
of the receptors, even at very high concentrations.
ORG 2766 has recently been reported not to displace
['® [[[Nle®, D-Phe’ja-MSH in in vitro binding and
autoradiography in several rat brain tissues (Tatro and
Entwistle, 1994). These observations indicate that the
physiological effects attributed to the ORG 2766 may
be mediated through a still unknown receptor.

Endopeptidase-24.11 is present in kidney cells
(Fulcher and Kenny, 1983; Kerr and Kenny, 1974) and
is highly sensitive to phosphoramidon (Fulcher et al.,
1982; Matsas et al., 1984). It has been suggested that
inhibition of endopeptidase-24.11 by phasphoramidon
blocks the degradation of ACTH-(1-39) into a-MSH
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in granulocytes (Smith et al., 1992). The «-MSH corre-
sponds to the first 13 amino acids of the ACTH
molecule. Our data show that the presence or absence
of phosphoramidon does pot influence the binding of
the a-MSH to the melanocortin MC, receptor. On the
other hand, ACTH(1-39) displays 10-fold lower affin-
ity in the presencs of phosphoramidon than in its
absence. The higher affinity displayed by ACTH<1-39)
in the absence of phospharamidon might be due to the
fact that it is breaking down to a-MSH during the
incubation in the binding assay.

In summary, we have expressed and pharmacologi-
cally characterised three human melanccortin recep-
tors in the context of a single cell type. The
melanocortin MC, receptor shows high and selective
affinity for a-MSH and displays binding properties in
accordance with those reported for MSH receptors tn
melanoma cells. The melanocortin MC, receptor binds
to MSH peptides with high affinity but with another
potency order than the melanocortin MC, receptor.
Most notably, desacetyla-MSH and y1-MSH has
higher affinity than 2-MSH. The melanccortin MC,
receptor binds to the MSH peptides with a similar
potency order as the melanceortin MC, receptor but
with markedly lower affinities. We have alsa observed
that the enzyme inhibitor phosphoramidon may block
the conversion of ACTH<1-39) into o-MSH affecting
the 2pparsnt binding constants of ACTH-(1-39) All
the receptors are well expressed in the CCS cells and
the system demonstrates its usefulness and reliability
to characterize binding properties of the melanocortin
receptors.
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Abstrac:: Tae DNA szcoding the human melanocortin 4 receptor was expressed in COS (CV-1 origia. SV 40) c2ifs and
its radioligand binding properties was tested by using the ('P[](Nle*, D-Phe’]a-melanceyte stmulating rormoae (MSH).
The radioligand was fouad to dind o a single saturabie site with 2 Ky of 3.34=0.57 amol/ in the MC4 reczgtor xpressing
cells. The order of poteacy of a aumber of substance competng for the ['¥[J[Nle*, D-Phe la-MSH sinding »as he
following; [Nle*, D-Phe la-MSH>{Nle*l-a-MSH>3-MSH>desacetyl-a-MSH>a-MSH>ACTH  (1-39)>ACTH (¢
10)>+1-MSH>72-MSH. This order of poteacy is unique for the melanccortin 4 recegtor whea comgared © our Jre-
viously publisned data for the other melanccortn recsptor subcypes. Most a0tably the melacccortia 4 m=c2ptor shows
highest afficy foc 3-MSH. amoag :he 2ndogecous MSH-peptides. Furthermors the melagocortia £ recestor shows vers
low 1ifmzity for the »-MSH pepudss. This disunguistes the melanccortin 4 receptor rom rhe meiznccorin 3 recegtor.

whichl is the ather major zsawai aervous system meianocortin-recepior. as melazocorzn

3 recector sitows 2ign acfmey

for »-MSH. Our 3ndirg =tgnt izcdicate 1 specific roie for 3-MSH for the meianccoriia £ ~ecastor.

rooptomelanceoriin is 2xgpressed o the pituitary, avpo-
thalamus and brain stam. and s :novmaticaily processed
inco the melanocorins. i.2. a-MSH. (melanocyte stimula:-
ing hormone} 3-MSH. v-MSH aad ACTH (adrezccortico-
tropauc hormeone). Melanccortic peptides dbinds o specific
sites in the orain (Haatowich er al 1989; Tatro 1990: Licht-
easteiger er al. 1993) and ctheir ceatral adminustration nflu-
ence maay svsiams suchl as 2.2. thermoregulation (Feag er
al. 1987). benaviour (Garrud ¢r 2l 1974), and aeuroendoc-
rine systems (Wiezant 2¢ 2/ 1979).

By the use of molecular cloming, Ave differsnt suttypes
of melanocortn receprors have been ideatified (Chhajlani
er al 1993: Cahajlant & Wikberz, 1992; Gantz er al
1993a & b; Mouatjoy er al. 1992). The first melanocortin
receptor cloned was the melanocortn I, which proved to be
identical to the praviously well characterised melanocortin
receptor present on melanocytes and melanoma cells. How-
ever, recent dara also indicate that the melanocortin | re-
ceptor is expressed in limited areas (periaqueductal gray
and preoptic area) of the rat and human bras (Xia et al.
1993). The melanocortin 2- receptor is the adrenocortical
ACTH receptor. The melanocortin 3 receptor mRNA has
been found in distinct areas of the brain, as well as in pla-
cental and gut tissues (Gantz et al. 1993a; Desaraaud er al
1994, Roselli-Rehfuss er al. 1993). The melanocortn 4 has
been tound in the brain oaly (Gantz er al. 1993b; Mountjov
et al. 1994). Tne melanocortn 3 is expressed n the brain.
as well as in several peripheral ussues (Chhajlant ez al. 1993;

Author for correspondence: Helgi B. Schioth. Depactmenat ot Phac-
macsutical Pharmacology, Biomedical Czatec. Box 391, 73 (24
Uppsala, Sweden (fax —46 18 $39713).

Gaatz 2r al 1994; Criffon er 2l 992 Labge ¢r 2 1994
Barratt or 2l 199<; Fathy 2r 24 1993,

We have =arlier charactemsed the auman melagocorctin
I, melanocortn 3 and melanecorzia ¥ recsptors by usiag
[*[[Nle*, D-Phela-MSH radioiigand binding. Hers. we
report the binding properties of the quman meianccortin
recepror by using the same technicue. Tae results shew that
the binding properties of the melanocortin 4 receptar is dis-
tinct from the other human melanccortin-receptors. Vores-
over, among the natural MSH-gezudes the B-MSH show
the highest affiaity for the melaaccor:in < receptor J0ssidiy
indicating a functional cole of this peptide for the receptor.

Materials and Vlethods

Chemicals. Tae v1-MSH (H,N-Tyr-Val-Met-Gly-His-Phe-Arz-Trp-
Asp-Arg-Phe-NH,), v2-MSH (H-N-Tyr-Vai-Met-Giy-His-Phe-Arg-
Trp-Asp-Arg-Phe-Giy-OH) and. the +3-MSH (H,N-Tye-Val-Met-
Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-Arg-Arg-Asa-Gly-Ser-Ser-
Ser-Ser-Gly-Val-Gly-Gly-Ala-Ala-Glo-OH) peptides were rom Ba-
cheat. (Nle*, D-Phe’]a-MSH was radiciodinated by the Ciloramine
T method and purified by HPLC. The specific activicy of (I [(Nle?,
D-Phe’]a-MSH was approximately 2000 uCamol. Phospaoramu-
don was purchased {rom Boehringer Mangheim GmbH. Germany.
ORG 2766 peptide was 2 gift from Orgzncu Internationals. Hol-
land. All the other peptides wers purchased {rom Saxou Biochem-
icals GmbH, Germany.

Expressian of receptar clones. The geaes for the humaa melanocor-
tin | and human melanocortin 3 receptor (Canajlaal aad Wikberg
1992: Chhajlaal 2¢ al, 1993) wers cloned into the sxprassioa vector
pRC.CMYV (InVirogea Cacp., U.S.A)). The human zielanocorun 3
and human melanocorciin 4 recsptor DNAs. which had besa cloaed
into the zxpression vector pCMV/neo, 2ad were zifts {rom Dr. Ira
Gaanz (Ganz ez al 1993a & b). COS c2lls were zrown in Dulbecco’s
modified Eagle’s medium with 10 24 foezal calf serum (Gibco, BRL)
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Fig. 1. Saturarion curves of ['=[J[Nle*. D-Phe” a+ MSH) obtained
from transfected COS c=ils. The 3gures show total dbinding (M 1ed
binding in the preseacs of 3 uM coid (Nle*. D-Pe la-MSH ( @) Joc
the melagocorin 4 reczpror. Lines represeat the computer modeiled

best 3t of the data using 0 ane-site model for the total Jircing,

and 1X andbioticanamveatic soludon (Giteo, BRL arm [3240-
021). Eignty gercaae sgadueszc culturss wers imansiecizd om zein
disges with the DNA (agpreximatsiy [ ug DNA Joc svery (07
ceils) muxed with ‘iposomes in serum 2 medivm. Tae ligosomss
used. wers 2ither the sommersially availztie Lipofscua BRI USA)
or groducsd acz3ccing 0 Camzseil (1997 Soth tvpes pving simi-
lar cesuits. After iransfsston the serum-te: megium was megiaced
with the serum zoritzing medium ind the i=ils wers Quitivated
for atout <8 ar. Ceiis wers thex Jerzched Tom the et disaes 2y
incudadon in Haak's. baizzcad sait soludon (Gioca. BRL arm.
14[(33-043) with 3.3 mM ZDTA for I munuess. thez seraged off.
ceatrifuged and used ‘oc madioligand diading.

fes (Miatmum Esseatial Medium with Zarle’s salts. 25 mM HE2ES,
pE 7.0. 0.2% bovige serum alburmia. t mM (.10-ohenaachroline
0.7 mg ! leugezcia 1nd 200 mg ! bacizracia) and disttibuted iato 36

well plates. The czils wver= then incupated {or 2 hr 2t 377 with .1
mi oinding Yusfer in =acq weil. conwuning [T [Nle®, D-Prela-
MSH and 3ppropriate concearrations of an unilaceiled ligand. As-
ays of ACTH (1-39) was performed in the presance of 100 M
conezatration phosphoramidon in the binding Jutfer. Phosphoram-
idon was used because we lave 2artier shown that it prevenrs the
breakdown of ACTH(1-3%) by 2ndcgenous proteases present in the
COS c=ils (Scaideh er af. [993).

Afier incugacon. the slates wers plac=d on ic= e ceils washed
with 0.1 @i of icz<old Sinding Sufer and deracted from the slartes
with 02 @il of 0. N NaQH. Radioacdivicy #as counted by usiag 1
Wallac, Wizard automatic gacmma sounter and the dara wvas ina-
lysed with use of e BindAid softwars (Wan Systemm AB. Umed.
Sweden), Dara wers astther analysed 3v Jruag i¢ o focmulas desved
from the !aw of mass-action v the mettod generally referted 0 as
computer modetling, or by Swing 0 the lour paramerzr logisnc
funcdon. K -values wem= caiculaced 9y usiag the Caeag & Prusctt
(1997) equation. The standard ervor of the mean s calculated from
curve fiting of the sxperimeatal zoiats. For saruradon aralvsis. 12
coacsagations of F=[J(Nle*, D-2ke’l@-MSH ia te mage of 0.02
ap 0 3 =M wers used. Nea specific dnding vas detzrzinad i the
presezcs of 3 aMl INle*. D-2%e Ta-MSH.

Results

We ragsiezilv axgrassad the DNA {oc the melagecartin 4
reczztor in'COS (CV-1 origia. SV 20Q) cails ind serformed
binding assavs aa whole Zeils n mulu well placss. Sace-
fatico curves wers Qplalnad by imcubarion Witk varviaz
concsztraticns of [MUI[Niet, D-Phele-MSHE in bsence
acd prasezcs of 5 uMl anlazeiled (N, D-24e Te-VMSH (fe.
). Computer medeiling analvsis of the data indicatad that
the radiotigand 3ound 0 1 single saturadie sice with 2 X
of 3.3¢=0.37 amoll. Noa-szecific binding was verv low.
being less than 3% of ke rotal dinding at 10 amoll of
(**TI[Nie®, D-Phele-MSH.

The X, values of MSH and ACTH-pezudes cbraimed
from competition 2xgerimeats are listed in waole [ Given

Taofe [.

K, 1ad X, values (me2a=S.£.M.) obtaiaed rom comgerition 1ad saturation curves. resgectively, Jor melanccortia segtides on melanocarta
(MC4) DNA transizezad COS ceils. Daca for the MCL. MC3 and MCS5 recsptor taksz from Scaidth er 2f. (1993) are givea together with

the cefative affiniey o of :hese subtvpes 0 the MC2 ree=ziar.

\Y (o MC1 MC3 MCs
Ligaad K, (nmol/l) K tamol/h) K, (amolN) K, tamol) MCEMC.T MCYMC3  MCHMC3
([ (Nie* D-PaeTla-MSH? (6 3.8430.57  0.0851=0.0030° 0.396=0.065  5.05=1.00° 45 9.7 0.76
[Nle*.D-Phela-MSH (6) 2.16=0.31 0.0221=9.0036° 0.223=0.035 2.39=0.10¢ 94 10 0.50
INle]-a-MSH (2 122=18 0.102=0.022 9.35=26 46(0=790 [200 1z 0.025
a-MSH (6) 641105 0.0534=9.0105% 20.7=3.7° 3220=1630° 19000 3t 0.073
desaceryl-a-MSH (4) 369=135 0.0432=0.0221°¢  3.68=1.55° 3620=770° 13000 150 0.16
B-MSH (6) 376291 L17=0.27 [3.4=6.4¢ [4200=1670° 320 23 0.025
7I-MSH (3) 29000=1300 268=0.5F 7.06=2.90° 42600 =6600° 11000 4100 0.63
72-MSH (2) >100000 11.2=3.4¢ 17.7=1.9¢ > (00000¢ - - -
23-MSH () 35300=3700 [.39=0.23° 10.9=1.8¢ >100000¢ 24000 3100 -
ACTH (+-10) () 215001400 I Me=1sE T84z 135 >100000¢ 200 27 -
ACTH (1-39° (&) 692=38 2:0=0.2% 36.9=0.27  17000=3500¢° 230 8.0 0.041
ORG 2766 (2) >1000q0 >1000qa< >(00000° > {00000< - ) - -
5-MSH () >100000 >30000¢° >30000° >100000c - - -

3 Ky values (amol).
® Values obtained in presencs of phosphoramidon.
® Values takea from Scaidch er af. {1995).

Numbers in pareatheses :qual aumboess of times 1ssays wers gecformed for the MC4 reszotor.
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Fig. 2. Competition curves of [Nle*, D-Phe’]a-MSH (I, a-MSH
(@), 3-MSH (A) and 7[-MSH i 4) odtaired ou wranstecied COS
cells using 1 dxed coacsatration of ~2 aM ['=[[{Nie*. D-Phea-
MSH for the meianccorun 2 recaztor.

1

in tagie i are also our 2ariler puciished K, values Jor the
melanccorna L. melaaocoriin 3 and melanccortin § recez-
tors. wiuch wers ootained Hv using :he same axperimental
methods as in the preseat scudy (Schid <f af. 1993, Com-
petitioa curves for [Nlet. D-Phe Ta-MSH. B-MSH. a-MSH
and 71-MSH are shown in dg. 2. From able { it can be sesn
that the potency order of the zested pegudes tor binding o
the meianocortin 4 recegtor is: [ IJ[Nle*. D-Phe’]a-MSH
>Nle*l-a-MSH>B-VMSH>desacetvt-a-MSH>e-MSH
>ACTH (1-39)>ACTH (+10)>+1-MSH>~2-MSH.

v2-MSH. the 7-MSH anaiogue ORG 2677 [Me(0-)-Glu-
His-Phe-D-Lys-Phe-OH] or 38-MSH [H:N-Ser-Me:-Glu-
Val-Arg-Giy-Trp-OH] dié aot displace [**[|[Nle*. D-
Phe’]a-MSH rom the melanocorsin 4 recepror in concea-
tratioas up to 100 uM. In the present study we also tested
the binding of [Nle*]-x-MSH on the human melanocortin
1, melanocortin 3 and melanocorta 3 receptors exgressed
in COS cells using the same approach as for our present
and previous (Schidth er al 1993) swudies (se tante | for
results).

-,
Discussion

[Nle*, D-Phe’]a-MSH was first described as a highly poteat
a-MSH analogue capable of inducing darkening of frog

Table 2. : -

Ligand prefecences of the family melanocortia (MC) receptors.

MCl NDP>a-MSH>8-MSH>ACTH>v1-MSH
MC2 ACTH

MC3 NPD>7[-MSH>3-MSH>a-MSH>ACTH
MCs NDP>>3-MSH>a-MSH>ACTH>>71-MSH
MCs NDP>>a-MSH>B-MSH>ACTH>1-MSH

Double sign (>>) means more thaa 30 told affinity differsacs.

skin (Sawyer 1980). Siocs then its radioiodinated form has
proven userul for radicligand hinding studies of melanocor-
un receprors, and 2arlier we used it to characterise the li-
gand binding properties of the meianocortn 1, melazccar-
tin 3, and melanocortin 3 receprors (Schidth er al [993).
However, the ligand binding sroperties of the melanocortin
4 receptor has never before besn carsfuily characzerised by
the accurate techmque of radioligand binding.

The data of our preseat study show thar [Nle*, D-
Phe’la-MSH had the highest atfinitvy for the melanocorsin
4 receptor, among 2ll the tested MSH-analogues. (Nie*. D-
Phe]@-MSH also shows the highest affinities comgared 1o
many other MSH-peptide analogues for zach of the mei-
anocortin 1, melanocortin 3 and melanccortin 3 receptors
(Schidth er al. 1993). Due to these properties as well as
due to a high stapility ['=] (Nle*, D-Phe’]a-MSH is thers-
fore a very suitatie radiciigand for swudving the mel-
anccoriin receprors.

Ameng the =ndogenous MIStH-cepudes testzd. B-MSH
proved 20 show the nighest arfany for the melanccortin 2
receptor. closely toilowed bv @-MSH and ACTEH(L-I9)
whica both showed atour 2-feid lower arfinidies than 3-
MSE. The v-MSH zeptidss on 1he other qand showed ~ery
low ariaities for the meianocaria 4 receprern, The v-MSE
peptides have much lower arinity for the meiznccorzia &
recepror than 3 and 2-MSH have. v[-MSH 1as 77 foid 1nc
43 {old lower ariiaity Jor the me2ianccorun 4 thaa 3 and -
MSH have, respectivelv. Furthermoce. v1-MSH aas morz
than <000 Jold hughrer arfinity Yor the melanocortia 3 reces-
tor than it has for :he melanoccor:in 4 recepror. Thus arfiaiey
difference is even higher {or the v2- and 73-MSH peptidas.
This dara indicate that »-MSH aas a clear prarerznce for
the melanccortn 3 rzczotor compared to the melazccortiin
4 recapior.

[z table 2 is summarised the potency orders for various
MSH-pegtides for the differeat melanocortin recepter sub-
types obtained from :he radiociigand binding measuremenrs
of our preseat and previous studies. As can de se:n the
melanocortin | and melanocortia 2 receptors show prefer-
ence for 2-VMSH and ACTH. respectively, whereas the mel-
anocortin 3 receptor show a slight preference for »-MISH
over B- and a-MSH. The melanocorin 4 reczptor onn the
other hand show slight prefersace for B-MSH over a-MSH
and ACTH (1-39). but it shows very low affinity for v-MISH,
as was already meationed above. The melanocorun 3 reces-
tor show the same potency order for peptides as the mel-
anocortin | receptor. However. as can be sesa from able !
the melanocortin 3 receptor show over all much lower atfin-
ities for the peptides as compared to the melanccartin |
receptor.

Thus. our data show that the pharmacology of the mel-
anocortin 4 receptor is unique compared with the other
melanocortia-receptors. [t is interesung to aote that the
melanococtin | receptor show prefersace for a-MSH. the
melanococtin 3 receptor for v-MSH and the melanocortin
4 receptor for B-MSH. Although these properiles may be
coincideatal. it is tempting to speculate that thers is 2 sDect-
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fic cole for the differsat sundogezous pepudes for ach of the
thre=s melanccoriin recsptors.

The melanccortin 4 and the melagoccrun 3 cecsptors
have very low arfinity to all know ¢ndogeaous ligands.
The low affinicy of chese rec=prors to MSH peptides mise
doubts whetker the melanocortin 4 and melanccortin 3
bind to MSH pectides at physiological concsztrations.
Circulatng levels of o-MSd in humans ars mucl lower
than ‘:Jimiinz coastaats of :he melanccortn ¢ and the mel-
anocortin 3 recsptors. Althougn the circulating MSH ges-
ddes originate most procadiy to a large 2xteat {rom the
pituitary, -x:zrcssicn of proopiometanccorun segtices have
besa dereciad ‘n a large varierty of gernipieral dssues such
as skin, testes, ovaries, placsara and the gastro-intestinal
trac: (for review ses Eterle 1988). Furthermore, the VISH
pepudes ars preseac in the neurones of many brain regioas
(foc review ses O'Donahue & Dorsa 198Z). The pavsio-
logical relevancs of the binding of MSH gegddes two the
melanocortin 4 and melanccorin J recsgtors rexains un-
ceriain but it cagnct ge axcluded char these recestors are
expressed it locations whers vers high concsatrauea of
MSH peptidas wers gained upon reizase {rom MSH con-
taining aeuroanes.

The melanccorin + ind melazccartin 3 recestors ap-
pears to be the most acundaatly expressed melanocoriun
receotor subtypes of ke cextral azrvous sysiexm rRoseili-
Reruss er 2i. 1993, Mcourntjov ¢z 2l 199<). The melanccar-
un 3 cecepror is predomirancly axgrassed (o the arcuate qu-
cleus, as well as in %w regions of ke Sraiz stem |Roselli-
Rearuss er al 1993). Tne melagocorun <4 is much mors
widely distributed in the central aervous system aad is rep-
resented at muldple sites in almost every beain region. in-
cluding the cortex, rthalamus. hypothalamus, brain stem 2nd
spinal cord (Mouzgoy 2 2 1994). Melanotropic peprides
induce 2 aumber of ceatral and peripaeral effects {or which
thers may be some differences (o the spectrum of affesss

induced by differsat peptides. v-MSH was ceported to in-

ducs cardioaccsleratory 2ffect (Kleia er al 1983), affect coz-
ebral blocd fow (De Wildt er al. 199%) and to inducs pres-
sor and natrfuresic etffec:s (Lin er all 1987, Gruber &
Callagan 1989). Moceover, a-MSH, but not v-MSH. was
reported o induced grooming behaviour in the rat (O'Doa-
.ahue er gl 1980). Combined with our binding data the mei-
agocarun + receptor may thersfore Be a good candidare for
the mediation of grooming behaviour whereas the mel-
anmocorun 3 receptor might mediate the cardioaczsleracory,
cerebral blood dow, pressor and natriuretic stfects. Never-
theless, still further studies. as well as the obvious aeed for
the development of highly selective drugs for the mel-
anocortin-receptor subtypes, are warranted o be able to

definitely settle these issues. T
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Summary
The mouse adreaccortical c2ll line YU, that sxpresses ACTH receziors 'MCIRY, was
used 10 grece the binding of ACTH 1ad MSH pestidaes by using raclo-tatailed ACTH

(1-39). The Yi cails were Sound 10 Dind {'°5{]-luceiled ACTE(1-39) with a1za 2afniey

(Kq=130 oM. However. none of the melanccoriin pegtides NTP-MSH, ¢-MSE. 3-
MS e or #1-MSH could comgeze with the binding of the luce!led ACTH(1-39). Wiaen

other MC recazeor subcvpe DNAsS (MC L. MCS and MC4) werz ransiec2d ino the Y
cells, characrensic binding of the ([2S[INDP-MSH aprezred for 22ch of he reszoror

subtyge. but no specific binding was Jresent in non-transfecied ceils. Tais is the {drst
regort clerty demonsirating dat the ACTH recepeor binds only ACTH. bur a0t ather
metanccortn pegtices.

Key Words: melanocartin receplorsubtypes. [mI] [Nle*, D-Pth]cz-MSH ligand binding, ACTH, Y1

Pro-opiomelanocortin is post-iranslationally precessed into @-MSH (melanceyte sumulating
hormoae). B-MSH. v-MSH and ACTH (1]. ¢-MSH has ideatical amino acid sequence us the first
13 amino acids in ACTH and ull of the MSH geatides share a cormumen core of + armine acids thac s
thought o be of central imgportance for the Sinding of MSH peptides to melanccartia-receptors (2]
The role of @-MSH foc the melanogenesis in the skin is well established (3], as well as the role of
ACTH for steroidogenesis in the adrenal gland {+].

Rzacendy. we and otherss cloned five recaptor genes that eacode a family of G-grotein coupled
receptors showing high amino acid sequeacs homology [3-9]. These reczgtors were termed
melanococtin reczpiors [-5 (MCIR-MC3R). The MC2R was ideatified as the ACTH receptor as
MCZ mRNA has besn detected in the adrenal glands and because a positive cAMP response 0
ACTH was found in cells transfected with the MC2R {6.10]. It has also be=n shown that MSH
peptides ¢an bind to and stimulate MC1. MC3. MC4 and MCS receptors (5.7.8.11-12]. Altheugh it
was shown a quarte: of a ¢ceatury ago that [/ S[JACTH was capable of labelling receptor sites in the
adreaal gland (4] the binding properties of the ACTH recsptor has never besa thoroughly
characterized and comparad with other MC receptor subtypes by ligand binding to recsptors
expressed in the same type of cell.

We have earlier shown that the MC1. MC3 and MC5 receptors bind @-MSH with much higher
affinicy than they bind ACTH [11]. [n this report we show that the native ACTH receptor in a mouse
adrenal gland derived ce!l line. Y. is capable of binding the ACTH pertide radio-labelled with
('251], but not any of several tested labelled and non-labelled MSH peptides. However, when the

Corresponding auchor: Helg: B. Schi6th. Pharmaceutical Pharmacology. Box 391. BMC, S-751 24
Uppsala, Swedea, Phone: +36-18-174160. Fax: +46-18-539718.
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MC1, MC3 and MC1 recettors were expressed in the Y1 calls. sites capable of binding MSH
pegtdes wer= found. Qur dac thus indicate that the ACTH recsptor shows 2 maior phurmacoiogical
distinczion frem the MSH recazeors.

Mate=ais and me’hcds

Materials: Pectides (ACTH. [Nie®. D-Pre’l@-MSH (NDP-MSH). [Nle*la-MSHE. a-MSH. 8-
MSH. yi1-MSH) wers purchzsed from Saxon Biochemicals CmoH. Germany. (3-
[1Z1]iodotvrosvl23)-ACTH( 1-39) was purchased rom Amersham. NDP-MSH was radioiodinated
by the chioramine T method and purified bv HPLC. [Nle*]a-MSE was latelled with 125[ and
purified as descritced oefors [14]. [“EI][NIc“]a-MSH was chesked for its 2bility 1o Dnd w0 MCl
wansfecied COS cells as described [11] before use.

Expression of cloned melanocortin receptors: The MC!| and MC3 recsztor DNAs in
expressien vezior pRC/CMV (InViwrogen Corg.. USAY wers cloned oy us [3. 9], The MC3 and
MC3 receptor DNA in the 2xgression vectar pCMV/neo was a generous 2ift {rem Dr. Ira Ganez
[7.8]. Y1 cells wers grown in Dulbecco’s modified Sagle’s medium with 10 % Zoeta! calf serum.
For racaptor sxprassicn. eighty gerzantconfluent cultures wers transfacied with 1 ug DNA and <0
pg Lipofectin (BRL. USA) in serum fres medivm accordiag fo the insiructicns of tne maauiaciurer,
6 1 aftar wansfeciion the serum-irez medium was rezlaced with tha serum contaiming mediem an
the calls wers cultivared for £§ 7. Cells were then scraged off, centrifuged ond used for radioligand
bincing.

Binding studies: The trunsieciad celis wers weshed with Duadiag buifer (Minimum Zssenuai
Medium witq Eariz’s salis. 23 mM HEPES. pE 7.0, 0.2 % bovine serum atburming 1 mM 1,10-
phenanthroline. 0.3 mg periitre fevzzztin and 200 mg per litrs bSacivacing and disiizuad e %6-
well plates. The cells werz then incutatec for 2 1 at 379C with 0.1 m! biading bu!

: ferin 2ach well
containing a consian: conceatation of [IIF[INDP-MSH. (123[{Ni2"jc-MSE or (3-
[125]}iodotyrosy]?3)ACTH( 1-39) and apgropriate concaacrations of an unlabeiled ligand. Aler
incubation. the platas wers gut an ice. the cells washad with 0.1 mi of ic2-colé Siading Huffer and
detached {rom the piates with 0.2 mi of 0.1 N NaOH. Rudioactivity was counted (Wailac, Wizard
automatic gamma counte?) and cat anulysed with the BindAid software {(Wan Svsiem A3, Umel.
Sweder). Data wers 2ither anaivsed by fiting 1t to formulas derived from the law of mass-action by
the method zenerally referved to as computar medefling, or by fining o the four jaramerer logisuc
function. Ki-values were calculated dy using the Cheng and Prusoff equation {13]. The standard
error of the mean is caleulaced from curve fitting of the experimental peints. The complete
experimeats were cerformed in dupiicates.

