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Abbreviations

ABTS 2,2 '-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
ADM adrenomedullin

Ala L-alanine

Asn L-asparagine

Asp L-aspartic acid

BS3 bis(sulfosuccinimidyl)suberate
BSA bovine serum albumin

cAMP cyclic adenosine-5 '-monophosphate
cDNA complementary deoxyribonucleic acid

CGRP calcitonin gene-related peptide
COS-7 monkey kidney cell line

CRLR calcitonin receptor-like receptor
CT calcitonin

CTR calcitonin receptor
DMEM Dulbecco's modified Eagle's medium

DMSO dimethylsufoxide
EC50 half-maximal effective concentration

ECL enhanced chemiluminescence

EDTA ethylenediaminetetraacetic acid

FCS fetal calf serum

Gin L-glutamine
h,r human, rat

HEK human embryonic kidney cell line

Hepes 4-(2-Hydroxyethyl)-1 -piperazine-ethanesulfonic acid

HRP horseradish peroxidase
IBMX isobutylmethylxanthine
IC50 half-maximal inhibitory concentration

mRNA messenger ribonucleic acid

OD optical density
PAGE Polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PCR polymerase chain reaction

Pro L-proline
PTH parathyroid hormone
PTHrP parathyroid hormone-related peptide
RAMP receptor-activity-modifying protein
S2 Drosophila Schneider 2

SDS sodium dodecyl sulfate

SEM standard error mean
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Ser L-serine

Thr L-threonine

Tris Tris(hydroxymethyl)aminoethane
TRITC tetramethyl rhodamine isothiocyanate
TSA SV40 T-antigen transformed HEK cells

VIP vasoactive intestinal polypeptide
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Summary

The calcitonin family of peptides includes calcitonin (CT), a- and ß-
calcitonin gene-related peptide (CGRP), adrenomedullin (ADM) and

amylin. They exhibit sequence homology, including ring structures linked

by a disulfide bridge between cysteine residues and amidated carboxyl-
termini. The structural similarities result in overlapping biological activities

such as vasodilatation and inhibition of bone resorption. In 1991, the

structure of the CT receptor was identified by the group of Goldring

(Harvard) through expression cloning. Two years later when the CT

receptor-like receptor (CRLR) was discovered by Flühmann et al. (Zürich),
its 60% sequence identity with the CT receptor suggested members of the

CT peptide family as candidate ligands, but the CRLR failed to respond to

any of them and therefore was deemed an orphan receptor. With the

discovery of novel accessory proteins called receptor-activity-modifying
proteins (RAMP) by Foord et al. (GlaxoWellcome) in 1997, a new

mechanism for the regulation of G protein-coupled receptors was revealed.

RAMPs constitute a group of three single transmembrane spanning

proteins, designated RAMPl, -2 and -3 consisting of 148 to 175 amino

acids. The expression of RAMPl and -3 with previously cloned orphan
CRLR reveals CGRP receptors whereas co-transfection with RAMP2 or -3

generates ADM receptors.
Withoutco-expressedRAMPtheCRLRremainsinactive.Incontrast,theCTreceptordoesnotrequireRAMPforfunctionalexpression,butinthepresenceofRAMPl,theCTreceptorrecognizesCGRPandamylin,andtogetherwithRAMP3amylinalone.Inmydissertation,IhaveinvestigatedpossiblemechanismsofthehumanRAMPactivitywhichisrequiredformodulatedreceptorspecificity.Differentialglycosylationofhuman(h)andrat(r)CRLR,dependentonco-expressedRAMP,wasconsideredtodefineCGRPorADMreceptorsinmammaliancells.InthepresenceofRAMPl,CRLRwastransportedtothecellsurfaceasamatureglycoproteinwhereascoreglycosylationwasobservedwhenCRLRwasexpressedaloneortogetherwithRAMP2.StudiesinDrosophilaSchneider2(S2)cells,stablyexpressingrCRLRtogetherwithRAMPlor-2,revealedCGRPandADMreceptorsthatexhibitedthepharmacologicalprofileandcouplingtocyclicAMPproductionindistinguishablefromthatoftheCRLRandRAMPco-transfectedmammaliancells.However,rCRLRsexpressedinS2cellswereuniformlyglycosylatedproteins,independentofthepresenceofRAMPlor-2.Thus,thepatternofCRLRglycosylationdoesnotdefineligandspecificityinDrosophilaSchneider2cells.
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Crosslinking of [125I]haCGRP and [125I]rADM to S2 cells co-expressing

V5-tagged rCRLR and V5-tagged RAMPl or -2 revealed the formation of

rCRLR/RAMPl and rCRLR/RAMP2 heterodimers on the cell surface that

function as specific CGRP and ADM receptors. In cell extracts not treated

with crosslinker the individual protein components with the size of rCRLR,

RAMPl and -2 were observed. Thus, direct interaction of RAMP with

CRLR defines ligand specificity of the receptor for CGRP or ADM.

The functional relevance of the glycosylation of myc-tagged hCRLR was

investigated through suppression of N-glycosylation with tunicamycin and

site directed mutagenesis. Three putative N-glycosylation sites Asn
,

Asn112 and Asn"7 are present in the amino-terminal extracellular domain of

the hCRLR. In human embryonic kidney (TSA) cells co-expressing myc-

hCRLR and RAMPl or-2,tunicamycindose-dependentlyinhibitedtheglycosylationofthemyc-hCRLRandinparallel[!25I]hocCGRPand[I]hADMbinding.SitedirectedmutagenesisofAsntoThridentifiedAsn60andAsn"2asthepredominantN-glycosylationsitesinmyc-hCRLR.Mutationofoneofthesetwositesminimallydecreasedtheexpressionofmyc-hCRLRasCGRPorADMreceptor.ButsubstitutionofbothAsn60andAsn"2byThrreducedcellsurfaceexpressionand,asaresult[125I]hocCGRPand[125I]hADMbinding.ThemutationofAsn"7toThrrevealedareceptormutantwhichisdeliveredtothecellsurface,butspecific[125I]haCGRPand[l25I]hADMbindingwasnotdetectable.Thus,N-glycosylationofhCRLRatAsn60andAsn112isimportantforcellsurfaceexpressionwhereasAsnisessentialfortheinteractionbetweenligand,receptorandRAMP.WithregardtoCGRPreceptorfunction,cellsurfaceexpressionandassociationwithRAMPl,furthermutantsofmyc-hCRLRcontaining117substitutionsofAsnbyAla,Asp,GinandProwereinvestigatedincellsexpressingtheindividualAsn"7mutantstogetherwithRAMPl.CGRP-evokedstimulationofcyclicAMPformationwasimpairedbyAsn"7to111AlaorGinsubstitutionsandabolishedwhenAsnwasreplacedbyThrorPro.Incontrast,CGRPreceptoractivityofthemyc-hCRLRwasnotaffectedwhenAsnwassubstitutedbyAsp.Myc-immunofluorescence-117stainingofintactcellsrevealedcellsurfaceexpressionofallAsnmutantssimilartothenon-modifiedmyc-hCRLR.InTSAcellsexpressingV5-taggedRAMPltogetherwithmyc-hCRLRandthevariousAsnmutations,cellsurfacecrosslinkingandco-immunoprecipitationrevealedtheformationofhCRLR/RAMPlcomplexesonthecellsurface.However,crosslinked[125I]haCGRPwasonlydetectedwhennon-modifiedmyc-hCRLRortheAspmutantwereco-expressedwithRAMPl.Moreover,V5-
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tagged RAMPl was shown to be co-immunoprecipitated with myc-hCRLR
even in the absence of crosslinker, indicating direct molecular interaction

of RAMPl with the receptor protein. Thus, substitution of Asn by Ala,

Asp, Gin, Pro and Thr does not affect N-glycosylation, cell surface

expression and association with RAMPl. But with the exception of the

Asn117 to Asp mutant the interaction with the receptor ligand CGRP is

abolished.
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Zusammenfassung

Zur Calcitonin-Peptidfamilie gehören Calcitonin (CT), oc- und ß-
calcitonin gene-related peptide (CGRP), Adrenomedullin (ADM) und

Amylin. Allen gemeinsam sind amino-terminale Ringstrukturen, die durch

Disulfidbrücken zustande kommen und amidierte Carboxyl-Enden. Die

strukturellen Aehnlichkeiten führen zu überlappenden biologischen

Wirkungen wie Gefässerweiterung und Hemmung des Knochenabbaus.

1991 wurde die Struktur des CT Rezeptors durch die Gruppe von Goldring

(Harvard) mittels Expressions-Klonierung identifiziert. Als zwei Jahre

später der CT receptor-like receptor (CRLR) durch Flühmann et al.

(Zürich) entdeckt wurde, deutete dessen 60% -ige Sequenzhomologie zum

CT Rezeptor darauf hin, dass Mitglieder der Calcitonin-Peptidfamilie als

mögliche Liganden in Frage kämen. Da jedoch kein Ligand für den CRLR

gefunden werden konnte, wurde er als „Waisenrezeptor" publiziert. Durch

die Entdeckung neuartiger, akzessorischer Proteine, genannt receptor-

activity-modifying proteins (RAMP) durch Foord et al. (GlaxoWellcome)

1997, wurde ein neues Konzept für die Regulierung G Protein-gekoppelter

Rezeptoren aufgezeigt. Bis anhin sind drei verschiedene
RAMPs,genanntRAMPl,-2und-3bekannt,dieeineeinzigeTransmembrandomäneaufweisenundaus148bis175Aminosäurenbestehen.DieExpressionvonRAMPlund-3mitdemursprünglichals„Waisenrezeptor"beschriebenenCRLRführtzurBildungvonCGRPRezeptoren.ZusammenmitRAMP2oder-3bildetderCRLRADMRezeptoren.OhnekoexprimiertesRAMPhingegenbleibtderCRLRinaktiv.ImGegensatzdazuwirdfürdiefunktionelleExpressiondesCTRezeptorskeinRAMPbenötigt.WirdderCTRezeptorjedochzusammenmitRAMPlexprimiert,sokannerCGRPundAmylinerkennenundmitRAMP3lediglichAmylin.InmeinerDissertationhabeichmöglicheMechanismenderRAMPAktivität,welchefürdiemodulierteRezeptorspezifitätbenötigtwird,untersucht.InSäugetierzellenwurdedieunterschiedlicheGlykosylierungdeshumanen(h)undRatten(r)CRLRinAbhängigkeitvonko-exprimiertemRAMPalsmöglicherMechanismusfürdiemodulierteLigandspezifitätdesRezeptorserachtet.InAnwesenheitvonRAMPlwurdederCRLRalsterminalglykosylierterRezeptorandieZelloberflächetransportiert.WurdeerhingegenalleineoderzusammenmitRAMP2exprimiert,sowieserlediglicheineGrund-Glykosylierungauf.UntersuchungeninDrosophilaSchneider2(S2)Zellen,welchedenrCRLRzusammenmitRAMPloder-2stabilexprimierten,zeigtendieExpressionvonCGRPundADMRezeptoren,diebezüglichLigandspezifität,-affinität
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und Stimulation der zyklischen AMP Produktion von denjenigen in

Säugetierzellen nicht zu unterscheiden waren. In S2 Zellen führte die

Expression des rCRLR jedoch zu einem Glykoprotein, dessen Glyko-

sylierung, unabhängig von RAMP1 oder -2, unverändert blieb. Folglich
wird die Ligandspezifität des CRLR, zumindest in Drosophila Schneider 2

Zellen, nicht durch das Glykosylierungsmuster des Rezeptors bestimmt.

Crosslinking von r'25IlhocCGRP und [125I]rADM an S2 Zellen, die V5-

markierten rCRLR und V5-markiertes RAMP1 oder -2 exprimierten, führte

zur Bildung von rCRLR/RAMPl und rCRLR/RAMP2 Heterodimeren an

der Zelloberfläche, die als spezifische Rezeptoren CGRP und ADM

erkennen. Die einzelnen Proteinkomponenten rCRLR, RAMP1 und -2

wurden in Zellextrakten beobachtet, die nicht mit Crosslinker behandelt

wurden. Somit bestimmt die direkte Interaktion von RAMP mit dem CRLR

die Ligandspezifität des Rezeptors für CGRP und ADM.

Die funktionelle Bedeutung
derGlykosylierungvonmyc-markiertemhCRLRwurdedurchHemmungderN-GlykosylierungmitTunicamycinunddurchMutationenderN-Glykosylierungsstellenuntersucht.DerhCRLRweistdreipotentielleN-GlykosylierungsstellenbeiAsn60,Asn11H-^^undAsnamamino-terminalenEndeauf.InhumanembryonalenNierenzellen(TSA),diemyc-hCRLRundRAMP1oder-2koexprimierten,hemmteTunicamycindosisabhängigdieGlykosylierungdesmyc-hCRLRundparalleldazudie[,25I]hocCGRPund[l25I]rADMBindung.DurchdieMutationvonAsnzuThrwurdenAsn60undAsn"2alsvorherrschendeN-Glykosylierungsstellendesmyc-hCRLRidentifiziert.DieMutationvonnureinerdieserbeidenStellenvermindertedieExpressiondesmyc-hCRLRalsCGRPoderADMRezeptornurgering.DergleichzeitigeAustauschvonAsn60undAsn"2durchThrbewirktehingegeneineReduktionderZelloberflächenexpressionundalsFolgedavoneineverminderte[125I]haCGRPund[125I]rADMBindung.DieMutationvonAsn"7zuThrführtezurBildungeinerRezeptormutante,diezwarandieZelloberflächetransportiertwurde,derenspezifische[125I]hocCGRPund[123I]rADMBindungjedochnichtnachgewiesenwerdenkonnte.DieN-GlykosylierungbeiAsn60undAsn"2desmyc-hCRLRistsomitwichtigfürdessenZelloberflächenexpression.Asn"7hingegenistwesentlichfürdieInteraktionzwischenLigand,RezeptorundRAMP.ImHinblickaufdieCGRPRezeptorfunktion,derZelloberflächen¬expressionundderAssoziationmitRAMP1,wurdenweiteremyc-hCRLR1I"7MutantenuntersuchtbeidenenAsndurchAla,Asp,GinoderProersetztwurde.DieneuenMutantenwurdenjeweilszusammenmitRAMP1exprimiert.DiedurchCGRPhervorgerufeneStimulationder

zyklischen
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I 1 -7

AMP Bildung war vermindert durch den Austausch von Asn durch Ala
117

oder Gin und wurde vollständig aufgehoben bei Substitution von Asn

durch Thr oder Pro. Im Gegensatz dazu wurde die CGRP Rezeptor
Aktivität des myc-hCRLR nicht beeinflusst, wenn Asn117 durch Asp ersetzt

wurde. Die myc-Immunfluoreszenzfärbung intakter Zellen liess eine

Zelloberflächenexpression aller Asn"7 Mutanten erkennen, die vergleich¬
bar war mit derjenigen von nicht-modifiziertem myc-hCRLR. In TSA

Zellen, die V5-markiertes RAMP1 zusammen mit myc-hCRLR und den
I 1 7

verschiedenen Asn Mutanten exprimierten, führte crosslinking und Ko-

Immunopräzipitation zur Bildung von hCRLR/RAMPl Komplexen an der

Zelloberfläche. Gecrosslinktes [125I]haCGRP wurde jedoch nur beim nicht-

modifizierten myc-hCRLR und der Asp Mutante, koexprimiert mit

RAMP1, nachgewiesen. Zudem wurde gezeigt, dass V5-markiertes

RAMP1 auch in Abwesenheit von crosslinker mit myc-hCRLR ko-

immunopräzipitiert werden konnte und somit auf eine direkte molekulare

Interaktion zwischen RAMP1 und dem Rezeptor hinweist. Die N-

Glykosylierung, die Zelloberflächenexpression und die Assoziation mit

RAMP1 wird durch die Substitution von Asn"7 durch Ala, Asp, Gin, Pro

und Thr nicht beeinflusst. Die Interaktion mit dem Rezeptorliganden CGRP

hingegen ist, mit Ausnahme der Asp Mutante, aufgehoben.
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Introduction

Gprotein-coupled receptors

G protein-coupled receptors (GPCRs) constitute the largest family of cell

surface receptors. Over 100 structures have so far been defined in

mammals. Many have been identified by homology cloning, in which

hybridisation with existing cDNA probes is used to detect related DNA

sequences. Other family members have been found by expression cloning,

using their ligand-binding or cell-activation properties to identify them [1].

