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Abbreviations

AM adrenomedullin

AMP adenosine 5'-monophosphate
BS3 membrane-impermeable protein cross-linker

bis(sulfosuccinimidyl)suberate
cAMP cyclic AMP

cDNA complementary deoxyribonucleic acid

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

CLR or CRLR calcitonin-like receptor
CT calcitonin

CTR calcitonin receptor

CTR2 CTR isotype 2; also CTRla

DNA deoxyribonucleic acid

EC5o half maximal effective concentration

G protein guanine nucleotide-binding protein
GABA y-amino butyric acid

GPCR G protein-coupled receptor

h human

hCRFR human corticotropin-releasing factor receptor

HEK human embryonic kidney cell line

hGHRHR human growth hormone-releasing hormone receptor
hHVRP human helodermin-preferring vasoactive intestinal

peptide receptor
hPACAPR human pituitary adenylyl cyclase-activating polypeptide

receptor
hPTHR human parathyroid hormone receptor
hVIPR human vasoacitve intestinal peptide receptor

IC50 half-maximal inhibitory concentration

PCR polymerase chain reaction

rat

receptor-activity-modifying protein

I

RAMP

rGIPR rat gastric inhibitory peptide receptor
rGLPIR rat glucagon-like peptide 1 receptor
rGLUCR rat glucagon receptor

rSECR rat secretin receptor

s salmon

TSA simian virus 40-T-antigen-transformed HEK cells
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Summary

The calcitonin family of peptides consists of calcitonin (CT), a- and ß-

calcitonin gene-related peptide (CGRP), adrenomedullin (AM) and amylin.

They have in common 6- or 7 amino acid ring structures, linked by

disulfide bonds between cysteine residues, and amidated carboxyl-termini,

required for biological activity. Due to limited structural similarities, they

exhibit cross-reaction with their receptors which results in overlapping

biological actions, e.g. vasodilatation and inhibition of bone resorption.

Calcitonin receptors (CTR) and initially orphan calcitonin-like receptors

(CLR) with 60% amino acid sequence similarity belong to the class B of G

protein-coupled receptors (GPCRs). Until 1997, no molecular structures

could be assigned to CGRP, AM and amylin receptors. The discovery of

three novel single transmembrane domain proteins, called receptor-activity-

modifying proteins (RAMP) interacting with the CLR and CTR has

revealed a new paradigm of G protein-coupled receptor function. RAMPs

are small type I transmembrane proteins with 30% structural homology.

The human (h) CLR requires the presence of RAMP1 or RAMP2 for its

functional expression at the cell surface as a CGRP or AM receptor,

respectively. Moreover, a hCTR is an amylin/CGRP or an amylin receptor

in the presence ofRAMP 1 and -3, respectively.

hRAMPl consists of an N-terminal extracellular domain of 91 amino

acids, including 6 cysteine residues, a single transmembrane domain and a

short C-terminal intracellular QSKRTEGIV sequence. Deletion of the N-

terminal cysteine of RAMP1 and substitution of the fifth cysteine by an

alanine maintained wild-type activity, whereas single Cys—»Ala

substitutions at the other four positions abolished RAMP1 function.

Interestingly, C-terminal truncation of RAMP1 by four amino acids
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maintained receptor function and the CLR was required for the transport of

RAMPl to the cell surface. Further truncation of RAMPl through removal

of the remaining five intracellular amino acids revealed CLR-independent

cell surface delivery, but otherwise normal RAMPl activity. The

intracellular QSKRT sequence contains a signal for intracellular retention

that is overridden in the RAMPl/CLR complex. Sequential shortening of

the RAMPl transmembrane domain resulted in progressively impaired

association with the CLR and, as a consequence, abolished CGRP receptor

function.

In conclusion, the 9 amino acid intracellular tail is not required for

the functional association with the CLR. The 4 cysteine residues in the N-

terminal extracellular domain of RAMPl, that are conserved in RAMP2

and -3, are important for the co-transport with the CLR to the cell surface

and, as a consequence, for normal CGRP receptor function of the

RAMP1/CLR complex. This is consistent with two disulfide bridges

required for proper folding of RAMPl.
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Kurzfassung

Die Calcitonin-Peptidfamilie setzt sich zusammen aus Calcitonin (CT), a-

und ß-Calcitonin gene-related peptide (CGRP), Adrenomedullin (AM) und

Amylin. Ihnen gemeinsam sind Ringstrukturen aus 6 bis 7 Aminosäuren,

gebildet durch Disulfidbrücken zwischen Cysteinen, sowie amidierte

Carboxylenden. Aufgrund ihrer begrenzten strukturellen Ähnlichkeiten

zeigen sie Kreuzreaktion mit ihren Rezeptoren. Dies führt zu

überlappenden biologischen Wirkungen, wie Vasodilatation und Hemmung

des Knochenabbaus. Calcitonin-Rezeptoren (CTR) und die anfänglich als

orpAßM-Rezeptoren publizierten Calcitonin-/z'Ä:e receptors (CLR) weisen

eine 60%ige Ähnlichkeit ihrer Aminosäuresequenz auf und gehören zur

Klasse B der G Protein-gekoppelten Rezeptoren. Die Vermutung war

naheliegend, dass es sich beim CLR um einen CGRP-Rezeptor handelt.

Dieser konnte aber erst 1997 durch die Entdeckung eines neuartigen

Proteins, genannt receptor-acitivity-modifying protein (RAMP), welches

mit dem CLR und einem CTR interagiert, bestätigt werden. Damit wurde

ein neues Prinzip der Funktion an G Proteine gekoppelten Rezeptoren

vorgefunden. Die drei bekannten RAMP sind Typ I-transmembranöse

Proteine mit 30%iger Homologie untereinander. Der humane CLR benötigt

RAMPl oder RAMP2 für seine funktionelle Expression als CGRP- oder

AM-Rezeptor an der Zelloberfläche. Der hCTR Isotyp 2 ist ein

Amylin/CGRP-Rezeptor mit RAMPl und ein Amylin-Rezeptor mit

RAMP3.