Raselts

Y1 cells were incubated with 0.06 aM (3-('=*ljiode-tyrosv]=3)-ACTH(1-29) in the preseace of
differeat conceatrations (3.7 pM - 100 nM) of nen-labelled ACTH (1-39) and the binding of
radioactivity to the cells was measured (fig. 1a). Analysis of the resulting comperition curves with
computer modelling indicated that the binding occurred to one single high affinity site with a
dissociation constant of 132 = 20 oM (mean = S.E.M). Attempts were then made to displace the
labelled ACTH with a-MSH., 8-MSH. v{-MSH (fig. 1a) or NDP-MSH (data nct shown). None of
these peptides were capable of preventing the binding of the radio-labelled ACTH to the Y cells.
Even at conceatrations as high as 100 nM the MSH peptides did not cause any disglacement of the
[!1235IJACTH. We then investigated if the Y1 calls could bind radio-labelled NDP-MSH. The Y1
cells were incubated with 1 aM of [ I]NDP-MSH together with varying concaatrations (3.7 pM -
100 nM) of cold NDP-MSH (fig. 1b). As can be se=a from fig. 1b the level of binding of
[!Z5])]NDP-MSH was low. Moreover, increasing concentrations of the non-labelled peptide were
not capable of reducing the binding further, thus indicating that the label bound non-specifically to
thie Y1 cells. Essentially the same results were obtained when cells were incubated with | aM
[1251)[Nle*]a-MSH in the presencs of 3.7 pM - 100 aM of non-labelled [Nlet]a-MSH (data not
shown graphicallyv).

We expressed the MC1L, MC3 and the MCL human receptor DNAs in the Y1 cells. The transfected
cells were incubated with 0.4 aM ['-IINDP-MSH in the presencs of varving concantrations of cold
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a) Effzz: of ACTH ancd MSH peztidas on {123 {JACTH(!-3%) biadinz 0 mouss

adrenccorticzl Y[ cells. Y1 ceils wers incudated with 30 aM of {{SS[JACTH(1-39) tn
the prasancs of various concsatrzueas of ACTH(1-39) (@) -MSE D). B-MSE O,
1t-MSH (&) and NDP-MSH (O b) Eifect of NDP-MSH on the binding of
(122(INPD-MSH 0 Y1 csils. Saewn ar2 the dinding of 0.4 aM {I2S[[NPD-MSE 0
naitve Yi colls {C), and 10 Y colls ransfaziad wich the MCIR (@, VIC3R W and
MC+R (O) genes.

NDP-MSH. As is shown in dg. 1b czils wansfacied wich 2av of these three MC recagtor subtyces
showed increzsed binding of the [{ZF[[NDP-MSH compared to aon-iransizcied calls. and ihis
binding was comcezed for By aon-lateiled NDP-MSH in 1 dose-degeadent fashion. The X vaives
for NDP-MSH binding was estimaced (0 oe 20.0 = 15 oM. 324 = 46 pMl and 9335 = 9< pd Jor the
MCI[. MC3 and the MC= recepears. resgeciively. An exgression of the MC3 recegtor clone in the
Y1 c2ils induced a sgecific binding 10 NDP-MSH gur as it was only 20-20 % of the ol dinding.
we were 0ot able to desarmine an accuraie X valve. This was presumabiy related to the 2arlier
reported low affinity of the MCJ cecagtar for MSH geprides [11].

Discussion
The gene sncoding the mause MC2 recepiar wzs recendly claned and shown to possess 89 % amino

acid sequencs homology with the humaa MCZ recaztoe [17]. MC2 cecaptor mRNA can be detected
in Y1 czils as well as NCI-HZ03 human adrenal wmour c=lls by Northem blorting using the mcuse
and human MC2 cecegtor prokes. resgectively (18], It was also shown that ACTH can up-regulate
the MIC2 mRNA levels ina both the Y1 mouse 2dreaul cells and the NCI-HZ293 cells {18]. Morzover.
ACTH was regorted ta induce a concomitant up-tegulation of both ACTH receptor transaripts
(proted wich Nocthem blowing using a human MC2-recegtor probe) and ACTH recsptor aumoers
(proted with (IB[JACTH(1-39) binding) in the cultured human adrenccortical cels [[9]. These data
gives stong suogort that the native ACTH recspor is inde=d enceded by the MC2 gene.

The Y1 adrenocortical czll line is of mouse origin and respoads to ACTH with an increase in stecoid
praducdon via the stimulation of ACTH recsptars [16]. We used Y1 cells to investigate the binding
properties of the native ACTH ceceptor. The results show that Y1 cells bind specifically to ACTH
with high affinity and that the MSH peptides do not atfec: this binding. Furthermore, labelled MSH
peptides do aot bind to the Y! cells in specific manner. These results indicated that there was 2
marked differeacs in the progerties of the ACTH receptor compared to those reported earlier for the
other melanccortin reczgtors.

Specific binding sites for MSH peptides agrear in the Y1 cells after transieat wransfection of the
DNAs for the other melanagcortin subtypes. The K values preseated here. ars close to those
determined earlier when these reczptors were sxpressed in COS e=lls: i.e. these Xi's being 23.1 =
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3.6 pM [11], 224 =35 pM [11] and 1920 = 340 pM (Schidth 2t al.. unpubiished observations) for
the MC1, MC3 and MC# recaptors. respectively | .
The MC2 rec=ztor shows, 38, 4Z. 46 and ¥ % amino acid homology with the MC1. MC3. MC4
and MC3 recsprors. respectively. Tmns‘nc"'oranc (TM) sezments of all of these five melanocortn
rc::-ptors shars an sven higher sequence homology. as well as other common characterisdcs such as
an highly conserved asparadc acid in T™M segment 3 (corresponding to Asp-117 in the MCIR), and
an highly conserved histidine in TM segment § (corresponding 0 His-260 in the MCIR). Qur
earlier studies using site-directed mutagenesis and molecuiar modc’hna of the MICIR reczptor 3D
stucture [2.20] nave indicated that these armine acids are involved in the binding of the cenaal core
Glu-His-Phe-Arg-Trp [i.e. ACTH(3-9)] found in both MSH and ACTH peptides: a core that is
shown to be crucial for melanccontin pectide melanogenetic acivity. However, the data of our
present study indicate that this core could not have an cxclusxvclv dominant role for the binding of
the ACTH to the ACTH recegtor sincs none of the MSH peptides showed any appreciable affinity
for the recapter. Previous studies have indicated that Boch the ACTH(3-10) core as well as parss of
the C-terrrunus {2, ACTH(13-13)] 1s crucial for the sieroidogenedc activicy of ACTH (21]. In view
of our preseat and previous results [22-24] it :s thersfcre tempting to speculate that recogniten and
activaton of the ACTH-recegptor is affordec Sy separated egitopes in the ACTH.
In summary. thus is the {lrst repoct that clearly demonsirates that the ACTH receztor specifically
binds ACTH but not other meianccarun 2eztides. Our finding 2xplains why the MSH pestices are
not xnown to induce steroidogenesis.
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The melanocortin 1, 3, 4 or 5 receptors do not have a binding
epitope for ACTH beyond the sequence of a-MSH
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Department of Pharmaceuncal Pharmacoiogy. Uppsala University, Uppsala, Sweden and 'Laboratory of Pharmacalagy. Institute of Crgamc Svnthesis,

Riga. Latvia

(Reguests for offpnnts should be addressed :0 H 8 Schicth and | € 5 Wikberg, Department of Pharmaceutical Pharmacsiogy. Siomedical Centre, Box 391,

751 24 Uppsala. Sweden)

Abstract

ACTH(1-39), and several shorter N- and/or C-terminally
guncated fragmens of ACTH, with and without
N-terminal aceryladon and/or C-terminal amidadon,
were tested for binding on a single eukaryodc cell line
aansiendy and independendy expressing cthe melanocordn
MC1, MC3. MC+ and MCS5 receprors. The resules show
that none of these MC receptors has specific binding
epitopes for the ACTH pepddes bevond the amino
acid sequence of a-MSH, when tested for their abilicy
to compeze wich '[-labelled [Nle*p-Phe’[a-MSH

and ACTH. The MC3 receptor favours the natuml
desacecylated N-terminal end of che ACTH peprides, and
it has generally more than 10-fold higher athinity for the
ACTH pepddes than the MC4 recepror. Considering
earlier anatormical localisacon daw. together with the
presenc daw, we suggest chat the MC3 recepror is the most
likely candidate of the MC receprers to mediate che
short-loop nezudve feedback relesse of coricotzephin-
releasing faccor {CRF) caused by ACTH, MSH peprdes.

lournal of éndocrinclogy (19971 153, 73-78

Introduction

Pro-opiomelanocortin  (POMC; s post-manslacionally
processed in a dssue-specific manner to give rise w© a
variery of biclogically active substances including adreno-
corticorrophin (ACTH) and the a-, B-, y-melanccyte
sumuladng hormone (MSH). The POMC gene is
pumarily expressed in the piruitary gland, but has also
been detected in  numerous non-pituitary  tissues,
including hypochalamus, testes, ovary, placenta. duo-
denum, liver. kidney, lung, thvmus and lymphocytes
(Smich & Funder 1988). ACTH stmulates steroidogenesis
in the adremal gland. whereas a-MSH samulates
melanogenesis in melanocytes. Besides these well-known
effecss, the melanocortins (MC) are reported to have a
broad array of other effecss, e.g. being neurorrophic,
ana-inflammacory, andpyredc, and affecung memory,
learning, behaviour and blood pressure (O'Donahue &
Dorsa 1982, Eberle 1988).

Fivg receprors for the melanocortic peptides (ACTH/
MSH) have been cloned by us and others (Chhajlani
& Wikberg 1992, Moungoy et al. 1992, Chhajlani
et al. 1993, Ganez et al. 1993a.b). The MC1 recepror is
expressed in melanocytes and binds @-MSH with high
affinicy. The MC2 (or ACTH) receptor is expressed in the
adrenal gland and binds ACTH with high affinity buc
it does not bind the MSH pepades (Schiéth et al.
19964). The MC3 receptor is expressed in the brain

(predomunantdy in che arcuars auclews. and i few cegions
of the brain stem), as well 15 in the periphery whers it has
been found in the placenta and gue dssues: it is also
relatively abundandy expressed in the humuan hear {Canez
et al. 19934, Roselli-Rehtuss e 2l 1993, Chhajlani 1996).
The MCH recepror is predomunacely tound in the cencral
nervous systemn. where it is represented n almost every
brain region, including the cortex. thalamus. hvpo-
thalamus, brain stem and spinal cord (Ganez et af. 19930,
Mountjoy er al. 1994). The MC5 recepror has widespread
peripheral assue distribudon but can also be tound in che
brain (Gnffon ef al. 1994, Labbeé ¢r al. 1994, Fuchi et al.
1993).

Corticatrophin-releasing factor (CR F) stimulates release
of ACTH from the anterior pituitary gland. Secretion of
both CRF and ACTH is inhibited by a long negauve
feedback effect by the glucocorticoids. The melanocortic
pepddes are known to mediate a short-lovp feedback
reguladion of CRF production in the hypochalamus (Mot
et al. 1963, Suda et al. 1986) and central administracion ot
a-MSH inhibis CRF release in adrenalectomised rats
(Tozawa er al. 1994). Recendy, MC2 recepter mRNA
was shown to be abundant in the adrenul gland buc
mRINA for the MC2 recepror could be detected neicherin
the hypothalamus nor in the pituitary (Xia & Wikberg
1996). Early autoradiographic daca using 'Wl-labelled
ACTH demonstrated existenice of specific bindiag sites
for ACTH in the rar bata including the hyporhalamus

laurnaf of Endacrinalagy (19971 155, 73-78 € 1997 journal of Endocrinalogy Lid  Printed in Creat Brtain

0022-0795/97/0155-0073 $08.00/0



74

H B SCHIOTH and others

8inding of ACTH peptides to the MC-receptor

(Hnatowich er al. 1989). These autoradiographic dacz may
tenadvely be expliined by assuming thac ACTH binds to
the newly discovered MC3 or MC4 ceceptors, as chese are
mast abundandy expressed in che brin.

The objecdve of the present study was to determine the
affinity of ACTH and ACTH fgmens for the cloned
human MC receprors, with the 2im of inding cuc if any
of the different MC recspeors have binding epicopes for
the ACTH peptdes thar goes beyond the sequence
of a-MSH.

Materials and Methods

Chemicals

ACTH(1-39) (H-Ser'-Tyr?-Ser’-Mer*-Glu>-His®-Phe’-
Arg-Trp®-Gly'-Lys'"'-Pro'2-ValP-Gly**-Lys'-Lys'e-
Arg'-Arg"®Pro'®-Va®-Lys? -Val2-Tyr>-Pro?*-Asn™-
Gly**-Alz7-Glu-Asp™-Glu*-Ser’'-Ala-Glu™-Ala™-
Phe®-Pro®®-Leu”-Glu*®-Phe®-OH) and ocher peprides
were purchased from Saxon Biochemicals GmbH,
Hanover, Germany or Bachem, Budendert, Swirzerland,
excspc  ACTH(6-2+4) which was purchased from
American Pepdde Comrany, Sunnyvale, CA. USA,
diaceryl-a-MSH  (Ac-[Ser(Ac)']-a-MSH) which was
purchased Fom [CN Biomedicals [nc., Irvine, CA, USA
and ACTH(7-16) which was purchased from Necsysteem
SA, Strasbourg, Francs. [Nle*,p-Phe’]a-MSH was radio-
icdinated by the chloramine T method and purnfied
by HPLC. (3-["*lJicdo-tyrosvI®)-ACTH(1-39) was
purchased ffom Amersham, Sclna, Sweden.

Expression of receptor dones

The human MC1 and MC5 receprors (Chhajlani &
Wikberg 1992, Chhajlani ez al. 1993) were cloned into che
expression vector pRc/CMV (InVigogen, Oxon, UK).
The human MC3 and MC4 receptor DNAs, cloned into

the expression vector pPCMV/neo, were gifts fom Dr [ra .

Gantz (Ganez er al. 19934,b). For receptor expression,
COS-1 (CV-1 Origin. SV40) cells were grown in
Dulbecco's modified Eagle’s medium with 10% foeal calf
serum. Eighcy per cent confluent cultures were aansfected
on 100 mm cell culture dishes with the DINA (approxi-
mately 1pg DNA for every 1 x 10° cells) mixed wich
lipospmes in serum-free medium (for details see Schidth
et al 19966). After wansfecdon, the serum-free medium
was replaced with growth medium and the cells were
culdvated for about 48 h. Cells were then scraped off,
cencrifuged, and used for radioligand binding.

Binding studies

The rransfected cells were washed with binding buffer
(Schidch et al. 1995) and distibuted inco 96-well plates

Joumal of £ndocrinology (1997} 153, 73-78

(approximacely 40 000 cells/well). The cells were then
incubated tor 2h ac 37 'C wich 0-05 ml binding buffer
in each well. conaining 1 censtnt concenmadon of (1 2[-
Ty?’][Nle* 0-Phe’ja-MSE  or  (3-['*[]iode-tyrasyl™)-
ACTH(1-39) and approprate concenmzdens of an
unlabelled ligand. After incubanion, the cells were washed
with 0-2 ml of ice-cald binding buffer and dezzched Fom
the places wich 0-2ml 0-1 m» NaOH. When the binding
was derermined for ACTH(1-39), phosphoramiden was
added to the binding burfer during incubadon and washing
steps 0 2 fnal concenazcdon of 100 um (Schidch er af.
1995). The affimiey of ACTH(1-24) was not affeczed
by the presencs of phosphoramiden (daz not shown)
and phosphoramuden was therefore nor used for the
other pepddes. Radicacdvity was counted (Wizard
automadc gamma counter. Wallae, Turku, Finland) and
da analysed with 2 software package for radioligand
binding analyses (Wan Svstem, Umea, Sweden). Dan
were analysed by firang chem o formulas derived from che
Lw of mass action by the methed genezally ceferred o as
computer modelling. The K, value for ['®[-Tyr?|[Nle* b-
Phe’la-MSH for the MCl (00851 =0-0080 amcl/l),
MC3  (0:396 = 0065 amol/l) and MC5 (5-05 =
1-00 amol/l) recepror were wken from Schucch et al.
(1993) and for the MC4 (3-3+ =937 amcl/l) frem
Schideh et 4. (19964). Repeated saturaticn expertiments
gave similar values {daez acc shown). The B_ . for both
these studies were close to 2ach other and atour 4000—
20000 binding sices/cell for all of the receptor eypes.
Binding constant are sssendallv independenc of the mans-
fecdon efficiency as che calculacdion method provides cor-
recdon of the concaamracdon of free vs bound ligand,
minimising problems related co different expression levels.
The binding assavs were performed in duplicace wells and
repeated thres dmes. Unrmansfeczed COS-1 cells did nor
show any specific binding to [**’[-Tvr’][Nle*,0-Phe’]a-
MSH or (3-['*1}ieda-tvresyt®)-ACTH(1-39).

Results

ACTH(1-39), and several shorter N~ and/or C-terminally
truncated fragmens of ACTH, with and withoue
N-terminal acecryladon and/or C-terminal amidadon,
were tested for binding to the MC1, MC3, MCH4 and
MC3 receprors. The human DNAs for the MCI,
MC3, MC4 and MC35 receprors were transiendy and
independenty expressed in COS-1 cells for compedave
recepror binding using ['“*I-Tyr?|(Nle*,0-Phe’ja-MSH
or (3-['*Illiodo-tyrosyl™)-ACTH(1-39) as radioligands.
The expression levels of the different recepror subcypes
were similar (daca not shown). The K values resuldng
from calculadons of the compeddon curves of bind-
ing with ["**[-Tyr?](Nle* p-Phe’]a-MSH are summar-
ised in Table 1. Compedton curves for a@-MSH.
ACTH(1-14), ACTH(1-17), ACTH(1-24), ACTH(6~
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Table 1 K, values (nmol/l = sew) from compeution curves for MSH analogues on MC1- MC3., MC4- and MC3-iransiected COS cells

Receptor

MmC1 MC3 MmC4 mC5
Ligand
a-MSH 0-113 =0046 44-7 £ 191 357 =60 2440 =810
Diacetyl-a-MSH 1-96 =035 72-:2 =48 2770 = 1500 5925 = 1840
Desacetyl-g-MSH 0-279 = 0084 13-9 = 3-8 250 =150 1890 = 750
a-MSH-OH 1-20 =066 829 £ 58 3050 =500 18 200 = 7400
Acetyl-ACTH(1-14) 2-34 =047 112 =130 3630 = 450 12300 = 3700
ACTH(1-14) 0-8336 =033 48-3 =90 2170=120 13 700 = 5500
ACTH(1-16) 0-267 =116 19-0 = 4-3 698 = 38 2600 =395
Acetyl-ACTH(1-17) 0-205 =0-042 425 =55 752 =79 5370 = 1990
ACTH(1-17) 0-230 = 0061 14-0 = 45 419=62 4240 = 1200
ACTH(1-24) 0-209 = 0052 270=25 827 =262 2760 =780
ACTH(1-39) 3-95 =067 133 £22 2170=120 4920 =610
ACTH(6—24) 42:5%33 9970 = 2350 14 700 = 5400 29 600 = 18000
ACTH(7-16) 8550 =800 >100 Q00 >100 000 >100 000
ACTH(7-138) 8770 =350 >100 Q00 >100000 >100 000

24) and ACTH(1-39) using cells expressing che MCI,
MC3, MC4 and MC3 recepror clones are shown in
Fig. 1. The comperiaon curve for ACTH(1-39) using
(3-("**1]icdo-tyrosvl*)-ACTH(1-39) on cells expressing
the MC1 recepror is shown in Fig. 2.

The affinicy of ACTH(1-39) for the MC1 receptor
was determined using either ['I-Tyr’[[Nle*,0-Phe’]a-
MSH or (3-['*3I}iodo-tyrosyl®)-ACTH(1-39) as macer.
The results using both tracers were very similar; the K
values for ACTH(1-39) being 295+ 103 nm and
3-95 £ 0-67 nm, respecavely. The specific binding for the
MC3, MC4 and MCS receprors was very low when
(3-["**1]iodo-tyTosyl?)-ACTH(1-39) (ac 0-1 nm concen-
tradon) was used (probably due to low affinicy of
ACTH(1-39) (ses Table 1)). Ttus made it impossible to
use the labelled ACTH for accurare determmunadon of K
values for these receprors.

a-MSH, which has an amino acid sequence identcical to
the first 13 amino acids in ACTH, is acetylated at the
N-terminus and amidated at the C-terminus. ACTH is
neither acetylated nor amidated (ie. has a free carboxyl
group at the C-terminus). The results show that the
a-MSH has highest affiniry for che MC1 receptor, lower
for the MC3 recepror, lower sall for the MC4 receptor,
and lowest for the MC3 recepror. This property is shared
by all che éther pepddes tested in this study. a-MSH with
two acetyl groups in the N-terminal region (diaceryl-a-
MSH) showed slighdy lower affinity for all the receprors
compared with a-MSH. Desaceryl-a-MSH (without an
N-terminal acetyl group) had lower affinity than @-MSH
for the MC1 recepror, but higher for the MC3 receptor.
The MC3 receptor also had higher affinity for the
desacetylated forms of ACTH(1-14) and ACTH(1-17),
compared wich the N-terminal acerylated forms. This
property was not shared by the other receptors.

As can be seen trom Taole 1, a-MSH with a free
carboxyl group at the C-termunus (a-MSH-OH). has
lower affinicy for all the recepeors. Extension of che
ACTH(1-13) by che Glv'* (acal-ACTH(1-14)) dces
noc affece chis afimey loss, bue for the longsr fragments
(se2 acerv]-ACTH(1-17)) chis effect vamished as the
affinides increased. Qur dara indicate thac the amino acid
extensions of the ACTH(1-13) fragmens up to
ACTH(1-24) do not affect the binding to any of che
receptors. The longer sequence of che full length
ACTH(1-39) lowered the affinitv for che MC receprors,
an effect which was largest for the MC1 recepror.
Truncadon of the N-terminus, as in ACTH(6-24) results
in much lower affinides for all the subcypes, whereas
the MC1>MC3>MC4>MC3 preference order remains
the same. ACTH(7-38) and ACTH(7-16) bound with
strmular affinicy to the MC1 recepror but not to the other
subcypes. Other ACTH fragmears, ACTH(11-24) and
ACTH(@2-39) did not displace ['**f-Tyr’][Nle*,p-
Phe’]a-MSH fom any of the MC recepeors at 100 pat
concenragon.

Discussion

[t 1s now well established that the MC2 recepror is the
adrenal gland ACTH receptor. The ACTH receptor has
high affinity for ACTH, but does nort bind to the MSH
pepddes. Despite disunct pharmacology of the MC2
recepror compared wich the other MC receprors, all the
five cloned MC receptors show considerable amino acid
homology. The amino acid identry of the MC2 recepror
is highest for the MC4 receptor (46%) and lowest for the
MC1 receptor (38%). [t is believed chat the first 13 amino
acids of ACTH are essendal for the actuvacdon of the

tournal of Endocrinology (1997) 155, 73-78
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Figure 1 Competition curves of different ACTH/MSH analogues obtained on COS-1 cells
transiected with the MC1 (H), MC3 (@), MC4 (A) or MC5 (#} receptor clones, obtained
by using a fixed concantration of ~ 2 am [' BIj[Nle*,0-Phe”la-MSH (' #31-NDP-MSH) and
varying concentrations of the non-labelled competing peptide. Competing peptides are

indicated on the abscissa of each panel.

recepror, while the amino acids Lysﬁ-l;ysus-Arg’lArg‘8
play a crucial role for the binding of the pepdde to the
ACTH receptor (Hofmann et al. 1970, Schwyzer 1977,
Buckley & Ramachandran 1981). The other MC recep-
tors bind to the nawnl a-, B-, y-MSH peptides (which
all share the common core: His®-Phe’-Arg®-Trp®) with
different relacive affinices, indicating that the N-, and/or

loumal of Endocrinology {1997} 155, 73-78

the C-terminus are important for determining che speci-
ficity of the binding of these pepddes (Adan er al. 1994,
Miwa e al. 1995, Schiceh er al. 1995, 19965).

There are three naturally occurring forms of a-MSH:
desaceryl-, moncaceryl- and diaceryl-a-MSH. Our daa
show that N-terminal acetylation has an importanc role for
the binding of the melanocortic peprides to the MC
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Figure 2 Competition curve of ACTH{1-39) obtained on COS-|

cells transfected with the MC1 receptor clone. obrained bv using a
fixed cancentration of 01 ny (3-('**tjiodo-tyrosvi?)-ACTHIT-39).

recepcors. Diacaeyladon lowers che affnicy of a-MSH for
all the MC receptors. while the desacervled forms of
ACTH(1-13), ACTH(1-14) and ACTH(1~17) sesm 0
favour the MC3 recepror. compared with the acerviated
peptdes. These daca chus indicate chac the namural de-
sacerylated form of ACTH pepudes tavours the MC3
recepcor even though che athnicy differences berween
acerylated and desacervlated peprides are not very high.

The dacz indicate thac the C-terrninal amide form of the
ACTH(1-13) 1s favoured by all the receprors, compared
wich che free carboxyl torm. This effect disappears when
the C-terminus is extended by three or more residues.
Extension of che ACTH/MSH peptide from 13 to 24
amino acids at the C-cerminus seems not to affect binding
to any of che receptors. Further extension. to a full length
ACTH(1-39), resulted in lower atfiniey especially for the
MC1 recepror, which may indicate thar the amino acid
sequence 25-39 causes a steric hindrance. When labelled
ACTH was used on the MC1 receptor. similar K; values
were obuained for ACTH(1-39) as whea labelled [Nle*,p-
Phe’]q-MSH was used. Moreover, labelled ACTH did
not idendfy an addigonal sice on the MC3, MC4 or MC3
recepeors beyond that which could be detected by labelled
[Nle*,p-Phe’]a-MSH. Taken togecher, the daca show that
the MC1, MC3, MC+ or MC5 receprors do not have a
specific binding epitope for the sequence of ACTH
beyond the a-MSH sequence. We have earlier shown that
the MC2 receptor does not bind to the MSH peprides
(Schidch et al. 19964a) and our present daca thus indicate an
additional pharmacological distincrion berween the MC2
recepeor and the other MC receprors.

The apparenc absence of the MC2 receprors in
the hypothalamus, together with the fact thac a-MSH
cn inhibic CRF celease indicaces thar some other MC
receptor mediartes che short-loop inhibigon of CRF refease
in the hypothalamus. The MC1 recepeor is an unlikely
candidace, despite the facr chac it has higher affinity for
boch a-MSH and ACTH(1-39) chan the other MC
receprors. This is because the MC1 receptor has only been
found in limited areas (periaqueductal grev) of the rar and
human brins (Kiz ef al. 1995). On the other hand the
MCH+ and the MC3 receprars show very low affinicy for
all the pepddes, something which is specially wue for
the MC35 receptor. The present study shows thac the
MCGC3 recepror has more than 10-fold higher affinity for
the ACTH pepddes than the MC4 recepror. Eardier
anatomical localisation daca. which show the presence of
both MC3 and MC4 receptors in the hypochalamus, and
the present data showing a reladvely high affinicy of the
MC3 recepror for the ACTH pepuades, compared with the
MC3 recepror, and the preference of the MC3 reczpror
tor the desacetylaced peprides, makes the MC3 recepror
a good candidace for che mediator of the short-loop
reguladion of CRF release caused bv the melanccoruc
peprdes.
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Abstrace

We rezort ters the binding of 3-. 8- and T-amine-acid-long finezr znd cvciic sere zectides af MSHE (melzncerta-stimulanng tcrmons;
to c¢ells wransieady exprassing the Quman melanceomin MC,, MC;, MC, andé MC; receziers. The results show hat in congast @ :he
natural cegadss, the core gegudas did not differendate Serwezn the melanceartin MC; and MC, recaztors. All sesi2d zivclic gezddas 2zc
much lower affinities than their corresgonding linear homologues. Interssingiyv. the reiztive loss of Sinding dus 0 the svclisatica 4ic o
change as the dng size decrzased. Thereforz. decrzasing the ning size dees not sesm o forca the peqtics imto 2 mers unfzvourzdie

conformacicn.