The visual pigments were the first G protein-coupled receptors for which

sequence data were obtained. In the early 1980s, the complete amino acid

sequences for bovine and ovine rhodopsin were reported and found to

display marked similarities. When the gene encoding a mammalian ß-
adrenergic receptor was subsequently cloned, it was apparent from the

deduced sequence that this receptor exhibited a structure similar to that of

the rhodopsins, and suggested the existence of a family of signal receptors

[2].
GPCRs are involved in many physiological processes and are attractive

targets for pharmacological intervention to modify these processes in

normal and pathological states [3]. GPCRs share a predicted structure

consisting of an extracellular amino-terminus, seven transmembrane-

spanning a-helices connected by alternating extracellular and intracellular

loops, and a cytoplasmic carboxyl-terminal region [4]. The amino-terminal

sequence of most GPCRs contains putative sites for N-linked glycosylation
[2].

Intracellular signaling

GPCRsrespondtoawidevarietyofstimuliincludingpeptidehormones,neurotransmitters,largeglycoproteins,photonsandions[5].Thecoreformedbythearrangementoftheseventransmembrane-spanninghelicesandtheextracellulardomainsprovidespecificrecognition/bindingsitesforligands,whiletheintracellularportionsinteractwithheterotrimericguaninenucleotide-bindingproteins(Gproteins)toinitiatesignaling[4].Gproteinsaremembrane-associatedheterotrimericproteinscomposedofa-,ß-,andy-subunits(Fig.1)[6].
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Fig. 1. The cAMP and the inositol phospholipid signaling pathway of GPCRs.

Following binding of an extracellular ligand, a conformational change of the GPCR is

transmitted to a stimulatory G protein (GO resulting in activation of adenylyl cyclase

(AC), a plasma membrane-bound enzyme. AC synthesizes cAMP, which activates

protein kinase A (PKA) and leads to phosphorylation of target proteins. Some GPCRs

bind to a Gq protein (Gq) and activate phospholipase C (PLC), which cleaves

phosphatidylinositol bisphosphate (PIP2) to generate inositol trisphosphate (ITS) and

diacylglycerol (DG). IFS releases Ca2+ from the endoplasmic reticulum into the cytosol
and DG activates protein kinase C (PKC).
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Activation of GPCRs results in the modulation of intracellular second

messenger levels via the coupling of receptors to a wide variety of effector

systems via G proteins. Following agonist binding, receptors activate G

proteins by catalysing the exchange of bound GDP for GTP on the G

protein oc-subunit. Binding of GTP leads to the dissociation of the Goc-

subunit from the Gßy-subunits, which when dissociated regulate the

activity of effector systems such as adenylyl cyclase and phospholipase C

depending on the G proteins involved [5]. Signaling is terminated when the

Ga-subunits, which have slow intrinsic GTPase activities, hydrolyse GTP,

return to the GDP-bound state, and reassociate with Gßy-dimers to form

inactive heterotrimers [7].

Two of the most widely used intracellular molecules are cyclic AMP

(cAMP) and cytosolic free Ca2+. The former is synthesized from ATP by
the plasma membrane-bound enzyme adenylyl cyclase, and is inactivated

by cAMP phosphodiesterases. cAMP exerts its effects by activating the

enzyme proteinkinase A, which catalyses the transfer of the terminal

phosphate group from ATP to specific serines or threonines of selected

proteins to regulate the activity of target proteins [1].
The activation of membrane-bound

phospholipaseC,
whichcleavesphosphatidylinositolbisphosphate(PIP2)uponstimulationofGPCRsresultsintheformationofsecondmessengers,diacylglycerol(DG),adirectactivatorofproteinkinaseC,andinositoltrisphosphate(IP^).Thelatterbindstoreceptorsontheendoplasmicreticulum,causingtransientreleaseofcalciumfromtheendoplasmicreticulumintothecytosol[8].BfamilyofGprotein-coupledreceptorsBasedonprimaryaminoacidsequencehomology,thesuperfamilyofGprotein-coupledreceptorscanbedividedintoseveralsubfamilies.FamilyBofGPCRs,whichtypicallyrecognizesregulatorypeptides,includesreceptorsforcalcitonin(CT),parathyroidhormone(PTH),secretin,glucagon,vasoactiveintestinalpeptide(VIP),GH-releasinghormone,andpituitaryadenylatecyclase-activatingpolypeptide(PACAP)[9].Theaminoacidsequenceidentitywithinthissubfamilyisover30%(Fig.2).In1991,theCTreceptorwasclonedbyexpressionofacDNAlibraryfromaporcinekidneyepithelialcellline.ByinteractingwithdistinctGproteins,CTreceptorshavebeenshowntostimulateadenylylcyclaseandphospholipaseC[10].TwoisoformsofthehumanCTreceptor(hCTR)havebeenidentified,whichdifferbythepresence(hCTRl)orabsence(hCTR2)ofa16-aminoacidinsertwithinthefirstintracellularloop.

The
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presence of the insert attenuates coupling to the phospholipase C signaling

pathway [11]. Additional receptor isoforms occur through alternative

splicing of initial transcription products of single genes.

In 1993, novel seven transmembrane receptors, named calcitonin receptor¬

like receptors (CRLR), were identified through molecular cloning from rat

and human cerebellum cDNA libraries [12, 13]. Despite 60% sequence

identity with cloned CT receptors, CRLR failed to respond to any of the CT

family of peptides and therefore was originally considered as an orphan

receptor [13]. In situ hybridisation analysis of CRLR mRNA during rat

development revealed predominant expression in the lung and in

telencephalic areas of the brain [14].

EhCRLR
rCRLR

I hCTR

rGIPR

I rGLUCR

I rGLPIR

• hHVRP

I hPACAPR

I hVIPR

_

I rSECR

I hGHRHR

I hPTHR

hCRFR

Fig. 2. Structural relationships within the B family of GPCRs. Besides human (h)
and rat (r) calcitonin receptor-like receptor (CRLR), the B family of GPCRs includes

the human calcitonin receptor (hCTR), the rat gastric inhibitory peptide receptor

(rGIPR), the rat glucagon receptor (rGLUCR), the rat glucagon-like peptide 1 receptor

(rGLPIR), the human helodermin-preferring vasoactive intestinal peptide receptor

(hHVRP), the human pituitary adenylate cyclase-activating polypeptide receptor

(hPACAPR), the human vasoactive intestinal peptide receptor (hVIPR), the rat secretin

receptor (rSECR), the human growth hormone-releasing hormone receptor (hGHRHR),
the human parathyroid

hormonereceptor(hPTHR)andthehumancorticotropin-releasingfactorreceptor(hCRFR)[13].
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Calcitonin family ofpeptides

Calcitonin (CT), calcitonin gene-related peptide (CGRP), adrenomedullin

(ADM) and amylin are structurally related peptides that belong to the

calcitonin peptide family (Fig. 3). They have in common an amino-terminal

ring structure of 6- or 7-amino acids linked by a disulfide bridge between

cysteine residues, and amidated carboxyl-termini required for biological

activity [15-17]. Carboxyl-terminal fragments of CT, CGRP and ADM

lacking the ring structure are antagonists [18]. Structural similarities

between the peptides of the calcitonin family result in overlapping

biological actions mediated through cross-reaction with their specific

receptors.

* -k

CGNLSTCMLGTYTQDFNKFHT FPQTAIGVGA-P-CONH2 CT

ACDTATCVTHRLAGLLSRSGGWKNNFVPTNVGSKA-F-COiVHp OlCGRP

* *

ACNTATCVTHRLAGLLSRSGGMVKSNFVPTNVGSKA-F-CONH2 ßCGRP**KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNT-Y-CONH2Amylin**YRQSMNNFQGLRSFGCRFGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY-COJ\7H2ADMIIFig.3.ComparisonoftheaminoacidsequencesoftheCTfamilyofpeptides.HomologousregionsofhumanCT,a-andßCGRP,amylinandADMareshaded.Cysteineresiduesinvolvedindisulfidelinkageareindicatedbyasterisks.CalcitoninCalcitonin,apolypeptideof32aminoacids,wasdiscoveredin1961asahypocalcaemichormone[19].CTissynthesizedandsecretedfromthyroidC-cellsinresponsetoincreasedextracellularcalciumconcentrations.CTlowersserumcalciumlevelsthroughinhibitionofosteoclasticboneresorptionandstimulationoftheurinarycalciumexcretion.Inhibitionofboneresorptionisobtainedthroughsuppressionofosteoclasticactivity
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mediated by stimulation of cyclic AMP and raised cytosolic calcium. In

this way CT regulates calcium homeostasis and maintains skeletal mass

during periods of calcium stress, as during growth, pregnancy, and lactation

[10]. In the kidney, CT stimulates the excretion of calcium, phosphate,
sodium and chloride through inhibition of the tubular reabsorption. Central

actions of CT include antinociceptive properties as well as inhibition of

gastric secretion and inhibition of food intake [20].
CT receptors have been recognized in osteoclasts, in the kidney cortex and

in the central nervous system [21].

Calcitonin gene-relatedpeptide

Calcitonin gene-related peptide is a neuropeptide generated by alternative

tissue-specific splicing of the initial mRNA transcript of the CT gene [22-

24]. Two forms of CGRP, a- and ßCGRP, differing in 3 and 1 of the 37

amino acid residues, respectively, have been identified in man and rat.

CGRP is synthesized in neurons of the central and peripheral nervous

system and released through stimulation of voltage-dependent calcium

channels from afferent nerve fibres. CGRP acts mainly locally in paracrine
fashion. CGRP is the most potent vasodilator acting directly on vascular

smooth muscle through activation of adenylyl cyclase. In the heart, CGRP

has positive chronotropic and inotropic effects [15]. In addition to its

cardiovascular actions, CGRP enhances the glomerular filtration rate, renal

blood flow, and the secretion of renin [25-27]. Moreover, CGRP inhibits

gastric
acidsecretion[28,29].SpecificCGRPbindingsiteshavebeenidentifiedthroughoutthenervoussystem,includingthecerebellum,brainstem,andspinalcord,andamongperipheralorgansintheheart,spleen,liver,kidney,andskeletalmuscle[30].AmylinAmylinisa37aminoacidpeptidesynthesizedandco-secretedwithinsulinfrompancreaticß-cellsinresponsetoglucose.Amylinisalsoknownasdiabetesassociatedpeptideorisletamyloidpolypeptide(IAPP),reflectingitsoriginalidentificationasthemajorpeptideproductofpancreaticamyloidplaquesintypeIIdiabeticpatients[31].Amylinmaybeinvolvedinthepathogenesisofnon-insulin-dependentdiabetesmellitus.But,thepreciseroleofamylinremainstobeelucidated[32].
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Biological actions of amylin include inhibition of glucose-stimulated
insulin release and inhibition of insulin-stimulated glucose uptake and

glycogen synthesis in the skeletal musculature [33]. Moreover, amylin acts

to potently inhibit gastric emptying, postprandial glucagon secretion, and

food intake [34]. In the kidney, amylin regulates ion transport and enhances

the activity of renin [35].
Consistent with its functional targets, specific amylin binding sites have

been recognized in brain, kidney and skeletal muscle [36-39]. Interaction of

amylin with a CT/CGRP receptor may mediate the vasodilatory effects and

inhibition of osteoclast-mediated bone resorption [10].

Adrenomedullin

Adrenomedullin was isolated in 1993 from human pheochromocytoma, a

tumor arising from the adrenal medulla [40]. Unique among the CT family
of peptides, human and rat ADM of 52 and 50 amino acids have linear

amino-terminal extensions of the ring structure of 15 and 13 amino acids,

respectively [41, 42]. But, removal of these amino acids does not result in

reduced biological activity.
ADM is synthesized and secreted from the adrenal medulla, endothelium

and vascular smooth muscle cells. Since the discovery of ADM, it has

attracted intensive interest for hypertension research because of its

powerful vasodepressor effect [43]. The hypotensive activity of ADM is

comparable to that of CGRP, which has been established as one of the most

potent vasorelaxants [44]. It
issupposedthatcross-reactionofADMwithCGRPreceptorsmediates,atleastinpart,thevasodilatoryresponsecausedbyADM.Moreover,ADMplaysanimportantroleintheregulationofrenalfunctionshowingdiureticandnatriureticeffects[45].SpecificADMbindingsiteshavebeenrecognizedinheart,lung,spleen,liver,braincortex,cerebellum,andskeletalmuscle[46,47].Takentogether,CT,CGRP,ADMandamylinhaveoverlappingbiologicaleffectsowingtotheirrelatedstructuresandcross-reactionbetweenreceptors(Fig.3,Table1).Thehighestsequencehomologyisabout45%betweenhumanCGRPandamylin,followedbyabout25%betweenhumanCGRPandADM.HumanCTsharesapproximately15%oftheaminoacidswithhumanCGRPandamylin[15,21,32].AminoacidsequencesfromvariousmammalianspeciesofCT,CGRPandamylinsuggestthatallthreepeptideshavebeenhighlyconserved.Theinvariantresiduesareclusteredattheamino-andcarboxyl-terminiofthesemolecules,thereforeimplyingtheirimportanceforbiological

activity.
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CT, CGRP, ADM and amylin have different distributions in various

organs. CGRP is a widely distributed neuropeptide, CT is a hormone

mainly located in the C-cells of the thyroid, and amylin is located in the ß-
cells of the pancreas, while adrenomedullin is predominantly localized in

the adrenal medulla [10].

Table 1. Biological effects of CT, CGRP, ADM and amylin."

CT CGRP ADM Amylin

Cardiovascular effects

Vasodilatation t îî îî Î

Chronotropic action -b f f/- |

Inotropic action - î î/- Î

Gastrointestinal effects

Food intake Ï I NDC I

Gastric acid secretion Ï I ND ND

Renal effects

Blood flow - î ND ND

Fractional excretion (Na, CI, Ca, P04) Î - ND ND

Osteoclastic bone resorption II I ND 1

Serum calcium 1 - - 1

Pain perception I VI ND ND

Glycogen synthesis in skeletal muscle 1 ï ND 1

"modified after [10, 15]
7

no effect
'

ND, not done
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Receptor-activity-modifying proteins

Rat and human CT receptor-like receptor (CRLR) have been cloned as

orphan receptors since initially a specific ligand could not be found [12,

13]. In 1997, a 14 kDa protein, designated human receptor-activity-

modifying protein 1 (hRAMPl) was identified and cloned from CGRP

receptor expressing human SK-N-MC neuroblastoma cells in Xenopus

oocytes where it enhanced the stimulation of cyclic AMP (cAMP)

production by endogenous CGRP receptors [48].