Humanes RAMPl besteht aus einer N-terminalen extrazellulären

Domäne mit 91 Aminosäuren, inklusive sechs Cysteinen, einer einzelnen

Transmembrandomäne und einer kurzen C-terminalen intrazellulären

QSKRTEGIV Sequenz. Bei der Deletion des N-terminalen Cysteins und
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der Substitution des fünften Cysteins war die Funktion von RAMPl

unverändert verglichen mit dem Wildtyp. Die Substitution der übrigen vier

Cysteine durch Alanin verhinderte jedoch normale RAMPl Funktion. C-

terminale Verkürzung von RAMPl um vier Aminosäuren zeigte

unveränderte Rezeptor Funktion und der CLR wurde benötigt für den

Transport von RAMPl zur Zelloberfläche. Die Entfernung der übrigen fünf

intrazellulären Aminosäuren resultierte in einem CLR unabhängigen

Transport zur Zelloberfläche, aber sonst normaler RAMPl Funktion. Die

intrazelluläre QSKRT Sequenz enthält ein Signal für intrazelluläre

Retention, welches durch die RAMP/CLR Komplexbildung überdeckt

wird. Eine weitere Verkürzung der RAMPl Transmembrandomäne

beeinträchtigte in zunehmendem Mass die Assoziation mit dem CLR und

verhinderte damit die CGRP Rezeptor Funktion.

Zusammengefasst werden die 9 Aminosäuren des intrazellulären C-

Terminus für die funktionelle Assoziation mit dem CLR nicht benötigt. Die

vier Cysteine der N-terminalen extrazellulären Domäne hingegen, die in

RAMP2 und -3 konserviert sind, spielen eine wichtige Rolle beim Ko-

Transport von RAMPl und dem CLR zur Zelloberfläche und sind damit

wichtig für die CGRP Rezeptor Funktion des RAMP1/CLR Komplexes.

Dies deutet auf zwei Disulfidbrücken hin, die verantwortlich sind für die

richtige Faltung von RAMPl.
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General introduction

Calcitonin family of peptides

The calcitonin family consists of five peptides which are structurally and

functionally related: calcitonin (CT), CT gene-related peptide (CGRP)-I or

aCGRP, CGRP-II or ßCGRP, adrenomedullin (AM) and amylin (Muff et

al., 1995; Wimalawansa, 1997). They have in common an amino-terminal

ring structure of six or seven amino acids linked by a disulfide bridge

between two cysteine residues, and amidated carboxyl-termini required for

the biological activity of the peptides (Figure 1). Because of their structural

homology, they show cross-reaction with the receptors which results in

overlapping biological actions (Table 1). The amino-terminally truncated

forms of CT, aCGRP and AM lacking the ring structure function as

antagonists (Chiba et al., 1989).

CGNLSTCMLGTYTQDFNKFHT FPQTAIGVGA-P-NH2 CT

ACDTATCVTHRLAGLLSRSGGWKNNFVPTNVGSKA-F-NH3 aCGRP

ACNTATCVTHRLAGLLSRSGGMVKSNFVPTNVGSKA-F-NH2 ßCGRP

YRQSMNNFQGLRSFGCRFGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY-NH2 AM

KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNT-Y-NH2 Amylin

Figure 1: Amino acid sequences of human CT, a- und ßCGRP, AM and

amylin. Identical amino acids are indicated by vertical lines or printed in bold.

Cysteine residues involved in disulfide linkage are connected.
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Table 1: The origin and the biological effects of CT, CGRP, AM and amylin

Peptides Synthesis Biology

CT

CGRP

thyroid C-cells

nervous system

hypocalcaemic hormone;

analgetic action

vasodilatory and hypotensive actions;

positive chronotropic and inotropic
effects in the heart

AM

Amylin

adrenal medulla

pancreatic ß-cells

vasodilatory and bronchodilatory actions;

inhibition of water intake (CNS)

inhibition of insulin secretion, stimulation

of glucose uptake and glycogen synthesis
in skeletal muscle

Calcitonin

Calcitonin was discovered in 1961 as a hypocalcaemic hormone (Copp et

al., 1961; Neher et al., 1968). CT consists of 32 amino acids with an amino-

terminal ring structure of seven amino acids linked by a disulfide bridge.

This hydrophobic domain is followed by hydrophilic middle and carboxyl-

terminal regions. Removal of the ring structure of salmon calcitonin (sCT)

turns the CT into a CT(8-32) receptor antagonist. The CT gene comprises

six exons. The primary transcript of the CT gene is spliced in a tissue-

specific manner to reveal CT expression in the C-cells of the thyroid and

aCGRP expression mainly in the central and peripheral nervous system.

The CT specific mRNA consists of exons I-IV of the CT gene, with exon

IV encoding the CT peptide sequence. The translated precursor protein is

cleaved to yield three major products CT and the amino- and carboxyl-
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terminal flanking peptides PAS-57 and PDN-21, respectively (Fischer and

Born, 1990).

CT is produced by the thyroid C-cells and its secretion is stimulated

by a rise of the extracellular calcium concentration. Therapeutically

relevant actions of CT include its hypocalcaemic activity brought about

through the inhibition of osteoclastic bone resorption and stimulation of the

urinary calcium excretion (Born and Fischer, 1993). CT also has analgetic

effects that are beneficial for patients with bone pain.

Calcitonin gene-relatedpeptide

aCGRP was discovered in 1982 by molecular cloning of the calcitonin

gene (Amara et al., 1982). ßCGRP is encoded by a different gene on the

same chromosome (Amara et al. 1985). aCGRP and ßCGRP are

neuropeptides with 37 amino acids and an amino-terminal ring structure

made of six amino acids linked by a disulfide bridge between cysteines 2

and 7 (Wimalawansa, 1997). Human a- and ßCGRP differ in three, the

corresponding rat homologues only in one amino acid residue. Similar to

CT, CGRP consists of the hydrophobic ring structure and the hydrophilic

central and carboxyl-terminal parts. Human and rat aCGRP(8-37) lacking

the first seven amino acids including the ring structure are antagonists.

The primary transcript of the CT/aCGRP gene encoding CT as well

as aCGRP is alternatively spliced. The aCGRP specific mRNA consists of

exons I-III plus exons V (encoding the aCGRP peptide sequence) and VI.

CGRP is synthesized as a precursor protein from which mature aCGRP is

cleaved. The ßCGRP gene is similar in structure to the CT/aCGRP gene. A

stop codon within exon IV of the ßCGRP gene encoding a CT-like peptide

renders it a pseudogene for a second CT.
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a- and ßCGRP are synthesized in neurons of the central and peripheral

nervous system and in cardiovascular tissues (Wimalawansa, 1997). CGRP

is released from sensory nerve fibers by the stimulation of voltage-

dependent calcium channels and by treatment with capsaicin (Mason et al.,

1984; Saria et al., 1986) CGRP acts mainly in paracrine fashion. In

vascular endothelial cells, CGRP stimulates nitric oxide (NO) synthase.