Kexwords: Meianocortin recsptor sucrype: MSH (melanceyte-stimulating tormone): Ligand sinding

1. Introduction

Five different melanocortdn recepror subctypes have bean
identified by us and others by use of molecular cloning
(Chhajlani et al., 1993; Chhajlani and Wikberg, 1992:
Ganrz et al.. 1993a.b; Moungjoy et al., 1992). The presencs
of different subcypes of the melanocorin receptors may
explain the variety of effects that are caused by melanocor-
tic peptides (Eberle. 1988). The five melanocortin recsp-
tors show unique affinities for the melanocortic pepddes
(Low et al.. 1994; Siegrist and Eberle, 1995 Schidth =t al.,
1993, 1996a.b,c). The melanccortin MC, recaptor shows
high affinity for e-MSH (melanocyte-stimuladng hor-
mone), but lower affinites for B-MSH, v-MSH and ACTH
(adrenocorticatropin). The melanocortin MC, receptor (the
ACTH receptor) binds ACTH with high affinity, but it
does not bind the MSH pepddes. The melanocortn MC,
receptor shows slighdy higher affinity for y-MSH com-
pared to B-MSH and a-MSH. The melanocortin MC,
recsptor shows slight prefereacs for 3-MSH over a-MSH
and a very low affinity for y-MSH. The melanocortin MC,

° Correspondinag authors. Fax: (46-13) $39-718: e-mail:
helgis@bmc.uu.se: jwikberg@bme.uu.se

recegeer. finally. shows the same poteacy ordsr for the
MSH geztides as the melanccortin MC,| receprer. although
(at least for the human case) it binds the pezddes wits
much lower affinites.

Early structure-acivicy studies using pigment disgessing
acdvity of melanophores (presumed melangcortin MC,
receptor mediated effect) ideadfied the His-Phe-Arg-Trp
as the core sequencs for melanotropic actvity (Ezerle.
1983). Tnis core is shared by the natural melanccoric
peptdes: a-MSH. 8-MSH. y-MSH and ACTH.

Currendy, there ar= selective substancss availacle for
the MC, receptor subtype. like «-MSH and [Nle'p-
Phe’]a-MSH, but there are only few reports on specific
analogues faor the other subcypes. Cyclic lactam analogues
(Hruby et al., 1995) and ACTH-(+—10) analogues (Adan ¢
al.. 1994b) were reported to show certain selecdviry. More
basic knowledge is nesded about the binding of the differ-
ent recsptor subtypes to different regions and coaforma-
tions of the MSH pepddes to elucidate the subcype specific
propecties and to allow construction of selective com-
pounds. Docking of long peptides into molecular medels
of the melanocortin receptors is simplified by adding a
constraint (e.g. by formation of a ring) into the pepdde
ligand. A cyclic (Cys*.p-Phe’ Cys'?]a-MSH was used for

0014-1999/97 /517.00 Capyright T 1997 Elsevier Scieace B.V. All Aghts reserved.
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ligand docking to 2 preliminary 3-dimensional mode! of
the metanocardn MC, recsgtor (Prusis e¢ al.. 1993). Bind-
ing daw for small cyclic MSH analogues should facilitate
the interpresagon of resuits from ligand docking expesi-
ments.

The aim of the present study was thersfore (© synthesise
new cyclic and linear analogues based on the core MsH
peptide and test the subtype spesific bizding using the
human melanccardn MC,. MC;, MC, and MC, reczpors
transieatly exgressed in an sukaryodc csil line.

2. Materials and methods
2.1. Chemicals

[Nle*.0-Phe’ Ja-MSH (Sawver et al.. 1980) was pur-
chased from Saxon Biochemicals, Germany. [Nle*.o-
Phe’]a-MSH was radicicdinated by the chioramine T
method and purified by HPLC (high performance licuid
chromatography). His-(D-Phe)-Arz-Trp-Cly-NH .,
(HdFAWG). Asn-His-(D-Phe)-Arg-Trp-Gly-NH.
(NHAFAWG), Mes-Asa-His-(p-Phel-Arg-Trp-Giy-NH.,
(MNHAFAWG) and their corrasgonding cuelic hermo-
logues. i.2.. HEFAWG, . NHEFAWG, and MNHEFAWG,.
were svnthesised in our [aboratories using the soiid pncse
approach and purified by HPLC. The correct molecular
weights of the peptides were confirmed by mass specirom-
ery. His-Phe-Arg-Trp-OH (HFAW) was purchased from
Bachem. Switzerland. In the text. we use the position
numbering of a-MSH: Ser'-Tvri-Ser’-Mec*-Glu’-His®-
Phe’-Arg3-Tep®-Gly 'O-Lys'!-Pro'*-Val®.

2.2, Expression of reczptor clones

The human melanccortin MC, and auman melanccortin
MC; recepears (Chhajlani and Wzkbe"o 1992: Chnajlant 2t
al.. 1993) werz cloned into the expression veclor
pPRc/CMV (InViwogen). The human melanocortin MC;
and human melanocortin MC, receptors, cloned into the
expression vector pCMV /neo. were a gift from Dr. Ira
Ganz (Ganez et al.. 1993a.b). For receptor expression
COS-1 {CV-1 Origin. SV40) cells were grown in Dul-
becca’s modified Eagle’s medium with 10% foetal calf
serum. Eighty percent confluent cultures were transfected
with the DNA mixed with liposomes in serum-fres medium
(for dezails. ses Schidth et al., 1996b). After ransfection.
the serum-fres medium was replaced with the serum-con-
wining medium and the calls were culdvated for about 48
h. Cells were then scraped off. centrifuged. and used for
radioligand binding.

2.3 Bina'ing studies

The mansfected cells were washed with binding buffer
(ses Schisth et al.. 1995) and distwibuted into 96-well

H.8. Schiiith ¢t al.,’ European Journai of Pharmacoivey 119119971 169- 377

plates. The cells were then incubated for 2 h at 37°C with
0.05 mi binding burfer in 22ch weil contining 1 constant
conczagztion of ([|[Nle*.p-?he’ Ja-MSH and appropri-
ate concantrations of an uniaceiled ligand. After incubaden
the c=ils were washed with 0.2 ml of ice~old binding
buffer and detached from the plates with 0.2 ml of Q.1 W,
NaOH. Radioacdvity was counted (Wallac. Wizard auto-
matic gamma counter) and daca analysed with BindAid. a
software package (Wan Svsiem. Umed Swedea). Daa
were 2ither analysed by fitung them 0 formulas derived
from the law of mass aczon by the methed genemlily
referred 0 as computer mcdeiling, or by fiting w0 the
four-parameter logistic function. K, values were calcu-
lated by using the Cheag and Prusoff 2quaden. The X,

values for [‘" [[Nle*.0-Phe’ Ja-MSH for the melanccortin
MC,. melanocortin MC; and melanccorin MC, recegters
were taken from Schidth 22 al. (1993) and for melanccortin
MC . from Schideh 22 al. (19€0). Thne dinding assavs verz
performad in durlicate wells and recazred three tmes.
Untransiected COS-1 c2lls did not siow aanv sgecific
binding 0 [ I[Nle*.c-Phe Je-MSH.

3. Results

[n order t0 grote ¢he dinding of the forz of the MSE
pesudsas o the meianocorin fecetor we svnthesised and
evaluated three linear pegtidas. and (hir2s comasgending
cvclic homologues. Tne smallest peptida was ¥ amino-acids
long that included the main MSH corz: His®-(o-Phe’)-
Argd- T and Glv'®. The other peptices had in adcition
Asn’ or Mec*-Asn® at the N-tzrminus. We used the o-isa-
mer of Phe’ as these pestides have higher affinity com-
pared 0 L-Phe-conaining comgounds. as high affinity was
a prerequisite to obrain reliable data. [t may be pointed out
here that [Nle* 0-Phe’ Jo-MSH is a pegtide that shows the
highest affinities of all ligands for all the melanocerin
receptor subtypes. except for the melanocortin MC., recep-
tors. According (o earlier structure-actvity data (Eberle.
1988). and reports of alanine scanning of the MSH peptide
on the murine melanocortin MC, and the rac melanccartin
MC, receptors (Sahm et al.. 1994a.b). the Glu® and the
Gly' on 2ach side of the MSH peptide main core are aot
very important for ligand binding. We included the Gly"
but replaced Glu’ with Asn® to facilicate the synthesis of
the NHAFAWG, and MNHAFAWG,. The dng closurs of
the cyclic geptides was created by ordinary peptide bonds.

The K, values for the linear and cyclic peptides wer2
evaluated in competition with ['**I][Nle®,p-Phe’ Ja-MSH
on melanocorin MC,, MC;, MC, and MC; reczptor
clones and the data obuined are given in Table (. [n Tabie
l is also given the K, value foc [Nle*.0-Phe’ Ja-MSH
obtained from our previous studies for comparison. The
assays were performed using the same approach as we
used eartier for the evaluation of several nawral
melanccortic peptides (Schidth et al.. 1993, 1996b). Com-
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Table [

[

K, values (mean = S.E_M) obttined from competition curves. for MSH analogues oa human meiznocorun MC,. MC,, MC, 2nd MC, recssior ruasfested

COS-1 czils together with relative afinity ratios

Lignd X, (amal/1) MC,/MC, MC,, MC, MC./MC,
MC, MC, MC, MC,)
('“1NDP-MSH * 00851 =0.0080 ° 0396 200635 > 384=057°  3505=1.00° <6 = ®
MINGHAFRWG 179008 350 =120 S =32 962 =~ 250 120 100 320 .
MHAFRWG, 183=85 12600 22700 84001000 58900 =3200 4 2 170 5
NEAFRWG ¥9=73 720 =870 611021300 24100 = 12000 18 Is €
NHAFRWG, 1m30£270 103000 217000 73300 = (3000 208000 =39000 38 b 7
HAFRWG 292253 77601500 7170298 6120023000 I7 1 210
HIFRWG, 32102320 113000 =21000 71400=9300 207000 — 25000 35 - o
HFRW 65300 = 19000 > 300000 > 300000 > 3000C0 - - -
MNHAFRWG,/MNHAFRWG 130 2 10 61 05t 0 0.40
NHAFRWG_/NHIFRWC 63 13 12 35 5] L3 3
HAFRWG,/HAFRWG I s 10 34 L3 0.38 0.0

* &, values. Daa taken from " Schitth et al. (1995) and * Schidth =t al. (1996b).

petdon curves for MINHGFRWG. MNHAFRWG,. NHc-
FRWG. NHAFR'WC.. HIFRWG and HdFRWG, are showa
in Fig. 1.
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Fig. 1. Competition curves of MNHIFRWG, MNHAFRWG_, NHd-
FRWG, NHAFRWG_, HEFRWG. HdFRWG, on COS-1 cells wransfected
with the MC, (). MC, (@), MC, (¥), or MC, () mczptor obuined
by using a fixed concantration of ~ 2 aM (' ([Nle* p-Phe’]a-MSH ind
varying cancenwrtions of the non-labelled comgeting peptide. Competing
peptides used are indicated on the abscissa for each panel.

As can be sesn from Teooie 1 the melznccomin MC
recepr shows hiz highest affinity for all the teswed lig-
ands. The melarccsmin MC; rezecter shows 18—130-iold
lower affinicy for the ligands compare< (o the melancesnin
MC, recezrer. The melznccarin MC, recszier shcws
simijar or slight!v higher affinities for the ligznds. com-
pared w0 the melancearin MC; recesier. The melanceorin
MC; recegter shows overzll lower affinmitizs for all the
tested zezadss.

Thus. the melanccortin MC,; and the meianccarin MC,
recegtors show very similar affinities to the core pegtides.
This contrasts quite streng!y to our recenc resulis that show
that the melanocorin MC, recepror has 2 10-fold higher
affinity for [Nie*.0-Phe Ja-MSH. a 30-fold higrer affinity
for a-MSH and an akbout 6C00-iold higher affinity for
v-MSH. compared with the melanocarin MC; recsgpecr.

In all cases. the cvclic peztdas have lower affinities
than the corresgonding linear homologues. Tne differencs
is largest for the 7-amino-acid-long cvclic and linear gep-
tdes. especially in the case of the melanceorin MC,
receptor. The affinity differences bevvesn the 6- and 3-
amino-acid-long cyclic and linear pegtides are in the same
order of magnitude for all the receptors. Moreover. the 3-
and the 6-amino-acid-long peptides show very similar
affinities. Thus. the addition of the Asn’ does not affect
the affinides of the peptide for the different receptars.

In addition 10 the tests described above we also 2valu-
ated the binding of the «-MSH main core HFRW. which
has an L-Phe’, instzad of the p-Phe’ that was used for all
the other core peptides evaluated in this swdy. As ex-
pected. HFRW showed much lower affinities for all the
melanccortin receptors compared (o the D-Phe  peptides.

4. Discussion

Each of the melanccormin receptor subtypes binds the
narural melanocorte peptides with sgecific atfinity. [t is
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not known how different these recsgrors bind the core of
the MSH geotde (.o, His®-2he’-Arg’-Trp”). There is 2vi-
dezcs that the C- and,/or the N-ierminal side chains may
play an important role in detsrmining the suctype speciiic
binding, as the vw-MSH has much higher affinity for the
MC, than ‘or the MC, rec=por (Adan 2¢ al. 1994a: Miwa
et al. 1995; Scaidth et al.. 1993, 19960). Eiaveration of
the MSH core residues resultsd in specific antagonists for
the differsnt subtypes (Adan et al., 1994b: Hrupy et al.
1995). Cyclic MSH analogues wers synthesised oy Hruby
and co-warkers more than 13 vears ago. A classical 2xam-
ple of these compounds is the disulfide bridged cyciic
[Cys'.Cys'®la-MSH which shows high potezcy and pro-
longed biclogical acdvity (Sawyer ec al.. 1982). It was
proposed that 2 3 mm or other reversed chain strucwurs of
the main cors could concituta o the bioacdviry of the
MSH pecude.

Qur preseat daa show that :he melanceorin MC, re-
ceptor shows the highest arfinities. the melanocarda MC,
and MC,. recsgtors intermediate arfiniies. and the
melanocortia MC, recegter low affinities for the cors
MSH peztices. Thaese data chus clearty indicate thac diiar-
encss in core gezdde binding may alss qave 1 woie or e
high. intarmediate and {ow affinicies of e melanccsrdin
recageor succypes for the nateral MSH pegades. Howevar.
it was a very interesting observation that the melancconin
MC; and MC, recsptars show verv similar affinides o ail
the evaluated core pegticdes. and these data may thus
indicate that the C- and/or N-terminal parts of the nacurcl
MSH pegtidas are the sites responsible for the selecivides
of a-, B- and v-VMSH for the metanocortin MC; and MC,
recsorors.

That Me:* along with the His®, Phe’, Arg® and Trp® are
the most imporant amino acids for receptor binding in the
MSH peptice is supported by our present dau which show
that the addition of Met* to the linear NHAFRWG leads 0
a more than [00-{old higher affinity for the melanocorin
MC, receptor, and about 20-fold higher affinity for the
other subtypes. The importance of the Met* was shown in
early structure-acdvity studies (Eberle, 1988). as well as
by alanine scanning of the «-MSH pepdde (Sahm et al..
1594a.b).

The cyclic analogues- of the present study show lower
affinides for the melanocartdn receptor subtypes compared
to their linezr homologues. This may be due t@ constraint
in the cyclic peptides or that fres N- and /or C-termini are
important for the binding. [t is notble that the differences
in affinities berwesn the cyclic and linear peptides (dis-
played as relative rados in Table 1), are aot decreased as
the rings become larger. One mighe have anticipated that
an increase in the size of the ring would result in greater
flexibility and allow the peptide to tke a more optimal
binding conformation. However, cyclisation of the 7-
amino-acid-long core gepdde led to a relatively larger loss
of binding affinides than was observed for the 6- and
.S-Amino-acid-long peptides (Table 1). The ring closurz in
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the MNHAFRWG, is based on a peptde bond whick
connecs the Me:* w Gly'®. As can be observed in Taple |
the addidon of a Met* leads in the linear case w 2 drastc
increase in affinides. One plausibie expianation for the [ow
affinity of the cyclic MNHAFRWG, might therefore be
thar cyclisaden forcas the pegtide t an unfavourab
conformadon for Me:® interzcdons with the recegpiors.
Another very interssting observaton was that the cyclic 5-
and 3-amino-icid-long pepddes show virmally ideadeal
affinities for the respecive melanocortn receptor subcype.
Besides indicadag that Asn® dees aot have any imporant
role in the binding of the ligand (cf., aiso the results for 35-
and 6-aminc-acid-long linear peptides), this shows that the
decreasing ring size does not forcs the peptide into un-
favourable conformations for binding to the recegrors.
Nevertheless. stll further synthesis of MSH pegddes,
molesular modelling of recegtor swucure and mutaganasis
studies will be necsssarv to achieve fuil insight into the
mechanisms for the binding of pegtides to the diffarent
melanccorta recegtor subrvepes.
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¥ :
' _{:Dcpamnent of Pharmaceutical Pharmacology, Uppsala University, Uppsala, Sweden, *Department of Medicinal Chemistry and
" aboratory of Pharmacology, Iastitute of Organic Synthesis, Riga; Latvia

R 1 We synthesized a novel series of cyclic melanocyte stimulating hormone (MSH) analogues and tested
F their binding properties on cells transiently expressing the human melanocortin, (MC,), MC;, MC, and
MC; receptors.

2 We discovered that compounds with 26 membered rngs of [Cys*D-Nal',Cys''ja-MSH(4-11)
displayed specific MC, receptor selectivity. The preference order of the different MC receptor subtypes
for the novel [Cys*D-Nal’Cys''Ja-MSH(4—11) analogues are distinct from all other known MSH
analogues, particularly as they bind the MC, receptor with high and the MC, receptor with low relative
affinities. .

3 HS964 and HS014 have 12 and 17 fold MC./MC, receptor selectivity, respectively, which is much
higher than for the previously described cyclic lactam and [Cys®,Cys'®ja-MSH analogues SHU9119 and
HS9510.

- 4 HS964 is the first substance showing higher affinity for the MC; receptor than the MC, receptor.
5 HSO014, which was the most potent and selective MC, receptor ligand (K; 3.2 nM, which is ~ 300 fold
higher affinity than for 2-MSH), was also demonstrated to antagonize -MSH stimulation of cyclic AMP
in MC, receptor transfected cells.

6 We found that a compound with a 29 membered rng of [Cys®,Nle'%,D-Nal’,Cvs'Ja-MSH(3-11)
(HS010) bad the highest affinity for the MC; receptor.

7 This is the first study to describe ligands that are truly MC, selective and a ligand having a high
affinity for the MC; receptor. The novel compounds may be of use in clarifving the physiological roles of

the MC,, MC, and MC; receptors.

Keywords: Melanocortin (IMC) receptor subtypes; MSH (melanocyte stimulating hormone); cyclic MSH analogues; ligand

binding; cyclic AMP; HS964; HSO14

Introduction

The melanocortic peptides. ACTH (adrenocorticotropin) and
- MSH (melanocyte stimulating hormone), are primarily known
for their role in the regulation of adrenal steroid production
(Simpson & Waterman, 1988), and skin pigmentation (Eberle,
1988). The MSH and ACTH peptides also induce a varety of
central and peripheral effects. The melanocortins have, for
example, been shown to affect memory, behaviour, inflamma-
tion, pyretic control, pain perception, blood pressure, nerve
growth and regeneration, and to influence events surrounding
parturition (Eberle, 1988; O’'Donahue & Dorsa. 1982).
Molecular cloning of five melanocortin receptor subtypes
(MC,-MC;) (Chhajlani & Wikberg, 1992; Mountjoy et af.,
1992; Gantz er al, 1993ab; Chhajlani et al, 1993) has
* provided tools for systematic studies of the molecular
mechanisms underlying the above mentioned effects. The
natural hormones are not known to be subtype selective,
except that 2-MSH is selective for the MC, receptor and
ACTH is selective for the MC, receptor. The MC; receptor is
distinguishable from the other MC receptor subtypes in that it
: does not bind to the MSH peptides. The MC, receptor has a
slight preference for the y-MSH, and the MC, receptor for §-
MSH. Still these natural hormones are not selective for these
MC receptor subtypes as they both have highest affinity for the

4
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MC, receptor (Schiéth er al., 1995; 1996a.b; Siegrist & Eberle,
1993).

The physiological roles of the newly discovered receptors are
not fully known but it has been speculated that they might
participate in eliciting the various peripheral and central effects
of melanocortins. The MC; receptor is mainly expressed in the
brain, but it is also present in the periphery where it has been
found in the placenta, gut tissues and the human heart (Gantz
et al., 1993a; Chhajlani, 1996). The MC, receptor is found only
in the cemtral nervous system, where it is widely distributed,
including in the cortex, thalamus, hypothalamus, brain stem
and spinal cord (Gantz er af., 1993b; Mountjoy et al., 19%94).
Recent findings with knock-out techniques (Huszar et al., 1997)
and i.c.v. injections of the cyclic MSH analogues SHUS119 and
MTII (Fan er al., 1997) relate the MC, receptor to feeding
behaviour and weight homeostasis. The MCjs receptor is also
found in the brain but, more importantly, it has a wide
peripheral distribution. although its physiological role is sull
much less well defined (Labbé er al., 1994; Barrett er al., 1994).

The demand for substances that discriminate between the
newly discovered MC receptors (s high as such compounds
would help to clarify the physiological roles of these receptors:
MC, receptor-selective substances might also have a potential.
in the treatment of eating disorders (e.g. overweight, anorexia
and bulimia) where good pbarmacological remedies are
presently not available.

In this study, we designed and synthesized a novel series of
cyclic MSH analogues and tested these on cells expressing the
cloned human MC,, MC;, MC, and MC; receptors.
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Methods

Peptide synthesis

The peptides tested in this study (except NDP-MSH) were
synthesized by use of the solid phase approach and purified by
high performance liquid chromatography (h.p.l.c). The correct
molecular weights of the peptides were confirmed by mass
spectrometry. The peptide sequences were assembled with a
Pioneer peptide synthesis system (PerSeptive Biosystems).
Fmoc (9-fluorenylmethoxycarbonyl)-amino acid derivatives
were used in coupling steps. When OPfp (pentafluorophenyl)
esters were used the synthesis cycle was as follows: (a) the
Fmoc group was removed by 20% piperidine in DMF (N,N-
dimethylformamide) (5 min); (b) to form a new peptide bound
side chain protected Fmoc-amino acid OPfp ester (4 eq.) and
HOAt (1-hydroxy-7-azabenzotriazole) (4 eq.) were dissolved in
DMF and circulated through the reaction column for 30—
60 min; (c) to cap residual amino groups the support was
treated with 0.3 M Ac,O (acetic anhydride) in DMF for 5 min.
If free acids were used only step (b) was different: side chain
protected Fmoc-amino acid (4 eq.), HATU (O-[7-azabenzo-
triazol-1-yl]-1,1,3,3-tetramethyluronium hexafluorophosphate)
(4 eq.) and DIEA (N,N-diisopropylethylamine) (4 eq.) were
applied. For the deprotection a reagent mixture (TFA
(trifiuoroacetic  acid)-phenol-anisole-1,2-ethanedithiol-water,
92:2:2:2:2) was used for 2.5 h. The S-S hond was formed
by dissolving the product in a minimal amount of DMSO
(dimethylsulphoxide) and heating at 65°C under argon for
36 h. The raw peptides were purified by h.p.l.c. (10 x 250 mm
Vydac RP C18, 90A 201HS1010 column eluted with 20-30%
MeCN (acetonitrile) in water+0.1% TFA and detection at
240 nm).

Expression of receptor clones

The human MC, and human MC; receptor (Chhajlani &
Wikberg, 1992; Chhajlani et al., 1993) were cloned into the
expression vector pRe/CMV (InVitrogen). The human MC;
and human MC, receptor DNAs, cloned into the expression
vector pCMV/neo, were gifts from Dr Ira Gantz (Gantz et al.,
1993a,b). For receptor expression, COS-1 (CV-1 Origin, SV40)
cells were grown in Dulbecco’s modified Eagle’s medium with
10% foetal calf serum. Eight percent confluent cultures were
transfected on 100 mm  cell culture dishes with the DNA
(approximately 1 ug DNA for every 1 x 10° cells) mixed with
liposomes in serum free medium (for details see Schiéth et al.,
1996b). After transfection, the serum-free medium was
replaced with growth medium and the cells were cultivated
for about 48 h. Cells were then scraped off, centrifuged and
used for radioligand binding.

Binding studies

The transfected cells were washed with binding buffer (see
Schiéth et al., 1995) and distributed into 96 well plates. The
cells were then incubated for 2 h at 37°C (Siegrist et al., 1989)
with 0.05 m! binding buffer in each well, containing a constant
concentration of ['**[]-NDP-MSH and appropriate concentra-
tions of an unlabelled ligand. After incubation the cells were
washed with 0.2 ml of ice<cold binding buffer and detached
from the plates with 0.2 ml 0.1 N NaOH. Radioactivity was
counted (Wallac, Wizard automatic gamma counter) and data
analysed with a software package for radio ligand binding
analyses (Wan System, Umed, Sweden). Data were analysed by
fitting it to formulae derived from the law of mass-action by

the method generally referred to as computer modelling. The
binding assays were performed in duplicate wells and repeated
three times. Untransfected COS-1 cells did not show any
specific binding to ['**I]-NDP-MSH. The non specific binding
was less than 5% of the total binding at 2 nM ['#]]-NDP-MSH
when determined in presence of 3 uM unlabelled NDP-MSH.

Cyclic AMP assay

The transfected cells and the melanoma B16 cells (cultivated in
the same media as the COS cells (see above)) were harvested
and incubated for 30 min at 37°C with 0.05 ml serum free
Dulbecco’s modified Eagle’s medium in each tube, containing
0.5mM IBMX (isobutylmethylxantine) and appropriate
concentrations of a-MSH or HS014. After incubation with
the indicated drugs, cyclic AMP (adenosine 3':5-cyclic
monophosphate) was extracted with perchloric acid at final
concentration 0.4 M. After  centrifugation. the protein free
supernatants were neutralized with 3 M KOH/1 M Tris (tris-
(hydroxymethyl)aminomethane). Then 0.05 ml of the neutra-
lized cyclic AMP extract or a cyclic AMP standard (dissolved
in distilled water) was added to a 96 well microtitre plate. The
content of cyclic AMP was then estimated essentially
according to Nordstedt & Fredholm (1990), by adding to
each well [PH]<yclic AMP (0.14 pmol, approximately
11,000 c.p.m., specific activity 54 Ci mmol~!, Amersham) and
bovine adrenal binding protein and incubating at 4°C for
150 min. Standards containing unlabelled cyclic AMP were
also assayed concomitantly with the samples. The incubates
were thereafter harvested by filtration on Whatman GF/B
filters by a semiautomatic Brandel cell harvester. Each filter
was nnsed with 3 ml 50 mM Tris/HCI pH 7.4. The filters were
punched out and put into scinullation vials with scintillation
fluid and counted. The cyclic AMP assays were performed in
duplicate wells and repeated three times.

Chemicals

[Nle*,p-Phe’la-MSH (NDP-MSH) (Sawyer et al, 1980)
(Bachem, Switzerland) was radio iodinated by the chloramine
T method and purified by h.p.l.c. 8-Cyclohexyl-D-alanine (D-
Cha), p-benzoyl-D-phenylalanine (D-Bpa) and f-(2-naphthyl)-
D-alanine (D-Nal) were purchased from Bachem, Switzerland.
All other amino acid derivatives and chemicals for peptide
synthesis (unless specified otherwise) were purchased from
PerSeptive Biosystems (Kebo, Sweden). All medium and serum
for cell cultivation were purchased from Gibco-BRL (Life
Technologies, Sweden). All other chemicals were purchased
from Sigma-Aldrich (Sweden), unless specified otherwise.

Results

We designed and synthesized a new series of cyclic MSH
analogues which have a disulphide bridge between Cys
residues in position 4 and 11. This ring includes an extra Gly
in position 10 as compared to the earlier known cyclic
[Cys*,Cys'°la-MSH analogues. This ring includes 8 amino
acids or totally 26 atom members when the slide chains of Cys
are accounted. The structure of the novel substances are
aligned with =-MSH, NDP-MSH, [Cys*,Cys!%la-MSH(1 - 13),
HS9510, MTII and SHU9119 in Table 1. The human DNAs
for the MC,, MC;, MC, and MC; receptors were transiently
and independently expressed in COS-1 cells for competitive
receptor binding with ['**I]-NDP-MSH as radioligand. The
expression levels of the different receptor subtypes were similar
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" ot ot stown). The K values for the differenc peprides
rouitiny from clculations of the compenuon curves of
pading with ('JI)-NDP-MSH are summarized in Table 2
.f«mmpnnson. we also included in Table 2 the X values for
SMSH. NDP-MSH, (Cys ¢ p-Phe’, Cysla-MSH(1 - 13),
410, MT1I and SHUS119, the values of which we recently
nsn-:ncd (SchiGth er al, 1997a.b) by use of the same
.P"'lmd as in the present study. Competition curves for HS363,
. HS007, HSO!10, HSG12 and HS0!4 cbtained on czils
'?&w@ng the human MC,, MC,, MC, and MC, receptors are

in Figure 2

HS963, HS964, HS00S and HS006 are all [Cys*.X".Cys''|a-
){S‘H’(4-—“) analogues aad differ only in posidon 7. HS564,
‘ahich conttins D-Nal’ (842-aaphthyl)-D-alagine) (Figure 1),
‘eshibited the highest affinity for the MC, receptor and
showed 12, 63 and 7 fold selectvity compared to the MC,,
oCy and MC, receptors, respecuvely. Moreover, HS964
"showed 2 preferential order MC,>MCs>MC;,>MC,, which
s a preference order ‘mot shared by any other imown
melanocortc peptde. HS963, which contains D-Phe’, proved
pot to be MC, receptor-selective, It showed 2 44 fold lower
_ affiaity for the MC, receptor thag HS964 and also had much
lower affinities for the MC; and the MC, receptors. but
higher affinity for the MC, recsptor. HSC03, which contains

=

1.