Subsequently, CRLR became a functional CGRP receptor when co-

transported with RAMP1 to the cell surface. Neither RAMP1 nor CRLR

induced significant responses to CGRP when transfected alone, but

expression of both produced cells that responded to CGRP with specific

binding of [l25I]-labelled CGRP and activation of adenylyl cyclase.

Human RAMP1 is a 148 amino acid protein with an amino-terminal signal

sequence and a putative single transmembrane region close to the carboxyl-
terminus (Fig. 4). Limited nucleotide sequence homology of hRAMPl

encoding cDNA to expressed sequence tags in public databases has been

used for identification
ofstructurallyrelatedhRAMP2and-3of175and148aminoacids,respectively.Theyshare30%sequenceidentitywithhRAMPl.HydrophobicityplotsoftheRAMPaminoacidsequencesaresimilardespitelowsequencehomology.Intheamino-termini,fourcysteineresiduesareconserved,suggestingsomecommonsecondarystructure.RAMPsaretypeImembraneproteinswitharelativelylongextracellularamino-terminus,asingletransmembranedomain,andashortintracellularcarboxyl-terminus.ThehRAMPlgeneisexpressedinmanytissues,includingtheuterus,bladder,brain,pancreasandgastrointestinaltract.HumanRAMP2and-3havesimilar,butnotidentical,tissuedistributionsandareexpressedstronglyinthelung,breast,immunesystemandfetaltissues.Co-transfectionofRAMP2or-3withCRLRleadstoitsexpressionatthecellsurfaceasanADMreceptor.ThischangeinspecificityofCRLRasCGRPorADMreceptor,dependentontheco-expressedRAMP,correlatesinmammaliancellswithdifferentialglycosylationofthereceptor.RAMP1presentsCRLRattheplasmamembraneasaterminallyglycosylated,matureglycoproteinwhereasRAMP2and-3presentCRLRasanimmature,coreglycosylatedreceptor.Withouttheco-expressionofRAMPstheCRLRisnotexpressedatthecell

surface.
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hRAMPl MARALCRLPRRGLWL LLAHHLFMTTACQE ANYG

hRAMP2 MASLRVERA-GGPRLPRTRVGRPAAVRLLLLLGAVLNPHEALAQPLPTTG

hRAMP3 METGALRRPQ LLPLLLLLCGGCPRAGG--CNETG

< Signal peptide >

hRAMPl ALLRELCLTQFQVDMEAVGETLWCDWGRTIRSYRELAD

hRAMP2 TPGSEGGTVKNYETAVQFCWNHYKDQMDPIEK-DWCDWAMISRPYSTLRD

hRAMP3 MLERLPLCGKAFADMMGKVDVWKWCNRAEFIVYYESFTN

hRAMPl CTWHMAEKLGCFWPNAEVDRFFLAVHGRYFRSCPISGRAVRDPPGSILYP

hRAMP2 CLEHFAELFDLGFPNPLAERIIFETHQIHFANCSLVQPTFSDPPEDVLLA

hRAMP3 CTEMEANWGCYWPNPLAQGFITGIHRQFFSNCTVDRVHLEDPPDEVLIP

hRAMPl FIWPITVTLLVTALWWQSKRTEGIV

hRAMP2 MIIAPICLIPFLITLWWRSKDSEAQA

hRAMP3 LIVIPWLTVAMAGLWWRTKRTDTLL

TM domain >

Fig. 4. Comparison of the amino acid sequences of human RAMPs 1, 2 and 3.

Putative signal sequences and transmembrane (TM) domains are indicated. Conserved

amino acids are shaded and conserved cysteine residues are indicated by asterisks [48].

Chimeric proteins have been created in which the transmembrane and

cytosolic portions of RAMP2 were associated with the amino terminus of

RAMP1 (RAMP1/2) and vice versa (RAMP2/1). In HEK293T cells,

RAMP1/2 and RAMP2/1 formed CGRP or ADM receptors much like

native RAMP1 and RAMP2 co-expressed with CRLR.
Theextracellularamino-terminiofRAMPsareconsideredtobeimportantforligandspecificity[49].ThediscoveryofRAMPsprovidedanovelmechanismtodefinereceptorspecificity.PossiblemechanismsofRAMPactivityincludetheglycosylationofCRLRwhich,inturn,correlateswithreceptorphenotypes(Fig.5a)orRAMPsmaybedirectlyinvolvedinthebindingofligandtothereceptor(Fig.

5b).
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CGRP,

v ADM,

1 /CGRP,
\ ADM

extracellular

intracellular

Fig. 5. Possible mechanisms of RAMP activity in regulating the specificity of

CRLR for CGRP or ADM. The glycosylation state (\|/) of CRLR may determine

which ligand, CGRP or ADM, binds to the receptor (a). RAMP may define CRLR

specificity by participating directly in ligand binding (b).

Glycosylation

Many proteins presented at the external surface of mammalian cells are

glycosylated. They are predominantly N-glycosylated, i.e. they contain

oligosaccharides covalently linked to an asparagine residue of a

polypeptide chain within the consensus peptide sequence Asn-X-Ser/Thr,

where X can be any amino acid except proline. Some membrane proteins
are O-glycosylated, with the carbohydrate chains attached to serine or

threonine residues. The importance of O-glycosylation has yet to be

elucidated [50]. A variety of roles have been suggested for N-linked

oligosaccharides of glycoproteins, including involvement in the binding of

ligands and signal transduction, trafficking of the receptor to the cell

membrane, and contribution to the overall conformation of the receptor

[51].
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Synthesis and trimming ofN-linked oligosaccharides

The covalent addition of sugars to proteins takes place in the endoplasmic
reticulum (ER) [52]. A core unit of 14 saccharides (Glc3Man9GlcNAc2)

(Fig. 6) is synthesized as a dolichol pyrophosphate precursor by enzymes

located in the ER membrane. It is then transferred to the asparagine side

chain of Asn-X-Ser/Thr consensus sequences by a membrane-bound

oligosaccharyl transferase. The addition of core oligosaccharides occurs as

the nascent polypeptide emerges into the lumen of the ER through a

translocation complex that forms a channel through the rough ER

membrane. Immediately after addition of the core oligosaccharide,

trimming begins with the removal of the three terminal glucose residues

and one mannose residue. As a result, most glycoproteins leave the ER

with Man8GlcNAc2 side chains. Upon entry into the Golgi complex, the

majority of the oligosaccharide chains undergo further trimming followed

by terminal glycosylation.
For most glycoproteins N-linked oligosaccharides play a central role in the

conformational maturation, but individual glycoproteins depend on their

oligosaccharide side chains to varying degrees and in different ways. Some

need them for structure and stability during folding and some continue to

rely on them throughout their existence. Finally, there are numerous

proteins that do not require their N-linked sugars during folding [53].

Mutagenesis of the Asn amino acid in the consensus sequence Asn-X-

Ser/Thr is sufficient to prevent transfer of carbohydrate moieties to

proteins. Thisapproachmakesitpossibletoinvestigatethecontributionofsinglecarbohydratemoietiesinmultiglycosylatedproteins[54].
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Fig. 6. Protein glycosylation in the rough endoplasmic reticulum. As soon as a

polypeptide chain enters the ER lumen, a core unit of 14 saccharides is transferred from

dolichol pyrophosphate to the target asparagine as an intact unit in a reaction catalysed

by a membrane-bound oligosaccharyl transferase enzyme. Modified after [52].
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Aims of the dissertation

With the discovery of RAMPs novel mechanisms defining ligand receptor

specificity have been established. Originally cloned orphan rat and human

CRLR became functional CGRP or ADM receptors when co-expressed
with RAMP1 or -2, respectively.

In mammalian cells, RAMP1 presents CRLR at the cell surface as a

terminally glycosylated, mature glycoprotein, whereas RAMP2 presents
CRLR as an immature, core-glycosylated receptor. The differential

glycosylation of CRLR as well as direct CRLR-RAMP-ligand interactions

on the cell surface have been investigated as possible mechanisms to define

the specificity of CGRP and ADM receptors in Drosophila Schneider 2

cells (report I).

Within the B family of GPCRs the functional relevance of N-glycosylation
varies among receptors. Three putative N-glycosylation sites at Asn

,

Asn and Asn are present in the amino-terminal extracellular domain of

the human CRLR. The aim of a second study was to investigate the

functional significance of N-glycosylation of hCRLR with regard to cell

surface expression and [ LJCGRP or -ADM binding in the presence of

RAMP1 or -2 by using tunicamycin and through Asn to Thr site-directed

mutagenesis (report II).

Additional mutations of the hCRLR with substitution of the N-
i 1 n

glycosylation site Asn by Asp, Ala, Gin and Pro were generated and their

CGRP receptor function was analysed in the presence of RAMP1.

Moreover, the association of the individual Asn"7 mutants with RAMP1 at

the cell surface was examined (report III).
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Abstract

Differential glycosylation of human (h) and rat (r) calcitonin (CT) receptor¬
like receptors (CRLR) as a result of interactions with accessory receptor

activity-modifying proteins (RAMP)l or -2 was considered to define CT

gene-related peptide (CGRP) or adrenomedullin (ADM) receptors in

mammalian cells. Here, Drosophila Schneider (S2) cells stably co-

expressed rCRLR and RAMP1 or -2 as functional CGRP- or ADM

receptors. Different from mammalian cells, rCRLR expressed in S2 cells

are uniformly glycosylated proteins independent of RAMP1 or RAMP2.

Bis(sulphosuccinimidyl)suberate cross-linking revealed receptor

components with the size of rCRLR, increased by the molecular weights of

the corresponding RAMPs and [l25I]CGRP or [125I]ADM. In conclusion,

[125I]CGRP/rCRLR/RAMPl and [,25I]ADM/rCRLR/RAMP2 complexes
have been recognized in Drosophila S2 cells.
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1. Introduction

Calcitonin (CT) gene-related peptide (CGRP), adrenomedullin (ADM),

CT and amylin are homologous peptides with 6- or 7-amino acid ring
structures and amidated carboxy-termini required for biological activity [1].

CGRP and ADM are potent vasorelaxant and hypotensive peptides with

positive inotropic action on the heart. Along these lines, CGRP was shown

to have therapeutic potential in cardiovascular disorders [1]. An enhanced

survival rate of ADM-overexpressing transgenic mice in response to

lipopolysaccharide administration suggested a protective action of the

peptide in septic shock preventing severe hypotension [2]. Therapeutic use

of CGRP and ADM awaits the development of corresponding low

molecular weight non-peptide mimics with suitable bioavailability. This

requires so far non-existing high throughput in vitro screening systems,

using cell lines that express a high density of CGRP and ADM receptors.

Initially orphan human (h) and rat (r) CT receptor-like receptors (CRLR)
of the B family of G protein-coupled receptors are CGRP or ADM

receptors when co-expressed with human receptor activity modifying

protein RAMP1 or RAMP2, respectively [3, 4]. RAMP1 and RAMP2 have

been shown to direct CRLR to the cell surface. Mature glycosylation of

CRLR occurred in the presence of RAMP1 and core-glycosylation was

observed when CRLR was expressed alone or together with RAMP2.

Differential glycosylation
wasconsideredasamechanismtodefinethespecificityofCGRPandADMreceptors.Drosophilacelllines,inparticularthebaculovirus/Sf9cellsystem,arepowerfulandversatileexpressionsystemsforheterologousproteinsthatrequireposttranslationalmodificationforproperfunction.ButSf9cellsdiefrombaculovirusinfectionwhichisnotthecasewithDrosophilaSchneider2(S2)cells[5].Thelatteraresuitableforthecontinuousproductioninsuspensioncultureathighcelldensityandroomtemperatureofavarietyofstablytransfectedheterologousproteinssuchastheglucagonreceptor[6].Here,DrosophilaS2celllineshavebeendevelopedthatstablyexpressCGRPorADMreceptorsasrCRLR/RAMPlorrCRLR/RAMP2complexes,recognizedforthefirsttime,atthecell

surface.
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2. Materials and methods

2.1. Materials

Rat and human ocCGRP(l-37) and rat amylin were purchased from

Bachern AG (Bubendorf, Switzerland); rßCGRP(l-37), raCGRP(8-37) and

rCT from Peninsula Laboratories (Belmont, CA, USA); rADM(l-50) from

Peptide Institute (Osaka, Japan); and rADM(20-50) from Phoenix

Pharmaceuticals (Mountain View, CA, USA). Culture media and FCS were

obtained from Biological Industries (Kibbutz Beit Haemek, Israel).

Hygromycin B was from Life Technologies (Gaithersburg, MD, USA). N-

glycosidase F was supplied by Boehringer Mannheim (Mannheim,

Germany). Na[125I] and ECL Western blot detection reagents were obtained

from Amersham International (Little Chalfont, UK), and anti-V5

horseradish peroxidase (HRP)-labeled antibody was from Invitrogen

(Carlsbad, CA, USA). The membrane impermeable, water-soluble

crosslinker bis(sulphosuccinimidyl) suberate (BS3) was supplied by Pierce
(Rockford,IL,USA).ChemicalsandotherreagentswerepurchasedfromSigma(St.Louis,MO,USA)andE.Merck(Darmstadt,Germany)atthehighestgradeavailable.2.2.ExpressionofrCRLRandRAMPJandRAMP2inDrosophilaS2cellsThevectorpAc5.1/V5-His(Invitrogen,Carlsbad,CA,USA)wasusedforconstitutiveexpressionofrCRLRandRAMP1andRAMP2fusedtocarboxy-terminalV5-andHis6-epitopesinDrosophilaS2cells.Briefly,codingsequencesofRAMP1andRAMP2withthetranslationalstopsitesremoved,wereamplifiedbyPCRfromclonedcDNA(providedbyS.Foord,GlaxoWellcome,Stevenage,UK).Oligonucleotideprimersweredesignedwith5'Kpnland3'Xba\(RAMP1)andwith5'EcoRland3'Notl(RAMP2)restrictionsitesforunidirectionalcloningintopAc5.1/V5-Hisinframewithvector-encodedV5-His6-epitopes.Similarly,aDNAfragmentspanningthecodingsequenceofrCRLRinbetweenauniqueinternalHindlllrestrictionsiteandthetranslationstopcodonwasamplifiedfromclonedrCRLRencodingcDNA(providedbyM.G.Rosenfeld,UniversityofCalifornia,SanDiego,CA,USA).CloningofthisPCRproductcarrying5'Hindllland3'Xholrestrictionsites,andofaNotlIHindlllrestrictionfragmentencodingtheremainingamino-terminalportionofrCRLRintoNotlIXholdigestedpAc5.1/V5-HisyieldedtheexpressionconstructforarCRLR-V5-His6fusionprotein.Allconstructswereverifiedbysequencingbeforethetransformationofinsectcells.Thecellsweremaintainedinsuspensioncultureat23°CinSchneider'sDrosophilamediumsupplementedwith10%heat-inactivatedfetalcalf
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serum. 107 S2 cells were co-transfected by CaP04 precipitation (Invitrogen,

Carlsbad, CA, USA) with 19 jig of the vector pAc5.1/V5-His (mock

transfections) or rCRLR, hRAMPl or -2 expression constructs in

pAc5.1/V5-His or combinations thereof, and with 1 jig of the hygromycin
resistance plasmid pCoHYGRO (Invitrogen, Carlsbad, CA, USA). 24 h

after transfection 300 (Ig/ml hygromycin-B was added to the medium. The

medium was changed every 4 days. Stably transfected, polyclonal

hygromycin-resistant cell lines were obtained after 3-4 weeks and

subcultured (1:5 dilution) every 3-4 days.