The resulting increase in NO leads to cGMP production in adjacent

vascular smooth muscle cells, and there is evidence that the subsequent

activation of a cGMP dependent protein kinase leads to activation of

calcium-gated potassium channels (Hampl et al., 1995). This is followed by

cell membrane hyperpolarization which causes vasorelaxation

(endothelium dependent vasodilatation). For endothelium independent

vasodilatation, CGRP stimulates cAMP production in vascular smooth

muscle cells (Brain and Cambridge, 1996). Depending on the vascular bed,

CGRP induces vasodilatation via endothelium dependent or independent

mechanisms. In the heart, CGRP has positive chronotropic and inotropic

effects (Muffet al., 1995). The latter are indirect and brought about through

activation of the sympathetic nervous system. In addition to its

cardiovascular actions, CGRP enhances the glomerular filtration rate, renal

blood flow, and the secretion of renin (Kurtz et al., 1988; Gnaedinger et al.,

1989; Dipette et al., 1989). Moreover, CGRP inhibits gastric acid secretion

(Beglinger et al, 1991).

Adrenomedullin

Adrenomedullin (AM) was isolated in 1993 from human

pheochromocytoma, a tumor arising from the adrenal medulla (Kitamura et

al., 1993a). Human and rat AM consist of 52 and 50 amino acids,

respectively (Samson, 1999; Wimalawansa, 1997; Hinson et al., 2000). A
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unique structural feature of these peptides within the CT family are

additional amino acids amino-terminal of the ring structure (15 in human

and 13 amino acids in rat AM). The amino-terminally truncated AM

fragments hAM(13-52) and rAM(14-50) maintain the biological activity of

the corresponding intact peptides. But the carboxyl-terminal fragments

hAM(22-52) and rAM(20-50) which lack the ring structure of six amino

acids are AM antagonists. Much like CT, CGRP and amylin, AM is

synthesized as a precursor protein, identified by cDNA cloning (Kitamura

et al. 1993b). Human proadrenomedullin is cleaved to yield

proadrenomedullin N-terminal(l-20) peptide (PAMP) and AM(l-52)

(Samson, 1999).

Apart from its expression in the adrenal medulla, AM is synthesized

in numerous tissues including kidney, lung, heart, spleen and brain, but also

in endothelial and vascular smooth muscle cells (Samson, 1999). This is

consistent with a wide range of biological actions (Hinson et al., 2000).

Vasodilatation and, as a result, hypotension and bronchodilatation are well-

established effects of AM. Some actions are shared by PAMP. The actions

of AM are predominantly mediated by activation of adenylyl cyclase. But

there is evidence for interaction with other signalling pathways resulting in

an increase in intracellular calcium concentrations and the production of

NO. In the heart, the actions of AM resemble those of CGRP, including

rises in cardiac output and heart rate. Natriuretic activity of AM in kidney

tubules and, upon central administration, inhibition of salt appetite and

water intake are predominant features of AM. Stimulation of cell growth

and/or differentiation and antimicrobial effects of AM have also been

observed. Remarkably, plasma levels of AM are increased during septic

shock (Hirata et al., 1996) and it is assumed that this contributes to the

hypotension characteristic for this condition.



-14-

Amylin

Amylin is a 37 amino acid polypeptide, first isolated from a human

insulinoma (Westermark et al, 1987). It is also called islet amyloid

polypeptide (IAPP) or diabetes-associated peptide (DAP) (Wimalawansa,

1997). Like the other members of the calcitonin family, amylin is cleaved

from a precursor molecule. Amylin is co-localized and co-secreted with

insulin from normal pancreatic ß-cells (Moore and Cooper, 1991). In type

II diabetes, synthesis and secretion of amylin are increased which results in

local amyloid deposits in the pancreas and the destruction of ß-cells

(Cooper et al, 1987). Amylin inhibits glucose-stimulated insulin release in

the pancreas as well as insulin-stimulated glucose uptake and glycogen

synthesis in skeletal muscle (Cooper et al, 1988; Hothersall et al, 1990).

Like CGRP and AM, amylin has vasodilatory activity (Brain et al, 1990).

Amylin inhibits bone resorption through cross-reaction with CT receptors.

Other functions include suppression of appetite and gastric emptying, and

stimulation of renin secretion (Muffet al, 1995; Morley and Flood, 1991).
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Receptors

Receptor proteins are vital in multicellular organisms for communication

from cell to cell and with the environment. Membrane bound receptors act

as signal transducers: they bind the signalling ligand with high affinity and

convert this extracellular event into one or more intracellular signals that

alter the behavior of the target cells. Receptor protein activation results in

intracellular signal amplification as one receptor can activate several

effectors and each of these can produce different second messenger

molecules. Possible effects on the cell are manifold: e.g. modulation of

metabolism, proliferation, apoptosis, transcription control, synthesis and

secretion.

G protein-coupled receptors

1000 - 2000 different G protein-coupled receptors (GPCRs) are encoded by

more than 1% of the vertebrate genome. They form the largest family of

integral membrane receptors (Bockaert and Pin, 1999). GPCRs are some of

the oldest devices for signal transduction and recognize signals as diverse

as light, peptides, proteins, small molecules and ions. The superfamily of

GPCRs has been divided into six subfamilies (www.gpcr.org):

• Class A: rhodopsin-like receptors

• Class B: secretin-like receptors

• Class C: metabotropic glutamate / pheromone receptors

• Class D: fungal pheromone receptors

• Class E: cAMP receptors

• Frizzled/Smoothened receptor family
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GPCRs share a predicted structure consisting of an extracellular amino-

terminal domain followed by seven transmembrane helices, connected by

three intracellular and three extracellular loops, and an intracellular

carboxyl-terminus (Probst et al, 1992).The length of the extracellular

amino-terminal domain of GPCRs has been connected with the size of the

extracellular signalling molecule (Schwartz, 1994). Receptors for small

ligands have short amino-terminal domains, e.g. some GPCRs of the class

A, and binding pockets are located between the transmembrane segments.

As ligands increase in size, their binding sites shift away from the

membrane surface and extracellular loops and domains of the receptor are

also involved in ligand recognition. Coupling to intracellular signal

transduction pathways is mediated by a conformational change of the seven

transmembrane region after ligand binding.

After receptor activation, the intracellular carboxyl-terminal tail and

the cytoplasmic loops interact with heterotrimeric guanine nucleotide-

binding proteins (G proteins) which mediate signals to a variety of effector

molecules which in turn modulate intracellular second messenger levels.

Phosphorylation of GPCRs by GPCR regulatory kinases (GRKs) mediates

their binding to arrestin which leads to receptor desensitization and

internalization (Bockaert and Pin, 1999).