X
HNZ NH,

Figure 1 SLNC’UH: of the MC, recspeor-selecive analogue: HS3<
(cvelic {Cvs'.p-Nal’ Cys' ja-MSHI4-11)).

Table 1 Alignment of z2-MSH. NDP-MSH, cvclic (Cys'.Cyvs'a-MSH({ - [3), HSI510, MTII and SHUILIY o the new nalogues

evaluated in this study

Posicion

Peptice { 2 3 4 b) ] g 9 10 11 1z 13 14 13
2-MSH Ser  Tye Ser Met Glu His Arg Tz Gly Lys Pro Val

NDP-MSH Ser Tyr Ser Nle Giu His D-Phe Arg T Gy Lvs Pro  Val

-HS%510 Cvy Glu His D-Nal Arg Trp Cog

MTIUIL Nel Adgp  His D-Phe Arg Tep  Lis

SHU9%119 Nle sz His D-Nal Arg Tmp  Lvs

HS964 Cu Glu  His D-Nal Arg Tre  Gly Cus

HS963 Ly Glu His D-Phe Arg T Gly o

HS005 Cv¢ Gln His DCha Arg Trp Gly s

HS006 Cs Gla His D-8pa Arg Trp Giy Cos

HsQ07 Cvi Arg His D-Nal Arg Trp Gly Cus

HS009 € Gln His DNal Arg Tm Gly Cvs

Hso!! Cs Gln Ala D-Nal Arg Trp Asp (i

Hs010 Cys Ne Glu His D-Nal Arg Trp Glv Cog

HS012 Nee (v Gl His D-Nal Arg Trp Gly vt

HS014 €y Glu His D-Nal Arg Trp Gly (Cvs Pro Pro Lys Asp

All pepides have an acetyl-group on the N-terminus and an amide group on the C-terminus. The amino acid residues which make up
tie dng closure in the cyclic compounds arc shown undeclined in italics.

Table 2 -X; values of MSH analogues obtained from computer analysis of competition curves on human MC,, MC;, MC, 3ad MC,

receptor transfected COS cells

Ligand MHC, MC, MC, MCy
a-MSH* 0.230+0.089 31539 900 +97 7160 =360
NDP-MSH* 0.109+0.010 0.469+0.038 293+0.34 5.50 £0.11
MTII® 0.686+0.109 EEN R 6.60+0.82 46,1 %79
SHU9119* 0.714+0.161 1.20+0.30 0.360=0.05% 1.12+0.31
HS9510= 148+ 18 6+47 37.0-5.2 5150 = 550
HS964 1460 + +0 281 +£40 23.2%w44 164 =27
HS963 468 +109 3120610 1780 +220 5040 =700
© HS003 10000 + 4700 5880 = {230 1000 + 250 T770 = 1240
HS006 6490 = 1940 &R0 +1110 2760 =130 340 =1210
HS007 200+ 72 8.14+13.53 10.0+4.1 42.7+9.3
HS009 69200 + 36060 68300 + 13000 5170920 91300 = 24600
HSON 2030 + {040 17.1£29 401 +1.48 405+ 1S
HS010 170+ 38 48.5+15.3 179+ 58 253 +91
HSO(2 396170 140 =22 332463 120 =25
HSO(4 103 +62 $4.4+37.6 3.16+1.16 6§94 =237

Data are preseated as means+s.e.meaa (n=3). *Data from Schidch ¢t al. (1997).

by courtesy of the publisher.



78 H.B. Schidth et al

Navel selective MC, receptar antagonist

p-Cha’ (f-cyclohexyl-D-alanine). had much lower affinity
than HS964 for all the MC receptors. Sull, HS005 is MC,
receptor-selective, as it had about 6 fold higher affinity for
the MC, receptor than the MC,; receptor. HS006, which
contains D-Bpa’ (p-benzoyl-D-phenylalanine), also had the
highest relative affinity for the MC, receptor, although it
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& 20-
o b - 1} 1 » ] 1 [
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L) ] |3
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showed much lower all over affinities than HS964 for all the
MC receptors. HS006 showed about 2 fold selectivity over
the MC; receptor, although it had 120 fold lower affinity for
the MC, receptor compared to HS964.

Three of the peptides (HS007, HS009 and HSOl1) are
based on HS964, but differ in positions 5, 6 and 10. HS007,

—
o
o
;] o

[o]
Q
i

125).NDP-MSH bound (%)

4 0 1 2 3 4 5 6

125 NDP-MSH bound (%)

4 0 1 2 3 4 5

125 _NDP-MSH bound (%)

| i ] i =

3 2 -1 0 t 2 3 4 5
HSQ14 log (nM)

Figure 2 Competition curves for (a) HS963. (b) HS964, (c) HS007. (d) HSO10, () HS012 and (f) HS014 obtained on COS-1 cells
transfected with the MC,, MC;. MC, or MC; receptor clones, obtained by using a fixed concentration of ['**I-NDP-MSH and
varying concentrations of the unlabelled competing peptide. Competing peptides used are indicated on abscissa scale. Each

experiment was performed in duplicate and repeated three times.
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e
B _,.ch the acidic hydrophilic Glu? is replaced by the basic
1o hilic Arg®, had about 2 fold higher affinity for the
F C. receptor than HS964. Interesungly, HS007 had -a 35
higher affinity for the MC; receptor than HS364. Thus,
b had similar or slightly higher affinity for the MC;
g;r than the MC, receptor. HS(Q9, where the non
;P"" Gly' is replaced with the acidic hydrophilic Asp',
“Bad 13 fold selectivity for the MC, receptor when compared
%o the MC, receptor, but it showed 220 fold lower affmity
:j“-u:c MC, receptor than HS964, as well as much lower
_affinity for the other MC receptor subtypes. In HSOlI, the
.basic hydrophilic His® is replaced by less polar and slightly
Zpydrophobic Ala®. HSO!1 had a similar affinity profile to
Zthat of HS964, although it had 16 and 6 fold higher affinity
Zfor the MC; and MC, receptors, respectively, and slightly
aqu affinities for the MC, and MC; receptors compared tq
—H3964.
Z  Furtker expansion of the ring size was artempted in HS010
-(Cys’\Nle*,p-Nal’,Cys''Ja-MSH(3 - 11)) where Nle* is added
_into the ring. This lowered the affinity for the MC, receptor but
increased it for the MC; receptor. HS010 had indeed highest
- affinity for the MC; receptor when compared to its affiniry for
the other evaluated MC receptors; HS010 showed 4 fold MC;/
MC, 4 fold MC;MC, and 5 fold MC;MC; selectivity.
respectively. :

m -MSH
e HS014
a a-MSH+HS014

200 +

CcAMP level (% of bas
o
(o)
]

100+
50+
(4]

DL D L

] |}
Basal -1.5 05 0.5 15 25 35 45
. log (nM)

~

20 ] v T i 1 [ T I8 i i
Basal0 05 1 15 2 25 3 35 4 45 5
log (nM)

Two peptides were made, which have either C- or N-
terminal extensions to the core cyclic structure of HS964.
HS012 has Nle* on the N-terminal end and HS014 has a 4
amino acid C-terminus which is identical to that of 3-MSH.
HS012 bad very similar affinity profile to HS964 but slightly
lower MC, receptor selectivity. HS014 had about 7 fold higher
affinity for the MC, receptor, 14 fold higher affinity for the
MC, receptor and 5 fold higher affiniry for the MC; receptor
compared to HS964, but similar affinity for the MCj recaptor.
It is also the most MC, receptor-selective of all the evaluated
compounds. its selectivity for the MC, receptor being 34, [7
and 220 fold higher than that for the MC,, MC; and MC;
receptors, respectively.

We tested the cyclic AMP response of x-MSH and HS014 in
COS-1 cells expressing the human MC, MC;, MC, and MC;
receptors (see Figure 3) and in murine B16 melanoma cells (see
Figure 4). As can be seen from the figures z-MSH stimulated
accumuladon of cyclic AMP in all the cell types. For the MC,
and MC, receptor expressing cells HS014, in concentrations up
to 100 uM, did not affect the cyclic AMP levels. Instead 1 um
HSOl4 was found to block completely the cyclic AMP
increasing action of z-MSH (Figure 3). In the murne Bl6
melanoma cells (presumed MC, receptor effect) (Figuré 1), and
in the COS cells transiently expressing MC, and MC; receprors
(Figure 3) the addition of HSO14 caused a dose-dependent

OI(IFII T

Basal 0.5 0.5 1.5
log (nM)

25 35 45

20 L T } T ] v T 0 RS
Basal0 0.5 1 15 2 25 3 35 4 45 5§
log (nM)

Figure 3 Generation of cyclic AMP in response to 1-MSH. HS014 or 1-MSH ~ 1 um HSO14 for the () MC,. (b) MC;, (c) MC,
and (d) MCy receptors in transfected COS-1 cells. Each point represents the mean and vertical lines show s.e.meun (n=6).
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Figore 4 Generation of cyclic AMP in response to z-MSH and
HSO14 for murine Bl6 melanoma cells. Each point represents the
mean and vertical lines show s.e.mean (n=26).

increase in the cvclic AMP levels. However, the increase
induced by HSO14 did not. in these cases, reach the same
maximum levels as did z-MSH. Moreover, HSQ14 appeared
also to be less potent than 2-MSH in increasing cyclic AMP via
the MC, and MC; receptors.

Discussion

A large amount of data have for a long time been accumulated
about the structure-activity relationships of different MSH
analogues from tests on the biological responses of frog and
lizard melanophores. and on melanoma cells, systems which
are presumed to involve the MC, receptor. The most potent
linear MSH analogue obtained from these earlier studies was
the »-MSH analogue NDP-MSH (Sawyer et al., 1980). Later,
it was shown that cyclic [Cys*,Cys'®Jz-MSH analogues are also
very potent and may be more long acting and more stable
against enzymatic degradation than the linear MSH analogues
(Sawyer et al., 1982; Knittel et al., 1983). Further development
led to the invention of cyclic lactam analogues, like MTII and
later SHU9119 (Al-Obeidi er al., 1989; Hruby et al., 1995). The
lactam analogues differ from [Cys*,Cys'?Jz-MSH as their ring
structure is made of a lactam bridge between the Asp and Lys
side chains instead of a disulphide bridge berween two Cys
residues. The ring of both the [Cys*Cys'%a-MSH and the
lactams have 23 members. NDP-MSH, cyclic [Cys*,Cys'%a-
MSH analogues and MTII, which are all very potent in
melanophore assays, were developed before the cloning and
identification of the MC receptor subtypes. In a more recent
study, we found that cyclic [Cys*,Cys'®a-MSH(4 - 10) analo-
gues favour binding to the MC, receptor (SchiGth et af.,
1997a). Moreover, the replacement of D-Phe’ by D-Nal’ in
[Cys*.Cys'%la-MSH(4-10), resulted in a novel compound,
HS9510, with increased selectivity for the MC, receptor. In
an earlier study the cyclic lactam analogue SHU9119, which
also contains D-Nal’, was found to show some selectivity for
the MC, receptor (Hruby er al., 1995), but in our assays its
selectivity proved to be only 2 fold over the MC; receptor
(Schidth er af.. 1997a).

In the present study. we discovered that increasing the ring
size of [Cys*,D-Nal”.Cys‘?Jz-MSH(4 - 10) by adding one aming
acid (Gly'®) greatly favoured selectivity for the MC, receptor,
Gly'? is not expected to play an important role in the binding
of MSH peptdes. at least not for the MC, and MC; receptors
(Sahm et al., 1994a.b). The 26 membered cyclic [Cys*D-
Nal’,Cys'")2-MSH(4 - 11) analogue (HS964) had more than 12
fold MCMC; selectivity, and more than 60 foild MC/MC,
selectivity. Our results show that both the nng size and the p-
Nal’ is crucial to obtain these selective properties. Replace-
ment of the bulky hydrophobic and aromatic D-Nal” with p-
Phe’ or with the bulky hydrophobic D-Cha’ or with the bulky
aromatic and hydrophobic D-Bpa™ abolished the selective
binding properties and lowered the affinities. in particular for
the MC, receptor.

Glu® as well as Gly'® is believed not to be of major
importance for the binding of MSH pepudes to the MC
receptors (Sahm er al., 1994a.b). These residues might serve as
coupling sites for tails which may increase the selectivity or the
affinity of synthetic pepudes. Our results indicate that the
acidic and polar Asp'® does not favour the binding of the 26
membered cyclic peptide for all the receptors. without affecting
the selectivity betwesn the subtvpes. On the other hand, the
basic hvdrophilic Arg® did not greatly affect the affinities
except that it favoured the binding to the MC; receptor. This
observation could be useful in the design of truly MC,
receptor-selective substances.

His® together with Phe™-Arg®-Trp® make up the central core
binding sequence of the MSH peptides. However, His® is
probably less important than Phe’, Arg® and Trp® for the
binding of z-MSH. Interestingly, we have hers observed that a
replacement of His® bv Ala® in a 26-membered rng resulted in
higher affinity for the MC; and MC, receptors. but not for the
MC, and MC; receptors. [t is also interesting to note that we
have previously shown that His®/Ala® exchange in the linear
ACTH(4-10) peptide resulted in great loss of affinity for the
MC, receptor. but not the other subtypes (Schidth er al..
1997b), possibly indicating that the present cyclic peptide binds
differently to the MC, receptor compared to the linear
peptides. One of the major characteristics of the cyclic
[Cys*.D-Nal’,Cys'']x-MSH(4 - 1 1) peptides is the relatively low
affinity for the MC, receptor compared to the natural linear
MSH peptides. Taken together, this might indicate that the
binding of His® to the MC, receptor is already disrupted in the
26 membered cyclic peptides.

Interestingly, a further increase of the cycle to the 29
member ring in HS010 resulted in MC; receptor-selective
properties. It is tempting to speculate that the 23 member ring
is optimal for the MC, recsptor, where the MC, and the MC,
receptors may favour 26 and 29 membered rings. respectively.

An N-terminal addition of Nle* (HS012) did not influence
the binding affinities much, which may indicate that the Nle’
position of the present cyclic series cannot mimic the binding
interaction of the relatively important Met*(Nle®) in the linear
2-MSH. However, C-terminal addition of the B-MSH
sequence Pro'*-Pro"-Lys'*-Asp'® did increase the affinity for
all the receptors. The affinity of HS014 for the MC, receptor
is close to that of NDP-MSH and 300 fold higher:than that
of 2-MSH. -

The most selective and potent compound for the MC,
receptor found in the present study, HS014, was also shown to
antagonize x-MSH stimulation tin MC, and MC, receptor-
transfected cells. It is conceivable therefore that HSOI4 is an
MC; and MC, receptor antagonist. However, for the MC, and
MC; receptors, HSO14 was found to increase intracetlular
levels of cvclic AMP. but without reaching maxmum levels.
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- aist it the MC, and MC; reczptors.

" he MC; and the MC, recsptors are provably those M‘C
v,‘},gptors which are most abundantly expressed in the brain
; i-Rehfuss er al., 1993; Chhajlani. 1996; Alvaro et al.,
1996). We and others have previously shown that 7-MSH has a
‘goch higher affinity for the MC; recspror than for the MC,
eeptor. The MC, receptor has in geaeral low affinity for the
gatural MSH pepudes and gone of the pepudes have a higher
- offiity for the MC, recspror than for the MC, rec=ptor. Our
acw peptides add a gew dimeasion to the possibilites to
Sscriminate betwesa the MC; and MG, receptors; the most
oseful substance probably being HSOI4 as it was the most
«ective and poteat compound for the MC, reczptor. The MC;
mcentor mRNA has besn identified in a number of peripheral
"gssues and more recently also in adipocytes (Boston & Cone,
1996). The MC, recepror is also considered to have primarily
ipheral distribution, despite evidencs of some minor
expression in both human and rodent brain (Xia er al., 19953;
Rajora er al., 1997). The natural MSH peptides dave the same
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Abstract

We synthesised nine analogues of [Nie*.0-Phe”]Je-MSH (melanocite- sumulating hermone) “NDP) wherz (1) the N- or C-terminals

were de ered or axchanged by those of [3- or »-MSH 1nd (2) the core resicues His®. Phe”. Arg™ and Trp™ were individuaily substituced 9y
. B-(2-naphthyl)-p-alanine (p-Nal”), Lys® and His”, respectively. We tested these anulogues in ligand binding 1ssavs with cells

mnsiently expressing the human melanocortin MC,. MC;, MC| and MC; reczptors. The results show that the N-terminal segment
(Ser'-Tyr=-Ser?) of NDP was not imporant for binding to mc:!:mocortin MC, and MC, recsprors whersas it affecss binding to
melanocortin MC; and MC; receptors. The C-terminal segment (Gly '"-Lvs''-Pro'*-Val'") of NDP was clearly important for binding 0
all the four melanocortin receptor subtypes. The data indicate that the low affinity of y-MSH or the melanocortin MC | recaptor is due 0
its C-terminal (Asp'-Arg''-Phe'*). Substitution of 0-Phe’ by D-Nal” increased the affinity for the melanccortin MC | recpror but not for
the other melanocortin recaptor subtypes. The other core residue substitutions lowered the affinity in a differentiated manner for 2ach of
the melanocortin receptors. These results are valuable for the molecular modelling and design of selective drugs for the melanocortin

receptors. & [9938 Eisevier Science B.V.

Keywords: Melanocortin recepror subtypes: MSH (melanocyte-sumulating hormone): Ligand biading: C-terminal: N-terminal: Core residues

1. Introduction

Molecular cloning has led to the identification of a
family of five receptors for the melanocortic peptides
(Chhajlani .et al., 1993; Chhajlani and Wikberg, 1992:
Gantz et al., 1993a.b; Mountjoy et al., 1992). The first
member of this family was the well-characterised
melanocortin - MC, receptor which is expressed in
melanocytes and melanoma cells and binds a-MSH
(melanocyte-stimulating hormone) with high affinity. The
melanocortin MC, receptor plays an important role in skin
and fur pigmentation in a variety of vertebrates (Cone et
al., 1996). The melanocortin MC, receptor (i.c., the ACTH

° Corresponding author. Department of Pharmaceutical Pharmacology.
Biomedical Center. Box 391, 751 24 Uppsala. Sweden. Tel: +46-471-
4160 fax: +46-18-359718: e-mail: helgis@bmc.uu.se.
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0014-2999 /98 /S19.00 & 1998 Elsevier Science B.V. All rights reserved.
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(adrenocorticotropin) receptor) has a well-defined function
in the regulation of steroid production in the adrenal gland.
Much less is known about the physiological roles of the
three newly discovered melanocortin (MC) receprors
(melanocortin MC,, MC,. and MC;. The melanocortin
MC; receptor is found in the brain and in the placenta. gut
tissues and the heart (Gantz et al.. 1993a: Chhajlani, 1996).
The melanocortin MC, receptor is found only in the brain.
where it is distributed in several areas (Mountjoy et al.,
1994). The melanocortin MC, receptor has recently been
found 1o affect feeding in rodents and it might be impor-
tant for weight homeostasis (Huszar et al.. 1997; Fan et al.,
1997). The melanocortin MC; receptor. which is less well
characterised. is primarily located in various peripheral
tissues but has also been found in the brain (Labbé et al..
1994; Fathi et al.. 1993).

The melanocortin MC, receptor binds ACTH with high
affinity but not the MSH peptides (Schidth et al.. 1996b).
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The natural melanccortins (a-. . »MSH, ACTH) are
bound 0 the other melanccortn receptors with a specific
and individual affinity profile each, but sull they ail are
bound with highest affinity by the melanocortin MC,
receptor, with intermediate affinity by the melanccortn
MC; recepor and lower affinity by the melanocortin MC,
and MC; receptors. The narural MSH-peptides are thus
selective only for the melanccortin MC, recepror, whereas
ACTH is selective for the melanocorun MC, receptor. The
newly described MSH analogue SHU9119
(cyclic{Nle*,Asp?®, B-(2-naphthyl)-0-alanine (p-
Nal").Lys'"®]a-MSH«(4—-10)) (Hruby et al., 1995) has ap-
proximately 2-fold higher selectivity for the yrelanocortin
MC, receptor than for other melanocortin receptors
(Schidth et al.. 1997b), and some ACTH-(4-10) analogues
have been found to display cerain selectivity for the
melanocortin MC, receptor (Adan et al., 1994b).

There is linle information available about how the MSH
peptides bind to the different melanccortin MC receptor
subtypes. This knowledge is essential for the design and
synthesis of highly selective and potent ligands for the
melanccortin MC;, MC,, and MC; receptors. The aim of
the present study was to synthesise MSH peptides with
different residues in the core and with different C- and
N-terminal segments. using the high affinities ligand
[NTe*.p-Phe’ |a-MSH (NDP) as a model. and to investigate
the subtype specific binding of these substances to the
human melanocortin MC |, MC;, MC;, and MC; receptors
in order o provide information for molecular modelling
and drug design.

2. Materials and methods
2.1. Chemicals

NDP (Sawyer et al.. 1980) was purchased from Bachem,
Switzerland. NDP was radio-iodinated by the chioramine T
method and purified by HPLC (high performance liquid
chromatography). p-Nal was purchased from Bachem.
Switzerland. All other amino acid derivatives were pur-
chased from PerSeptive, USA.

2.2. Peptide synthesis

The peptides tested in this study (except NDP) were
synthesised in our laboratory by using the solid phase
approach and then purified by HPLC. The correct molecu-
lar weights of the peptides were confirmed by mass spec-
rometry. The peptide sequences were assembled by using
the Pioneer (PerSeptive) peptide synthesis system.
Fmoc(9-fluorenylmethoxycarbonyl)-amino acid deriva-
tives were used in coupling steps. When OPfp (pentafluo-
rophenyl) esters were used, the synthesis cycle was as
follows: (a) the Fmoc group was removed by 20% piperi-
dine in DMF (N, N-dimethylformamide) (5 min); (b) to

form a new peptide bound side chain-protected Fmoc-
amino acid OP%p ester (4 eg.) and HOAt (1-hydroxy-7-
azabenzotriazole) (4 eq.) were dissolved in DMF and
circulated through the column for 30-60 min: (c) to cap
residual amino groups the support was treated with 0.3 M
Ac.O (acetic anhydride) in DMF for 5 min. If free acids
were used. then in step (b) side chain-protected Fmoc-
amino acid (4 eq.). HATU (O-[7-azabenzowtazol-I-
yl]1.1.3.3-tezramethyluronijum hexaflucrophosphate) (4 eg.)
and DIEA (.V,.V-diisopropylethylamine} (4 eq.) were ap-
plied. For deprotection a reagent mixtwre (triflucroacstic

2.5 h) was used. The raw peptides formed were purified by
HPLC (10 mm X 250 mm column. Vydac RP C18. 90A.
201HS1010. eluent—20-35% MeCN (ac=tonitrile} in wa-
ter + 0.1%% wifluorcacstic acid. detection at 240 am).

2.3. Expression of receptor clones

The human melanccortin MC, and human melanccorin
MC; receptors (Chhajlani and Wikberg. 1992: Chnajlani =t
al.. 1993) were cloned into the expression vector
pRc/CMV (In Virrogen). The human melanccortin MC,
and human melanccorun MC. recaptors. cloned into the
expression vector pCMV /neo. were 2 zitt from Dr. Ira
Gantz (Gantz et al.. 1993ab). For rezeptor expression
COS-t (CV-I Orngin. §V20) cells were grown in Dul-
becco’s modiried Eagle's medium with 10% foetal calf
serum. Eightv-percant contluent cultures were transfected
with the DNA mixed with liposomes in serum-fres medium
(for details se= Schitth at al.. 1996b). After transfecticn.
the serum-fres medium was replaced by serum-containing
medium and the cells were cultivated for about 48 h. Czlls
were then scraped off. centrifuged. and used for radioli-
gand binding. )

2.4. Binding studies

The transfected cells were washed with binding buffer
(see Schidth et al.. 1993) and distributed into 96-well
non-culture-coated plates. which were centrifuged and the
binding buffer was removed. The cells were then immedi-
ately incubated in the well plates for 2 h at 37°C with 0.05
m!l binding buffer in each well containing a constant
concentration of ['~ IJNDP and appropriate concentrations
of the competing unlabelled ligand. After incubation the
cells were washed with 0.2 ml of ice-cold binding buffer
and detached from the plates with 0.2 ml of 0.1 N NaOH.
Radioactivity was counted (Wallac. Wizard automatic
gamma counter) and data were analysed with a software
package suitable for radioligand binding data analysis (Wan
System, Ume3. Sweden). Data were analysed by fitting to
formulas derived from the law of mass acticn by the
method generally referred to as computer medelling. The
K, values for ['**IINDP for the melanocortin receptors
were taken from Schidth et al. (1993, 1996a). The binding
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Pepude \ ! 2 3 4 5 6 7 3 9 10 1 12 13 [BY 15
OOtition nr.
n-vSH Tyr Vi Mt Gly His Phe A Tp A A Phe
B-MSH Pro Tyr Arg  Ma Glu 11128 e Ag  Trp Giv Ser Pro Pm Lys Asp
@-MSH Ser Tyr Ser Mt Glu His e Az To Gly Lys Pro Vai
NDP Ser Tyr Ser Nle Glu Hh D-PMe A Tip Glv Lys Pro val
NDP(1-9) Ser Tyr Ser Nie Glu Hy D-Pw Az Trp
NDP(+-13) Ne Cu Hs DPe Ag Tp Glv Lys  Po  Va
C-3-NOP Ser Tyr Scr Nie Gla Hs OPe A Tp Giy Ser Pro Pro Lys  Asp
CHNDP S Tor Sr Ne Gu Hs DPe Az T Ap Ag Phe
N-y»-NDP Tyr Val Mct Cly tis O-Phe A Trp Gly Lys Pro Val
[Clud)-NDP Ser Tyr Ser Ne Gu Gu O Ax T Gly  lys Pro Vai
(O-Na7]-NDP  Ser Tyr Ser Ne Glu His DNad Ay Tp Giv Lys Pro val
[Lys3]-NDP Ser Ty Ser Nle Glu Hs DPMe Lyv Tip Giv Lys fro . Va
[His?)-NDP Ser Tyr Ser_  Nie _Gu His O-Phe Ay His Giy Lys Pro va

Fig. 1. Alignment of peptides used in the present study with namral MSH peptide. All peptides used in the present study had an aceryl-group 1 the
N-terminal, except N-y=NDP (which is similar to that of natural »MSH). All peptides used in the present study also had an amide group om the
C-terminal, except for C-B-NDP which was fres acid. The N-terminal H-Ala-Glu-Lys-Lys-Asp-Glu-Gly- sequence of 3-MSH has been omitted from the

figure.

assays were performed in duplicate wells and repeared
three times. Unrtransfected COS-1 cells did not show any
specific binding for (' IINDP.

3. Results
We tested NDP and the nine new NDP analogues on
intact COS-1 cells that express the human melanocortin

MC,. MC,, MC,, and MC; receplors by competitive
receptor binding assays using ['*"IINDP as radioligand.

Table 1

K, values (mean = S.E.M). obtained from competition curves. for MSH analogues at human melanocortin MC,.

transfected in COS-1 cells together with refative affinity ratios

The structure of the subsiances are aligned with the struc-
tures of a-MSH. B-MSH. y-MSH and NDP in Fig. 1. The
resulting K| values calculated from competition tests of
these compounds are summarised in Table . The competi-
tion curves for NDP. NDP(1-9). NDP(+-13). [Giu®INDP.
[Lys*INDP. [His®?INDP at the different melanocortin recep-
tor subtypes are shown in Fig. 2. Schemalic presentation of
the pK, values for each of the recepters are presented in
Fig. 3.