2.3. Radioligand binding and cAMP accumulation

[125I]-labeled haCGRP and [125I]rADM were prepared as previously
described [4]. Aliquots of 0.5 x 106 S2 cells were incubated for 1 h at 4°C

with 1700 Bq [125I]hocCGRP or [12T]rADM in the absence and presence of

non-labeled peptides in a total volume of 200 |ll DMEM/Ham Fl2(1:1)supplementedwith0.1%BSA(bindingmedium).Subsequently,thecellswerecollectedbycentrifugationat14'000xgand4°Cfor5min,andthesupernatantwasaspirated.Thetipofthetubecontainingthecellpelletwascutoffandboundradioligandwasestimatedinay-counter(MR252,Kontron,Zurich,Switzerland).Radioactivityinthepelletofcellsthatwereincubatedinthepresenceof0.1pMnon-labeledpeptideswasconsideredasnon-specificbinding.CyclicAMPaccumulationwasmeasuredin2x10S2cellsincubatedatroomtemperaturefor15minin200(ilSchneider'sDrosophilamediumcontaining1mMisobutylmethylxanthine(IBMX)intheabsenceandpresenceoftheindicatedpeptides.Thecellswerecollectedbycentrifugationat1000xgandroomtemperaturefor5minandcAMPwasmeasuredasdescribed[4].2.4.Cross-linkingofcellsurfaceproteins,deglycosylationandWesternblotanalysisForthecross-linkinganalysis2.5x106S2cells,stablyexpressingCGRPorADMreceptors,wereincubatedfor1hat4°Cwith6700Bq[125I]hocCGRPor[125I]rADMintheabsenceandpresenceofnon-labeledCGRPandADMin400\ûbindingmedium.Subsequently,thecellswerecollectedbycentrifugationat14'000xgand4°Cfor5min.Thecellswereresuspendedin400(ill0.1MPBSandincubatedfor40minwith1mMmembrane-impermeablecross-linkerBS3.Thereactionwasquenchedwith1MTris-HCl,pH7.5.Thecellswerecollectedbycentrifugationat14'000xgatroomtemperaturefor5minandresuspendedin50mMTris-HCl,pH
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7.8, 150 rnM NaCl, 1% Nonidet P-40. The cell lysates were cleared by

centrifugation at 14'000 x g at room temperature for 5 min and the

supernatants were kept at -20°C for further analysis. Deglycosylation of

proteins in lysates of S2 cells was carried out with N-glycosidase F.

Aliquots, equivalent to 2 - 2.5 x 106 cells, were incubated for 18 h at 37°C

in 50 ul 10 mM Tris-HCl, pH 7.5, 10 mM EDTA, 0.1% SDS, 0.5%

octylglucopyranosid, 1 % ß-mercaptoethanol in the absence and presence of

4 U N-glycosidase F. The incubations were stopped with protein gel

loading buffer (0.25 M Tris-HCl, pH 6.8, 0.4% bromophenol blue, 8% ß-
mercaptoethanol, 8% SDS, 40% glycerol). The proteins were separated by
15% Tris-glycine SDS Polyacrylamide gel electrophoresis and transferred

to nitrocellulose Hybond ECL (Amersham International, Little

Chalfont, UK) in 14.4 g/1 glycine, 3.03 g/1
Tris,20%methanolinaTrans-Blotcell(Bio-RadLaboratories,Richmond,CA,USA)at25Vand4°Covernight.V5-andHis6-taggedrCRLRandRAMPswerevisualizedwithperoxidase-labeledanti-V5(1:5000finaldilution)monoclonalantibodiesaccordingtotheprotocoloftheECLKit(AmershamInternational,LittleChalfont,UK).BiotinylatedproteinsizemarkerswerevisualizedbyECLaccordingtothemanufacturer'sinstructions.Cross-linked[I]hocCGRPand[125I]rADMweredetectedwithHyperfilmMPfilm(AmershamInternational,LittleChalfont,UK).2.5.StatisticsThevaluesforhalf-maximalinhibitoryconcentrations(IC50)andforhalf-maximaleffectiveconcentrations(EC50)werecalculatedbynon-linearregressionanalysisusingFig.P6.0software(Biosoft,Cambridge,UK).3.Resultsanddiscussion3.1.CGRPandADMreceptorfunctioninDrosophilaS2cellsRatCRLRandRAMP1andRAMP2withcarboxy-terminalV5-andHis6-epitopetagswerestablyexpressedinS2cells.IncontroltransfectedcellsandincellstransfectedwithindividualRAMP1,RAMP2andrCRLRencodingcDNAalone,specificbindingof[l25I]hocCGRPand[125I]rADMwasnotdetected(Fig.1).Specific[l25I]haCGRPbindingwas17%ofaddedradioligandinthecellsco-expressingrCRLRandRAMP1,butnotwithRAMP2.RatCRLRandRAMP2co-expressingcells,ontheotherhand,exhibited16%specific[123I]rADM,butno[125I]hocCGRPbinding.
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Fig. 1. Binding of [125I]hocCGRP (top) and [I25I]rADM (bottom) to Drosophila S2

cells stably expressing combinations of rCRLR and RAMPs. Open bars indicate

total binding and closed bars non-specific binding in the presence of 10~6 M non-labeled

corresponding peptides. The empty Drosophila expression vector pAc5.1/V5-His was

used for mock transfections and to equalize the total amounts of DNA in individual

transfections. Binding conditions are described in Section 2. The results are mean

values ± SEM of triplicate determinations of experiments carried out at least three

times.



40

Table 1.

[125I]haCGRP and [125I]rADM binding inhibition (IC50) and cAMP accumulation

(EC50) in Drosophila S2 cells transfected with rCRLR together with RAMP1 or

RAMP2.

rCRLR + RAMP 1 rCRLR + RAMP2

IC-so EC ICso ECso

nM

raCGRP(l-37) 6.5 ± 2.2 10.7 ± 3.2 225 ± 35 >1000

rßCGRP(l-37) 4.7 ± 0.72 5.1 ±0.3 190 ± 46 >1000

raCGRP(8-37) 1.7 ±0.36 > 1000 97+ 19 >1000

rADM(l-50) 118 ± 19 > 1000 0.87 ± 0.2 7.7 ± 3.6

rADM(20-50) > 1000 > 1000 14 ±8.6 >1000

Rat amylin >500 > 1000 > 1000 >1000

rCT > 1000 > 1000 > 1000 >1000

Results are means ± SEM of three independent experiments

In cells co-expressing rCRLR and RAMP1 [ IJhocCGRP binding was

displaced by rocCGRP(l-37), rßCGRP(l-37) and the CGRP antagonist

rocCGRP(8-37) with similar half-maximal inhibitory concentrations (IC),

and rADM(l-50)
was18-foldlesspotentthanraCGRP(l-37)(Table1).TheADMantagonistrADM(20-50),ratamylinandrCTdidnotaffect[125I]hocCGRPbindingatupto0.5u.M.IntheS2cellsco-expressingrCRLRandRAMP2[l2sI]rADMbindingwasmostpotentlyinhibitedbyrADM(l-50),andrADM(20-50),raCGRP(l-37),rßCGRP(l-37)andraCGRP(8-37)were16-to260-foldlesseffectivethanrADM(l-50).[IjrADMbindingwasunaffectedbyupto1(iMratamylinandrCT.TheICoofraCGRP(l-37),rßCGRP(l-37)andofrADM(l-50)of[IJhocCGRPand-rADMreceptorbindingcorrespondedtothehalf-maximaleffectiveconcentration(EC)ofcAMPaccumulation.Takentogether,CGRPandADMreceptorsexpressedinS2cellsco-transfectedwithrCRLRandRAMP1orRAMP2encodingcDNAexhibitedthepharmacologicalprofileandcouplingtocAMPproductionindistinguishablefromthatofthereceptorsexpressedinmammaliancells[3,4].TheresultsalsoindicatethatDrosophilaS2cellsdonotexpress
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recognizable amounts of endogenous homologues of rCRLR, RAMPl and

RAMP2 interfering with the functional expression of mammalian CGRP or

ADM receptors.

3.2. Glycosylation ofrCRLR and RAMPs in Drosophila S2 cells

Glycosylation of V5- and His6-epitope tagged rCRLR and RAMPl and

RAMP2, stably expressed in S2 cells, was analysed on Western blots in the

absence and presence of N-glycosidase F (Fig. 2).

kDa

97

68

46
31^ppfcw^HB«KHP.5?<;-;^fpfr'ji^li'lippPippi"20Sr,ÉÉIfey-14hRAMPlhRAMP2N-GlycosidaseF--++------++-+-+-+Fig.2.GlycosylationofrCRLRandRAMPlandRAMP2revealedbyWesternblotanalysis.ExtractsofS2cells,stablyexpressingV5-andHis6-epitopetaggedrCRLRandRAMPlorRAMP2inindicatedcombinations,weresubjectedtoSDSPolyacrylamide(15%)gelelectrophoresiswithandwithoutN-glycosidaseFtreatment.TheproteinswerevisualizedonWesternblotswithmonoclonalV5-antibodyandtheECLtechnique(seeSection2).Representativeexperimentcarriedoutatleastthree

times.
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Rat CRLR alone or together with RAMP1 or RAMP2 had

indistinguishable apparent Mr of 55-59 kDa reduced to 48 kDa through
treatment with N-glycosidase F. The latter corresponds to the protein
backbone of rCRLR. In S2 cells glycosylated rCRLR is similar in size to

the hCRLR [3] and rCRLR (not shown) in human embryonic kidney

(HEK) cells alone and with RAMP2. In HEK cells RAMP1 brought about

more extensive glycosylation of hCRLR [3] and rCRLR (not shown) to 66

and 74 kDa components, respectively, not recognized in Drosophila S2

cells. RAMP1 expressed in Drosophila S2 cells had an apparent Mr of 15

kDa, as predicted from the amino acid sequence, unaltered by N-

glycosidase F. RAMP2, on the other hand, had a predominant 18 kDa Mr

reduced by N-glycosidase F to a major 16 kDa protein in agreement with

the calculated
Mrofnon-glycosylatedRAMP2.ThisdemonstratesglycosylationofRAMP2,butnotofRAMP1.ThefindingsareconsistentwithasingleN-glycosylationsitepredictedfromtheaminoacidsequenceofRAMP2notconservedinRAMP1[3].Takentogether,theresultsdemonstrateglycosylationofrCRLRandRAMP2inDrosophilaS2cells.Moreover,glycosylationoftherCRLRinS2cellsisindependentofthepresenceofRAMP1orRAMP2anddoesnotindicateCGRPorADMspecificity.3.3.Characterizationof[IJhaCGRPand[IJrADM-bindingproteincomponentsinS2cellsThe[125I]hocCGRPwascross-linkedwithBS3toDrosophilaS2cellsco-expressingV5-andHis6-epitopetaggedrCRLRandRAMP1.PolyacrylamidegelelectrophoresisofcellextractsandautoradiographyofWesternblotsrevealedmajorspecifically[I]-labeledproteinsbetween63and71kDaandaminor18kDacomponent(Fig.3,top).Theradiolabeledproteinswerenotobservedwhenthecross-linkerwasomitted.Treatmentofcross-linkedsampleswithN-glycosidaseFreducedthesizeofthelarge63-71to51-68kDaproteins,butthe18kDaradiolabeledcomponentremainedunchanged.Similarly,cross-linkingof[125I]rADMtoS2cellsco-expressingV5-andHis6-epitopetaggedrCRLRandRAMP2revealedtwospecificallylabeledcomponentswithapparentMrof72-76and64-67kDa.ThelatterwerereducedwithN-glycosidaseFto54-58kDa.SubsequentanalysisofthesameWesternblotwithV5-epitopespecificantibodieswascarriedouttofurthercharacterize[125I]haCGRP-and[125I]rADM-bindingproteins.InextractsofrCRLRandRAMP1orRAMP2co-expressingS2cellsnottreatedwithcross-linker,glycosylatedrCRLRandRAMP2,andRAMP1wereobserved(Fig.3,bottom).
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Fig. 3. BS3-cross-linking of ['"IlhaCGRP to Drosophila S2 cells that express

rCRLR together with RAMP1 (lanes a-h) or of [125I]rADM to cells that co-express

rCRLR and RAMP2 (lanes i-q). Cross-linker and nonlabeled peptides were added and

the cell extracts treated with N-glycosidase F as indicated. After SDS Polyacrylamide
gel electrophoresis of cell extracts, Western blots were autoradiographed (top) and

analysed with V5-antibody (bottom). Representative experiment carried out at least

three times.
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In cell extracts treated with BS3 additional major protein components

were detected in the position of [125I]haCGRP- and [125I]rADM-binding
components, identified by autoradiography. They were only recognized
when RAMPl or RAMP2 were co-expressed with rCRLR and the Mr were

consistent with those of glycosylated rCRLR cross-linked to RAMPl or to

glycosylated RAMP2. Moreover, decreased amounts of free RAMPl and

RAMP2 were observed in cross-linked as compared to non-cross-linked

samples, consistent with a shift of a fraction of the two RAMPs into larger
molecular weight cross-linking products like rCRLR/RAMP complexes.
Additional minor non-identified components, recognized by the V5-

antibody, with apparent Mrof20-46kDawerealsoobserved.Theseminorcross-linkingproductsinextractsofrCRLR/RAMPlco-expressingcellshadnotaMrof18kDaexpectedfor[125I]hocCGRPcross-linkedtoRAMPl.Buttheweakautoradiographicsignalat18kDaindicatedthattheamountsofthiscross-linkingproductwerelikelybelowthedetectionlimitoftheV5-antibodiesandrepresentedaminorfractionof[125I]hocCGRPcross-linkedtoRAMPlaloneslightlylargerthanRAMPl.Interactiononthecellsurfaceof[125I]haCGRPwithRAMPlalonecannotbeexcluded.EvidenceforRAMP2cross-linkedto[125I]rADMhasnotbeenobtained.DeglycosylatedproteinswererecognizedinS2cellsfollowingtreatmentwithN-glycosidaseF.InS2cellsco-expressingrCRLRandRAMPlorRAMP2andtreatedwithcross-linkermajorproteincomponentsdifferedinsizefromthe48kDarCRLRbytheMrpredictedforRAMPlandnon-glycosylatedRAMP2,respectively.Inthesamesamplesreceptorautoradiographyindicatedcross-linkingof[l25T]haCGRPtoadeglyco¬sylatedrCRLR/RAMPlcomplexandtorCRLRalone.InrCRLRandRAMP2co-expressingcellscorresponding[125I]rADM/rCRLR/RAMP2and[125I]rADM/rCRLRcomplexeswerealsoobserved.Butthelarger[125I]rADM-labeledcomponentwasunalteredfollowingN-glycosidaseFtreatment,indicatingthatarCRLR/RAMP2complexwasresistanttoN-glycosidase-Fwhenboundto[l23I]rADM.Inaparallelstudycarriedoutinmammaliancells(inpreparation),myc-taggedRAMPlwassimilarlycross-linkedto[125I]hocCGRP-bindingV5-andHis6-taggedrCRLR.Theresultspresentedhereandtheobservationsobtainedinmammaliancellsdemonstratethatthepredictedco-transportofCRLRandRAMPstotheplasmamembrane[3]resultsintheformationofCRLR/RAMP1orCRLR/RAMP2heterodimersonthecellsurfacethatfunctionasspecificCGRPorADMreceptorsinDrosophilaandmammaliancells.Thisandtheidentificationofamino-terminalputativeextracellulardomainsofRAMP1/RAMP2chimerasasthecriticaldeterminantsofligandspecificity[7],implydirectinteractionsof
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extracellular domains of RAMPl and RAMP2 with CRLR defining the

ligand binding site. The here established polyclonal Drosophila S2 cell

lines, stably co-expressing V5- and His6-epitope tagged rCRLR and

RAMPl or RAMP2, are suitable for large scale suspension culture.
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Abstract

The human calcitonin (CT) receptor-like receptor (hCRLR) of the B family
of G protein-coupled receptors is N-glycosylated and associates with

receptor-activity-modifying proteins (RAMP) for functional interaction

with CT gene-related peptide (CGRP) or adrenomedullin (ADM),

respectively. Three putative N-glycosylation sites Asn60, Asn112 and Asn

are present in the amino-terminal extracellular domain of the hCRLR.