A trimeric G protein is composed of three different polypeptide

chains, a, ß and y. In its inactive form Gs exists as a trimer with GDP

bound to cts. When stimulated by binding to a ligand-activated receptor, as

exchanges GDP for GTP. This is thought to cause as to dissociate from ßy,

allowing as to bind instead to an adenylyl cyclase molecule, which it

activates to produce cyclic AMP. According to their function, three

families of G proteins have been described (Table 2).
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Table 2: Some G proteins and their biological function

Family Some Family Members Function

I Gs activation of adenylyl cyclase

activation of Ca channels

II Gi inhibition of adenylyl cyclase

activation ofK+ channels

G0 activation of K+channels

inactivation of Ca2+ channels

activation ofphospholipase C

III Gq activation ofphospholipase C

Adenylyl cyclase is a plasma membrane-bound enzyme that converts ATP

into the second messenger cyclic AMP (cAMP). Cyclic AMP activates

protein kinase A (PKA) which in turn phosphorylates a wide variety of

target proteins to modify their activity. Cyclic AMP is rapidly and

continuously destroyed by cell specific cyclic AMP phosphodiesterases.

The activation of phospholipase C (PLC), which is also plasma

membrane bound, hydrolyzes phosphatidylinositol bisphosphate (PIP2) to

inositol trisphosphate (IP3) and diacylglycerol (DG). IP3 increases the

release of Ca2+ from the endoplasmic reticulum into the cytosol DG

stimulates protein kinase C (PKC). The activated kinase then changes the

activity of downstream proteins by phosphorylation. The main signal

transduction pathways of GPCRs are illustrated in Figure 2.
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Figure 2: The cAMP and the inositol phospholipid signalling pathway
Following binding of an extracellular ligand, a conformational change of the

GPCR is transmitted to a stimulatory G protein (Gs) 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 (IP3) and diacylglycerol (DG). IP3 releases Ca2+
from the endoplasmic reticulum into the cytosol and DG activates protein kinase

C (PKC).
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Homo- and heterodimerization ofGPCRs

Until recently, the receptor ligands were thought to interact with defined

GPCRs which then activate corresponding heterotrimeric G proteins. But

several GPCPs form homo- and/or heterodimers (Bouvier, 2001; George et

al, 2002; Rios et al. 2001). Whithin the class A, the V2 vasopressin

receptor, the Ô and k opioid receptors, the H2 histamine receptor, the D3

dopamine receptor and the M3 muscarinic acetylcholine receptor appear as

monomers and dimers (Milligan and Rees, 2000). Sometimes the presence

of the ligand facilitates receptor dimerization. The transmembrane domains

of these GPCRs are thought to play an important role in the formation of

the dimers. Within the class C of GPCRs, homodimerization of

metabotropic glutamate receptors and the Ca2+ sensing receptor,

respectively, has been demonstrated (Milligan and Rees, 2000).

The functional relevance of GPCR dimerization was strikingly

shown for the GABAb receptor. Coexpression of the GBR1 and GBR2

isoforms is a prerequisite for the formation of functional GABA receptors

at the cell surface (White et al, 1998; Jones et al, 1998; Kaupmann et al,

1998). In this case, the carboxyl-terminal coiled domains of the receptor

proteins are involved in the interaction of the partner proteins. Moreover,

the GBR1 isoform bears an endoplasmic reticulum (ER) retention signal

that is blocked by dimerization with the GBR2 isoform, allowing ER

export and plasma membrane targeting (Margeta-Mitrovic et al, 2000).
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Class B ofGprotein-coupled receptors

Receptors for CT belong to the subfamily B of G protein-coupled receptors

with seven transmembrane domains that includes receptors for glucagon,

pituitary adenylyl cyclase activating peptide, vasoactive intestinal peptide,

secretin, growth hormone releasing hormone, and parathyroid hormone

(Segre and Goldring, 1993). A phylogenetic tree with members of this

subfamily of receptors based on amino acid sequence homology is shown

in Figure 3.

I— hCLR

'—
rCLR

'
hCTR

I rGIPR

_

'
rGLUCR

'
rGLPIR

I hHVRP

I
hPACAPR

I
hVIPR

r
rSECR

*
hGHRHR

'
hPTHR

*
hCRFR

Figure 3: Structural relationships within the class B of GPCRs. The family
includes the human (h) and rat (r) CLR, 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 hormone receptor (hPTHR) and the human

corticotropin-releasing factor receptor (hCRFR) (Flühmann et al, 1995).
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Calcitonin receptors

The first CT receptor (CTR) was cloned in 1991 from the porcine kidney

epithelial cell line LLC-PK1 (Lin et al, 1991). Subsequently, the structure

of CT receptors has been identified in several species. By interacting with

distinct G proteins, CT receptors have been shown to stimulate adenylyl

cyclase and phospholipase C (Wimalawansa, 1997; Sexton et al, 1999).

Isoforms of CTRs occur through alternative splicing of primary gene

transcripts. Human CT receptors include three isotypes (Albrandt et al,

1995; Gorn et al, 1992; Kuestner et al, 1994). The human CTR isotypes

hCTRl (=hCTRlb) and hCTR2 (=hCTRla) differ by a 16 amino acid

insert in the first intracellular loop. This additional amino acid sequence

attenuates coupling of the hCTRl to the PLC/PKC signalling pathway

(Moore et al, 1995). A hCTR3 differs from the hCTR2 by an N-terminal

truncation of 47 amino acids that includes a presumed signal sequence, but

expression in COS-7 cells revealed functionally indistinguishable CT

receptors. In the rat, unlike in man, a CT receptor isotype lb has an insert

of 37 amino acids in the first extracellular loop which affects ligand

recognition (Sexton et al, 1993).

Calcitonin-like receptors

Rat and human calcitonin-like receptors (CLR), with 60% amino acid

sequence similarity to cloned CTRs, have been identified through cloning

of cDNA from corresponding cerebellum libraries and were initially

published as orphan receptors (Chang et al, 1993; Flühmann et al, 1995).

Isotypes within species have so far not been found. The receptors have 461

to 465 amino acids. The mRNA encoding the rat CLR is most abundant in

the lung (Njuki et al, 1993). Northern blot analysis revealed predominant
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expression of the hCLR in the heart, the lungs and the kidneys (Flühmann

et al, 1995).

A single HEK293 cell line engineered to express CLR also bound to

CGRP and showed CGRP-mediated responses (Aiyar et al, 1996). Stable

transfection and subcloning were performed and the same rat CLR was

inactive in COS-7 cells, suggesting that the HEK cell background was

required for the functional expression of the CLR. These findings were

subsequently explained by the discovery of the receptor-activity-modifying

proteins (RAMP).
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Receptor-activity-modifying proteins

The human neuroblastoma SK-N-MC cell line expresses a CGRP receptor

exhibiting cross-reaction with AM and coupling to the cAMP signal

transduction pathway (Zimmermann et al, 1995). In an attempt to clone a

human CGRP receptor from a SK-N-MC cell cDNA library, a Xenopus

oocyte expression system was used by McLatchie et al (1998). A single

cDNA was isolated that encoded a novel receptor-activity-modifying

protein 1 (RAMPl) of 148 amino acids with a single transmembrane

domain. It enhanced the CGRP-dependent activation of the chloride current

mediated by the endogenous Xenopus CGRP receptor.