As can be seen from Table 1. the deletton of the
N-terminal of NDP (NDP(4-13)) or replacement of it by

MC,, MC,. and MC; reczprers

Ligand Receptor
MC, MC, MC, MC, MC,/MC, MC, /MC, MC,/MC,
K, (nmol /1) K, (nmol /1) K, (nmol /1 K, (amol /1)
NDP 0.078 =0.020 0.633 = 0.082 403 =022 343 2037 8.4 52 =
NDP(1-9) 0.545 =0.123 623 =334 51.2+215 300 =67 180 150 120
NDP(4-13) 0.099 = 0.037 485119 230 - 0.4 153 =21 49 23 150
C-3-NDP 0.8 =0.092 3.05<1.23 237 =095 831 =452 6.3 5.3 20
C-y-NDP 0.850 =0.172 89.7 = 6.3 513 =279 109 =23 110 600 130
N-y-NDP ~ 0.052 =0.013 0.722 = 0.320 317 :1.28 331 =106 14 6163
(Glu*INDP 7.66 =2.64 122 =17 111 =49 134 = 115 16 16 17
[o-Nal? INDP 0.110 = 0.080 0.740 = 0.036  0.877 £0.278 25120382 6.7 9.1 23
[Lys*INDP 0.786 = 0.136 24.5+103 703 5.2 57.7.+123 31 89 73
[His®INDP 6.66 = 2.64 2830 = 330 4820 = 1850 38000 = 12000 64 720 5700
NDP(1-9)/NDP 4.4 96 13 12
NDP(4-13)/NDP 1.3 7.4 0.57 a5
C-8-NDP/NDP 5.7 3.7 0.59 26
C-yNDP/NDP- 1 137 127 32
N-y-NDP/NDP 0.67 1.1 0.79 0.97
[Glu* INDP/NDP 98 187 23 39
[o-Nu’INDP/NDP 1.4 1.1 0.22 0.73
[Lys*INDP/NDP 10 38 17 17
[His’INDP/NDP 85 4300 1200 11000
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128.NDP-MSH bound (%)
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Fig. 2. Competition curves for NDP (#). NDP(1-9) (@ NDP(=—13) (a). [GIu*]NDP (#). [Lys’INDP (). [His*INDP (C) binding to COS-| cells
transfected with the different melanoconin receptor subtypes. The curves were obtained by using a fixed concentation of U-*[INDP and varying
concentrations of the non-labelled competing peptide.

that of y-MSH (N-NDP) did not appreciably affect
binding to the melanocortin MC, and MC, receptors. For
the melanocortin MC, receptor, however, the deletion of
the N-terminal of NDP clearly lowered affinity, whereas
replacement of the NDP N-terminal with the N-terminal of
¥-MSH did not affect binding. Deletion of the N-terminal
of NDP clearly decreased the affinity for the melanocortin
MC; receptor, but the NDP affinity was only slighty
reduced when the N-terminal was replaced by that of
¥-MSH.

Deletion of the C-terminal of NDP (NDP(I-9))and
replacement of it by the C-terminal of B- or y-MSH
(C-B-NDP and C-y-NDP, respectively) lowered the affin-
ity for the melanocortin MC, receptor. For the melanocortin
MC, receptor, deletion of the C-terminal and replacement
of it with that of y~-MSH greatly lowered the affinity
(around or more than 100-fold), whereas C-B-NDP dis-
played only a slightly lower affinity than NDP. The low
affinity of C-y-NDP was surprising to us, as y-MSH has a
slightly higher or similar affinity for the melanocortin MC,
receptor as that of a-MSH (Schidth et al., 1993). We
repeated the synthesis of C-y-NDP but the results were the
same for all of the receptors. Replacement of the C-termi-

125 NDP-MSH bound (%)

126|.NDP-MSH hound (%)

2 3 45 &

80+

[o)]
o
1

5

n
o
1

2101 2 3 4 5 6
Carmpedtter 'og (M)

nal of NDP by that of B-MSH slightly increased the
affinity for the melanocortin MC, receptor, whereas dele-
tion of the C-terminal resulted in 13-fold lower affinity.
C-y-NDP had 130-fold lower affinity for the melanocortin
MC, receptor than did NDP. C-B-NDP showed only
slightly lower affinity for the melanocortin MC; receptor
than NDP whereas NDP(1~9) and C-yNDP displayed 12-
and 32-fold lower affinity than NDP, respectively.
Replacement of the basic hydrophilic His® by the acidic
hydrophilic Glu® reduced the affinity of NDP for all the
melanocortin receptors. in particular for the melanocortin
MC; (190-fold) and for the melanocortin MC, (98-fold)
receptors, whereas the reductions for the melanocortin
MC, (28-fold) and melanocortin MC (39-fold) receptors
was less. Replacement of the hydrophobic b-Phe” in NDP
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by the hydrophobic but more bulky p-Nal’ resulted in
similar affinity for the melanocortin MC,, MC;, and MC;
receptors but an about 4-fold increased affinity for
melanocortin MC, receptor. Replacement of the basic
hydrophilic Arg® with the structurally similar Lys® low-
ered the affinity for the melanocortin MC, receptor [0-fold.
for the melanocortin MC; receptor 38-fold and for the
melanocortin MC; and MC; receptors 17-fold. Replace-
ment of the non polar hydrophobic Trp® by the basic
hydrophilic His® lowered the affinity for the melanccortin
MC, receptor 85-foid and for the melanocorin MC,,
MC,, and MC; receptors more than 1000-fold.

- -
- -

4. Discussion

The melanocortin receptors are a family of 7TM (trans-
membrane) spanning receptors that bind melanocortic pep-
tides. The melanocortin receptors display a number of
common structural features and show considerable amino
acid homology. especially within TM1, T™M2. TMS and
TM7, which may contain key elements for the binding of
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MSH peptides. They are also characterised by short N- and
C-terminal regions as well as a very small second extracel-
lular loop. The core of the MSH peptide (i.e., His®-Phe’-
Arg3-Trp?) is known to be crucial for MSH binding to
melanocortn receptors (Eberte, 1988; Schidth et al., 1995,
1996a. 1997a; Haskell-Luevano et al., 1996, 1997). All
compounds that bind to the melanocortin receptors have
important elements from this core (except the agoud pep-
tide which has no homology to a-MSH). It is also evident
that the C- and/or the N-terminal side chains of MSH
peptides may play an important role in determining the
subtype- specific binding, which is in particular displayed
by »MSH, which has a comparatively much higher selec-
tvity for the melanccortin MC; receptor than for the
melanocortin MC, receptor (Adan et al., 1994a; Miwa et
al.,, 1995; Schidth et al.. 1995, 1996a). NDP is an a-MSH
analogue which has L-Phe’ substituted by D-Phe’ which
led 10 a higher potency and prolonged biological activiry,
and Met® substituted by Nle*, which further enhanced the
affinity and subility of this peptide. NDP has earlier bean
shown by us and others 1o have a high affinity for all of
the melanocortin receptors and is therefore suitable as a
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Fig. 3. Graphical presentarion of the p X, values for the differeat peptides for the melanocortin receptor subtypes.
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referencs substance for characterisation of the importance
of the C- and N-terminals and core residues of MSH
peptides for the binding to the human melanocortin recsp-
tors. Mutagenesis data indicate that there might be an
alternative point of attachment for NDP and o-MSH at the
melanocortin MC, recsptor (Frindberg et al.. 1994). How-
ever, more thorough tesdng with several linear and cyclic
Phe’-substituted MSH analogues (Schidth et al.. 1997c)
has shown thar this hypothesis may not be correct.

Our results show that the N-ierminal segment (Ser'-
Tyr>-Ser?) in the NDP peptide is not important for binding
to the melanocortin MC, receptor whereas the C-terminal
segment (Gly '%-Lys'!-Pro'*-Val'*) is_cteadly>imporant be-
cause deletion or changes in the C-terminal caused an
about 5-fold decrease in affinity for the melanocortin MC,
reczptor. This is very much in line with early data on the
melanotropic  acuvity of MSH analogues on several
melanophores (for review ses Eberle. 19838), and with
more recent dawa showing that individual replacement of
N-terminal residues by Ala in a-MSH resulted in negligi-
ble influence on receptor binding or tyrosinase activity in
murine melanoma cells. whereas Ala substitutions in the
C-terminal. in particular the replacement of Pro'?, resulted
in loss in affinity (Sahm et al.. 199<4b). The lack of
importance of the N-terminal segment and the significance
of the C-terminal for the melanocortin MC, receptor has
also besa shown by use of cvclic [Cvs*-Cys'?la-MSH
analogues in frog and lizard skin bioassays (Cody et al..
1984). The residues Lys'' and Pro'" were in particular
shown to be important for the activity of cyclic analogues.
Our present and earlier (Schisth et al.. 1993) data for the
meianocortin MC, receptor seems to indicate that the
differential binding of a-. B- and y-MSH is related to the
C-terminal sequencs. where the absence of Lys'' in S-
MSH and y-MSH and Pro'* in y-MSH causes the lower
affinity of B-MSH and y-MSH compared to a-MSH.

Much less is known about the influence of the N- and
C-terminal segments of MSH peptides for binding to the
other melanocortin receptors. Our present results show that
both the N- and the C-terminal segments are important for
binding to the melanocortin MC; receptor. This is in line
with alanine scanning data for the rat melanocortin MC
receptor (Sahm et al., 1994b) which indicated the impor-
tance of both Tyr® in the N-terminal and Lys'' in the
C-terminal. whereas other Ala substitutions in both termi-
nals did not significantly affect ligand binding. Also. trun-
cation of both the N- and C-terminals of MSH peptides
influence the cAMP response of the rat (Adan et al.,
1994b) and human melanocortin MCj receptors (Miwa et
al., 1995).

The melanocortin MC, receptor can be distinguished
from the melanocortin MC| receptor because the former
binds y-MSH with much lower affinity than a-MSH.
whereas the latter shows a similar affinities for both of
these peptides. Recently, it was shown that both linear and
cyclic core MSH analogues are bound by melanocortin

MC,; and MC, recsptors with equal affinity (Schidth et al.,
1997a). which indicates that it is indesd the N- or/and
C-terminals that determine the differences in affinity of
these receptors for a- and yMSH. Our present data show
that the C-terminal of NDP but not the N-terminal is
important for binding to the melanoconin MC; recspror.
Cur dawa indicate that it may be the C-termunal end of
¥MSH (Asp'®-Arg''-Phe’?) that perwrbs binding to the
melanccorin MC, receptors. However. it should 5e con-
sidered that chimeric or enginesred peptides may not bind
in the same manner as natural peptide hormaones simply
due to incompatibility of the different swuctural slemeats
which are artificially brought together. The effects of
deletions or replacements of terminal residues may be
caused by a direct contribution of the amino acid residues
involved or the changes may cause indirect effects due to
conformational changes of core residues.

The melanocortin MC, receptor binds the different
MSH peptides with the same order of preference as the
melanccortin MC, recepter but in genemal with much
lower all over affinity. Our present daw show that both the
N- and C-terminals are imgortant for the binding of MSE
peptides o the melanccortin MC; receptor. Our dama indi-
cate that it is in particular the C-terminal which determines
the differantal binding of the MSH pepudes to this receg-
tor.

Replacement of Phe’ by D-Phe’ is the onlv sutstiteticn
that is known to enhance the affiaity of the core of
a-MSH. Now we demonstrate that replacement of 0-Phe’
by D-Nal’ further enhancss the affinity for the melanocortin
MC, receptor but not for the other melanocortin receptor
subtvpes. Replacement of p-Phe’ by p-Nal” in the cyclic
lactam analogue MTII resulted in SHUS!19. which has
been shown to be a melanocortin MC, receptor antagonis:
(Hruby et al.. 1993). However, SHU9119 showed higher
affinity for the melanocortin MC; and MC; receptors
compared to MTII (Schidth et al.. 1997b). which reveals
that the 0-Nal” /p-Phe’ substitution has a ditferent effect in
the lactam analogue than the linear NDP used in the
present study. The other substitutions in the MSH core
resulted in more or less pronounced loss in affinity for the
different melanocortin receptors. as one might have pre-
dicted. The above-mentioned alanine scanning experiments
by Sahm et al. (1994b), which were performed with murine
melanoma cells and rat melanocortin MC; receptors. as
well as earlier structure-activity studies (Eberle, 1988).
have indicated that Arg® and Trp” are the most important
residues in the MSH core for receptor binding. It is
interesting to note that the relatively subtle change in the
Arg side chain, converting it to a Lys, resulted in 2 mere
than 10-fold loss in affinity for all the melanocortin recep-
tors. It is not unexpected that the substitution of His® by
Glu® or of Trp® by His®, which changes the polarity of the
residue in respective position, causes a much more dra-
matic decrease of the affinities. Interestinglv. these changes
depend 1o a large extent on the receptor subtype. These
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differences might be useful to verify or reject hypotheses
formulated on the basis of results from molecular mod-
elling studies of the melanocortin receptors or from direct
mutagenesis studies which pinpoint the specific interaction
between residues in the ligand and the receptors.

It is also important for the design of compounds which
bind selectively to a specific receptor subtype to determine
residues or regions whose modification can increase the
selectivity. Taken together, our present data show that both
the melanccorin MC, and MC; recaptors are not sensitive
o changes in the N-terminal of the MSH peptide, whereas
the melanocortin MC; and MC; receptors recognise im-
portant binding elements in this part of+the MSH peptide.
Moreover. binding to the melanocortin MC, and MC,
receptors sesms in particular to be sensitive to changes in
the C-terminal of the MSH pepude, whereas the
melanocortin MC, and MC; receptors are affected in a
more subtle way by changes in this part of an MSH
peptide. Furthermore. His® replacement by Glu® reducsd
binding to the melanccortin MC; and MC, receptors t0 2
much greater extent than it did binding to the melanocortin
MC, and MC, receptors. The Trp® replacement by His’
reduced binding to the mefanocortin MC, and MC, recep-
tors to a much greater extent than to the melanocortin MC,
receptor. The D-Phe’ /p-Nal” or the Arg®/Lys® substitu-
tions did not lead to any marked changes in the selectivity
of the MSH ligand for the melanocortin MC receptor
subtypes. The substitution of NDP by p-Nal’ (resulting in
[o-Nal’INDP) gave the ligand with the highest affinity for
the melanocontin MC, receptor. a property which might
find potential use in studies of the pharmacology of the
melanocortin MC | receptor.
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10) with radioligand binding using aansiendy expressed human MC,, MC,, MC,, an

d MC; recepeors. [Phe-I"|ACTH(4-10)

had higher affinicy for the MC;. MC,. and MC; receptors but lower for the MC, compared to ACTH(4-10). [Ala’]ACTH(4-
10) did not bind the MC, rec=gtor but had highest atfinity for the MC, recaptor. The data indicate that the His® has a specially
important role in binding 0 the MC, receptor. The BIM 220135 did not bind to these MC recsptor subtypes. which indicates that
the neurotrophic and myotraphic properties that are anrbuted (o this peptide are mediated by some other receptor. € 1997
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Melanocortin receptor subrypes MSH ACTH

Ligand binding

BIM 22015

PRO-OPIOMEL ANOCORTIN is a large polypeptide that is post-
translationally cleaved into peptides with melanomophic, adrenocor-
tic, or opiate activites. The melanocortns. which include the ACTH
and MSH peptides, are primarily known for their role in regulagon
of steroid production in the adrenal gland and skin pigmentaticn.
respectively. In addidon to these well-known effects, adminiszadon
of melanocortin peptdes has been reported to simulate nerve re-
generation, increase retention of learned behavior, induce grooming,
decrease fever. increase heart rate and blood pressure, and to have
ant-inflammarory and analgesic effects (4,10).

By molecular cloning, five melanocortn receptor subtypes
were recently idendfied (2.3.5.6,9). The MC, has high affiniry
for «-MSH (14,16) and is expressed in melanoma cells and in
rat and human brain (3.19). The MC, is the ACTH receptor
expressed in the adrenal gland (9). The MC, receptor has high
affinity for ACTH but does not bind to the MSH peptides (13).
The three recently discovered receptor subtypes, MC,, MC,, and
MC;, bind the natural MSH peptides with relatively lower affin-
ity and are all expressed in the brain (8,15-17). The MC; also
has a prominent peripheral distribution (8.17).

A recent report (1) describes that the ACTH (4-10) ana-
logues, [Ala‘]ACTH(J 10) and [Phe-I"]ACTH(4-10). may

be specific antagonists for MC receptor subtypes.
[Ala®]JACTH(4-10) inhibited an a-MSH-induced cAMP re-
sponse of rat MC, and ovine MC; receprors, but only weakly
antagonized the activation of human MC, receptor. [Phe-

" I’JACTH(4~10) antagenized these receptors equally well.

(Phe-I’]ACTH(4~-10), but not { Ala®] ACTH(4-10), inhibited
a-MSH-induced grooming in rats. Another ACTH(4-10) ana-
logue. BIM 22015 ([D-Ala*,GIn® Tyr*] ACTH(4-10)), increased
rate of development of tetanic tension and contraction in a rat
muscle (18). BIM 22015 also showed neurotrophic stmulagon
of nerve branching and prevented denervation muscle atrophy.

The aim of this study was to determine the binding properties
of these ACTH(4-~10) analogues by radioligand binding on the
human MC,, MC;, MC,, and MC, receptors expressed in a single
cukaryotic cell line.

METHOD
Peprides

[Nle*, D-Phe’Ja-MSH was purchased from Saxon Biochem-
icals GmbH, Germany. (Nle*, o-Phe’ Ja-MSH was radiciodinated
by the chloramine-T method and purified by HPLC. The specific

! Requests for reprints should be addressed to Helgi B. Schiéth, Department of Pharmaceutical Pharmacology. Biomedical Center, Box 591. 751

24 Uppsala, Sweden.
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acavity of ['ZI][Nle®, o-Phc’Ia-MSH was nppmxjnmciy 2000
uCi/nmol. BIM 22015 ([p-Ala*.Gia’ Tyr’]ACTH(4-10)}
[H-(D-Ala)-Gla- Tyr-Phe Arg-Trp-Gly-NH: | and
[ A 1 a ] A C T H -
(4-10) (H-Mer-Glu-Ala-Phe-Arg-Trp-Gly-OH) were synthe-
sized by Medprobe AS, Norway. ACTH(3-10) (H-Met-Glu-
His-Phe-Arg-Trp-Gly-OH) and (Phe-1"]ACTH(4-10) [H-Met-
Glu-His-( para-iodo-Phe)-Arg-Trp-Gly-OH]  were  purchased
from Bachem. Swirzerland.

Expression of Receptor Clones

The human MC, and human MC; recspiors (2.3 ) were cloned
into the expression vector pRc/CMV (InVitrogen). The human
MC,; and human MC, reczptor DNAs, cloned into the expression
vector pCMV/neo, were a gift from Dr. Ira Ganez (5.6). For
receptor expression. COS-1 cells were grown in Dulbecco’s
modified Eagle’s medium with 105% fetal calf serum. Eighry per-
cent confluent cultures were mansfected with the DNA mixed
with liposomes in serum-free medium [ for dewils see (13)].
After mansfection. the serum-free medium was replaced with the
serum containing medium and the cells were cultvated for about
48 h. Cells were then scraped off. centrifuged. and used for ra-
dioligand binding.

Binding Studies

The transfected cells were washed with binding burfer ( 16)
and disuibuted o 96-well plates (approximately 40.000 cells/
well). The cells were then incubated for 2 h at 37°C with 0.05
mi binding buffer in each well. containing a constant concentra-
tion of ['=I][Nle*, p-Phe |a-MSH and appropriate concenta-
dons of an unlabeled ligand. After incubation. the cells were
washed with 0.2 ml of ice-cold binding buffer and then detached
from the plates with 0.2 mi of 0.1 N NaOH. Radioactvity was
counted ( Wallac. Wizard automatic gamma counter) and dara
analyzed with a software package for radioligand binding anal-
yses (Wan Systemn AB. Umeid. Sweden). Data were zither ana-
lyzed by fitting to formulas derived from the law of mass action
by the method generally referred to as computer modeling. or by
fitting to the four-parameter logistic function. X, values were cal-
culated by using the Cheng and Prusoff equation. The K, value
for [*“I][Nle*. p-Phe’ ]a MSH for the MC,. MC;. and MC;
receptors was taken from (16) and for the MC, from (15). The
binding assays were performed in duplicate wells and repeated
three imes. Unmransfected COS-1 cells did not show any specific
binding to ['®1][Nle®. p-Phe’]a-MSH.

RESULTS

The human DNAs encoding the MC,. MC,. MC,. and MC;
were ransiently expressed in COS-1 cells for ligand binding. The
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FIG. 1. Competition curves of ACTH(4-10) (M. [Phe-[" JACTH(+-
10) (@), [AlR’]ACTH(4~10) (A ;. and 3[M 22015 ( #, on COS-1
cells manstected with the MC,, MC;, MC.. or MC, obuained by using a
fixed concentration of ~2 aMf ['“I]{Nle*. 0-Phe |a-MSH and varving
concentrations of the nonlabeled competing zeztide.

1

K, values for the ACTH(<4-10) analogues were evaluated in
competitien with ['“I][Nle*. o-Phe ]e-MSH on intact cells.
The data obtained are given in Table | together with the relative
affinity ratios of [Phe-I"JACTH(+-10)/ACTH(+-10) and
(Ala®]ACTH(1-10)/ACTH(4-10). The assays were per-
formed using the same approach as we used carlier for the eval-
vation of several natural melanocortic peptides (15.16).
Competition curves for each of the recaprors for the pepudes are
shown in F1g. 1.

The data show that the ACTH(4-10) has highest affiniry for
the MC, receptor and lower for the MC;. MC,. and MC; recep-
tors. The ACTH (4-10) shares the same preference order for the
MC receptor subtypes as a-MSH, ACTH. and other natural pep-
tides: MC, > MC, > MC, > MC; (15.16). The [Phe-
"] ACTH(4-10) had ninefold lower affinity for the MC, recep-
tor, slightly higher affinity for the MC; and MC, reczptors. and
threefold higher affinity for the MC; receptor compared to the

TABLE 1
X, VALUES (MEAN = SEM) OBTAINED FROM COMPETITION CURVES, FOR MSH ANALOGUES

ON MC,, MC,, MC.. AND MC, TRANSFECTED COS-{ CELLS
Receptor
Ligand MC, X, (umol/l) MC, X (gmoll) MC. X, {umoll}  MC, X (umolD)

ACTH (4-10) 0.294 = 0.021  7.65 = 1.39 18.0 = 4.1 103 = 19
{Phe-'JACTH (4-10) 2.65 = 0.30 480 = 1.10 128 = 2.1 292 =73
[Ala®JACTH (4-10) >3000 104 = 33 67.0 = 16.0 125 = 48
BIM 22015 > 1000 >1000 >1000 >1000
[Phe-I'JACTH(3-10Y/ACTH($~10) 9.0 0.63 0.71 0.28
[(Al2*]ACTH(4- 10¥ACTH(4- 10) >10.000 14 37 1.2




ACTH ANALOGUE BINDING TO MC, RECEPTOR

ACTH(4-10). The subtype preference order is the same as for
ACTH(4-10).

[Ala®] ACTH(4-10) did not bind to the MC, receptor even
at 3 mM concentration. [ Ala*) ACTH( 4—10) had highest affinity
for the MC, receptor and slightly lower for the MC, and the MC;
receptors. [ Ala®JACTH(4-10) had lower affinity for ail the sub-
types than the ACTH(4-10). BIM 22015 did not displace
["“I][Nle*, o-Phe’]a-MSH bound tw© the MC,, MC,. MC., or
MC, receprors at concenmation up to | mM.

DISCUSSION

Stimulation of the cloned MC receptors by natural MSH/
ACTH peptides results in an increase of intraceiluiar cAMP
(8.17). Each of the MC receptors (except MC;) has a unique
affinity profile for the narural MSH peptides. although these pep-
tides show highest affinity for the MC, receptor and lower affin-
ities for the MC,, MC,, and MC; receptor subrypes ( 15.16). The
physiological role of these receptors remains unknown and thus
it is urgent to identify compounds that are selective for these
subtypes. Hruby et al. (7) synthesized the cyclic lactam analogue
SHU9119. which was claimed to be an antagonist for the human
MC, receptor but an agonist for the human and mouse MC, re-
ceptor. Adan et al. (1) has identfied ACTH(4-10) anaiogues
that antagonized a-MSH-induced cAMP response of rat MC; and
ovine MC; receptors and grooming in rats. These ACTH(+-10)
analogues and BIM 22015 have not been tested by radioligand
binding on all the human MC receptors.

Our results show that the replacament of Phe’ in the
ACTH(4-10) by para-iodo-Phe " results in loss in affinity for the
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MC, receptor but a slight increase in affinity for the other sub-
types. The possible steric hindrancs of the iodine seems to favor
the binding to the low affinity subtypes (i.c.. the MC,;, MC,, and
MC; receptors) compared with the hugh-affinity MC, receptor.

His® has been demonswrated by intensive stucture-activity
analyses using different melanophores and melanoma cells to be
one of the most important binding residues in the MSH peptide
(4). These assay systems refer to the MC, receptor. Furthermore.
Ala® subsdmton of His® in a~-MSH resulted in about 100-fold
and 6-foid reducdon in affinity for murine MC, (11) and the rar
MC; (12) receptors, respectively. Here we found thar replace-
ment of His® in the ACTH(4—10) resulted in a more than
10,000-fold loss in affinity for the MC, recsptor, and about 14-
fold loss in affinity for the MC, receptor but only in a slight loss
for the MC, and the MC; receptors. The data indicate the His®
bas an especially important role in the binding to the MC, recep-
tor, which is not shared by the MC, and MC; receptors.

The BOM 22013, which does not only have the His® replaced
but also lacks the very important Met* (4,11.12), did aot bind
to the MC recepror subtypes. The data indicate that the neuro-
trophic and myotrophic properties that are arributed to this pep-
tide arc mediated by some other receptor. This may not be so
surprising as we and others (8.15,16) have previously shown that
another ACTH analogue. ORG 2766 [(O-)-Met-Glu-His-(D-
Lys)-Phe-OH], which may also influence peripheral nerve re-
generation. does not bind to the cloned MC receptor subtypes.
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WIKBERG. Selectiviry of evelic [D-Nal’] and [D-Phe” ] substitured MSH analogues for the melanocortin receptor subrvpes. PEPTIDES
18(7). 1009-1013. 1997.—The binding of the 2 c¢yclic lactam MSH (4—10) analogues (MTII. SHU9119), and 5 cyclic {Cys™.
Cys'’la-MSH analogues were tested on cells transiently expressing the human MCi. MC3. MC4 and MCS receptors. The resuits
indicate a differential imponance of the C-terminal (Lys-Pro-Val) and V-terminal (Ser-Tyr-Ser) of cyclic [Cys*. Cys'®la-MSH
analogues in binding to the MC receptor subtypes. Substitution of p-Phe’ by D-Nal(2')” in both the cyclic lactam MSH (4-10) and the
cyclic disulphide MSH (4-10) analogues resulted in a shitt in favour of selectivity for the MC+ receptor, the disulphide analogue.
[Cys*. o-Nai(2")" Cys'®la-MSH (4-10) (HS9310). showing the highest selectivity for the MC4 receptor among all the substances
tested. However. the cyclic lactams disptayed an over all higher affinity for the MC receptors. than any of the cyclic disulphide MSH

(4-10) analogues. © 1997 Elsevier Science [nc.

Melanocortin receptor subtypes MSH MTII

SHL9119

HS9510 Ligand binding

THE melanocortic peptides are primarily known for their role in
regulation of adrenal steroid production (ACTH) (26) and pigmen-
tation (a-MSH) (7). The MSH and ACTH peptides have also a
variety of both central and peripheral effects. These peptides are
reported to affect leaming. memory. behaviour. inflammation.
pyretic control. analgesia, blood pressure. neurotropy. as well as
influence events surrounding parwrition (7.16).

Molecular cloning of the five melanocortin (MC) receptor
subtypes (MC1-5) by us and others (3.4.8.9.15) has provided
tools for systematic studies of the molecular mechanisms un-
derlying the above mentioned effects. The natural hormones are
not subtype selective except that a-MSH is selective for the
MC1 receptor, ACTH is selective for the MC2 receptor and
y-MSH has preference for the MC3 receptor. Each of the newly
discovered MC3, MC4 and MCS receptors show unique affinity
profiles, although in general they display lower affinity for
MSH peptides than the MC1 receptor (14,23-25). The MC2
receptor is distinctly different from the other MC receptor

subtypes by not binding the MSH peptides (22). The physio-
logical roles of the MC3, MC4 and MCS5 receptors remain
largely unknown. These receptors are all expressed in the brain
where it is likely that they participate in mediation of the
various central effects of the melanocortins (14).

Cyclic disulphide [Cys®. Cvs'°]MSH analogues were synthe-
sized in the early 80's and shown to be potent melanotropes in
lizard and frog melanocyte bioassays (20). Recently. a new class of
cyclic lactam MSH analogues were synthesized which also are
highly potent melanotropins (1). The most important of these
lactams are SHU9119 and melanotan II (MTIl). MTIl causes
penile erections in humans (6) and SHU9! 19 is a potential MC4
receptor selective antagonist (12).