Tunicamycin dose-dependently inhibited the glycosylation of a myc-tagged
hCRLR and in parallel specific [125I]CGRP and -ADM binding. Similarly,
the double mutant myc-hCRLR(N60T/N112T) exhibited minimal N-

»—.
1 1"7

glycosidase F sensitive glycosylation, presumably at the third Asn
,
and

the cell surface expression and specific radioligand binding were impaired.
Substitution of the Asn117 by Thr abolished CGRP and ADM binding in the

face of intact N-glycosylation and cell surface expression.
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1. Introduction

The initially orphan calcitonin (CT) receptor-like receptor (CRLR)

belongs to the B family of G protein-coupled receptors that includes the CT

receptors (CTR) with 60% amino acid sequence homology and more

distantly related receptors for parathyroid hormone (PTH), PTH-related

protein (PTHrP), secretin and vasoactive intestinal polypeptide (VIP) [1,

2]. Novel receptor-activity-modifying proteins (RAMP) are required for the

functional expression of human (h) and rat (r) CRLR, both coupled to

cAMP production [3, 4]. The three so far identified RAMP define the

specificity of the CRLR and CTR isotype 2 for adrenomedullin (ADM), CT

gene-related peptide (CGRP), CT and amylin, all belonging to the CT

family of peptides [3-5].
The peptides of the CT family exhibit overlapping physiological actions.

Common 6- or 7- amino acid ring structures, linked by disulfide bonds

between cysteine residues, and amidated carboxyl-termini are essential for

biological activity [6]. CGRP and ADM, the peptides studied here, are

potent vasodilators [7, 8].

Mature glycosylation of hCRLR in the presence of RAMP1 and core-

glycosylation with RAMP2 were thought to define CGRPandADMrecognition[3].But,co-expressionofrCRLRandRAMP1or-2inDrosophilaSchneider2cellsrevealedRAMP-independentanduniformlessextensivematureglycosylationofboththeCGRPandADMreceptors,functionallyindistinguishablefromthoseinmammaliancells[9].WithintheBfamilyofGprotein-coupledreceptorsthefunctionalrelevanceofre¬linkedglycosylationvariesamongreceptors.TheVIPreceptorneedsminimalN-glycosylationforcorrectdeliverytotheplasmamembrane,buthighaffinitybindingismaintainedinsolubihzednon-glycosylatedreceptorhomogenates[10].ThesecretinreceptorandthehumanCTR,ontheotherhand,arereadilytransportedtothecellsurface,buttheyrequireN-glycosylationfortheinteractionwiththeirligands[11,12].Moreover,thenon-glycosylatedhumanPTH/PTHrPreceptoroftunicamycin-treatedcellsisexpressedatthecellsurfaceandremainsfullyactive[13].Here,cellsurfaceexpressionofamycepitope-taggedhCRLR(myc-hCRLR)andthefunctionalrolesofitsthreeputativeN-glycosylationsiteswithintheN-terminalextracellulardomainhavebeenanalyzedthroughsuppressionofN-glycosylationwithtunicamycinandsite-directedmutagenesis.SubstitutionofthetwoN-terminalAsnbyThrreducedcellsurfacedeliveryandligandbinding.AsntoThrreplacementinthethirdN-glycosylationconsensussequenceinactivatedthemyc-hCRLR,butthecellsurfaceexpressionwasindistinguishablefromthatofthenon-modifiedmyc-hCRLR.
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2. Materials and methods

2.1. Materials

Human ocCGRP and human amylin were from Bachern AG (Bubendorf,

Switzerland), hßCGRP from Peninsula Laboratories (Belmont, CA, USA),

and hADM from Peptide Institute (Osaka, Japan). Human CT was provided

by E. Felder (Novartis, Basel, Switzerland). Na[125I], enhanced

chemiluminescence (ECL) Western blot detection reagents and Hybond

ECL nitrocellulose membranes were from Amersham International (Little

Chalfont, UK), and restriction enzymes from Promega (Madison, WI,

USA). Tissue culture supplies were from Biological Industries (Kibbutz

Beit Haemek, Israel), and Geneticin, LipofectAMINE and OptiMEM
medium for transfections were from Life Technologies (Gaithersburg, MD,

USA). Other reagents unless indicated were from Sigma (St. Louis, MO,

USA) and Merck (Darmstadt, Germany).

2.2. cDNA and mutagenesis

Constructs for expression of myc-hCRLR, RAMP1 and -2 were provided

by S. Foord
(GlaxoWellcome,Stevenage,UK).Site-directedmutagenesis,replacingasparagine60,112and117bythreonineinN-glycosylationconsensussequencesofthehCRLR,wascarriedoutwiththeSeamlessCloningKit(Stratagene,LaJolla,CA),accordingtothemanufacturer'sinstructionsandref.14.MutationswereA—>Csubstitutionsinposition2ofcorrespondingAsn-encodingtripletswithinaBsu36I/PstIrestrictionfragmentcodingforthehCRLRdomainthatcontainsthethreepredictedN-glycosylationsites.Bsu36I/Eam11041andEamll04I/PstIDNAfragmentscarryingthemutationswereamplifiedwithclonedPfuDNApolymerase(Stratagene,LaJolla,CA)byPCRfor30cycles.Theproductsweredigestedwithcorrespondingrestrictionenzymesandgel-purified.MatchingfragmentswereligatedintoBsu36I/PstIdigestedmyc-hCRLRyieldingmyc-hCRLR(N60T),-(N112T)and-(N117T).Adoublemutantmyc-hCRLR(N60T/Nl12T)wasobtainedasfollows:Notl/XholDNAfragments,includingthecodingsequencesofmyc-hCRLR(N60T)and-(N112T),weredigestedwithBglll.TheDNAfragmentNotl/Bglllcontainingmutation(N60T)andthefragmentBglll/Xholwithmutation(N112T)wereclonedintoNotl/XholdigestedpcDNA3yieldingmyc-hCRLR(N60T/Nl12T).AllthemutationswereverifiedbysequencingthePCRamplifiedDNAfragmentsincludingthecloningsitesinindividualpcDNA3expressionconstructsinboth

directions.
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2.3. Cell culture, transfection and tunicamycin treatment

SV40 T-antigen transformed human embryonic kidney (TSA) cells were

cultured in Ham's F12/DMEM (4.5 g/1 glucose) medium (1:1)

supplemented with 10% fetal calf serum and 400 (J,g/ml Geneticin. 24 or 48

h before transient transfection 2.5 or 1 x 105 TSA cells per cm
,

respectively, were seeded into 24- or 48-well plates coated with 0.1%

gelatine. The cells were transfected for 4 h at 37°C in 150 ul OptiMEM
medium per cm2 containing 0.6 (il LipofectAMINE and 100 ng of indicated

receptor and of RAMP1 or -2 expression constructs or of pcDNA3 to keep
the amount of DNA constant. The transfected cells were kept in tissue

culture medium for two days prior to the experiments. Tunicamycin
dissolved in DMSO or DMSO alone were added where indicated.

Tunicamycin- and DMSO-treated cells were detached with 0.05% EDTA

in PBS and kept in
suspension

during

theexperiments.2.4.Radioligandbinding[l25I]-labelledhocCGRPandhADMwerepreparedasdescribed[4,15].Adherentcellsin24-or48-wellplatesand106or2x106tunicamycin-treatedcellsinsuspensionwereincubatedwith1700Bq[125I]hocCGRPor-ADMintheabsence(totalbinding)orpresence(non-specificbinding)of1MMnon-labelledhocCGRPorhADMin0.5mlHamFl2andDMEM(1:1)supplementedwith0.1%BSAfor2hat15°C.Subsequently,adherentcellswerewashedwithligand-freemedium,pre-cooledto15°C,andlysedwith0.5%SDS.Cellsinsuspensionwerecollectedbycentrifugationat200xgfor5minat4°Candthesupernatantswereaspirated.Thetipsofthetubescontainingthecellpelletswerecutoff.RadioactivityincelllysatesandincellpelletswasmeasuredinaMR252y-counter(Kontron,Zurich,Switzerland).Specificbindingisdefinedasthedifferencebetweentotalbindingandnon-specificbinding.2.5.WesternblottingTSAcellsweredetachedwith0.05%EDTAinPBSandcollectedbycentrifugationat200xgfor5minat4°C.Thecellswerelysedin50mMTris(pH7.8),150mMNaCland1%Nonidet®P-40for30minat4°C(10Ml/106cells),andthelysatesclearedbycentrifugationat10,000xgfor10minat4°C.ProteincontentwasmeasuredwiththeBio-RadDCProteinAssay.Aliquotsofcelllysates,equivalentto50-100Mgprotein,weretreatedwith80mU/MlN-glycosidaseF

(Boehringer-Mannheim,
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Mannheim, Germany) in 10 mM Tris (pH 7.5), 10 mM EDTA, 1% ß-

mercaptoethanol, 0.1% SDS and 0.5% n-octyl ß-D-glucopyranoside for 18

h at 37°C. The reactions were stopped with protein gel loading buffer.

Proteins were separated on a 8% SDS-polyacrylamide gel and electro-

transferred to HybondECL nitrocellulose membranes in 14.4 g/1

glycine, 3.03 g/1 Tris, 20% methanol using a Trans-Blot cell (Bio-Rad

Laboratories, Richmond, CA, USA). Myc-tagged receptor proteins were

visualized with horseradish peroxidase (HRP)-labelled monoclonal

antibodies to myc (1:5000; Invitrogen, Carlsbad, CA, USA) with the ECL

technique. Chemiluminescence was visualized with a liquid nitrogen-
cooled slow scan CCD camera (AstroCam).

2.6. Enzyme-linked immunoassay for cell surface-localised myc

Transfected TSA cells in 48-well plates were incubated in 75 jxl Ham

F12/ DMEM (1:1) medium containing 10% fetal calf serum and 4 |ig/ml
monoclonal HRP-labelled antibodies to myc (Invitrogen) for 90 min at

room temperature. The cells were then washed 4 times with 0.5 ml of the

same medium without antibodies. The colour reaction was started with 0.4

ml 100 mM sodium acetate/50 mM sodium phosphate buffer (pH 4.2)

containing 1 mg/ml 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid)diammoniumsalt(ABTS)®(Boehringer-Mannheim,Mannheim,Germany)andhydrogenperoxide(1:3500).ThereactionwasstoppedbyaddingSDStoafinalconcentrationof0.2%.Absorbanceofthesupernatantwasmeasuredat405nmwithaBeckmanDU68spectrophotometer.2.7.StatisticalanalysisDifferencesbetweenmeanvaluesofspecificbindingwereanalysedbyANOVAandofpercentODat405nmcomparedtomyc-hCRLRcontrolsbyStudent'st-test.Thevaluesforhalfmaximalinhibitoryconcentrations(IC50)werecalculatedbynon-linearregressionanalysisusingFigP6.0(Biosoft,Cambridge,UK).
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3. Results

3.1. Inhibition of myc-hCRLR N-glycosylation by tunicamycin results in a

dose-dependent loss ofspecific [125I]haCGRP and [125I]hADM binding

A myc epitope on the N-terminus of the hCRLR (myc-hCRLR) was used

to identify the protein on immunoblots and to estimate cell surface

expression. In TSA cells co-expressing myc-hCRLR and RAMPl or -2,

[125I]hocCGRP and [123I]hADM binding amounted to 15% and 12% of

added tracer and predominant myc-hCRLR had apparent sizes of 65 and 58

kDa, respectively (Fig. 1).
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Fig.1.RadioligandbindingandWesternBlotanalysisofmyc-hCRLRexpressedintunicamycin-treatedTSAcells.Thecellswereco-transfectedwithmyc-hCRLRandRAMPl(A,C)or-2(B,D)expressionconstructsintheabsence(0)andpresenceofincreasingconcentrationsoftunicamycin.OpenbarsinAandBindicatetotalbinding.Non-specific[125I]haCGRPor[l25I]hADMbindinginthepresenceof1(iMnon-labelledhaCGRPor0.1uMnon-labelledhADMwas3.0and3.8Bq/10^cells,respectively(notshown).ProteinsincellextractstreatedwithtunicamycinorwithN-glycosidaseF(F)wereseparatedby8%SDS-PAGE.Myc-hCRLRonimmunoblots(C,D)wasvisualizedbyECL.Arrowsindicatethepositionsofproteinsizemarkers.Representativeexperimentcarriedoutthree

times.
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The IC50 of [125I]CGRP and -ADM receptor binding of the myc-hCRLR
and the EC50 of cAMP accumulation with hocCGRP and ADM were those

of the non myc-tagged receptor (not shown). Tunicamycin dose-

dependently reduced [125I]haCGRP and [125I]hADM binding to those

observed in the presence of the corresponding non-labelled peptides at 10"

M or in non-transfected cells defined as non-specific binding (not shown).

In parallel to the loss of radioligand binding the sizes of the 65 and 58 kDa

glycosylated myc-hCRLR were decreased to a protein doublet also

observed for N-glycosidase F-treated myc-hCRLR and consistent in size

with the calculated molecular weight of the myc-hCRLR protein backbone.