The chloride current was further increased when the hCLR was

coexpressed with hRAMPl. Also in human embryonic kidney HEK293T

cells, coexpression of hCLR and hRAMPl led to CGRP-dependent cAMP

production and binding of [125I]-labeled CGRP, whereas both proteins were

without effect when expressed alone.

Expression of myc-epitope-tagged hCLR (myc-hCLR) and hRAMPl

demonstrated that both proteins depend on each other for their transport to

the cell surface. Western blot analysis revealed different molecular masses

of myc-hCLR in the absence and presence of hRAMPl and this was

analized by the enzymes N-glycosidase F and endoglycosidase H. The

resistance to endoglycosidase H indicates that in the presence of hRAMPl

the myc-hCLR is terminally glycosylated whereas it is core-glycosylated

when expressed alone.

Coexpression of the rat CLR and RAMPl in COS-7 cells with no

detectable endogenous RAMPl and CLR revealed a functional CGRP1

receptor indicating that RAMPl was essential for CGRP receptor function

of the CLR (Bühlmann et al, 1999). These results also implied that

endogenous RAMPl was present in the HEK293 cells used by Aiyar, who
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reported CGRP1 receptor function of a CLR before the RAMP were

discovered (Aiyar et al, 1996)

Homology searches in databases revealed two different expressed

sequence tags that were used to clone hRAMP2 and -3. The amino acid

sequences illustrated in Figure 4 exhibit 31% amino acid sequence identity

and 56%) similarity (McLatchie et al, 1998). Meanwhile, mouse and rat

homologues of the three human RAMPs have been identified (Husmann et

al, 2000; Nagae et. al, 2000). All RAMPs are type I transmembrane

proteins, possessing a signal peptide, an extracellular amino-terminus, a

single transmembrane domain and a short intracellular carboxyl-terminus.

Because of the coexpression of CLR and RAMP2 in the lung with

well-known AM binding sites, McLatchie et al (1998) speculated that

these two proteins reconstitute a receptor for AM. Indeed, specific binding

of [125I]-labeled rAM and AM-dependent cAMP production can be

obtained after coexpression of hCLR and hRAMP2 in HEK293T cells

(McLatchie et al, 1998). Expression of either protein alone generated no

AM receptors. Similar to hRAMPl, myc-hCLR was transported to the cell

surface by hRAMP2. But, in the presence of hRAMP2 the myc-hCLR is

only core-glycosylated as it is when expressed alone (McLatchie et al,

1998). The AM receptor created by coexpression of hCLR and hRAMP2

resembles known receptors in the neuroblastoma x glioma hybrid NG108-

15 cell line (Zimmermann et al, 1996) and in the lung (Owji et al, 1995).

Human RAMP3 favors the transport of the myc-hCLR to the plasma

membrane (McLatchie et al, 1998). It is a mixed type CGRP/AM receptor

(Husmann et al, 2000).
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hRAMPl MARALCRLPRRGLWL LLAHHLFMTTACQE ANYG

hRAMP2 MASLRVEFJV-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 »

Figure 4: Amino acid sequence alignment of human RAMPl, -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.

The extracellular domains of RAMPl and -3 in man, mouse and rat contain

six conserved cysteines of which four are present in RAMP2. RAMP2 and

-3, unlike RAMPl, have consensus sites for N-glycosylation. N-

glycosylation of human RAMP2 and -3 has been revealed (Aldecoa et al,

2000; Sexton et al, 2001). Glycosylation of RAMP2 and -3 is required for

their cell surface expression in the absence of the CLR (Flahaut et al,

2002). RAMPl, unlike RAMP2 and -3, is not glycosylated and therefore

requires association with the CLR for cell surface expression. Amino acid

sequence motives for protein kinase C phosphorylation occur in the short

C-terminal intracellular domain of human, rat, and mouse RAMPl and -3.

Phosphorylation is not important since the serine residue can be substituted

by a glycine.
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Northern blot analysis demonstrated hRAMPl mRNA expression in SK-N-

MC cells (McLatchie et al, 1998) which express a CGRP receptor

(Zimmermann et al, 1995). In human tissues, prominent expression of

hRAMPl encoding mRNA was found in heart, skeletal muscle, pancreas

and brain (McLatchie et al, 1998). In the mouse, the tissue distribution of

mRAMPl mRNA was similar with an additional signal in mRNA isolated

from the lungs (Husmann et al, 2000). RAMP2 mRNA is most abundant in

human heart, placenta, lung and skeletal muscle (McLatchie et al, 1998)

and in mouse heart, lung, skeletal muscle and brain (Husmann et al, 2000).

Human RAMP3 specific mRNA is expressed in many tissues, e.g. in heart,

brain, lung, skeletal muscle, kidney and pancreas (McLatchie et al, 1998).

In mouse tissues, mRAMP3 specific mRNA is found in brain, heart and

kidney (Husmann et al, 2000).

Biology ofreceptor/RAMP interactions

The CLR of man and rat coexpressed with human or mouse RAMPl are

CGRP1 receptors (Bühlmann et al, 1999; Husmann et al, 2000;

McLatchie et al, 1998). Together with RAMP2, they are AM receptors.

Receptors predominantly recognizing AM were also expressed in cells co-

transfected with human CLR and human RAMP3 whereas mouse RAMP3

interacting with the rat CLR defined a mixed type CGRP/AM receptor

(Fraser et al, 1999; Husmann et al, 2000). Endogenous CLR and RAMP

are present in several cell lines and the specificity of the receptors can be

altered through transfection of exogenous RAMP. Both CLR/RAMP1 and

CLR/RAMP2 are CGRP and AM receptors linked to cAMP production

(Bühlmann et al, 1999; Husmann et al, 2000). The biological significance
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of phospholipase C signalling by the CLR interacting with RAMPl or -2

remains to be investigated.

The novel concept of RAMP-defined ligand specificity was readily

extended to the hCTR2 and the rCTRla. Coexpression of human RAMP3

with the CTR revealed amylin receptors crossreacting with CT and CGRP

at high concentrations (Muffet al, 1999; Armour et al, 1999). The affinity

of the CTR for CGRP increased in parallel to that of amylin when human

RAMPl was coexpressed.

Mechanisms ofreceptor/RAMP interactions

The CLR and the RAMP have structural features important for an efficient

transport of the two proteins to the cell surface (Fraser et al, 1999;

McLatchie et al, 1998).