In this study. we synthesized new cyclic substances in order to
investigate the selective binding of [o-Phe’]- and [p-Nal(2")7]-
substituted cyclic disulphide MSH analogues in'comparison with
cyclic lactam «-MSH analogues (SHU9I!S und MTI]) to the
human MCl. MC3. MC4 and MCS5 receptors. miming tor back-

! Requests for reprints should be addressed to Helgi B. Schisth and Jarl E. S. Wikberg. Department of Pharmaceutical Pharmacology. Biomedical Center.
Box 591. 751 24 Uppsala. Sweden: E-mail: helgis@bmc.uu.se: jwikberg@bmce.uu.se
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Pepude b positon | 2 3 4 5 6 7 8 9 10 11 12 13
nr.
a-MSH Ser Tyr Ser Met Giu His Phe Arg Trp Gly Lys Pro Val
NDP-MSH Ser Tyr Ser Nle Giu His  D-Phe Arg Trp Giy Lys Pro Val
ti-13D Ser Tvr Ser Cys Giu His D-Phe Arg Tep Cys Lys Pro Val
t-13HL Ser Tyr Ser Crs Glu His Phe Arg Trp Cs Lys Pro Val
4-13D Crs Giu His  D-Phe  Arg Trp Cus Lvs Pro Val
(3-100D Cus Clu His  D-Phe Arg Trp Cox
HS9510 Cus Glu His  D-Nal  Arg Tp Cys
Melanotan 1] Nle Asp His  D-Phe  Arg Trp Lys
SHU9119 Nle Asp His D-Nal Arg Trp Lys

FIG. |. Alignment of a-MSH and NDP-MSH (0 the MSH analogues evaluated in this study. All peptides have an acetyl-group on the .V-terminus and
an amide group on the C-terminus. The amino acid residues which make up the fing closure in the cvclic compounds are shown underfined in italics.

ground information for 3D modelling of the different MC receptor
subtypes.

METHOD
Peptides

a-MSH. [Nle*. p-Phe’]a-MSH (NDP-MSH) (21) and [Cys™.
p-Phe’. Cys'’Ja-MSH (4-13) ((4-13)D) (10.21) was purchased
from Saxon Biochemicals GmbH. Germanv. [Cys*. p-Phe’,
Cys'%la-MSH ¢ 1-13) ((1-13)D) and [Cys*. L-Phe”. Cvs'"]a-MSH
(1-13) ((1-13)L) were synthesized by Scandinavian Peptide Svn-
thesis. [Cys*. D-Phe’. Cys'°la-MSH (4~10) ((4-10)D). and
HS9510 were synthesised in our laboratories using the solid phase
approach and purified by HPLC. The correct molecular weights of
the peptides were confirmed by mass spectrometry. The HS93510
peptide sequence was assembled using Pioneer. PerSeptive Bio-
systems peptide synthesis system. Fmoc-PAL-PEG-PS support
and Fmoc-Cys(Trt)-OPtp. Fmoc-Trp(Boc)-OH. Fmoc-Arg(Pbi)-
OH. Fmoc-p-Nal-OH. Fmoc-His(Tr)-OH and Fmoc-Glu(OBu')-
OPfp were used in coupling steps. When OPtp esters were used the
synthesis cycle was as follows: (a) the Fmoc group was removed
by 20% piperidine in DMF (5 min); (b) to form a new peptide
bound side chain protected Fmoc-aminoacid OPtp ester (4 eq.) and
HOA! (4 eq.) were dissolved in DMF.and circulated through the
column for 30-60 min: (¢) to cap residual amino groups the
support was treated with 0.3M Ac,0O in DMF for 5 min. If free
acids were used the step (b) was: side chain protected Fmoc-
aminoacid (4 eq.). HATU (4 eq.) and DIEA (4 ¢q.) were applied.
After addition of the second Cys residue the Fmoc group was
removed and Ac.O applied as mentioned before. For the depro-
tection a reagent mixture (TFA-phenoi~anisole-[.2-ethanedi-

product was dissolved in a minimal amount of DMSO and heated
at 65°C under argon for 36 h. The raw HS9510 formed. was
purified by HPLC (10 X 250 mm column, Vydac RP C18. 90A.
201HS1010. eluent-24% MeCN in water + 0.1% TFA. detection
at 240 nm). Yield 24%. R,0.69 (1~butanol-pyridine-AcOH-wa-
ter, 4:1:1:2). k* = 3.1 (eluent mentioned above). MS data: 1071.4
(M + H). SHU9119 and melanotan 11 (MTII) were synthesized as
described previously (1.12). NDP-MSH was radioiodinated by the
Chloramine T method and purified by HPLC. The specific activity
of ['Z1]{Nle*, D-Phe’]a-MSH was approximately 2000 uCi/nmol.

Expression of Receptor Clones

The human MCI and human MC3 receptor (3.4) were cloned
into the expression vector pRc/CMV (In Vitrogen). The human

MC3 and human MC4 receptor DNAs. cloned into the expression
vector pCMV/neo. were a gift tfrom Dr. [ra Gantz (8.9). For
receptor expression. COS-1 cells were grown in Dulbecco’s mod-
ified Eagle’s medium with 10% fetal calf serum. Eighty percent
confluent cultures were transfected with the DNA mixed with
liposomes in serum free medium (for details see (24)). After
transfection. the serum-free medium was replaced with growth
medium and the cells were cultivated for about 48 h. Cells were
then scraped off. centrifuged. and used tor radioligand binding.

Binding Studies

The transfected cells were washed with binding buffer (25) and
distributed into 96 well plates (approximately 40.000 cells/well).
The cells were then incubated for 2 h at 37°C with 0.05 ml binding
buffer in each well. containing a constant concentration of
{'**1]NDP-MSH and appropriate concentrations of an unlabelled
ligand. After incubation. the cells were washed with 0.2 ml of
ice-cold binding buffer and detached from the plates with 0.2 mi of
0.1 N NaOH. Radioactivity was counted (Wallac, Wizard auto-
matic gamma counter) and data analysed with a software package
for radioligand binding analyses (Wan System. Umed. Sweden).
Data were either analysed by fitting it to formulas derived from the
law of mass-action by the method generallv referred to as com-
puter modelling. or by fitting to the four parameter logistic func-
tion. K;-values were calculated by using the Cheng and Prusoff
equation (2). The K, value for ['’I][Nle*, D-Phe’]a-MSH for the
MCI, MC3 and MC5 receptor was taken from (25) and for the
MC4 from (24). The binding assays were performed in duplicate
wells and repeated three times. Untransfected COS-1 cells did not
show any specific binding to ['**IINDP-MSH.

RESULTS

We tested the 2 cyclic lactam MSH analogues MTII and
SHU9119. 5 cyclic [Cys*, Cys'®la-MSH analogues, and non-
labelled NDP-MSH on intact COS-1 cells expressing the human
MCI. MC3. MC4 and MCS receptors with competitive receptor
binding assays using ['**[JNDP-MSH as radioligand. The structure
of the substances we tested are aligned with the structures of
a-MSH and NDP-MSH in Fig. 1. For MT II (1) and SHU9119 (12)
the ring is closed via the side chains of Lys and Asp. As seen from
the Fig. [. MT II has a o-Phe in position 7, whereas SHU9119 has
a 0-Nai(2’y’ (D-2'—naphthylalanine). For all the other cyclic com-
pounds the ring is closed via a disulphide bridge berween Cys™ and
Cys' and the substances in this series have L-Phe. b-Phe or
D-Nal(2’) in position 7. The K, values resulting from calculations
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TABLE |

K, VALUES 'MEAN = SEM) OBTAINED FROM COMPETITION CURVES FOR MSH ANALOGUES
ON MC!. MC3. MC+ AND MCS TRANSFECTED COS-i CELLS

Recveptor

Ligand MCI X, in¥n MC3 X, M) MC< K, onvh MCS K, N
a-MSH 0.230 = 0.089 315 =39 900 = 97 7160 = 860
NDP-MSH 0.109 = 0.010 0.469 = 0.038 293 =054 5.30 = 0.11
(1-131D 0.105 = 0.033 1.78 = 0.28 087 = 0.30 470 = 118
(1-1HL 206 =0.15 91.6 = 14.0 37.7 =150 9730 = 1050
(13D 0.040 = 0.046 2.00 =030 .11 =0.26 3790 = 520
(4-100D 175 = 36 475 = 88 725 =103 15000 = 4500
HS9510 148 = 48 216 = 47 3J70=352 5150 = 330
Melanotan I 0.686 = 0.109 41 =44 6.60 = 0.82 6.1 =79
SHU9119 0.714 = 0.161 1.20 = 0.30 0.360 = 0.059 1.12 = 0.31

of the radioligand binding competition test of these compounds are
summarized in Table L. The competition curves for the peptides on
the different MC receptor subtypes are shown in Fig. 2.

As seen from Table 1 the affinities of the two cyclic lactams
were similary high for the MCI1 receptor. although being lower
compared to the affinity of NDP-MSH. (4-13)D and (1-13)D for
the MCI1 receptor. However. for the MC4 and MC3 receptors
SHU9119 had 8-. and 5-fold higher affinity than NDP-MSH.
respectively. It also showed 28-. |8-. and +41-fold higher affinity.
respectively. for the MC3. MC4 and MC35 receptors compared to
MT II. In fact SHU9119 had the highest affinity among any
substance that we have hitherto tested on the MC4 and MC35
receptors. SHU9119 showed quite similar affinities for all the
evaluated MC receptor subtypes. with a minor preference for the
MC4 receptors (see Table 1 and Fig. 2).

Among the cyclic disulphide compounds both (1-13)D and
(4-13)D showed almost identical high affinity for the MCIR. as
NDP-MSH. The (I-13)L. had as expected. much lower affinities
for all the subtypes: the affinities being. respectively. 1600-. 51-.
43-, and 21-fold lower for the MCI, MC3. MC4 and the MC5
compared with the (1-13)D. The (1-13)L. (1-13)D and (4-13)D
showed similar or slightly higher affinity for the MC4 receptor
compared to the MC3 receptor. This makes a clear distinction
between the [Cys®, Cys'®Ja-MSH (1/4-13) peptides from the
linear natural MSH peptides that we have tested earlier. since the
later all share the same MC1 > MC3 > MC4 > MCS preference
order (10.12). (4-10)D had a unique preference order for the
different subtypes: MC4 > MCI > MC3 > MC35. Replacement of
the D-Phe” in (4—10)D by p-Nal(2’)7 (HS9510) resulted in higher
affinity for the MC3. MC4 and MC5 receptors, whereas the affinity
of MC1 receptor was not affected. HS9510 showed 4. 6-. and
140-fold higher affinity for the MC4 receptor than for the MCI.
MC3 and MCS5 receptors, respectively.

DISCUSSION

A large number of MSH analogues had been synthesized and
tested on melanophores and melanoma cells prior to the cloning of
the different MC receptor subtypes (for review see (7.13). One of
the most important findings that emerged from these studies was
the was the discovery of NDP-MSH (21). The p-Phe’ substitution
of L-Phe” in melanocortic peptides led both to a higher potency and
prolonged biological activity (13). Moreover. it was found that
substitution of Met* by Nle® further enhanced the affinity and
stabiliry of the peptides. The NDP-MSH had earlier been shown by
us and others (14.24.25) to have very high affimity for ail of the

MC receptors (excluding the MC2 receptor). Cyclic [Cys*.
Cys'®la-MSH analogues are known t0 be very potent and long
acting compounds in frog skin bioassays. but these compounds
have hitherto not been tested on the newly discovered MC receptor
subtypes. Since such compounds are expected to show less flexi-
bility. information of their binding properties for the ditferent MC
receptors are of value for ligand docking and molecular modelling
of the MC receptors 3D structure (1 1.17).

Our present results indicate that the V-terminal (Ser'-Tyc-
Ser’) is not very important for the binding to MC receptors. as
(1-13)D had similar affinity as (4-13)D. except for the MC3
receptor where (1-13)D had 8-fold higher affinity compared to
(4-13)D. The C-terminal seems to have a much greater importance
as the (4-10)D had much lower affinities for all the subtypes.
compared with (4-13)D. This may not be surprising. at least not
for the MCI receptor. as the C-terminal tripeptide (Lys''-Pro'?-
Val'*) was reported to be very important for the activity of [Cys™.
Cys'’Ja-MSH analogues in frog and lizard skin bioassays (5).
Interestingly. the loss of binding caused by lack of a C-terrninal
affects binding to the MCI receptor to a much greater extent than
for the MC4 receptor. Moreover, the cyclic [Cys®, Cys'%la-MSH
analogues have a relatively higher affinity for the MC4 receptor
compared with the natural linear MSH peptides (24.25) as all the
cyclic {Cys®*, Cys'®la-MSH analogues showed a similar or higher
affinity for the MC4 receptor than for the MC3 receptor. The data
indicate that both the disulphide bridge and the loss of the C-
terminal favours MC4 receptor binding. especially when compared
with the MC1 receptor. This relative increase in affinity for the
MC+4 receptor was further enhanced by replacement of the D-Phe’
by the bulky aromatic amino acid D-Nal(2’)” in HS9510. HS9510
had higher affinity for the MC4 receptor than for the all the other
receptor subtypes: the selectivities of the compound being a 4-foid
MC4/MCI preference, a 6-fold MC4/MC3 preference and a 140-
fold MCHMCS preference.

The two cyclic lactam MSH (4-10) analogues had higher
affinities than the corresponding cyclic disulphide bridged (4-
10)D and HS9510 compounds. This might. at least partially. be
explained by the fact that the lactam analogues contain Nle in
position 4. where the disulphide analogues have Cys*. The Met* in
the natural MSH peptides is very important for binding as has been
shown in earlier studies on melanophores (7). Ala’ replacement of
the Met* in a-MSH also resulted in a 140-fold loss in attinity for
a mouse melanoma cell receptor (18). and a 14-fold loss of atfinity
for a rat MC3 receptor (19). The replacement of the Met* by Nle'
in -MSH has also been shown to increase the attinity to all the
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different subtvpes {24). SHU91 (9 showed especially high affini-
ties for the MC4 and MC3 receptors. the affinities being higher
than for any other tested substance. As already pointed out above.
the affinities of SHU9119 were very similar tor all the different
subtypes thus indicating that it is essentially non-selective for the
MC receptor subtypes. which is in agreement with previous data
(12). However. when measured as antagonists in a functional
assays. SHUS119 was found to be about [0-fold selective for the
MC3 vs. the MC3 receptor (12). Nevertheless. interpretation of
these functional data should be made with caution as the SHUS1 19

1013

was a partial agonist for the MC3 and an antagonist for the MC4
receplor.
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Characterization of the binding of
MSH-B, HP-228, GHRP-6 and 153N-6
to the human melanocortin receptor
subtypes
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Summary We determined the binding affinities of the MSH analogues MSH-8, HP-228 and 153N-8 and of the
enkephalin analogue GHRP-8 on a single eukaryotic cell line transiently expressing the human MC1, MC3, MC4 and
MCS receptors. Moreaver, we tested the binding and cAMP response of MSH-8 in comparison with a-MSH on murine
B16 melanoma cells. Our resuits indicate that MSH-B has a potency similar to that of @-MSH and that these two
peptides induce similar cAMP responses in murine B16 melanoma cells. HP-228 has its highest affinity for the MC1
receptor. For the other receptors, it has slightly higher affinity for the MC3 receptor than for the MC3 and MC4
receptors. 153N-6 was found to be selective for the MC1 receptor. GHRP-6 was found to bind to the MC1 and the MC3
recepters despite its low structural homology with a-MSH. [D-Lys3]JGHRP-6 bound to all the four MC recepters with
similar affinities. The structurally related Met-enkephalin and the functionally related GHRH, as well as LHRH and
somatostatin-14 did not bind to these MC receptors. The low affinity of the GH-releasing/enkephalin peptides may

indicate that they do not interact with the MC receptors at pharmacologically relevant concentrations.

INTRODUCTION

The melanocortin peptides are known primarily for their
role in skin pigmentation and regulation of steroid
production in the adrenal gland In additon, the
melanocortins, which include the natural a-, B- and +
MSH and ACTH, have a broad array of other physiologi-
cal functions which are much less understood These
include effects on behaviour, memory, thermoregulation,
pain perception, nerve regeneration, inflammation, blood
pressure and parturition.'?

Cloning of five melanocortin (MC1-5) receptor sub-
types has opened new possibilities to elucidate the
physiological actions of the melanocortins and their
receptors.>”” The MCI1 receptor has high affinity for
a-MSH,? plays an important role for pigmentation and is
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expressed in melanoma cells.’* The MC2 receptor is the
ACTH receptor; it binds ACTH with high affinity but not
the MSH peptides’ and is expressed in the adrenal gland.*
The physiological roles of the other three MC receptors,
whose existence was not known prior to their cloning,
have been much less characterized. The MC3 receptor is
expressed mainly in the brain but has also been detected
in peripheral tissues like the gut, placenta and heart.®!%!!
The MC4 receptor is found only in the brain and has
recently been related to weight homeostasis.'*!* The
MCS5 receptor is found in the brain and has also a wide
peripheral distribution but still has a much less charac-
terized physiological role.!*!5

a-MSH is selective for the MC1 receptor and ACTH is
selective for the MC2 receptor, but none of the natural
MSH peptides or other hormones are know to be selective
for the newly discovered MC3, MC4 and MC5 recep-
tors.3%1617 There are only a few reports on specific synthetic
analogues for these subtypes.!®!* More basic knowledge is
needed about the binding of the MC receptor subtypes to
MSH peptides to elucidate the subtype-specific properties
which may allow construction of selective compounds.

565



566 Schicth et af

Table 1 Alignment of peptides evaluated in this study

Peptide 1 2 3 4 5 6 7 8 9 10 1 12 13
position no.

a-MSH Ser  Tyr Ser Met Giu His Phe Arg Tm Gly Lys Pro Val
MSH-8 'Giy  Tyr Arg Met Gin His Phe Arg Tm Gly Gin Pro Leu?
MNHQFRWG Met Asn His o-Phe Arg T Giy

HP-228 Nie Gin His o-Phe Arg o-Trp Gly

153N-6 Met Pro 0-Phe Arg o-Trp Phe Lys Pro val
GHRP-6 His o-Phe Ala Tm o-Phe Lys

[o-LysIGHRP-6 His p-Phe o-Lys T o-Phe  Lys

All the peptides have an amide group in the C-terminus. For MSH-8 is (1) H-Val-Gin-Glu-Ser-Ala-Asp- in the N-terminus and (2) -Pro-NH, in

the

Recently, new MSH analogues were isolated from the
pituitary gland of a primitve vertebrate, the sea lam-
prey.?® One of the peptdes, termed MSH-B, was 10 times
more potent than o-MSH in a frog skin assay. Another
new synthetic MSH analogue, HP-228 was shown to
inhibit induction of nitric oxide synthase in vivo.>* A new
MSH antagonist, 153N-6, was identified by screening of a
library of MSH(5-13) analogues measuring phototrans-
mission through Xenopus laeris dermal melanophores.
Structural modificatons of Mer-enkephalin analogues
led to the discovery of potent GH-releasing peptide
GHRP-6 (also termed SK&F 110679).7 A peptide identical
to GHRP-6 was identified in a search for a competitive
MSH antagonist using frog skin bioassay.*

The aim of the present study was to determine the
affinities of the above-mendoned and related peptides to
the cloned human MC1, MC3, MC4 and MC5 receptors
expressed in a single eukaryotc cell line in order to (1)
determine if these peptides may serve as leads for syn-
thesis of new subrtype selective ligands and (2) clarify
their potental usefulness to elucidate the physiclogical
function of the different MC receptor subtypes.

MATERIALS AND METHODS
Peptides

GHRH(1-29) (Tyr-Ala-Asp-Ala-Tle-Phe-Thr-Asn-Ser-Tyr-
Arg-Lys-Val-Leu-Gly-GIn-Leu-Ser-Ala-Arg-Lys-Leu-Leu-
Gln-Asp-Tle-Met-Ser-Arg-NH,), LHRH (pGlu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH,), somatostatin-14 (Ala-Gly-
Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys,
cyclic via Cys-Cys disulphide bridge) and Met-
enkephalin (Tyr-Gly-Gly-Phe-Met) were purchased from
Neosystem SA, France. 153N-6 was synthesized by
Medprobe AS, Norway and also puchased from Bachem,
Switzerland. [Nle*D-Phe”]e-MSH, o-MSH, MSH-B,
GHRP-6, [Lys’]GHRP-6, HP-228 and 153N-6 were pur-
chased from Bachem, Switzerland. [Nle*D-Phe’ja-MSH
was radio-iodinated by the chloramine T method and
purified by HPLC. In the text, we use the position
numbering of a-MSH as shown in Table 1.

Neuropeptides (1997) 31(6), 565-571

Expression of receptor clones

The human MC1® and human MC57 receptor genes were
cloned into the expression vector pRc/CMV (InVitrogen).
The human MC3° and human MC4% receptor DNA4s,
cloned into the expression vector pCMV/neo, were gifts
from Dr Ira Gantz. For receptor expression, COS-1 (CV-1
Origin, SV40) cells were grown in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum. Eighty per
cent confluent cultures were transfected on 100-mm cell
culture dishes with the DNA (approximately 1ug DNA
for every 1 x 10° cells) mixed with liposomes in serum-
free medium. After transfection, the serum-free medium
was replaced with growth medium and the cells were
cultivated for about 48 h. Cells were then scraped off,
centrifuged, and used for radioligand binding.

cAMP assay

Murine B16-F1 melanoma cells were grown in
Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum. Cells were harvested and incubated for 30 min
at 37°C with 0.05ml serum-free Dulbecco’s modified
Eagles medium in each tube, containing 30 uM IBMX
and appropriate concentrations of «-MSH or MSH-B.
After incubation with the indicated drugs, cAMP was
extracted with perchloric acid at final concentration
04M. After cenuifugation, the protein-free super-
natants were neutralized with 5M KOH/1 M TRIS.
0.05 ml of the neutralized cAMP extract or a cAMP stan-
dard (dissolved in distilled water) was added to a 96-well
microtitre plate. The content of cAMP was then esti-
mated essentially according to Nordstedt & Fredholm?*
by adding to each well [’H]cAMP (0.14 pmol, approx-
imately 11000cpm, specific actvity 54 Ci/mmol,
Amersham) and bovine adrenal binding protein and
incubating at 4°C for 150 min. Standards containing
non-labelled cAMP were also assayed concomitantly
with the samples. The incubates were thereafter har-
vested by filtration on Whatman GF/B filters using a
semiautomatic Brandel cell harvester. Each filter was
rinsed with 3 ml 50 mM Tris/HCI pH 74. The filters were
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Table 2 K values (mean = SEM) cbtained from ccmpetition curves for the peptices tested in this sway on MC3, MC3. MC+ and MC3

receptor transfected COS-1 cells

Receptor ligand MC1 MC3 MC2 MCs3

K {nmol.) K (nmotl) K (nmci/L} K (nmal/L)
a-MSH 0.240 =2.030 60.0=75 645 =57 922Q = 280
MSH-3 0.763 =0.1417 39.3=40 1480 = 340 14C0 =780
*MNHQFRWG 279 =0.08 350 =120 28534 362 = 220
HP-228 1.62 =020 73.3=17.0 742=1835 53.4z183
153N-5 40.0=29 470=24 1340 = 142 24C0 = 280
GHRP-3 82 00Q = 63.000 >1 000 00 >1 C0acao 183C00 =43 QCQ
[Lys’IGHRP-3 51 200 = 30.400 44 200 = 10 600 120000 =29 CCO 25 200 = g8co
GHRH(1-29) >300 C00 >1 000 Q00 >1 Q00 CGo >10C0 Cao

*Values for MNHdAFRAWG are laken frem Schidth 2t al.?s

punched out and put into scinrdlladon vials with scinul-
lation fluid and counted The cAMP assays were per-
formed in duplicate wells and repeated three dmes.

Binding studies

The twansfected cells were washed with binding buffer
and distwibuted into 96-well plates (approximately 40 000
cells/well). The cells were then incubated for 2h at 37°C
with 0.05 m! binding buffer in each well, conuaining a
constant concenwmanon of ['**I|[Nle*,5-Phe”a-MSH and
appropriate concenturations of an unlabelled ligand. After
incubation, the cells were washed with 0.2 mi of ice-cold
binding buffer and detached from the plates with
0.2 ml of 0.1 N NaOH. Radioactivity was counted (Wallac,
Wizard automatic gamma counter) and data analysed
with a software package for radioligand binding analyses
(Wan System, Umed, Sweden) by firing it to formulas
derived from the law of mass-action by the methed gen-
erally referred to as computer modelling. The K, values

for ['5]][Nle*,0- Phe”|a-MSH for the MC1, MC3, MC4 and

MC5 receptors were taken from Schiéth et al3*' The
binding assays were performed in duplicate wells and
repeated three times. Untransfected COS-1 cells did not
show any specific binding to ['*I|[Nle*,0-Phe Ja-MSH.

RESULTS

The human DNAs for the MCI, MC3, MC4 and MC5
receptors were transiently and independently expressed in
COS-1 cells for competitive receptor binding assays using
[*#1][Nle*,0-Phe”]a-MSH as radioligand. The expression
levels of the different receptor subtypes were similar (data
not showmn). The K values resulting from calculadons of
the competition curves for a-MSH, MSH-B, HP-288, 153N~
6, GHRP-6 and [p-Lys’|GHRP-6, are summarized in Table 2,
together with our previous results of MNHAFRWG (Met-
Asn-His-(o-Phe)-Arg-Trp-Gly-NH,).* Competition curves
for o-MSH, MSH-B, HP-288, 153N-6, GHRP-6 and
[0-Lys’]GHRP-6 using cells expressing the MC1, MC3,
MC4 and MCS5 receptor clones are shown in Figure 1.

© Harcourt 8race and Company Ltd 1997

In addivon to testng the binding of «-MSH and MSE-
B to the human MCI1 recepror expressed in COS cells, we
also tested the binding 0 murine B16 melanoma cells.
The X values for a-MSH and MSH-3 were 0.900 = 0.045
and 0.910 = 0.063 nM, respecdvely. The dara show that
the affinity of the sea lamprey MSH-3 was similar o that
of a-MSH in the melanoma cells, but for the recombirint
human MC1 receptor expressed in COS cells the affiicy
of MSH-B was about 3-fold lower than that of «-MSH. For
the other receptor subtypes, the MSH-3 had affinicty sim-
ilar to that of a-MSH for the MC3 recegtor, 2 times lower
affinity for the MC4 receptor and about 7 times higher
affinity for the MC5 receptor. The preference order of
MSH-B for the different receptors is the same as for a-
MSH except that MSH-B has similar affinity for the MC4
and MC5 receptors, where, in contrast, a-MSH had more
than 10 tmes higher affinity for the MC4 receptor com-
pared with the MC5 receptor. Both «-MSH and MSH-B
are selective for the MC1 receptor.

Murine B14 melanoma cells were stimulated by a-MSH

~and MSH-B and the cAMP responses were measured.

The cAMP responses are shown in Figure 2. The EC
values calculated from these experiments were 0.460 =
0.202 nM for MSH-B and 2.92 = 2.41 oM for a-MSH.
HP-228 shares swuctural similarty with [Nle®,o-
Phe”]a-MSH(4-10) (Table 1) as well as with the analogue
MNHAFRWG, which we have evaluated previously. We
found that HP-228 has similar affinity for the MC1 recep-
tor as MNHAFRWG, but about 5-fold higher affinity for
the MC3 and MC4 receptors, and 18-fold higher affinity
for the MCS5 receptor than MNHAFRWG (Table 2).
153N-6 showed its highest affinity for the MC1 recep-
tor and, similarly to a-MSH, lower affinity for the MC3,
MC4 and MCS5 receptors. 153N-6 was found to be selec-
tive for the MC1 receptor, which may not be surprising
as 153N-6 was discovered by using tests on dermal
melancphores.> However, our results are quite dis-
crepant with those of Chhajlani,”” the most important dif-
ference being Chhajlani’s K, value of 955 = 35.7 nM of
153N-6 for the MC1 receptor compared with our K, value
of 40.0 = 2.9 aM. Our value is closer to the 11 nM IC,, of

Neurogegptices (1997) 31(6), 565-371
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Fig. 1 Competition curves of a-MSH, MSH-8, HP-288, 153N-6, GHRP-6 and [D-Lys’]|GHRP-6, obtained on COS-1 cells transfected with
the MC1 (), MC3 (@), MC4 (A) or MC5 (®) receptor clones, obtained by using a fixed concentration of ['2%I][Nle*,D-Phe’]a-MSH and
varying concentrations of the non-labelled competing peptide. Competing peptides used are indicated on abscissa for each panel.

153N-6 for melanin dispersion in melanophores reported
by Jayawickreme et alZ Because of these discrepancies,
we repeated our testing 6 times for the MC1 receptor.
Stll, all these tests gave consistently the same results.
Moreover, we also tested the affinity of commercially
available 153N-6 (from Bachem) for the MCI receptor.
The K value for this peptide on the MCI receptor were
also similar to our earlier K, values received by using
custom-synthesized peptide from Medprobe (which are
reported in Table 2). Chhajlani’s 153N-6 peptide is unfor-
tunately no longer available for retesting.