Incomplete denaturation, e.g. reduction of presumed disulfide bonds

between cysteine residues by ß-mercaptoethanol, may explain the

migration of deglycosylated myc-hCRLR as a protein doublet. Two

intermediate size myc-hCRLR components in cells co-expressing
RAMP1werealsograduallyreducedattunicamycinconcentrationsofbetween0.2and1.6jxg/ml.Thus,RAMP1or-2dependentexpressionofmyc-hCRLRasCGRP-orADMreceptorsrequiresN-glycosylation.3.2.N-glycosylationofAsn6and/orAsnarerequiredformyc-hCRLRcellsurfaceexpressionThehCRLRhasthreeAsn-X-ThrconsensusN-glycosylationsitesintheN-terminalextracellulardomain.WithAsntoThrsite-directedmutagenesis,myc-hCRLR(N60T),-(N112T),-(N117T)andthedoublemutantmyc-hCRLR(N60T/N112T)wereobtained.Myc-hCRLRandthemutantreceptorswereexpressedinTSAcellsintheabsenceandpresenceofRAMP1or-2.InTSAcellsco-expressingmyc-hCRLRorindividualN-glycosylationsitemutantstogetherwithRAMP1or-2,myc-epitopecellsurfacepresentationwasusedasameasureofplasmamembranelocalisation(Fig.2).HRP-labelledmyc-antibodiesdetectedmyc-hCRLRandallsingle-sitemutantreceptorsatcomparablelevelsatthecellsurface.Differentfromthesingle-sitemutantreceptorscellsurfacelocalisationofthedoublemutantmyc-hCRLR(N60T/N112T)inthepresenceoftheRAMPwasloweredtobetween40%and50%ofthenon-modifiedmyc-hCRLR.Theexpressionlevelsofmyc-hCRLRandthemutants,asrevealedbyWesternblotanalysisofcellextracts,werecomparable(Fig.3).
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Fig. 2. Cell surface expression and specific radioligand binding of myc-hCRLR and

the mutant receptors. TSA cells were transiently transfected with the indicated

combinations of receptors and RAMPl (A, C) or -2 (B, D) expression constructs. A and

B, HRP-labelled myc-antibody binding, normalized to that of TSA cells co-expressing

myc-hCRLR and RAMPl (A) or -2 (B). C and D, specific radioligand
binding.Theresultsaremeans±SEMoffourindependentexperiments.Statisticallysignificantdifferences(P<0.02)betweenmeansofpercentmyc-antibodybindingandspecificradioligandbindingcomparedtothemyc-hCRLR/RAMPlor-2areindicatedwithanasterisk.
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3.3. r'lJhaCGRP and -ADM recognition by myc-hCRLR, -(N60T),

-(N112T), -(N60T/N112T) and -(N117T)

In cells expressing myc-hCRLR or the glycosylation mutants (N60T)

and (NI 12T), specific binding of [125I]hocCGRP and -ADM was maintained

in the presence of the corresponding RAMP (Fig. 2). The IC50 of ha- and

ßCGRP, hADM and human amylin of [125I]haCGRP and -ADM binding
reflected the affinities of the expressed receptors (Table 1). Binding
inhibition of [125I]haCGRP by the non-labelled peptides in cells expressing

myc-hCRLR and the (N60T) and (N112T)
mutantswassimilar.With[125I]hADM,myc-hCRLR(N60T)and-(N112T)exhibitedathree-andten¬foldhigherIC50ofhADMascomparedtothenon-modifiedmyc-hCRLR.Differentfromthetwo(N60T)and(N112T)single-sitemutantreceptorsspecific[125I]haCGRPand-ADMbindingtothedouble-mutant(N60T/N112T)wasbelow5%oftheaddedtracers.Incellsexpressingmyc-hCRLR(Nl17T)togetherwiththecorrespondingRAMPspecific[l25I]haCGRPand[125I]hADMbindingwasbelow4%oftheaddedtracers.Upto10"7MhaCGRPandhADMfailedtostimulatecAMPproductioninCOS-7,TSAandhumanembryonickidney293cellsco-expressingmyc-hCRLR(Nl17T)andRAMP1or-2(notshown).Table1.[125I]haCGRPand-hADMbindinginhibition(IC50)toTSAcellsco-expressingmyc-hCRLRorreceptormutantswithRAMP1or-2.rl25I]haCGRP"[125IlhADM*haCGRPhßCGRPhADMhAmylinhCThaCGRPhßCGRPhADMhAmylinhCTICo(nM)myc-hCRLR2.2+0.81.8+1.067±2365+25>10'>10'>10'9.7±2.4>10'>10'-(N60T)5.7±2.92.2+0.945+22106±35>10'>101>10'33+5>101>101-(N112T)10.7±5.51.4±0.849+2078+35>I01>101>10194±14>101>101ResultsofIC-soaremeans±SEMofatleastthreeindependentexperiments"TSAcellsco-transfectedwithRAMP1hTSAcellsco-transfectedwithRAMP2
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3.4. Western blot analysis of myc-hCRLR and -(N60T), -(N112T), -

(N60T/N112T) and -(N117T) in TSA cells

N-glycosylation of myc-hCRLR and of the mutant receptors was

analysed on Western blots through estimation of relative size differences of

receptors before and after N-glycosidase F-treatment of cell extracts (Fig.

3). Myc-hCRLR had an apparent size of 55 to 58 kDa in the absence of the

RAMP. The size increased by approximately 10 kDa when RAMP1 was

co-expressed, but was not affected by RAMP2. N-glycosidase F-treatment

reduced the size of myc-hCRLR independent of co-expressed RAMP to a

protein doublet of approximately 45 kDa also observed in the tunicamycin-
treated cells. In the absence of the RAMP the three mutants myc-

hCRLR(N60T), -(N112T) and -(N117T) were smaller than the non-

modified myc-hCRLR. This size remained unchanged when RAMP2 was

co-expressed and it was also reduced by N-glycosidase F to that of

deglycosylated myc-hCRLR. The size of myc-hCRLR(N112T) was

unaltered
whenRAMP1wasco-expressed.Aminorfractionofmyc-hCRLR(N60T)wasfurtherglycosylatedwhenco-expressedwithRAMP1,butthemaximalsizewaslowerthanthatofthemyc-hCRLR.Glycosylationofmyc-hCRLR(Nl17T)inthepresenceofRAMP1occurredlessefficientlybuttheachievedsizewasthatofthemyc-hCRLR.Thereductionofthesizeofthedoublemutantmyc-hCRLR(N60T/Nl12T)with11-7N-glycosidaseF-treatmentindicatedminorglycosylationatAsnthatwasunaffectedbyco-expressed

RAMP.
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Fig. 3. Analysis of N-glycosylation of myc-hCRLR and -(N60T), -(N112T), -

(N60T/N112T) and -(N117T) in TSA cells on Western blots. Transiently expressed
myc-hCRLR and mutant receptors in the absence (-) and presence (+) of RAMP 1 (A) or

RAMP2 (B). Cell extracts (50 ug protein) incubated in the absence and presence (F) of

80 mU/ul N-glycosidase F were subjected to 8% SDS-PAGE. Non-modified and mutant

myc-hCRLR on immunoblots were visualized by the ECL technique. The positions of

protein size markers are indicated by arrows. Representative experiment carried out

three times.

4. Discussion

N-glycosylation of hCRLR was demonstrated by treatment with N-

glycosidase F that reduced its size to that calculated for the protein
backbone [3]. Mature-glycosylation of h- and rCRLR as a result of the

interaction with RAMP1 and core-glycosylation in the presence of RAMP2

was thought to define the specificity of the CRLR for CGRP and ADM [3,

unpublished]. In Drosophila Schneider 2 cells, on the other hand, rCRLR
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glycosylation was independent of co-expressed RAMP1 and -2, but CGRP-

and ADM receptor function was that of rCRLR in mammalian cells [4, 9].

In the present study, the functional significance of N-glycosylation of

hCRLR on the cell surface expression and [125I]CGRP or -ADM binding in

the presence of RAMP1 or -2 was investigated in cells treated with

tunicamycin and through Asn to Thr site-directed mutagenesis of three N-

terminal N-glycosylation consensus sites. Treatment with tunicamycin
reduced the size of myc-hCRLR to that of N-glycosidase F treated myc-

hCRLR, indicating total suppression of N-glycosylation. In parallel,
[125I]CGRP and -ADM binding were lowered. This is in line with other

receptor proteins located at the plasma membrane where inhibition of N-

glycosylation by tunicamycin impaired their transport to the cell surface

and as a result ligand binding
[10,16].Site-directedmutagenesisofAsn60orAsn112ofmyc-hCRLRtoThrrevealedlessextensiveN-glycosylationintheabsenceandpresenceofRAMP1and-2,butcellsurfaceexpressionwaslargelyunchanged.Inthedoublemutantmyc-hCRLR(N60T/N112T)theextentofN-glycosylationwasfurtherreducedandcellsurfaceexpressionwasnowdecreased.Asaresult,onlyminimalspecific[125I]CGRPand-ADMbindingwasobserved.Theseresultswereconsistentwiththoseobtainedintunicamycin-treatedcellswheredose-dependentinhibitionofN-glycosylationalsoimpaired[125I]CGRPand-ADMbinding.Interestingly,mutationofAsn117toThrdidnotaffectN-glycosylationandexpressionofthereceptoratthecellsurfacetoanygreatextent,butspecific[125I]CGRPand-ADMbindingwasobliterated.Apparently,minimalN-glycosylationofAsn"7inmyc-hCRLR(N60T/N112T)wasinsufficientforitsnormaldeliverytothecellsurface.Thus,Asn117ofmyc-hCRLRisrequiredforCGRPorADMrecognitioninthepresenceofRAMP1or-2,respectively.Itis,however,notrequiredforN-glycosylationandcellsurfacedeliveryofthehCRLR.ThefunctionalroleofN-glycosylationoftherelatedhCTreceptors,inparticularofthehCTRtype3withapproximately60%homologytotheCRLRandalsothreeN-terminalN-glycosylationconsensussiteshasbeenreported[12].MuchlikewiththehCRLR,site-directedmutagenesisofthefirstconsensussitedidnotaffecthigh-affinitysalmonCTbinding.hCTreceptorslackingthesecondorthirdconsensussiteexhibitedlesspotentcAMPproduction.Correspondingly,withthemyc-hCRLR(N112T)theIC5oofADMwithrespectto[125I]ADMbindingwassomewhathigherthanthatofthemyc-hCRLR.Inmarkedcontrast,substitutionoftheAsnbyThrinactivatedthemyc-hCRLR.Inconclusion,hCRLRN-glycosylationatAsn60and/orAsn"2isrequiredforcellsurfaceexpressionand[125I]CGRPor-ADMbindinginthe
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presence of RAMPl or -2. The myc-hCRLR(Nl 17T), on the other hand, is

delivered to the cell surface, but the mutated hCRLR is inactive.
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ABSTRACT

The initially orphan human calcitonin (CT) receptor-like receptor (hCRLR)
interacts with a novel accessory receptor-activity-modifying protein 1

(RAMPl) to reveal a functional CT gene-related peptide (CGRP) receptor.

In mammalian cells, RAMPl is required for mature N-glycosylation of the

hCRLR predicted to occur at Asn60, Asn112 and/or Asn117 in the amino-

terminal extracellular domain. Here we have shown that the substitution of

Asn117 by Ala, Gin, Thr or Pro abolished CGRP-evoked cAMP formation

which was left unchanged when the Asn117 was replaced by Asp.

Moreover, the hCRLR and the Asn117 mutants exhibited comparable N-

glycosylation, cell surface expression and association with RAMPl. In

contrast, the hCRLR Asn60"2 to Thr double mutant showed defective

RAMPl-dependent N-glycosylation, and impaired cell surface expression
and CGRP receptor function. Unlike Asn60 and Asn"2, Asn117 is

presumably not involved in N-glycosylation, but essential for CGRP

binding to the hCRLR/RAMPl complex.
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The oc-calcitonin (CT) gene-related peptide (ocCGRP) is a 37 amino acid

neuropeptide encoded by an alternative mRNA splicing product of the CT

gene (1). ß-CGRP is the product of a second gene and it differs in man and

rat in 3 and 1 amino acid residues from ocCGRP, respectively (2). a- and ß-
CGRP, and adrenomedullin (ADM) are potent vasodilators. They belong to

the CT family of peptides, which includes CT and amylin (3). The peptides
have in common N-terminal ring structures of 6- or 7-amino acids linked

by disulfide bonds between cysteine residues and amidated C-termini, both

required for biological activity, oc- and ß-CGRP are widely expressed in the

central and peripheral nervous system and elicit their biological effects

through interaction with G protein-coupled receptors predominantly linked

to cAMP production. Initially orphan rat and human (h) CT receptor-like

receptors (CRLR) of the B family of G protein-coupled receptors require
novel accessory receptor-activity-modifying proteins (RAMP) for

functional expression at the cell surface (4-6). Human and mouse RAMPl,

-2 and -3 define the specificity of CRLR for CGRP or ADM (6-8). The rat

CRLR and the human CT receptor isotype 2 (hCTR2) with 60% amino acid

sequence homology associate with RAMPl at the cell surface as two

different CGRP receptor subtypes (9). hCTR2 co-expressed with RAMPl

or -3 revealed two different amylin receptor isotypes (10, 11).
Here we have investigated association with RAMPl and CGRP

receptorfunctionofthehCRLRmutatedatthethreepredictedAsn60,Asn112and11"7AsnN-glycosylationconsensussitesthatareconservedinallsofaridentifiedCRLR.TheresultsindicatethatAsn60and/orAsn"2unlikeAsn''7arerequiredforcellsurfaceexpression.WiththeAsn''7toAla,Gin,ThrandPromutantsN-glycosylation,cellsurfaceexpressionandassociationwithRAMPlaremaintained,butligandbindingwasabolished.
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MATERIALS AND METHODS

Materials. Human ocCGRP(l-37) was purchased from Bachern. The

membrane-impermeable cross-linker bis(sulfosuccinimidyl)suberate (BS3)

and ImmunoPure® Immobilized Protein G were supplied by Pierce. N-

glycosidase F was from Boehringer Mannheim and restriction enzymes

were purchased from Promega. Na[125I], ECL Western blot detection

reagents and Hybond ECL nitrocellulose membranes were obtained

from Amersham Pharmacia Biotech. Tissue culture media and fetal calf

serum were obtained from Biological Industries (Kibbutz Beit Haemek,

Israel). Geneticin 418, LipofectAMINE or LipofectAMINE 2000 and

OptiMEM medium were supplied by Life Technologies. Other chemicals

and reagents were purchased from Sigma and Merck at the highest grade
available.