The human and rat CLR are N-glycosylated (Aldecoa et al, 2000;

McLatchie et al, 1998). Three and four N-glycosylation sites, respectively,

have been predicted from the amino acid sequences. The human CLR has

an apparent size of 58 kDa in the absence and presence of RAMP2 and -3.

It is core-glycosylated, as defined by the sensitivity to endoglycosidase H

and N-glycosidase F (Fraser et al, 1999; McLatchie et al, 1998). The

human CLR is increased in size to 66 kDa when coexpressed with RAMPl,

and resistance to endoglycosidase H indicates mature glycosylation.

Coexpression of RAMP-chimera with the human CLR in mammalian

cells indicated that N-terminal extracellular RAMP domains mainly

determined CLR glycosylation and CGRP or AM specificity (Fraser et al,

1999). RAMP-dependent mature glycosylation was thought to define in

part ligand specificity (McLatchie et al, 1998). However, the rat CLR

expressed in Drosophila Schneider 2 cells exhibited RAMP-independent
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uniform mature glycosylation and CGRP- and AM receptor function

indistinguishable from that in mammalian osteoblast-like UMR-106 cells

and COS-7 cells (Aldecoa et al, 2000; Bühlmann et al, 1999). Thus,

differential glycosylation of the CLR in the presence of RAMPl or -2 does

not define CGRP and AM receptor specificity.

Functional interactions of RAMPl with the CLR or the CTR are

brought about through noncovalent and ligand-independent association of

the receptors with RAMPl. Immunoprecipitation of the receptors from total

cell extracts and subsequent SDS-PAGE under reducing conditions found

co-immunoprecipitated RAMPl at its predicted size no longer associated

with the receptors (Christopoulos et al, 1999; Leuthäuser et al, 2000).

Colocalization of fully functional GFP-tagged receptors and myc-

tagged RAMPl was visualized in the cell periphery by confocal

microscopy (Leuthäuser et al, 2000). Agonist-induced cointemalization of

the human CLR-GFP together with the individual myc-tagged RAMPl, -2,

or -3 into lysosomes via clathrin-coated vesicles revealed similar kinetics

for all three RAMP (Kuwasako et al, 2000). The CLR and the RAMP were

inefficiently recycled to the cell surface. CGRP-dependent selective

phosphorylation of the CLR in CLR/RAMP1 heterodimers was also

observed (Hilairet et al, 2001). Internalization of a ternary

CLR/RAMPl/ß-arrestin complex indicated endocytosis of CGRP receptors

through mechanisms observed with other seven-transmembrane domain

receptors.
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Aim of the thesis

The discovery of the RAMP family revealed a new concept for the

regulation of GPCR function. The initially orphan hCLR requires

coexpressed hRAMPl or -2 in order to be expressed at the cell surface as a

CGRP or AM receptor, respectively (McLatchie et al, 1998). Aims of this

thesis were to elucidate the mechanisms ofRAMP regulated receptor action

by characterizing RAMP subdomains that are required for RAMP/receptor

association.

The intracellular QSKRT sequence adjacent to the transmembrane

domain of hRAMPl provides a signal for intracellular retention. The

sequence is unrelated to consensus endoplasmic reticulum

retention/retrieval motives and overridden by the presence of the hCLR.

The entire single transmembrane domain of hRAMPl together with one

hydrophilic amino acid residue at its C-terminus is required for the

formation of a fully functional CGRP/hRAMPl/hCLR receptor complex

(report I).
97

CGRP receptor function is not affected by the deletion of Cys or

the substitution of Cys82 by Ala in hRAMPl, but it is impaired by the

substitution of Cys40, Cys57, Cys72 and Cys104 by Ala. Cys40, Cys57, Cys72

and Cys104 are required for the transport of hRAMPl with the CLR to the

cell surface (report II).
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Report I

The transmembrane domain of receptor-activity-modifying

protein 1 is essential for the functional expression of a

calcitonin gene-related peptide receptor

Sarah Steiner, Roman Muff, Remo Gujer, Jan A. Fischer, and Walter Born

Research Laboratory for Calcium Metabolism,

Departments of Orthopedic Surgery and Medicine, University of Zurich,

Klinik Balgrist, 8008 Zurich, Switzerland

Biochemistry (2002) 41, 11398-11404
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ABSTRACT

Three receptor-activity-modifying proteins (RAMP) define specific

interactions between calcitonin (CT) gene-related peptide (CGRP),

adrenomedullin (AM) and amylin, and a CT receptor or a CT-like receptor

(CLR). Both form heterodimeric RAMP/receptor complexes at the cell

surface. This association represents a novel principle of G protein-coupled

receptor function. RAMPl is transported to the cell surface together with

the CLR or the CT receptor. Here, we have investigated the functional

relevance of the short C-terminal intracellular tail QSKRTEGIV and of the

single transmembrane domain of human (h) RAMPl for their interactions

with the hCLR to constitute a CGRP receptor. To this end, hRAMPl has

been sequentially truncated from the C-terminus and

[125I]haCGRP/hRAMPl/hCLR association at the cell surface and cAMP

accumulation in response to hctCGRP have been examined. With the C-

terminal truncation of hRAMPl by four amino acids wild-type hRAMPl

function was maintained, and the hCLR was required for the transport of

hRAMPl to the cell surface. Further truncation of hRAMPl through

removal of the remaining five intracellular amino acids revealed CLR-

independent cell surface delivery, but otherwise normal hRAMPl activity.

Sequential shortening of the hRAMPl transmembrane domain resulted in

progressively impaired association with the hCLR and, as a consequence,

abolished CGRP receptor function. In conclusion, the intracellular QSKRT

sequence adjacent to the transmembrane domain of hRAMPl provides a

signal for intracellular retention. The sequence is unrelated to consensus

endoplasmic reticulum retention/retrieval motives and overridden by the

presence of the hCLR. The entire single transmembrane domain of

hRAMPl together with one hydrophilic amino acid residue at its C-



-32-

terminus are required for the formation of a fully functional

CGRP/hRAMPl/hCLR receptor complex.
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INTRODUCTION

Receptor-activity-modifying proteins (RAMP)l, -2 and -3 are 14 to 17 kDa

single-transmembrane domain polypeptides. They are essential for the

functional expression of initially orphan calcitonin (CT) receptor-like

receptors (CLR) of the family B of G protein-coupled receptors (/).