Neuropeptides (1997) 31(6), 565571

GHRP-6 bound to the MC1 and MC5 receptors, but
with low affinities (Table 2). Up to 1 mM concentrations
of GHRP-6 did not displace [*I|[Nle*p-Phe’ja-MSH
bound to the MC3 or the MC4 receptors. [D-Lys’]JGHRP-
6, however, bound to all of the MC receptors. [p-
Lys’)lGHRP-6 bound to the MC! receptor only with
slightly higher affinity than GHRP-6. GHRH(1-29)
caused partial displacement of ['*I|[Nle*0-Phe’Ja-MSH
bound to the MC1 receptor at a concentration of 300 uM,
but not from the other receptor subtypes. 1 mM of
either LHRH, somatostatin-14 and Met-enkephalin did

© Harcourt Brace and Company Lid 1997
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Fig. 2 Fcid increase in cAMP response of a-MSH and MSH-8 on 816 murine melanoma ceils.

not displace ['#]][Nle*,0-Phe’]a-MSH bound to any of the
melanocortn receptors.

DISCUSSION

The melanocortic peptides share a common core of four
amino acids: His®-Phe’-Args-Trp®. All compounds known
to bind the MC receptors (except agout, which is a large
peptide that does not show any homology with a-MSH)
have important elements from this core. As the natural
MSH hormones are not selective for the MC3, MC4 and
MC5 receptors, and no highly selective synthetic MSH
analogues are available, it is tempting to search for other
peptides that might bind to the MC receptors, since struc-
tural elements in such binders might guide the design
and development of selective compounds for each of the
MC receptor subtypes. MSH-B, HP-228 and GHRP-6 have
not been tested by radioligand binding prior to this study.
Moreover, these peptides have not hitherto been tested
on the different human MC receptor subtypes.

MSH-A and MSH-B are two peptides that were recently
isolated from the pituitary gland of the sea lamprey.®
MSH-B was reported to be 10 times more potent than a-
MSH in a frog skin assay.?® MSH-B has a free amino group
at the N-terminus where a-MSH is acetylated The N-ter-
minal acetyl group in a-MSH is known to have importance
for binding.# MSH-B has identical sequence with a-MSH in
positions 4—10, which includes the main MSH core, and
the important Met* Our results indicate that MSH-B has a

© Harcourt Brace and Company Ltd 1997

potency simmilar 1o that of @-MSH for the mammalian MC1
receptor, both in binding to the recombinant human MC1
receptor and to the murine B16 melanoma cell MCI1 recep-
tor, as well as in eliciing a cAMP response in the larter
cells. We have shown previously that desacetyl a-MSH has
higher affinity for the MC3 and MC5 receptors than o
MSH.? Interestingly, the MSH-B also has higher affinity for
the MC3 and MC5 receptors than o-MSH. Perhaps the N-

. terminal acetylaton is the reason for the differences in

" affinities of a-MSH and MSH-B, despite the fact that the
N-terminus is much longer for MSH-B than for a-MSH.

It has been known for some time that a-MSH acts cen-
trally to inhibit fever, and that it modulates inflammation
in the periphery.? HP-228 is an a-MSH analogue that
has been shown to protect against hypotensive and toxic
actions of lipopolysaccharides;® an action which may
involve inductdon of nitric oxide production. Moreover,
HP-228 was shown to inhibit induction of nitric oxide
synthase in vivo.?* HP-228 does not have any major
structural differences compared with [Nle,p-Phe’]a-
MSH(4-10). The only difference in the amino acid
sequence is that the acidic hydrophilic Glu® is replaced
by the more neutral Gln’, and Trp? is replaced by D-Trp?
in HP-228. Glu® is not believed to have major importance
for the receptor binding, at least not for the murine MC1
and the rat MC3 receptors.’®?! When comparing HP-228
with MNHAFRWG, it should be considered that HP-228
is N-terminally acetylated whereas MNHAFRWG is not.
Our results show that HP-228 shares the a-MSH and

Neuropeptides (1997) 31(6), 565-571
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[Nle*,0-Phe’]la-MSH binding propertes as it has highest
affinity for the MC1 receptor. It also shares the properties
of MNHAFRWG and other core MSH peptides by not dis-
aiminating berween the MC3 and the MC4 receptors.”
Interestingly, HP-228 has slightly higher affinity for the
MCS5 receptor than the MC3 and MCH receptors. HP-228
has 18- and 170-fold higher affinity for the MC5 receptor
than MNHAFRWG and o-MSH, respectvely. The MCl
receptor is primarily found peripherally in melanocytes
and in testis*s but has also recently been found in murine
macrophages where it may participate in autocrine mod-
ulation of nitric oxide synthase.’ The MC3 receptor has
been identified in a number of peripheral tissues includ-
ing tissues associated with the immune system such as
lymph nedes, leukocytes, spleen, bone marrow and thy-
mus.'+1532-3% The MC3 and MC4 receptors are, on the
other hand, found primarily in the brain. HP-228 has its
highest affinity for the MC! receptor and it seems to be
the most likely candidate to mediate the immunomodu-
latory effects of HP-228. The reladvely high affinity of

HP-228 for the MC5 receptor may perhaps indicate that -

the MC5 receptor may also participate in eliciting the
immunomodulatory effects of HP-228.

GHRP-6 is a Met-enkephalin analogue= and a potent
GH-releasing peptide, which has also been shown to be
actve in frog skin bioassay.** GHRP-6 does not show
much structural similarity with o-MSH (Table 1). It shares
only His$, Trp? and Lys'' with a-MSH. Phe’ is replaced by
another non-polar hydrophobic residue, o-Trp” but, most
importanty, Arg® in o-MSH is missing in GHRP-6. [p-
Lys’lGHRP-6, which is a putative GHRP-6 antagonist, has
closer structural similarity to the MSH peptides. It has the
structurally related o-Lys? instead of Arg®. [D-Lys’]|GHRP-6
has, as could be expected, higher affinity for all the MC
receptors (espedially for the MC3 and MC4 receptors)
when compared with GHRP-6. Interestingly, [D-Lys’]
GHRP-6 has only slightly higher affinity for the MCI
receptor compared with GHRP-6 which may indicate that
the basic hydrophilic residue in position 8 is not as impor-
tant for the MC1 receptor as it is for the other MC receptor
subtypes: The structurally related Met-enkephalin and the
functionally related GHRH did not bind to the MC recep-
tors. The low affinity of the GH-releasing/enkephalin pep-
tides may indicate that they do not interact with the MC
receptors at pharmacologically relevant concentrations.
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We 2xpressed epitope-iagged human melanocortin | receptor (MICIR) in insect zells using two different
recombinant baculovirus constructs: one of which encoded MCIR with an N-ierminat Flag epitope and 21
C-terminal polyHis tag. while the other encoded the MCIR 'vith a C-terminal Myc tag. The constructs were used
to infect SI9 insect cells. For both constructs. immunoblotting with tag-specific antibodies demonstrated ihe
presence of the receptor in the infecied cells. The infected SI9 cells were characterized by radioligand binding
using ['=[}[Nle*. D-Phe’la-MSH. Bath sawration and competition analysis. using a-. B-. and +-MSH oa the
tagged MCIR expressed in the insect cells, gave binding constants and potency orders that wers uncisunguish-
able from those obtined on MCiR 2xpressed in COS cells. The sxpression level obtaired (in the order of pmoies
of binding sites per mg of protein) wiil now facilicate attempts to purify the receptor. This is the first recoct that
demonstrates 2 functional 2xpression of recomdinant melanocorua receptor in aonmammalian cells.  2ivse

Academc Prasy. loc.

The melanocortic peptide a-MSH was one of the 2arliest peptide hormorzas 0 be isolated (1).
Although the a-MSH and the related hormones B-MSH and vy,-MSH have a broad range of
biological functions (2). the precise physiological roles of the MISH peptides in humans remains
largely unknown.

Molecular cloning has ideatified a family of G-protein coupled receptors that bind and are
stimulated by melanocortic peptides (3-7). This family includes five subtypes which were named
by their order of cloning. The melanocortn | receptor (MC1R) is expressed in human melanccyvies
where it has a regulatory role in pigmentation as it induces melanoneogenesis after binding to
a-MSH. Recent observations also show that MCIR is present in the periaqueductal gray area of
human and rat brains (8). The MC2R. which is expressed in the adrenal gland. has high affinicy to
ACTH which binding induces cortcosteroidogenesis (7). The MC3R and MC4R are pnmanly
expressed in the brain where they are proposed to contribute to the behavioral. neurochemical and
neurotrophic effects of melanocortic peptides (5.6.9~11). The MC5R has wide peripheral dist-
bution in addition to its presence in the brain (3,12-16).

The molecular cloning of the MCR genes has opened new avenues to studv the mechanisms for
ligand interactions and the structure of the melanocortc receptors. The MCR subtypes have besn
individually expressed in mammalian cell lines and their binding to MSH peptides have bezn
characterized (17). Site-directed mutagenesis and molecular modelling of the MCIR has revealed
a putative interaction of individual amino acids in the receptor with the MSH ligands (18.19).

The baculovirus expression system is established as one of the most efficient methods for
high-level production of functional recombinant proteins (for a review, see Ref. 20). Several
G-protein-coupled receprors have been successfully expressed in baculovirus-infected insect cells,
and levels comparable to or higher than those obtained in-other expression hosts were achieved

Abbreviations: MSH. mefanocyte stimulating hormone; MCR. melanocortin receptor: St9. Spodopeera frugiperda: PCR.
polymer chain ceacuon; COS, CV-1 Ongin. SV4Q.
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(21-23). In the preseat study we demonstrate high leve! expression in insect cells of affinity-tagged
buman MC!Rs. which are pharmacologically undistinguishable from nauve MCIRs.

MATERIALS AND METHQDS

Chermicals. The [Nie*. D-Phe la-MSH. a-MSH. B-MSH and y,-MSH (H.N-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-
Arg-Phe-NH.j were purchased from Saxon Biochemicals GmbH. Germany. [Nled. D-Phe7]a-MSH was radioiodinated by
the Chioramin T method and punified by HPLC.

Construction of piasmids. The DNA sequencs sncoding the human MC receptor (EMBL GenBank 1c2.10.X67594) was
amplified by PCR using the following pnmers (wrinen in §'-3' direction): GTTGGTTCCATGGCTGTGCAGGGATCT-
CAGAGAAGACTTCTGGGC (§° sense pnimer: the underlined sequence sncodes the armruno acids [-12 of MCIR: Ncalsite
in boidtype: and GTTGGTTCTAGACCACGAGCATGTCAGCAC (3" antisense snmer the underiined sequence encodes
the amino acids 312-317 of the MCI recspior: Xbal sue shown in bold type). The human MCi gene (4) in the vecter
pR/CMYV served as a remplate. The PCR fragment was =xcised from an agarose zel. digested 'with Ncol and Xbal and
cloned into wwo different denivatives of pFASTBAC! (Gioco-BRL) harboring affimicy tags ((24) and X.X.. unpublished).
Fig 1 illustrates the structural details of the resulting expression construczs. designated as pKS06-1 and oK<08-7. encading
MCIR with an N-ierminal signal peptide (derived from ecdysteroid UDP-glucasyitransferase of Autographu califormice
nuclear polyhedrosis virus (25)). 2 Flag spitope (26). and 3 C-terminal polvHis :ag {referred 0 as Flag-MCiR-His), and
MCIR with a C-terminal Myc 1ag (referred to 2s MCIR-Myc). respectively. The PCR generated MCIR DNA insens in
pKS506-1 and pKS08-7 were sequenced to verfy their commecmess. Recombinant baculoviruses were then generated by using
the Bac-to-Bac system (Gibco-BRL! based on site-specific wansposition of the 2xpression cassette carmed dv the recom-
binant plasmids into a daculovirus shuttle vector (bacmid) maintamed in Z. coli (27). The recombinant bacmids wers
introducsd mto Spodoprera frugiperda (Sf9) cells by lipofection (Cailfecun. Gieco-8RL, foilowed Dy harvest of the
recombinant virus from the culture supernatant thres days after the wanstecuon.

Expression of MCIR in COS cells. The tuman MCIR was cloned inte the 2xprassion vecior pRC'CMV {In Vivogen-
Corp.. USA) (4). For receptor expression. COS calls were crown in Duibeczo’s modified Sagle’s medium with (0% foerz2i
calf serum. Eighry percent confluent cultures were wansiected with the DNA mixed with iiposomes ia serum fres medivm.
The liposomes wers the commerciaily available Lipofeciin (BRL. USA) or oroducsd aczording 0 Cambeil (285, After
transfection the serum-ires medium was reglaced with the serum contzining medium and the ceils were culnvated for o2
48 h. Ceils were then scraped off. centrifuged and used for radioiigand Sinding.

Expression of MC!R in Sf9 cells. Standard arovocaols were used ior e maintenance and infecudon of Sf9 insect c=tls (29).

2lls growing as $0-100 m] susgension cultures {Z-3 x 106 callyml) in spinner {lasks at =27°C wers narvested 72 hours
after the inf2ction by centifugation. and amalyzed for radioligand sincing and 9v immunocoloting as descnbed beiow.
S£-300 (I (Gicco-BRL) was used as the growth medium for insec: cails.

Immuncgobiorring. Cails wers dissolved in SDS and resolved by slecirophoresis in 15% SDS-polyacrylamide gels. and
transferted (0 nitrocellulose. The blots wers probed with anu-Flag M2 antibody (IBI Xodak}. or with anti-Mve $E:Q
antibody (20). followed by anti-mause [gG-alkaline phosphatase conjugate (Bio-Rad). Alternatively, the blors wers detected
by using a poivclonal antiserum raised against a synthetic peptide corresponding to the N-termizal sequence of MCIR (3).
followed 9y anti-rabbit IgG-alkaline phosphatase conjugate { Bio-Rad). Finally. the blots were developed by using 3-bromo-
4-chlorc-3-indoylphosphate and niwroolue tetrazolium substrates (Promesza).

Binding studies. The Sf9 and COS cells were used dirsctly after the infection/transfection procsdure or were 1aken tom
frozen stocks. The cells were washed with dinding burfer (Minimum Essential Medium with Earle’s salts. 25 mM HEPES.
pH 7.0. 0.2% bovine serum albumin. 1 mM 1,10-phenanthroline. 0.5 mg per liter leupeptin and 200 mg per liter bacitracing.
and then diszibuted into multi well plates for binding. The cells were then incubated for 2 h at 37°C with binding buffer
in each well. containing an appropriate concentrations of ['“Ij{Nle*. D-Phe’]a-MSH and unlabelled ligand. After the
incubation plates were put on ice. cells washed with ice-cold binding buffer and detached from the plates with 0.1 N NaOH.
Radioactivity was counted (Wallac. Wizard automatic gamma counter) and da analyzed with the BindAid software (Wan
Svstem AB, Umed. Sweden). By using BindAid B, and X, values wers thus obrained by fiwing saturation curves 10
formulas derived from the law of mass-action by using the method generally referrad 1o as multicurve modelling. K, -values

“were calculated from ICy, values of competition curves by using the Cheng and Prusoff (31) equation: the [C., values being
obtained by fitting the curves to the four parameter logistic function. For saturation anaiysis 12 conczntrations of (! 21Nt
D-Phe’]a-MSH. ranging 0.02 up to 3 nM. were used. Non-specific binding was determined in the presence of 3 uM [Nle*.
D-Phe’]a-MSH. All binding assays wers performed in duplicate wells in three repeated experiments.

RESULTS

We expressed epitope-tagged human MCIR in insect cells using two different recombinant
constructs (see Fig. | for details). The recombinant baculoviruses v306-1, which encodes MCIR
with an insect virus-derived signal peptide. N-terminal Flag epitope and a C-terminal polyHis tag
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FIG. 1. Qutline of the Flag-MCIR-His and MCIR-Myc expression consiructs.

(Flag-MC1R-His), and v308-7 which encodes the receptor with a C-terminal Myc tag (MCILR-
Myc), were used to infect S insect cells. In westem blorting (Fig.2) anti-Flag M2 antibody
detected a major 30-32 kDa species, and 2 minor 64 kDa species in the cells infected with v306-1.
No M2 immunoreactivity was observed in cells infected with v308-7, or in uninfected cells (not
shown). On the other hand. anti-Myc tag antibody 9E10, recognized a 30-32 kDa major band and

M2 SE10 anti-MC1R
5= -
43 — 'I":- “

Sdea ez
25 f==-N — @ -
20 —
1 2 1 2 1 2 3

FIG. 2. Immunoblot showing the expression of MCIR in insect cells. Blots were probed with anu-Flag M2 mAb, 9E10
mAb, or with a polyclonal and-MCIR antiserum as indicated. Lanes: |, v506-1-infected cells; 2. v308-7-infected cells: 3.
contol cells infected for expression of a glutamate receptor. The positions of the molecular mass markers are shown at the
left (rypsin inhibitor, 20 kDa; triosephosphate isomerase, 26 kDa: maltose binding protein, 43 kDa; bovine serum albumin,
66 kDa).
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a 64 kDa minor band in cells expressing MCIR-Myc (infected with v508-7) but not in cells
expressing Flag-MC1R-His (v506-1). The labeling illustrates the high specificity of the tag-specific
andbodies and demonstrates expression of both MCIR versions in Sf9 cells. Furthermore, a
polyclonal and-MCIR antiserum (8) recognized a broad 3032 kDa band in cells infected with
either v506-1 or v508-7, but not in Sf9 cells expressing a nonrelevant control protein (glutamate
receptor GluR-6). From the calculated molecular sizes of Flag-MCIR-His (37.2 Da) and MCIR-
Myc (36.4 kDa), it is likely that the smaller 30-32 kDa band represents the monomeric receptor
while the 66 kDa band possibly is a receptor dimer.
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FIG. 3. Saturaton curves of ['>*[J[Nle*, D-Phe”]a-MSH obtained from MC1-COS cell (A), MCIR-My</S(9 (B), and
Flag-MC1R-His/S® (C). The figures show total binding (M) and binding in the presence of 3 M cold [Nle*. D-Phe’]a-
MSH (@) for each recepror. Lines represent the computer modeled best fit of the data assuming that ligands bound to one
site.
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The ligand binding properties of the MCIR expressed in Sf9 cells were characterized in a
radioligand binding assay using intact cells. As can be seen in Fig 3, the binding of ['ZIJ[Nle®,
D-Phe’]a-MSH to Sf9 cells infected with v506-1 (Flag-MCIR-Hiv/Sf9), v508-7 (MC1R-Myc/
Sf9), as well as to COS cells transiently transfected for expression of the MCIR (MCI1R/COS)
occured to samurable high affinity sites. Analysis of the binding data by nonlinear curve-fitting
revealed that for all three cases binding was to a single class of binding sites with the K s being
110 = 11, 169 = 31 and 120 = 14 pmol/l (mean = S.E.M) for the MCIR/COS cells, Flag-MCIR-
His/Sf9 and MC1R-Myc/S9 cells, respectively. The B_,, values obrained from these tests were
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125 | .NDP-MSH bound (nM)

O 55 ] L]
-3 -2 -1 a 1 2 3 4
Competitar (nM)

125 | NDP-MSH bound (nM)

Competitar (nM)

100

80 +

60

4Q -

20

125 |.NDP-MSH bound (nM)

0 T
-3 =2 - 0 1 2 3 4
Competitor (nM)

FIG. 4. Competition curves of [Nle*, D-Phe]a-MSH (W), a-MSH (@), 8-MSH (4), and v,-MSH (#) cbeained from
MCI1-COS cell (A), MC1R-Myc/S(9 (B), and Flag-MCIR-Hiv/Sf9 (C) using a fixed concenmadon of ['¥[|(Nle*, D-Phe la-
MSH.
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1.35 =5, 1.56 = 7 and 0.175 = 0.005 pmol/mg of total protein for the MCIR/COS cells, Fiag-
MCIR-His/SfO and MCIR-Myc/SE9 cells, respecavely. We further investigated the pharmacologi-
cal properues of the three expressed MCIRs by analyzing the ability of some MSH peptides w0
compete for the ['Z[j[Nle®, D-Phe’]a-MSH binding. Fig. 4. show represenuadve compeuton
curves for [Nle*, D-Phe’]a-MSH, a-MSH, B-MSH and v,-MSH, and Table 1 lists the cognate X,
values. All the tested peptides showed the same order of potency ([Nle*, D-Phe’]a-MSH > a-MSH
> B-MSH > y,-MSH), as well as closely similar IC,, values in all the three calls rypes. Thus. the
ligand binding characterisdcs of the insect calls exprassing affinity-tagged MCIRs are in good
agreement with the pharmacological propertes of the MCILR axpressed in COS cails ((17) and this
study), as well as with those naturally present in melanoma cells (32).

DISCUSSICN

Previousiy, MCIRs have besn expressed in mammalian cell sysiems, like COS, 293 human
embryonic kidney cells. Hepa cells, L-cells (murine fibrobiast), CHO and Y1 calls
(4.5,10,12,13,34). All these cells. whether expressing MCIR in a ansient or stable manner. bind
MSH peptides in an identical fashion. and thus sesm suitable for the pharmacological analysis of
the receptor. However, these cell lines may not be ideal for large-scale nreparation of MCRs. This
is because these cells show low and variable exprassion of the receptor. Furthermore, scaling up
mammalian cell expression is expeasive and impracucal.

Recombinant baculovirus-based insect csll axprassion svstem generally vields hugh 2xpressicn
levels of functonal proteins also in suspeasion culture. In the present study. insect cells were
enginesred for expression of two different epitope-tagged versions of the human MCIR. Bv
immunobloting using tag-specific monoclonal andbodies a2 dominant 30-32 kDa was detected in
the infected insect cells. The molecuiar sizes predicted by the amino acid sequences of Fiag-
MCI1R-His and MCIR-Myc are slighly higher (3637 kDa). Partial proteclysis of the recaptor is
not the likely source for the size difference, because the 30-32 kDa band carried the C-terminal
Myc tag in MCIR-Myc and the N-teminal Fiag 2pitope in Flag-MCI1R-His. A more plausibia
explanation for the faster than expected electrophoreric migraton of the tagged receptors mav be
an incomplere denaturation of the samples. We did not boil cur samples in SDS prior to alectro-
phoresis because heating invariably led to the conversion of the immunoreactve materal into
aggregates (also observed for photclabelled MCIR frm B16 melanoma cells (33)), which barely
penetrated into the separating gel in SDS-PAGE (data aot shown). The extreme hvdrophobicity of
MCIR, with its high content (50%) of leucine, isoleucine, valine, phenylalanine and alanine, mayv
contribute to this behaviour.

The infected Sf9 cells expressed functional MCIRs in high numbers. Both tagged receptors
expressed in the present study appear to be functionally indistinguishable from the MCIR ex-

TABLE 1
K, and K, values (mean = S.E.M). obuined from saturation and competition curves for MSH peptides on MCIR/COS.
Flag-MCIR-His/S9 and MCIR-Myc/S(9 cells

_ Filag-MCIR-

MCiR/COS His/S9 MCIR-Myc/Sf
Ligand (nmoliter) (nmolliter) (nmolliter)
{(FINle*, D-Phe la-MSH® 0.110=0.011 0.169 =0.021 0.120=0.014
[Nle®, D-Phe’)a-MSH? 0.0993 = 0.004 0.117 =0.016 0.0913 =0.017
a-MSH® 0.294 = 0.061 0.511 =0.090 0.182 =0.033
B-MSH® 0.950 = 0.061 1.23=0.24 1.05 =004
¥,-MSH? 7.69=1.21 126 =37 3.12=0.45

¢ K, values from sawration analyses.
* K, values from competition analyses.
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pressed in COS cells as judged from the binding data. both when compared to the mammalian cell
expressed MC1Rs charactenised in the present report. as well when compared to earlier published
dara (17.32).

In conclusion. tagged MCIRs expressed in Sf9 insect cells displaved ligand-binding pharma-
cology identical to that observed in MCIR expressed in mammalian cells. The expression level
obtained (in the range of pmoles of binding sites per mg of protein) will now facilitate the
purification of the receptor by using immobilized metal chelation affinity chromatography (His tag)
or immunoaffinity chromatography (Flag and Myc 2pitopes). Such purified receptors will be useful
for further biochemical and pharmacological characterization of the MCIR.
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A phage display system for the selection of peptides
binding to heterologously expressed human melanocor-
tin receptor 1 on the surface of insect cells has been
established. It could be shown that phage particles dis-
playing the natural ligand a-melanocyte-stimulating
Bormone bind selectively to cells expressing this recep-
tor and thar these phages exhibit biological activity on
mouse B16F1 melanoma cells. Insec? cells were superior
to other cell lines tested and have been used to select
binders from a small library, in which critical determi-
nants (Phe”-Arz? Trp®) were kept, whereas the Janking
regions where allowed to variate freely. One peptide
displaying little similarity with native hormone was
found that binds to the receptor also in its free form
with an affinity of 7 o It showed a remarkable selec-
tivity for this receptor, because it binds to the other
melanocortin receptor subtypes with a maximum affin-
ity of 21 py. This is the first time phage display has been
used successfully with G-protein-coupled receptors
lacking an extracellular binding domain.

Phage display techniques, i.e. the display of libraries of pep-
tides, enzymes, antibodies, and other proteins on the surface of
bacteriophages and seleczion of functional sequences thereof,
have undergone a rapid development (1-3). Onginally used as
selection systems to ideatiy peptide epitopes (4, 5), phage
display is today in use for almost any kind of problem that
invalves the interacton of peptides and proteins with other
materials. Most of the published literature deals with the de-
velopment of antibadies (6—8). With the use of this tachnique
one comes close to the power of the human immune system.
Other milestones were the display of enzymes (9), enzyme
inhibitors (10), hormones (11), and cloaing of active protein
domains (12), to list only a few applications. Among the qumer-
ous publications ahout the display of hormones there are anly a
few dealing with the bicactivity of the phage (for examples see
Refs. 13 and 14), because in almost all cases purified domains
of cell surface receptors are used for the selection of binders
from libraries (for examples see Refs. 11 and 13). Ouly a very
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I Supparzed by the Swedish Insticute.
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few successful axperimernts are publisiied =ich receprors dis-
played on !iving cells acd in all such cases the recegrors sizd
the ligands #ith 2xtracelluiar doains 16-18).

The selec=ion of random libraries of small pentides is zarz-
rally merdered more difScult when worliag #1:2 impure targer
proteics. Libraries of larger arorein ligards usuaily zagtaiz
comrmon structural fearures diraczizng and restricsing dinding of
phages %o :he intended :arger. Especially G-oroteiz-caupled
receptors ‘or small ligacds thac bind the lizacds withiz their
tracsmercprace helices have been the axclusive targer %or
ckemical zeptice ard other comzouznd libraries '19-22). These
cac Je aralvzed and deconvoluted by other means than jus: she
affinicy of :he comgpounds. as has been shown for 2xarzple for
the YIC1 receptor {24}, Jut they lacik he complexizy of bacrert-
ophage displayed libraries. Because these receptors have aot
yetbeer purified in quantities and in a qualicy sutficieat lor the
standard panmning of phages, the selection on isclated mem-
bragnes or whole cells remains the only possibility.

Good candidates for studying whether phage pannicg an
such meceprars is possibie in principle against these odds are
the recently cloned melanocersin receptors. Some of their li-
gands. the family of melanocarsin peptides. have been krowa
already ‘or a long time for their effects oo pigmentation in

‘melanecytes (a-MSH)! and for regulation of stersid production

in the adrenal zland (adrenccorticotropic hormoae). Already in
early studies it was recagnized that theyv display aurmerous
other sffecss (25, 26), which is aow confirmed and explained oy
molecular cloning of different receptor subtypes.

The 3rst receptor to be cloned was the melanocortin receptor
(MC1) of the melanacytes, scon followed by the identification of
the adrenocarticotropic hormone receptor of the adrenal gland
(MC2) and three other receptor subtypes (MC3, MC4, and
MC53) with initially unknown functions (27-31). The distribu-
tion of these receptors in differeat tissues is known (29, 31-33),
but the cellular function of these three subtypes is still not
identified. Only the MIC4 receptor, which is found in many
tissues of the brain (30, 34}, has recently been identified ta be
involved in weight homeostasis (35, 36.

Aside Fom the M C2 receptor, all of ther bind the 13-amino
acid-long a-MSH or analogues with nanomolar and subnano-
molar affinjties (37—40), but ligands highly specific for a single
receptor subtyge have oot beea ‘ound up to zow. [ntense stud-
ies have heen carried out on the characterization and identifi-
cation of residues involved in binding of the receptors, and the
synthesis of aumerous natural acd unnatural geptides have
been tried to achieve peptides with selecivity for a single

! The abbreviations used are: a-MSE, a-melanacyte-stimulating aor-
mone: gplll, product of bacteriopiiage 2 zenelll; MC, melanoacorin;
PCR, polymerase chain reaction.
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receptor (24, 41, 42). A com=on acd ssseatial motf of 2acural
MSH pepcides is a smezcs of ‘our amino acds (His3-Phe”-arg®-
Trp?) believed o be assentaj %or binding, an usually short N
terminus pgrecading “his sequencs. and a less size-restricied
C-terminal sequence (25). These are ‘eatures that should allow
the design of shage libraries, mter= the C termizus is linked 2
the phage protein. [t should also Se possibie 0 improve the
seleczion procedure by using only parzally randomizad se-
quences witk the mocf Jis?-Phe -Arg’-Trp? or pars thersof
This should rescicz specfic phage= binding to the receptor
protein.