Plasmids and Construction ofhCRLR Mutants. The cDNA encoding the
hCRLRwithanN-terminalmycepitope(EQKLISEEDLL)(myc-hCRLR)inthemammalianexpressionvectorpcDNA3(Invitrogen)wasprovidedbyS.Foord(GlaxoWellcome).TheconstructforexpressionofthehCRLRwithC-terminalmycand(His)6epitope-tags(hCRLR-myc)wasobtainedasfollows:ADNAfragmentencodingtheC-terminusofhCRLRbetweenauniquePstlrestrictionsiteandthetranslationalstopcodonwasamplifiedbyPCRusinga3'oligonucleotidethatintroducedaHindlllrecognitionsequenceinplaceofthehCRLRtranslationstopcodon.ThePCRproductwasdigestedwithHindlll,releasingaHindlllDNAfragmentthatencodedtheC-terminusofhCRLRdownstreamofauniqueHindlllrestrictionsiteinthehCRLRcodingsequencewiththestopcodonremoved.ThisDNAfragmenttogetherwithaBamHl-HindlllrestrictionfragmentencodingtheremainingN-terminalportionofhCRLRwereclonedintoamodifiedBamHl/HindllldigestedpcDNA3expressionvectorencodingmycand(His)6downstreamoftheHindlllrestrictionsite.ThisreconstructedthehCRLRcodingsequenceinframewiththesequenceencodingmycand(His)6attheC-terminus.ThecDNAencodingRAMP1inframewithC-terminalV5(GKPIPNPLLGLDST)-and(His)6-epitopetagswasremovedbyKpnl/PmeldigestionfromapreviouslydescribedconstructintheDrosophilaexpressionvectorpAc5.1/V5His(Invitrogen)(12)andsubclonedintoKpnl/EcoRVdigestedpcDNA3.ThethreeN-glycosylationconsensussequencesAsn-X-Ser/ThrwithintheN-terminalextracellulardomainofhCRLRweremodifiedasindicatedinFigure1throughsite-directedmutagenesiswiththeSeamlessCloningKit(Stratagene).Thenucleotidesequencebetween5'Bsu36land3lPstlrestrictionsite

encodes
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the subdomain of the hCRLR that contains all three potential N-

glycosylation sites. Pairs of primers were designed to carry out PCR

amplification with cloned Pfu DNA polymerase (Stratagene) of

Bsu36l/Eam\ 1041 and Eam\ XQAl/Pstl DNA fragments with the nucleotide

substitutions required to create the mutations. The products obtained after

30 cycles were digested with £'ömll04I and Bsu36l or Pstl and gel-

purified. Ligation of matching fragments into Bsu36l/Pstl digested myc-

hCRLR reconstituted the coding sequence for the myc-hCRLR(N60T),
-(N112T), -(N117D), -(N117A), -(N117Q), -(N117T) and -(N117P)

mutants. The double mutant myc-hCRLR(N60T/N112T) was generated by

Bglll digestion ofNotl/XholDNAfragmentsofmyc-hCRLR(N60T)andofmyc-hCRLR(Nl12T)andreligationoftheNotllBglllfragmentcontainingthemutationN60TandtheBglll/XholfragmentwiththemutationN112TintoNotl/XholdigestedpcDNA3.ThenucleotidesequencebetweentheBsu36landthePstlrestrictionsitesinthefinalhCRLRmutantexpressionconstructswasverifiedbysequencinginbothdirections.Myc-hCRLRNH2-(N117D)-(N117A)-(N117Q)-(N117T)-(N117P)-(N60T/N112T)myc60112117NNNDAQTP|.I|IHImaivvBVIVIICOOHT—T-Figure1.Schematicrepresentationofnon-modifiedandmutantmyc-hCRLR.TheN-terminalmyc-epitope,extracellular-(whiteboxes),transmembrane-(greyboxeswithromannumbers)andintracellulardomains(blackboxes)areshown.Asparagine(N)residuesatpositions60,112and117areN-glycosylationconsensussitesofmyc-hCRLRthatweresubstitutedbyasparticacid(D),alanine(A),glutamine(Q),threonine(T),andproline(P)residuesasindicated.
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Cell Culture and Lipotransfection. COS-7 cells were cultured in

HamF12/DMEM (4.5 g/1 glucose) medium (1:1) supplemented with 10%

fetal calf serum and 2 mM glutamine (tissue culture medium). The same

medium, supplemented with 400 ug/ml geneticin 418, was used to culture

SV40 T-antigen transformed human embryonic kidney HEK293 (TSA)

cells. The cells were subcultured by treatment with 0.1% trypsin and 0.5

mM EDTA in PBS. Transfections were carried out at 80% confluence by

incubating the cells for 4 h at 37 °C in OptiMEM medium containing the

indicated concentrations of LipofectAMINE or LipofectAMINE 2000 and

plasmid DNA. The experiments were performed 48 h after transfection.

Cyclic AMP accumulation in transiently transfected COS-7
cellswasmeasuredasdescribed(7).Cross-linking,ImmunoprecipitationandDeglycosylation.TransientlytransfectedTSAcellsin100mmdisheswereincubatedwith8x104Bq[125I]haCGRPin4.8mlHamF12/DMEM(1:1)supplementedwith0.1%BSA(bindingmedium)for2hat15°C.Subsequently,thecellswerewashedwithPBSandincubatedfor1hatroomtemperaturein4.8ml0.1MPBScontaining1mMcross-linkerBS3.Cross-linkingwasquenchedbyaddingTris-HCltoafinalconcentrationof15mM,pH7.5.Thecellswerelysedin50mMHepes,pH7.5,7mMMgCl2,2mMEDTA,1mMphenylmethylsulfonylfluoride,3(J.g/mlaprotinin,3(ig/mlleupeptin,1mg/mldodecyl-ß-D-maltosideand0.2mg/mlcholesterolhemisuccinate.Thecelllysateswereclearedbycentrifugationfor3minatÎO'OOOxg.Myc-taggedreceptorswereimmunoprecipitatedfromclearedlysatesat4°Cbysequentialincubationwith50uJImmunoPure®ImmobilizedProteinGfor1h,2(igofmyc-antibodiesfor2hand100(ilImmunoPure®ImmobilizedProteinGovernightonanend-over-endrotator.Theprecipitateswerethencollectedbycentrifugationfor5minatÎO'OOOxg.Thepelletswerewashedthreetimeswith50mMHepes,pH7.5,7mMMgCl2,2mMEDTA,1mMphenylmethylsulfonylfluoride,3(Xg/mlaprotinin,3(ig/mlleupeptinand0.25mg/mldodecyl-ß-D-maltoside.Theimmunoextractedproteinswereelutedfromthepelletsbyincubationin80fllSDS-PAGEloadingbufferfor15minat50°C.[125I]CGRPintheimmunoprecipitateswasmeasuredinay-counter(Kontron).Deglycosylationofproteinsinaliquotsofcelllysateswascarriedoutwith4UofN-glycosidaseFin50|il10mMTris-HCl,pH7.5,10mMEDTA,0.1%SDS,0.5%octylglucopyranoside,1%ß-mercaptoethanolfor18hat37°C.TheincubationswerestoppedwithSDS-PAGEloadingbuffer.
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Western Blot Analysis. Proteins in cell lysates and immunoextracts were

separated by SDS-PAGE and electrotransferred to nitrocellulose Hybond
ECL membranes in a Trans-Blot cell (BioRad Laboratories) at 25 V and

4 °C overnight. Immunoblots were blocked with 5% low-fat milk and the

epitope-tagged proteins were visualized by enhanced chemiluminescence

with horseradish peroxidase-labeled monoclonal myc- and V5-antibodies

(1:2000 final dilution) (Invitrogen). Actin as a reference protein for the

amount of loaded cell lysates was visualized with monoclonal antibodies to

actin (1:3500 final dilution) (Chemicon International) and secondary
horseradish peroxidase-conjugated sheep antibodies to mouse

immunoglobulins (1:5000 final dilution) (Amersham). Cross-linked

[' 5I]hocCGRP was recognized by autoradiography with Hyperfilm MP

film (Amersham).

Immunohistochemistry. TSA cells cultured in tissue culture medium

supplemented with 400 |Xg/ml geneticin 418 were transiently transfected in

3 ml
OptiMEMmediumcontaining12(ilLipofectAMINE2000and2.4|igindicatedreceptorandRAMP1-V5expressionconstructs.48hlaterthecellsweredetachedwith0.05%EDTAinPBS.Cellsurfaceexpressionofmycepitope-taggedreceptorswasestimatedbymycimmunofluorescence-stainingofintactcellsinsuspension.Thecellswereincubatedwithmousemonoclonalantibodiestomyc(Invitrogen)diluted1:600intissueculturemediumfor1hatroomtemperature.ThesamemediumwasusedtowashthecellstwiceandfortheincubationwithTRITC-labeledpolyclonalrabbitanti-mouseimmunoglobulin(1:150finaldilution)(DakoDiagnostics)for30minatroomtemperature.ThecellswereagainwashedtwicewithtissueculturemediumandoncewithPBS.Thecellswerethenfixedwith3%formaldehydeinPBSfor20min.TRITC-fluorescenceofequalaliquotsofcellswasmeasuredinaSpectraMAXGeminiXSfluorescencereader(MolecularDevices)withexcitationat530nm,emissionat590nmandcutoffat570nm.BackgroundfluorescenceofthecellstransfectedwithpcDNA3wassubstracted.Fluorescence-stainingofcellswasalsovisualizedbyfluorescencemicroscopy.AliquotsofcellsweredriedonaslideandmountedwithImmu-Mount(ShandonScientific).ThecellswereviewedwithanEclipseE600NikonmicroscopewithaG2-Afilterand50-foldmagnification.PhotographstakenfromindividualslidesatconstantexposuretimewerescannedwithanLS-2000Nikonscannerwiththeparametersadjustedtominimizebackgroundfluorescence.
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Statistical Analysis. The values for half-maximal effective

concentrations (EC50) were calculated by non-linear regression analysis

using Fig. P 6.0 software (Biosoft, Cambridge, UK) and differences

between mean values were analysed by ANOVA. Differences between

mean values of percent cell surface expression of individual myc-hCRLR
mutants compared to non-modified myc-hCRLR controls were analysed by

Student's test. P < 0.05 were considered statistically significant.

RESULTS

Stimulation of cAMP production and cell surface expression of myc-

hCRLR and mutants thereof co-expressed with RAMP1-V5. Cyclic AMP

accumulation in response to CGRP was estimated in transiently transfected

COS-7 cells (Figure 2). In cells expressing the myc-hCRLR and RAMP1-

V5, cAMP production was stimulated 36-fold by 10"6 M hocCGRP with an

EC50 of 3.8 ± 1.1 nM (n = 8). In cells expressing myc-hCRLR(N60T) or

-(N112T) together with RAMP1-V5 the cAMP response was that of the

non-mutated myc-hCRLR (not shown) and these mutants were not further

investigated. But with the double mutant
myc-hCRLR(N60T/N112T)cAMPproductionby10"6MhocCGRPwasloweredto30%ofthatofthemyc-hCRLR,andtheEC5owasincreased9-fold.ThevariousaminoacidsubstitutionsatAsn"7inthemyc-hCRLRaffectedCGRP-evokedstimulationofcAMPformationdifferently.ThecAMPresponsewassimilarincellsexpressingnon-modifiedmyc-hCRLRorthemutantmyc-hCRLR(Nl17D)bothtogetherwithRAMP1-V5.ButthecAMPproductionremainedatbasallevelsincellsco-transfectedwithmyc-hCRLR(N117T)or-(N117P)andRAMP1-V5expressionconstructs.Inthecellsexpressingmyc-hCRLR(N117A)and-(N117Q)haCGRPstimulatedthecAMPproductionwithanEC50ofover100

nM.
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Figure 2. Stimulation of cAMP production in COS-7 cells by CGRP. The cells were

grown in 24-well plates to 50% confluency. For transfection the cells were incubated for

4 h at 37 °C in 250 ill/well OptiMEM medium containing 200 ng of myc-hCRLR (•),

myc-hCRLR(N60T/N112T) (O), -(N117D) (O), -(N117Q) (A), -(N117A) (V), -(N117P)

(Hi) or -(N117T) (D) and 200 ng of RAMP1-V5 expression constructs and 1 |il

LipofectAMINE 2000. 48 h after transfection, the cells were incubated with the

indicated concentrations of haCGRP for 15 min at 37 °C. The results are means ± SEM

of three independent experiments.

Myc immunofluorescent-staining of intact cells, reflecting receptor cell

surface expression, was comparable in TSA cells transiently expressing
myc-hCRLRorthe-(NI17D),-(NI17A),-(NI17Q),-(NI17T)or-(NI17P)mutantstogetherwithRAMP1-V5,butitwashardlyvisibleincellsexpressingmyc-hCRLR(N60T/N112T)(Figure3).ThehCRLRwithaC-terminal,intracellularmycepitope-tagandnormalfunctionservedasanegativecontrol.Quantitativeanalysisrevealedbetween50%and80%cellsurfaceexpressionofmyc-hCRLR(Nl17D),-(N117A),-(N117Q),-(N117T)or-(N117P)ascomparedtothemyc-hCRLR,andthatofthemyc-hCRLR(N60T/N112T)wasbelow25%(Figure4).Westernblotanalysisoftotalcellextractsshowedcomparableexpressionlevelsofmyc-hCRLRanditsmutantsinthepresenceofRAMP1-V5(Figure

5).
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myc-hCRLR hCRLR-myc -(N60T/N112T) -(N117D) -(N117A) -(N117Q) -(N117T) -(N117P)

Figure 3. Myc immunofluorescent-staining of intact TSA cells. The cells were

transfected with expression constructs of the RAMP1-V5 and of the hCRLR with myc

at the N-terminus (myc-hCRLR) or indicated mutants, or of the hCRLR with myc at the

C-terminus (hCRLR-myc) as a negative control. Mouse antibodies to myc and TRITC-

labeled rabbit antibodies to mouse immunoglobulins were used to visualize by
fluorescence microscopy myc presented at the surface of intact cells. The cells were

prepared as described under Materials and Methods.

u

1 oo

75

50

25 -

rih i

Ï

myc-hCRLR hCRLR-myc -(N60T/N112T)-(N117D) -(N117A) -(N117Q) -(N117T) -(N117P)

Figure 4. Quantitative analysis of myc immunofluorescent-staining at the cell

surface of intact TSA cells. The cells were transfected and immunostained and

prepared for analysis in a fluorescence microplate reader as described under Materials

and Methods. Myc-immunofluorescence as a measure of receptor cell surface

expression was normalized to that of myc-hCRLR. The results are means
±SEMoffourindependentexperiments.

*P<0.05.
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Figure 5. Expression levels of myc-hCRLR and its mutants and of co-expressed
RAMP1-V5. TSA cells were grown in 6-well plates to 80% confluency and transfected

by incubation for 4 h at 37 °C in 2 ml/well OptiMEM medium containing 4.8 |il

LipofectAMINE and indicated combinations of 67 ng RAMP1-V5 and 67 ng myc-

hCRLR or -mutant expression constructs. The expression vector pcDNA3 was used for

mock transfections and to equalize the total amount of DNA in individual transfections.