Interdependence of the RAMP and the CLR for their efficient delivery to

the cell surface has been described. Importantly, heterodimeric

RAMP/receptor complexes at the plasma membrane define the specificity

of the CLR and of the 60% homologous CT receptor (CTR) for CT gene-

related peptide (CGRP), adrenomedullin (AM) and amylin (2-5). N-

glycosylation of the CLR was ruled out as a mechanism explaining CGRP

or AM specificity (4, 6). Heterodimeric RAMPl/CLR and RAMPl/CTR

complexes represent CGRP receptor isotypes. Defined AM and amylin

receptors consist of RAMP2/CLR and RAMP3/CTR complexes,

respectively. The peptide ligands of these receptors, a- and ßCGRP(l-37),

AM(l-52), amylin(l-37) and CT(l-32) are structurally related, and they

exhibit overlapping biological actions (7). Along these lines, AM and the

neuropeptide CGRP are potent vasodilators.

RAMPl, -2 and -3 have been identified in man, rat and mouse. The

individual RAMP of the three species are over 60% similar. All the RAMP

have a common topology. They consist of an N-terminal signal sequence

and an extracellular domain of approximately 100 amino acids, and a short

intracellular region beyond the single transmembrane domain. But the three

RAMP within the same species exhibit less than 30% amino acid sequence

similarity. RAMP2 and -3, unlike RAMPl, are N-glycosylated (4, 8).

The mechanisms of the interaction between the CLR and RAMPl, -

2 or -3 remain largely to be investigated. CLR-independent transport of the
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N-glycosylated RAMP2 and -3 to the cell surface has recently been

described (P). The non-glycosylated RAMPl requires coexpression of the

CLR to reach the plasma membrane. N-terminal extracellular domains of

chimeric human (h) RAMP are important for CGRP or AM specificity of

the coexpressed CLR (10). To this end, the seven extracellular amino acids

86-92 in hRAMP2 and the corresponding 59-65 amino acids in hRAMP3

are essential for AM binding to hRAMP2- or hRAMP3/hCLR complexes

(77). The transmembrane domains and/or the C-terminus of the RAMP are

thought to determine the level of expression of the human CTR isotype 2 as

an amylin/CGRP receptor (12).

Here we have studied, through sequential C-terminal truncation of

hRAMPl, the functional roles of the intracellular C-terminal tail and the

single transmembrane domain. The individual mutated hRAMPl were

coexpressed with the hCLR, and the effects of the mutations on

[125I]haCGRP/hRAMPl/hCLR cell surface complex formation and CGRP

receptor activity were investigated. The results indicate that truncation of

the intracellular C-terminal region of hRAMPl by 9 amino acids maintains

its association with the hCLR to a functional CGRP receptor complex. The

five amino acids next to the transmembrane domain function as a signal for

intracellular retention in the absence of the hCLR. Further truncation of the

transmembrane domain progressively impaired complex formation and, as

a result, abolished CGRP receptor function. hRAMPl lacking the C-

terminus and the predicted transmembrane domain was no longer

associated with the hCLR and retained intracellularly.
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MATERIALS AND METHODS

Materials

Human aCGRP(l-37) was purchased from Bachern. The membrane-

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

ImmunoPure Immobilized Protein G were obtained from Pierce. N-

glycosidase F was from Roche Diagnostics and restriction enzymes were

from Promega. ECL Western blot detection reagents and Hybond ECL

nitrocellulose membranes were purchased from Amersham Pharmacia

Biotech. Tissue culture media and fetal calf serum (FCS) were obtained

from Biological Industries (Kibbutz Beit Haemek, Israel). Geneticin 418,

LipofectAMINE or LipofectAMINE 2000 and OptiMEM medium were

supplied by Invitrogen. Other chemicals and reagents were purchased from

Sigma and Merck at the highest grade available.

Construction of plasmids and of DNA encoding hRAMPl with

sequential C-terminal truncations and the hCLR with an N-terminal

V5 epitope tag

The cDNA encoding hRAMPl with an N-terminal EQKLISEEDLL (myc)

epitope (myc-hRAMPl) in the mammalian expression vector pcDNA3

(Invitrogen) was provided by S. Foord (GlaxoSmithKline). DNA fragments

encoding myc-hRAMPl with C-terminal truncations (Figure 1) were

amplified by PCR from myc-hRAMPl encoding cDNA, using cloned Pfu

DNA polymerase (Promega). The 5'-oligonucleotide included a NotI

restriction site and encoded part of the N-terminus of the CD33 signal

sequence (CD33) (13) located upstream of the myc tag in myc-RAMPl.

The C-terminal truncations were created by using 3'-primers that
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introduced a translational stop codon and a Xhol restriction site at the

desired positions. An RSR ER retention/retrieval signal (14) in myc-

hRAMPlA10RSR was also introduced with a corresponding 3'-primer. The

PCR products obtained after 25 cycles were digested with NotI and Xhol

restriction enzymes, gel-purified and cloned into Notl/Xhol digested

pcDNA3. The nucleotide sequence of all the constructs was verified by

sequencing in both directions.

The DNA encoding the hCLR with an N-terminal

GKPIPNPLLGLDST (V5) epitope tag was constructed as follows. A

Kpnl/BamHI DNA fragment encoding the CD33 signal sequence and the

V5 epitope was amplified by PCR with cloned Pfu DNA polymerase from

a construct encoding CD33-V5-rat CLR (unpublished). The Kpnl and

BamHI restriction sites were provided by the 5'- and the 3'-oligonucleotide

primers, respectively. The PCR product obtained after 25 cycles was gel

purified and cloned into the pGEM-T Easy vector (Promega) using an A-

tailing procedure. The CD33-V5 encoding DNA fragment flanked by the 5'

Kpnl- and the 3' BamHI restriction site was removed with corresponding

restriction enzymes. The fragment was used to replace a CD33-myc

encoding Kpnl/BamHI DNA fragment in a CD33-myc-hCLR expression

construct in pcDNA3 (provided by S. Foord, GlaxoSmithKline).

Cell culture and lipotransfection

COS-7 cells were cultured in HamF12/DMEM (4.5 g/L glucose) medium

(1:1) supplemented with 10% FCS and 2 mM glutamine (tissue culture

medium). SV40 T-antigen transformed human embryonic kidney HEK293

(TSA) cells were cultured in the same medium, supplemented with 400

ug/mL Geneticin 418. The cells were subcultured by treatment with 0.1%
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trypsin and 0.5 mM EDTA in PBS. Cells at 80% confluence were

transfected for 4 h at 37 °C in OptiMEM medium containing the indicated

concentrations of plasmid DNA and LipofectAMINE or LipofectAMINE

2000. The experiments were carried out 48 h after transfection. Cyclic

AMP accumulation in transiently transfected COS-7 cells was measured as

described (75).