This report shows hat phages displaying an «-MSH-gplll
fusion protein bind specifcaily to cells expressirg the MC1
receptor and aven retain a bioclogical acxivity. A selecZon sys-
tem based on heterviogously expressed receptors on the cell
surface was established and was exploited 0 select aovel pep-
tides specific or *he MC1 receptar Tom a phags display Horary.

MATERIALS AND METHQDS

Cloning Procedures—?lasmid zCaxmz3d derived Tom 5Cix=33 (43)
with the lignt chai= cloning sitas re—oved as a3 Nael Sag—ent (44) and
pG3ES (45), a derivacive of 3FEEN 1), wer= used in his study. The
plasmids were cut ®ith ZcoRYSmel and Psctl/Xhol. respecsvely. PCR
reaczans were carmied out :n 100-ud voiumes witz 5 oM dNTPs and 2
anits of Vent or zwo~-Vent-goly—=erase ‘Biciabs) iz he buTer supplied
with the :pzvrmes. [n a2 Sypicai 2CR =action about 300 ag of 2plate
DNA and 20 pmol of sack primer were 2sed. The PCR reactions were
carried out in 2 3iomera Tro 2CR rycler using the ollowizg oyeling:
three cycles of 34 °C for 30 5, 48 °C or 30 5, and 72°C for 5 xin:
seventeen cycles of 34 °C for 30 5, 35 *C for 30 5, ard T2 *°C Jor 5 =uini;
and :hen ane cycie of 72 °C for 10 =iz=. The gprizers wers Knased #ith
T4 polynucleoride inase (Boebringer Mannkeim) prior 0 PCR. The
oligonucleotides wused im this study were MS-d4per (5°-
AACAGGTTTACCCCAACGGAAGTGCTCCATAGAGTAAGAGGCCA-
TGGCTGGTTGGGCAGC-3') and MS-5per (5'-VNNVNNVNN-
VNNCCAACGGAAVNNVNNVNNVNNVNNAGAGGCCATGGCTGG-
TTGGGCAGCGAGTAIN (N = A C. G, orT;V=4A.C,or&) sha
sequence complementary to the 7e/3 (eader sequence gere in Soch vec-
tors and cp3-1 (5'-CCCGGGGCCGCATAGACTGTT-3") and p3-198
(5'-CCCGGGGGCGGTGGCTCTCCA-3") pardally comple=entary to
the 5° region of genelll in the vectars pG3HS and pComiddd,
respectively.

PCR products were purified Yy agarose gel eleczrophoresis (46). Li-
gation reactions were carriad cue with T4 ligase at a DNA concentration
of =6 ug/ml in 300-ul volumes at 15 "C overnight. For standard =ans-
formatian a simple one-stap grocedurs was used (47). For library con-
struction the ligation products (3 .g) were purified on a silica support
(JetPure, Genomed) and used for 12 individual eleczroporations of XL1-
Blue using Electroparatar [ ([nVitragen) according o the manufactur-
er’s dascriptions.

Prepatation of Phage—All media used were ISO approved and ob-
taired Fom Difco or Oxoid. To avoid counterselection due o oversx-
pression of the gplll fusion protein only freshly oansformed baczeria
were used. Precultures of XL1-Blue harboring the phagemid were
grown in Antibictic-Medium-3 witk 30 ug/ml tetracycline and 250
#g/ml ampicillin at 37 *C. dYT medium (10 gliter yeast extract, 16
gliter BactaTrypeone, 5 glicer NaCl) with ampicillin was inoculated
1:100 with this culture, and lbrary wTansformed cells were directly
added to about 200 ml in a l-liter erlenmeyer flask. At an 4, , of
0.5-0.7 the culture was superinfeczed at a multiplicity of infec=oa of 5
with low titer M13KO7 (48) prepared as in Ref 49. After 1 b, ranamyein
(30 ug/ml) and optianally isopropyl 3-o-thiogalactoside (0.3 M) were
added. The cultur= was shaken an addidonal 3-12 &, the baczeria were
removed carefully ia 1-2 centrifugation steps, and phages were precip-
itated in the cold by addition af Va volume Sitersd 20% PEG&000, 2.5 M
NaCl and centrifugation at 20,000 x 2. The resulting phage peilet was
resuspended in Yio of the original volume 100 my HEPES (pH 7.2),
ceatrifiged o remove insaluble debris, precipitated a second time. and
Bnally resuspended in ¥ios of the original volume HEPES buffer. These
phage preparatioas did anot disturb *he growth of HEK?293 or COS-1
ceils if diluted 1:500 in cell culture medium. Aliguats of purified librar-
ies were stored at ~70 °C with 30% glycerol.

Expression of Melanocortin Receptors—The melanocortin receptors
were cloned inzo pZ2oSV ([nVitrogen). The resulting vectors were used
for zransfarmation of the mammalian cell liney YEK293 (50) and COS-1

Phege Display Selection on Whoie Cells

{51) using 'ipcsomes (32) a3 descibed arevicusiy '53). Ceils were culi-
vated in Duibec=a's modifed Tagie's =ecium with 10% fecal calf seruxm
at 7% CO.

Transiectad ceid lices were <egt under seieczon of 180 ug/=l respee-
tively, 250 .gr=i o2 or at east 2-3 days. COS-1 ceils could aven Te
distnbuted ~wo or “Sree Zmes under selec=on pressure witZout loss of
recepwrs. 30 (34) aod Fign Tive ' [nVicsgen: Rerdl 33) msect ceil Unes
were Zrown 1 sycthecc edium (SFI00ML, Life Teczz=oiogies, I2c.: and
infeczed with baculovisus v308-3 carmicg 2 Zene for ke 2MCL ~eceptar
as descibed '40) 2 T30 Jasiks. 48 1 1der miecton e calls were
dissodated 9y sounding the Tasks several simes an ke :able and
calleczng ceils 2y canziiugacion

Peptide Synthesis—Pepudes vere synthesized an 2 Paneer Pepcide
Syuthesis Systery (PerSeptive 3iosystems) and puriSed by ugh ores-
sure iquid chromatagraphy. The mciecular weignt af *he zepudes was
confirmed Sy mass speccromersY.

eAMP Sumulenon—B16F 1 zeils expressing ke 2MCT recereor /36)
were zxown 1s abave. Cails weres detacted ZTom almast onduezn: ac-
herent cultures ind ‘ncubaced br 20-350 =unr 1t 37°C n ardinar-
growth zediuxm oorn:aicing 9.3 =i of tRe skbosprodiesterase nfbitar
3-ws0-oucyl- i-methyi-xapsiine, 304l aliquots of "2e zor=oce diluzions
I Zrowth mediu= wers srepared 1= L.3-=! TuDes and sizced 1 2 water
back ae 37 °C. For tme stimwiadion itaus 3 ¢ 10% 28ils in 330 ! vere
quicldy added 23 eacz Tupe t0 optaln im=eadiate mixizg. Alar 20 =in 3
wl of 4.4 31 zerchioric acid 'vers 1dcec, mized, zeurzlized ater 1 Jew
minutes 3y e adcizZan af 30 &l af 2ase -3 i XCE. L 1 Trsy, and
cenaiuged. The determization of 2AN[2 a ke resulting suserzaran:
was carried Juz 1s descsided (370,

Binding, Campger:z:on, and Selecs:ion Zzzeriments—All sinding and
seleczZon axmeriments with prages is well 1 madio ligincd cammgesinien
exgerizents wers car—ied out 2 Sufars arnd ucndar conditions as de-
scribed Jrevigusiy or COS-1 (37 and 38 ' 30) zells: in addizion, 1 =
2-mercaproecianel was adced o protect the Tee sulfhydiyl zrougs of
some pepcdes. Phage bindimg 2xgeriments were usuaily carmied su:
with weal phagemid dGters of 1 X 107 colony-formicg unity/=!l Fac
competitian axgeriments with 2GEMT (Promega) phagemid solution
usually contained 2o0ut 2% pd{S+23 ar aMS+4-26. 2.5 < 10° insec: cells
ar 1 X 10¢ COS-1 were incubated 2637 *C zen:ly shaken in 1 water 5ach
in 4 =l of phage susgension in binding buar (Ref. 37, minimal essex-
tial medium with 3roteinase inhiditars) for 30 min. The cells were
washed four dzes with 4 @i of bindizg bufer 1fter centrifugacion at 2
maximue of 1000 < gz ‘or 10 min. Finally only 1 ml of bioding Suffer
was added. ind ke incubation was axtecded :0 30 miz. Cails were
harvested by centiS:gacion at 3900 X g, and aliquots of the cell gellec
and this 3ral superzatant were used 0 nfect logarithmic cultures of
XL1-blue at different dilutions. ARer 30 min of incubation at 37 °C, the
bacteria were plated on agar plates conzaining 250 pg/m! ampicilliz, 0.5
my isopropyl 3-o-thiogalactoside, and 40 pg/=l X-Gal. Blue/white cal-
anies were counted after 20 &k of incubation in the dark at 37°C. n
library panricg the entire cell pellet was used to infecz 100 ml or
XL1-blue at Ay = 0.4=0.5 and zrown as described above. For library
analysis an aliquot was plated on agar plates contaicing 250 ug/=l
ampicillia 1-2 3 after the infeczion.

RESULTS

Investigations on *he Selection System—To display «-MSH in
an active form on bacteriophages constructs were made by long
inverse PCR amplification of the entire plasmids. Although we
are still aot satisfied with the quality of the DNA obtained,
other groups receatly applied a similar approach for codez
mutagenesis (338) and deletions (59), indicating that this still
could be a useful approach for the gereration of peptide librar-
ies in smaller vectors. Two constructs were made originally,
based on the vectors pG3H6 (45) and a pComb3 derivative (43.
44) fusing the sequence of human a-MSH ¢ the N terminus
(pMS+23 from pG3H6) acd amine acid 198 (pMS+-26 from
pComb3d) of bacteriophage fd genelll as outlined in Fig. 1.
Cyclizing the PCR product with DNA ligase resulted in vectors
containing no additional sequences above those needed far the
phage display. pMS<-23 behaved similarly to pMS4-26, but we
did oot study this coostruct in great detail, because it turned
out to be difficult to obrain c¢lean phage preparaticns due to
lysis of the baczerial host. Bath comstructs required induction
by isopropyl 3-o-thiogalaczoside. otherwise 10 enrichment on
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Fic. 1. Location of primer hybrid- L
ization sites for libraxy Zemeration

A

AT T AL GG TEATAATTAMIACTIATTIITTALS 1

gei3 Leadar \

AlaALaAl2Gl /L aul anl eul auAlAA MG o PT2Al aMecAlaCiavVallysleul ey

with long inverse PCR. Nucleotdes 1-
180 of pComb3d are displayed Primer se-
quences are in Soid. denoted ‘a ans-iecer
codes for MS3-per o indicates the invertad
direction MSHS-per cesuits in 3 direes
fhxion of “he degenerated sequence %a the
peiB leader sequence. cp3—~198 with 1 Pr>-

§L

3 AT R TR T TS T A T AL TS T T AL TAGC AT T CTAGG TRAAACTSSTT 3

3 A ATET ST IATTX3
X S-por )
TEEVERAVIEVIECAC SGAAVEEVESI VI VITVIIACA
w 2P 3
/Ze3RZ /S=as

GluValASpGly Il eASPLY SLIuASP L oG lulRal auCloPToCl /Gl SeshrSer

Gly-Gly-Gly linker hybridizes to Ser™® of 13-
: fd genelll Ligadon of e -

PCR produc: “removes” appraximateiy 70

5’ GGG I CRACTETAT T oATAAGT TTEATAT T SAAT T TTIRAGS I SSGSGGATIIACTAGT 1

/= -- genelIZ (Pz3138-3erd406) —-——-—e—e--

GlyGlY/Gl/GlySartrarkeVa CyICluT/ms oG lyGluSerSerAstlaudTsGla

orcleotides Gom the polyiinker site.
,'

5 T T TS oo AT T oo o GAATAT GG OANTSITONGACTISI TS T
COToROCETATOGCICICA, )

rroclyaly @ ralySer?ro
cal-199

Tasz {
Enricamens of pMS+~26 prcgemids over aGEMT grczemids
Experiments presenced zere wers carvied out using COS-1, baculovirus-infected ST9 acd Figh Five cells exgressing she J[CI receptor, infecred
SF9 cells axpressing 1 subunic of ae glutarzace recepror /63), and ordizary Higa Tive ceils as 1 con:wsi. The :asdie shows he sgrict—ens of
pYEL-26 over pGEMT relative o che arigizal relacion 1:30 in the Inal washing soiuzon and he cell ceilez {see ~Marerials and Mec2ods?) acd ke
Bummber of axperiments carried sut Sack ndividual exgerimen: 2ad Jeen carmied jut with diFer=nz cells and/or poage sreparations. showizgz 1
clear sprichment Bor the a-MSH iispiaying zhages it leas: 1n the insect cell gellers. No. axp.. zu=Dber of 2xgerizents.

COS zel SF9 71w SF9 mel Hi-3 Hi.3 2acl
Wasn Petlet Wasn Peilec Wasn Peifet Wash Psilet Wash Peyer
Average x1.72 20.21 X175 =20.753 K15 2 L.63 «<L71 = L.OT <23 =0.33 xT.05 =23.22 «1.53 = 0.41 x2.76 = 1.3 «2.32 = 0.94 <139 = L.24
enrch-
ment
No. exp. n=3 =3 n =4 n=4 na=§ n=5 =2 n=2 n=34 n=3

cells expressing the MC1 receptor was found (data not shown).

The phagemids abtained were tested for specific binding to
the hMC1 receptor heterologously expressed in the mammalian
cell lires HEK?93 and COS-1, as well as baculovirus-infected
insect cells. We tried 0 improve the amounts of receptor gen-
erally obtained in our laboratory in mammalian cell culture
using the vector pZEO-SV (InVitrogen). COS-1 cells expressing
the large SV40 antigen maintained this plasmid due to its
SV40 origin and could be replated at least three times under
selection without loss of recaptor expression, reducing the ex-
perimental effort involved in the transfection of cells, but these
procedures did not improve the number of binding sites signif-
icantly ahove levels published earlier (40). Insect cells infected
with baculovirus v508-6 (40) turned out to express at least the
same number of receptars per cell, although they are substan-
tfally smaller in size.?

Because panning with adherently growing cells failed, gentle
centrifugation of detached cells had to be used instead.
HEK?293 cells lysed during these procedures. COS-1 cells were
more stable and used for more intensive studies together with
different insect cell lines. The binding experiments were car-
ried out with pMS4-26 in direct competition with a 50-fold
excess of phagernids derived from pGEM?7, which allowed easy
evaluation of the binding experiments after infecting Escke-
richia coli XL1-blue and counting blue (pGEMT) and white
colonies on X-Gal plates (Table I). Because incubation in the
final washing step for more than 1 h was not sufficient to
remove the majority of bound phage, we used alsa the resus-
pended cell pellet to infect XL1-blue. The addition of the MC1
ligand [Nle*, p-Phe"]a-MSH (2 u) had oo effect on phage
elution in the final step, but the same concentration did abolish
all enrichment when applied in the first incubation step (data
not shown). This is not unusual for this receptor, because the

2 M. Szardenings. unpublished results.

complexes of the MCL receptor with natural and synchetic
ligards also exhibit high stabilicy and low disseciation com-
stants (60). [n general only a very weak enrichment of pMS4-26
phage particles over pGEMT on COS-1 expressing the receptor
could be seen. This may be caused by a high unspecific binding
of phage particles to the membranes under the conditions used
for selection, and a similar tendency had beea found earlier
(17). Recently published data about peptides selected on insec:
cells revealed a strong preference for sequences containing
tryptophan and arginine as preseat in all displayed peptides
(18). There seemed o be a slight enrichment of pMS4-26 on
insect cells without the MC1 receptor, but the statistics of these
data were weak and seemed not to rectify alternating lbrary
selection on insect cells and mammalian cells as had been
Recessary to obtain ligands for the urokinase receptor (17). The
difference of binding on Sf3 and High Five cells may simply be
due to a slightly higher expressional level found with the latter.
These exprassion levels vary even within our lab, and the
conclusion that those cells are in general better should ot be
drawn from these data.

Aside from evaluating specfic binding, the bicactivity of the
aMSH displaying phages was tested by investigating cAMP
stimulation in B16F1 (56) cells (Fig. 2). There is about one
active peptide displayed per two or three phages according to
these results, if one assumes a stimulatory efficacy close to that
of a-MSH. These results were further substantiated by West-
ern blotting experiments with phagemid supernatant. Using a
monoclonal antibody against gpilIl (61), the blots showed an
estimated amount of about one fusion protein per ten full
length gplll for pMS4-26 phagemids (Fig. 3). Western blots
with polyclonal antibadies against a-MSH showed a strong
band for pMS4-26 and only a very weak response for pMS4-23,
above an overall high background (not shown).

Library Construction and Selection—A small library (about
10® individual clones) was constructed to test this phage dis-
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play system using a partiaily randomized oligunucieodde (MS-
Sper) that kept the MSH-core sequence Phe’-arg®-Trp?, which
is believed 0 he most assencal ‘or receptor binding, to direce
phage binding ‘oward :he receptors. The Ser at the junc=on
with the je{B leader sequence ®as also maintaired 0 reduce

0 s 10 15 a =

Fic. 2. Stimulation of murine B16F1 melanoma cells with
pMS4-28 derived phage particies. Tze 3gure compares te relative
stimulagon by this phage at a 0.3 and 3.3 a5t concentmation 0 3 phage
prepared Fom un=—odifed 3Cah3d 1t the same concezirations, a-
MSH (0.1 and 1.0 =3 and 1 ust ‘rskoiiz

1 2 3 4 5 6

B— -

arl - Y

F1G. 3. Western blot of phage pamcles. -3 X 10“ ard ~1 x 10%°
phage particles fram pGEM?T (lanes ! and 3) and wwo different prepa-
rations of pMS+-26 ilgnes 2 and 5 and /anes 3 and §) were run on a 10%

S-polyacrylamide zel eleczopboresis. blotted on aitocellulose mem-
brane (Bio-Rad), and detected with a primary monoclornal antibody
against gplll (61) and a secondary antibedy coupled to alkaline phos-
phatase (Sigma). The arrows point oward the band corresponding %o
the native gplII (A) and the trurcated Zusion pratein with the o-MSH
peptide (B); the band above A is probably an artifact of the SDS-
polyacrylamide gel elecrophoresis. largely depending on the amount of
protein in A This picture was “aken with a CCD72 vides system
(Dage-MTI Inc.) and analyzed with NIH image software (Wayne Ras-
band, NIH). Evaluation of counts gver background fr the different
dilutions showed that the larger bands are about 3-15 tdmes more
intense than the smaller bands, depezding evaluaton conditions and
the ingpected lane.

TasLs O
‘ ; Analysis of the library selection experiments
The library phages were mixed 1:30 with pGEM7-derived phagemids.
The percentage of library phage present in each selection stap was
determined in the blus/white screening assay.

Phage Display Selection on Whale Cails

the amount of sequezces hac may 20t bYe processed by the
leader peptidase. We ooserved probleres in the speaficty of
PCR reactions, !ow Tacsformaton effciances of the PCR de-
rived vecor DNA as weil as Tuncated sequences in the result-
ing Gbraries. These were par=ally abolished by using exo”-

_Vent polymerase, indicating misprimicg and pardal digescion

of he degenerated sequence by exonuciease aczZvities durizg
the PCR reaczon. Three -ounds of seleczon were run on in-
fected Egh Tive insect ceils. Bluefwhite colony screening ex-
periments were carried out in jarallef by mixing library phages
with pGEMT phages o evaluate the hinding properdes of the
entire library (Table II). After three rounds of selecZog, a
significant enrichrment of cell surface bound phages could be
found.

To our surprise aurcerous mutatad vectors were und 0 be
enriched in the 3nal librarv that carried deletions in the clon-
ing region. 50 ciones were analyzed. 43 had charges hat could
be easily deteczed by rest=icZon analysis. ard only 4 could e
sequenced unarbigiously (Table [II). All peptides wera syn-
thesized as arides o avoid an extra gegative C-termiral
charze, and affi=ices 0 the 1M C1 receptor wers characterized
in standard ligacd »indiag assays »ith doth the insec: ceil aed
the COS-1 expressed receptor (Tanle [V and rig. 4). Values
obtained lor Sath cell ypes were identcal as could 3e 2xgecrad
from earlier studies /+0) and are therefore oot listed separateiy.
The only high afEairy ligand MS-J4 was further tested or its
selecdvity for the hMC1 recentor compared with the aother
MSH birdirg receptors (Table V). To rule out jossible axdation
or dimerizadan caused by Cvs'?, an analogue #ith Ala? (MS-
4ala), was also synthesized acd ested; it denaved similar buc
had an overall lower affinicy.

The peptide MS-04 was also compared with a-YSH acd
[Nle!, p-Phe’la-MSH in a2 cAMP stimulaticn experiment on
B16F1 cells. MS-04 oxhibited very weak agonistic activity (Fig.
5).

DISCTUSSION

The data presented here prove that panning of phage dis-
played peptide libraries on whole cells expressing the MC1
receptor using partially randorized libraries can yield specific
high affinity ligands. This opens aew ways o find leads for the
design of potential ligands for receptors of this type. [t may be
useful soon to obtain the desired highly selective ligands for the
ather MC receptors, which are needed to enable studies on
their biological function in more detail.

We have shown that a-MSH displaying phages not only bind
specifically to cells axpressing the MC1 receptor, but they also
exhibit bialogical acsivity. Based on this knowledge we have
been able to select binders from a phage display library. The
library used in the selection was rather small with only 10°
individual clones, but our intention was first to test whether

Bouad of Wash Peilet .

this system yields ligarnds for the target receptor before putting

% effort into the preparation of larze libraries. The degeneratad

1 1.9 0.7 oligonucleatide MS-3p renders random gemes with no

3 32 340 adenine in the third position of all randomized triplets to

2 i reduce the number unwanted of 5tap codons (TAA, TGA) in this
Tasie I

Comparisan of phage display-derived synthesized peptides with a-MSH and the primer defined sequence
Underlined and double underlined sequences in the a-MSH sequence are taken fom Ref 63; substtution by alanine in these positions resulted

i loss of affinity by 2 factor of more than 10 and 100 times, respectively.

MSdiper
MS-01
MS-02
MS-03
MS-04
MS-04ala
a-MSH

ServeTveresseevrenervvrerphe-ATg-Trp~ " " " e v 0-oGly. ..
Ser-ser-Leu-Glu-Cys-Ser-2he-Arg-Trp-Gly-2ro-Glu-His-NH,
Ser-val-Thr-val-Val-2-g5-3he-A-g-Trp-Tyr-Sar-Cys-Ser-NH;
Ser-Leu-Asp-Phe-Asn-Sexr-dhe-Arg-Top-Cys-Ser-Ala-Lau-NH;
Ser-Ser-Ile-Ile-Ser-iisg-2he-Arg-Trp-Gly-Leu-Crs-Asp-NE;
Ser-Ser-Ile-ILle-Ser-3isg-2he-A-3-Top-Gly-Leu-Ala-Asp-NE,;
Ac-Se:-?ﬁ-Sez-g-Glu-ﬁ-g-ﬂ

2-Gly-Lys~2Ta-7al-N¥E,
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Tanrz IV
K, calues for *he different peptides on the MCI receptor
" All values are in 2 unded » ke irw thres dges. sed dav,
standard deviation: 1 0.8, oumber of experimenty.
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TasLz 7
K, valuey for MS-04, MS-34aia. 1nd the notural ligand
aMSH (37) on different Twicnocortin receptors
All vaiues are i3 ax vurded =5 the Sr3t three dprs.

Substance MS-01 MS-22 MS-3 MS-34  MS-O<4aia Recrptor MC: Mcs MCi MCs
X, mean 3700.0 43000.0 1550040 7.5 293 MS-H 1.8 21.J00 = 11.200 >»30.000° 30,000
X, sud dev. 580.0 1258Q0.0 4070.0 24 14.4 MS-O0dala 293 120,000 = 50.000 >>30.000° »30,000"
foe. 4 4 4 10 12 aMSH 021 53.2 2033 4,330
® Cails expressing MC+ and MC35 2ave under iome crcumstances
given some inconsistent hinding ‘a "he 10-100 uM mange but with very
100 bad smadstcs of the calculated curre. Regularty we 2ave a0t cbserved

125NDP hound (%)
8

3
1

34 2 1 6 1t 2 3 4 5 8
Competitor lcg (nM)

Fic. 4. Radio ligand binding with the MC1 receptor. Competi-
tion curves of a-MSH (A), MS-04 (@, MS-24ala (A), MSO1(ED, MS-02
@), and MS-03 (C) obtained on SFI cells infected with baculovirus
v508-5 (40) were obtained at a fixed concentration of ~0.3 aw
= MNle?, 0-Phela-MSH (L. NDP).

library (62).

The deletion problems abserved among the selected clones
are of minor importance for the final results, because the size of
the library would anyway ot allow real statistical analysis of
multiple clones. These truncated clones may have been selected
by some affinity to other surface proteigs of the insect cells. At
a first glance the variable regions of the four sequences deter-
mined in the end do not very much resemble each other or
a-MSH, aside from His® in one sequence and Gly'? in two
sequences and the amino acids defined in the primer sequence
{(Ser'-Phe-Arg®-Trp%. Only oue of these sequences, MS-04
with 7.6 oM, has a submicomolar affinity to the MC1 receptor
(Table IV and Fig. 4). This is in accordance with the idea that
the structure of peptides fused to gpIII will often be different
from the soluble peptide due %o interactions within the fusion
protein (1). It also supports the idea that His® and Gly'© are of
at least structural importance for the binding of the free pep-
tide, and their substitytion by other amino acids may be the
reason for the low affinity of the other peptides. Table III
summarizes the results obtained with Ala scanning of a-MSH
(63). It can be seen that positions important for binding aand
biological activity in a-MSH are the worst conserved in the low
affinity peptides obtained by phage selection.

Met* has been replaced by Nle in the best known binder
[Nla*, -Phe’la-MSH, and hydrophabic aminoe acids are found
in this area in all four peptides. MS-04 has again the closely
related [le* in this pesition, whereas the low affinity peptides
contain amino acids more different from Met in this position.
Small amino acids, among them four cysteines, seem to be
slightly over represented and none of the amino acids with
large side chains (Arg, Trp, Lys, Met, and Glo) were found,
aside from Glu, which might be favored as a charge compensa-

any cmpetition with 200 .M as he Righest competitor concentrations
running conwrol experiments with Nle', >-Phe’|a-MSH in parallel

5
8

i
l
!

)
&
[

20.c0

n-fold sllmulalion of basal cAMP level

gv

o
a

-2 -1 0 1 2 3 4 5
ccricantraten of hermane Jeg(nM)]

'S
(A

Fic. 5. Stimulaction of B16F1 cells with YIS-04. The cells were
stimulated with :he strongest stizulator keown, NDP ([Nlet, b-Phea-
MSH) ([, ke aatural igand. a-MSE (W, ard MS-04(C) as descrized
under “Materials and Mechads.”

tion to Arg’. The cysteines made it aecessary to run all assays
in the presence of reducing agent, otherwise the measured
binding constants were not reproducible.

The affinity to the heterologously expressed receptors was
ideatical for insect cells and COS-1 cells, confirming the struc-
tural ideatity of both receptor proteins (40) and excluding any
bias during the selection impeded by the local environment of
the receptor. The most importaat observatian is that the pep-
tide MS-04 binds not tightly to any of the other receptors, as
most artificial and natural ligands do, which excludes the pas-
sibility of a binding caused 3solely by interactions of the coa-
served region (His®-Phe™-ArzS-Trp®. MS-04 discriminates
more than ten times hetter between the MC1 receptor and the
closely related MC3 receptor than the natural ligand a-MSH.
The importance of the flanking regions in the peptide, selected
by phage display, is further confirmed by the fact that a single
replacement of Cys®™® to Ala in MS-04/MS-04ala reduced the
affinity to the MC1 receptor. This position is also of importance
for the binding affinity of e-MSH (Table III). It indicates that
the peptides presented here interact with the receptor differ-
ently. This could be confirmed for MS-04, which exhibits only
week agonistic activities at rather high concentrations (Fig. 5).
It can therefore be concluded that the conservation of the N-
and C-terminal regions among all natural MSH peptides (26) is
most important for agonistic behavior but not for the binding
itself

In summary we have shawa that selection of bacteriophage
presented peptides is possible even on peptide receptors like
the melanocortin receptors by targeting the peptide toward the
receptor with a conserved sequeance motif. The peptides ob-
tained in this work are already valuable for the design of new
ligands for the MC1 receptor and may also turn out to be useful
for further modelling studies (64). ¥MS-04 is the mast selective
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Hgand jor the MC1 receptor described so far. Now more efforts
are needed 0 cweate larger libraries and select them also on the
other melaracorzn receptor subtypes. The door Is wide open for
ngw speciic ceptides i axarmine he cole of these recaptors in
wo.
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