Two days later, aliquots of cell extracts were treated with 4 U N-glycosidase F and

subjected to 15% SDS-PAGE. Myc-tagged receptors and RAMP1-V5 were visualized

on Western blots with HRP-conjugated myc- and V5-antibodies. Actin as a reference to

control for protein loading was detected with mouse monoclonal antibodies to actin and

secondary horseradish peroxidase-conjugated sheep antibodies to mouse

immunoglobulins. Representative experiment carried
outatleastthreetimes.Takentogether,impairedcellsurfacedeliveryofmyc-hCRLR(N60T/N112T)ascomparedtonon-modifiedmyc-hCRLRinthepresenceofRAMP1-V5resultedinareducedCGRP-evokedcAMPresponse.Incontrast,themyc-hCRLR(N117A),-(N117Q),-(N117T)and-(N117P)lostCGRPreceptorfunctioninthefaceofcellsurfaceexpressionlevelscomparabletothoseoftheactivemyc-hCRLRandits-(NI17D)

mutant.
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Cell-surface association of RAMP1-V5 with myc-hCRLR and the Asn

mutants and [ I]haCGRP-binding in TSA cells. Mock-transfected cells

and cells transiently expressing RAMP1-V5 alone or together with myc-

hCRLR or the individual mutants were incubated with [125I]hocCGRP and

subsequently treated with the cross-linker BS3. Protein components

carrying myc epitope-tags were immunoprecipitated from cell homogenates
with corresponding antibodies. Co-precipitated [125I]hocCGRP was

estimated in a y-counter and [125I]hocCGRP-binding protein components
werecharacterizedonWesternblotsbyautoradiographyandwithantibodiestothemyc-hCRLRandtheRAMP1-V5(Figure6).Autoradiographyrevealed[125I]haCGRP-labeledproteinsofbetween66-70and81-86kDainTSAcellsexpressingmyc-hCRLRor-(N117D)togetherwithRAMP1-V5.Inimmunoprecipitatesobtainedfrommock-transfectedcellsorfromcellsexpressingRAMP1-V5aloneorwithmyc-hCRLR(N117A),-(N117Q),-(N117T)or-(N117P)[125I]haCGRP-labeledproteinswereundetectable.Incellsexpressingmyc-hCRLR(N60T/N112T)withRAMP1-V5thesizeof[125I]hocCGRP-labeledproteinswasbetween61-63and68-70kDa.OnthesameWesternblotsmyc-immunoreactiveproteincomponentswereundetectableinextractsofmock-transfectedcellsorcellsexpressingRAMP1-V5alone.Amyc-immunoreactiveproteindoubletatbetween56and60kDawasobservedinextractsofcellsexpressingmyc-hCRLR(N60T/N112T)andRAMP1-V5.Thissizecorrespondedtothatofthemyc-hCRLRdeglycosylatedwithN-glycosidaseF(Figure5),indicatingimpairedN-glycosylationofmyc-hCRLR(N60T/N112T).ProteindoubletsofthesamesizewerealsorecognizedinextractsofcellsexpressingRAMP1-V5togetherwithmyc-hCRLRandthevariousAsnmutants.Butallthesesamplescontainedalsomyc-taggedproteinswiththesizeofthe66-70and81-86kDa[125I]hocCGRP-labeledcomponentsdetectedinextractsofcellsexpressingmyc-hCRLRthatisknowntoundergomatureN-glycosylationinthepresenceofRAMP1(6).Thesizedifferenceofthe66-70and81-86kDaproteincomponentscorrespondedtothemolecularweightcalculatedforRAMP1-V5.ThesameWesternblotsweresubsequentlyanalyzedwithV5-antibodies.Inmyc-immunoextractsofcellsexpressingmyc-hCRLR(N60T/N112T)togetherwithRAMP1-V5aV5-tagged70kDaproteinwasobserved.Thisproteincomponentwasundetectableinmock-orRAMP1-V5transfectedcellsanditssizewasconsistentwithnon-glycosylatedmyc-hCRLR(N60T/Nl12T)crosslinkedwithRAMP1-V5.
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g, proteincellsurfacecross-linking,immunoextractionsandautoradiographyandWesternblotanalysisofimmunoextractedproteinssubjectedto10%SDS-PAGEwerecarriedoutasdescribedunderMaterialsandMethods.Representativeexperimentcarriedoutthree

times.
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117
In cells expressing non-modified myc-hCRLR or the myc-hCRLR Asn

mutants together with RAMP1-V5, V5-immunoreactive protein

components extracted with myc-antibodies varied between 81 and 86 kDa

equal to the largest proteins recognized with myc-antibodies and by

autoradiography. Extracts of cells expressing RAMP1-V5 together with

myc-hCRLR(Nl 17A), -(N117Q) or -(N117T) contained additional V5-

tagged proteins similar to the 70 kDa V5-immunoreactive component in

extracts of myc-hCRLR(N60T/N112T) and RAMP1-V5 co-expressing
cells.

Taken together, the results indicate co-immunoprecipitation of RAMP1-

V5 cross-linked to mutant- and non-modified myc-hCRLRatthecellsurface.But,[l25I]hocCGRP-bindingoccurredonlyincellsexpressingmyc-hCRLRor-(N117D)togetherwithRAMP1-V5anditwaslowerincellsexhibitingimpairedcellsurfaceexpressionandN-glycosylationofmyc-hCRLR(N60T7N112T)inthepresenceofRAMP1-V5(Figures3and4).Thedifferenceinsizebetweenthe66-70and81-86kDaradiolabeledproteincomponentsincellsco-expressingmyc-hCRLRor-(N117D)andRAMP1-V5andthefactthatthe66-70kDacomponentswererecognizedbythemyc-butnotbytheV5-antibodiesindicatedcross-linkingof[125I]hochCGRPtothereceptorsaloneandtothe81-86kDareceptor/RAMPl-V5complexesvisualizedbymyc-andV5-antibodies.117Co-immunoprecipitationofHRAMP-V5withmyc-hCRLRanditsAsnmutantsintheabsenceofcross-linker.Myc-epitopecarryingproteincomponentswereimmunoextractedfromTSAcellhomogenatesandcharacterizedonWesternblotswithmyc-andV5-antibodies(Figure7).Inextractsofmock-transfectedcellsorofcellsexpressingRAMP1-V5alone,myc-andV5-immunoreactiveproteinsremainedundetectable.Immunoextractsofcellsexpressingmyc-hCRLRaloneorofcellsco-expressingmyc-hCRLR(N60T/N112T)andRAMP1-V5containedmyc-hCRLRwithanapparentMrof56-60D00.InTSAcellsco-expressingmyc-hCRLRoritsdifferentAsn"7mutantsandRAMP1-V5majorproteincomponentswerebetween66and70kDa.ThisindicatedRAMP1-dependentN-glycosylationofthehCRLRinmammaliancellsthatwasreversedwhenthecellextractsweretreatedwithN-glycosidaseF(Figure5).RAMP1-V5co-immunoprecipitatedwithwild-typeandallmutantmyc-hCRLR,andwasrecognizedwithV5-antibodiesatitspredictedsizeof14kDa.Inthefaceofcomparableamountsofmyc-hCRLRandindividualmutantsrecognizedonWesternblotstheamountsofco-precipitatedRAMP1-V5variedbetweenthedifferentextracts.Theywerehigherinextractsofcellsexpressingthefunctionalmyc-hCRLRand-(NI17D)
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CGRP receptors. In total cell homogenates, on the other hand, the RAMP1-

V5 expression levels paralleled those of deglycosylated myc-hCRLR and

its mutants (Figure 5). In extracts of cells expressing RAMP1-V5 alone the

amounts were lower than in cells co-expressing myc-hCRLR or its mutants.

Taken together, the results indicate association of RAMP1-V5 with non-

modified myc-hCRLR and all the mutants. In cells expressing the

functionally defective myc-hCRLR mutants the fractions of RAMP1-V5

associated with the receptors in immunoprecipitable complexes were

smaller than in extracts of cells expressing the functional myc-hCRLR or

its-(N117D) mutant.

kDa

Myc

V5

85

44

18

hRAMPl-V5 -+-+ + + + + + +

Myc-hCRLR + - +

-(N60T/N112T) +

-(N117D) +

-(N117A) +

-(N117Q) + --

-(N117T) + -

-(N117P) +

Figure 7. Co-immunoprecipitation of RAMP1-V5 with myc-hCRLR and the

indicated mutants. TSA cells were grown and transfected as described in Figure 6.

Proteins immunoprecipitated with myc-antibodies from cell lysates were subjected to

15% SDS-PAGE and Western blots were analyzed with HRP-conjugated myc- and V5-

antibodies. Representative experiment carried out three times.
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DISCUSSION

The recognition sequence for N-linked glycosylation is Asn-X-Ser/Thr.

Substitution of Asn by a different amino acid eliminates N-glycosylation at

a particular consensus site. Mutations of the Asn residues are therefore

used to dissect the functional importance of individual N-glycosylation
sites.

Here, the three predicted N-glycosylation sites, Asn60, Asn112 and Asn
,

of the hCRLR have been mutated and CGRP receptor function analyzed in

the presence of RAMP1. Our study focused on CGRP-evoked cAMP

production, surface expression and the association with RAMP1 in cells

expressing individual Asn mutants together with RAMP1. The Asn60 or

1 1 9

Asn to Thr mutants exhibited normal CGRP receptor function and were

not further investigated. Adenylyl cyclase activation by CGRP, on the other

hand, was impaired by Asn"7 to Ala or Gin substitutions and abolished

when Asn"7 was replaced by Thr or Pro. Importantly, Asp in the place of

Asn"7 did not affect CGRP receptor activity of the myc-hCRLR.
Moreover, all Asn"7 hCRLR mutants maintained wild-type N-

glycosylation and over 50% cell surface expression similar to the non-

modified myc-hCRLR. The findings
demonstratethatAsn"7inthehCRLR117isnotusedforN-glycosylationtoanygreatextent.SincetheAsntoAspsubstitutiondoesnotaffectmyc-hCRLRfunctiontheintroductionofanegativechargeinanotherwiseunalteredsidechainoftheaminoacidresidueinposition117doesnotdisturbtheactiveconfirmation.ThehCRLR/RAMPlassociationwasalsonotaffected.SubstitutionofAsn"7byAla,Gin,ThrorPro,however,resultedinaninactivereceptor.Here,thesubfractionofRAMP1-V5thatco-immunoprecipitatedwiththedefectivemyc-hCRLRmutantswaslowerthanthatincellsexpressingthefunctionallyactivemyc-hCRLRoritsmyc-hCRLR(N117D)mutant.Thefindingsareconsistentwithimpairedformationorstabilityoftheinactivemutantreceptor/RAMPlcomplexes.TheaminoacidsequenceflankingAsnofhCRLRishighlyconservedamongCRLR,CTRandparathyroidhormonereceptorsofdifferentspeciesallbelongingtotheBfamilyofGprotein-coupledreceptors.AnalysisoftheN-terminalextracellulardomainofmyc-hCRLRwiththeGORIVsecondarystructurepredictionmethod(13)revealedlimited5to7aminoacidß-sheetandextensiverandomcoilstructureflankingAsn"7withno11"JobviousalterationsbytheAsnsubstitutions.Thus,aninterpretationofthepresentfindingsawaitsmoredetailedanalysisoffunctionalalterations117bymutationsintheaminoacidsequencesadjacentanddistantfromAsn.TheAsn60/"2toThrdoublemutantofmyc-hCRLRrevealedfunctionaldefectsdifferentfromthoseoftheAsn"7mutants.Here,N-glycosylationandthereforecellsurfaceexpressionwereimpaired.But,themyc-
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hCRLR(N60T/N112T) that reached the cell surface revealed specific

[125I]haCGRP binding and adenylyl cyclase activation by CGRP with an

EC30 similar to that of non-modified myc-hCRLR. Limited N-glycosylation
1 1*7

at Asn may explain the reduced cell surface expression of the myc-

hCRLR(N60T/N112T). Similar to the inactive myc-hCRLR Asn117

mutants, the subfraction of RAMP1 associated with myc-

hCRLR(N60T/N112T), as revealed by co-immunoprecipitation, was

diminished as compared to the functional myc-hCRLR and myc-

hCRLR(N117D). Together the results indicate that N-glycosylation of the

hCRLR is required for transport to the cell surface. But defective N-

glycosylation through mutations of both Asn60 and Asn"2 does not

preclude close to normal interaction of hCRLR with CGRP and RAMP1.

In conclusion, impaired or abolished CGRP receptor function caused by
substitutions of Asn residues in the three N-glycosylation consensus

sequences of hCRLR occurs through two distinct mechanisms. Low level

CGRP receptor activity in cells expressing the hCRLR Asn60'112 to Thr

mutant with defective N-glycosylation is due to deficient cell surface

delivery. The Asn117 to Ala, Gin, Thr or Pro mutations of the hCRLR, on

the other hand, did not greatly impair cell surface expression, but abolished

the functional interactionwithCGRP.
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Conclusions and outlook

With the discovery of RAMPs, accumulating evidence indicates that the

two seven transmembrane domain G protein-coupled receptors, the CRLR

and the CT receptor (CTR) form the basis of the receptors for CGRP, CT,

ADM and amylin, all belonging to the CT family of peptides [1, 2]. Co-

expression of CRLR with RAMP1 or -2 creates novel CGRP or ADM

receptors, respectively. An amylin receptor is revealed following co-

transfection of hCTR with RAMP1 or -3, whereas hCTR already functions

as CT receptor when expressed without RAMP [3].

Different mechanisms of the RAMP-modulated receptor specificity have

been considered. Mature glycosylation of h- and rCRLR as a result of the

interaction with RAMP1 and core glycosylation in the presence of RAMP2

were thought to define the specificity of the CRLR for CGRP or ADM in

mammalian cells. But, rCRLR expressed in Drosophila Schneider S2 cells

was shown to be uniformly glycosylated independent of co-expressed
RAMP1 or -2, but CGRP- and ADM receptor function was that of rCRLR

in mammalian cells. Therefore, the pattern of glycosylation of the CRLR

does not define its ligand specificity, at least in Drosophila S2 cells.

Besides glycosylation, receptor-RAMP-ligand interactions on the cell

surface have been considered as a possible mechanism of RAMP activity.
RAMPs modulate

receptorspecificitythroughinteractionwiththereceptor.Chemicalcrosslinking,co-immunoprecipitationandconfocalmicroscopyidentifiedcomplexesofCRLRorCTRassociatedwithRAMP1onthecellsurface[4].PhysicalinteractionsbetweenCRLRorCTRandRAMPsonthecellsurfacearerequiredtoformligand-specificbindingepitopes,andassociationofindividualRAMPswithCRLRorCTRdefinesligandspecificity.TheexistenceofRAMPsindicatesanewmechanismwherebycellsandtissueschangetheirresponsivenesstodifferentneuropeptides.ItremainstobeelucidatedwhetherRAMPsregulateotherreceptorsbeyondCRLRandCTR.SupressionofN-glycosylationwithtunicamycinandsite-directedmutagenesisofAsn60andAsn112byThrreducedcellsurfacedeliveryofthemyc-hCRLRanditsligandbinding.SubstitutionofAsn117byAla,Gin,ThrorProabolishedCGRPbinding,butN-glycosylation,cellsurfaceexpressionandassociationwithRAMP1wasmaintained.Incontrast,CGRPreceptoractivitywasleftunchangedwhenAsn"7ofthemyc-hCRLRwasreplacedbyAsp.Thus,N-glycosylationatAsn60and/orAsn1

n
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of the myc-hCRLR is required for delivery to the cell surface and

subsequent CGRP or ADM binding in the presence of RAMP1 or -2.

Asn117, on the other hand, is not involved in N-glycosylation, but essential

for ligand binding to the CRLR/RAMP complex.

CGRP and ADM are potent vasorelaxant and hypotensive peptides with

concomitant cardiostimulatory activities. Therapeutic use of CGRP and

ADM awaits the development of corresponding low molecular weight

nonpeptide mimics with suitable bioavailability. Thus, the identification of

receptors for CGRP and ADM facilitates the screening for such analogues.
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