Cross-linking, immunoprecipitation, and deglycosylation

Cell surface protein cross-linking was carried out in the presence of

[125I]hotCGRP (7.4 x 1013 Bq/mmol). haCGRP was labeled with Na[125I]

(Amersham Pharmacia Biotech) with a modified chloramine-T method

(16). [125I]haCGRP was separated from non-iodinated peptide by reversed

phase HPLC (17). Transiently transfected TSA cells in 100 mm tissue

culture dishes were detached with 0.05% EDTA in PBS and washed with

PBS. 2 x 107 cells were incubated in suspension for 2 h on ice with 105 Bq

[125I]haCGRP in 400 uL HamF12/DMEM (1:1) containing 0.1% BSA

(binding medium). Subsequently, the cells were washed with PBS and

incubated for 1 h on ice in 400 uL 0.1 M PBS containing 1 mM cross-

linker BS3. Cross-linking was quenched with 50 mM Tris-HCl (pH 8), and

the cells were collected by centrifugation. Cell pellets were lysed in 300 uL

50 mM Hepes (pH 7.5), 140 mM NaCl, 0.5 % Triton X-100, 1 mM

phenylmethanesulfonyl fluoride, 3 u,g/mL aprotinin, 3 u.g/mL leupeptin

(lysis buffer). The cell lysates were cleared by centrifugation for 5 min at

20'000 x g. V5-tagged receptors were immunoprecipitated at 4 °C from

cleared lysates of cross-linked and non-cross-linked samples by sequential

incubation with 45 uL ImmunoPure Immobilized Protein G for 1 h, 3 u.g

V5 antibodies (Invitrogen) for 2 h and with 45 uL ImmunoPure
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Immobilized Protein G overnight on an end-over-end rotator. The

precipitates were then collected by centrifugation for 3 min at 2700 x g.

The pellets were washed once with lysis buffer. [125I]haCGRP in the

19^

immunoprecipitates of cross-linked samples, reflecting [ I]haCGRP

binding, was measured in a y-counter (Kontron). Deglycosylation of

proteins in immunoprecipitates was carried out for 18 h at 37 °C with 2 U

of N-glycosidase F in 50 uL lysis buffer adjusted to 10 mM EDTA, 0.1%

SDS, 0.5% octylglucopyranoside, 1% ß-mercaptoethanol.

Immunoextracted proteins were eluted from immobilized protein G by

incubation with 50 uL SDS-PAGE loading buffer for 5 min at 60 °C.

Similarly, N-glycosylated proteins in 50 uL total cell lysate, equivalent to 3

x 106 cells, were deglycosylated with 4 U N-glycosidase F.

Western blot analysis

Proteins in cell lysates and in immunoextracts were separated by

SDS-PAGE and electrotransferred to nitrocellulose Hybond ECL

membranes in a Trans-Blot cell (BioRad Laboratories) overnight at 10 V

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

epitope-tagged proteins were visualized on X-ray films (Amersham) by

enhanced chemiluminescence with horseradish peroxidase (HRP)-labeled

monoclonal myc- and V5-antibodies (1:2000 or 1:5000 final dilution)

(Invitrogen). In cell surface protein cross-linking experiments myc-

hRAMPl was recognized by monoclonal myc antibodies (1:5000 final

dilution) provided by T. Trueb (University Hospital of Zurich) and

secondary HRP-conjugated sheep antibodies to mouse immunoglobulins

(1:5000 final dilution) (Amersham). Actin as a reference protein for the

amount of loaded cell lysates was visualized with monoclonal antibodies to
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actin (1:3500 final dilution) (Chemicon International) and secondary HRP-

conjugated sheep antibodies to mouse immunoglobulins (1:5000 final

dilution) (Amersham). Cross-linked [125I]hctCGRP was detected by

autoradiography with Hyperfilm MP film (Amersham).

Immunohistochemistry

COS-7 cells were grown on cover slides in 24 well plates. At 50%

confluence they were transfected for 4 h at 37 °C in 200 uL/well OptiMEM

medium containing 1 pX LipofectAMINE 2000 and 200 ng of the indicated

myc-hRAMPl expression constructs together with 200 ng pcDNA3 or of

the hCLR expression construct. Cell surface expression of intact and

mutant myc-hRAMPl was estimated 48 h later by myc

immunofluorescence staining of intact cells. The cells were incubated for 1

h at room temperature with mouse monoclonal antibodies to myc

(Invitrogen) diluted 1:300 in incubation medium (DMEM/HamF12 (1:1),

10%» FCS). The same medium was used to wash the cells twice and for the

incubation with Cy3-labeled sheep anti-mouse antibodies (1:200 final

dilution) (Sigma) for 30 min at room temperature. Subsequently, the cells

were washed twice with incubation medium and once with PBS and then

fixed with 4% formalin for 20 min at room temperature. After a final wash

with PBS the cells were mounted with Immu-Mount (Shandon Scientific).

The cells were then viewed with an Eclipse E600 Nikon microscope

equipped with a Plan Fluor 40x/0.75 DLL objective and an excitation filter

(510 -560 nm), a dichroic mirror (575 nm) and a barrier filter (590 nm).

Photomicrographs were taken through an additional 2.5x projection lens

with a FDX-35 camera and a 1600 ASA film. Exposure times were

measured with an U-III multi point sensor system in eight randomly chosen
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fields of confluent cells with no fluorescence artefacts. Reciprocal exposure

times were a measure for cell surface expression of intact and mutant myc-

hRAMPl. The values obtained for intact myc-hRAMPl coexpressed with

the hCLR were set to 100%.

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). Differences between mean values of percent

[125I]haCGRP binding in cells coexpressing the hCLR with intact (set to

100%o) or C-terminally truncated myc-hRAMPl were analyzed by

Student's t test. Results are means ± standard error of the mean (SEM). P

values of < 0.05 were considered statistically significant.



-41-

RESULTS

Effects of C-terminal truncations of myc-hRAMPl on CGRP receptor

activity of the hCLR

The hCLR and intact or C-terminally truncated myc-hRAMPl (Figure 1)

were transiently coexpressed in COS-7 cells and CGRP evoked cAMP

formation was measured. In cells coexpressing the hCLR and intact myc-

hRAMPl a 30 ± 2-fold (n=14) stimulation of cAMP production by 10"6 M

CGRP was considered as the maximal response and set to 100% (Table 1).

C-terminal truncation of myc-hRAMPl by 4 or 8 amino acids, did not

affect the cAMP response to CGRP to any great extent. Coexpression of

the hCLR with myc-hRAMPlA9 decreased the maximal cAMP formation

by 36%) and increased the EC50 12-fold. Further truncation to myc-

hRAMPlAlO or to myc-hRAMPlA16, removing 1 or 7 amino acids of the

transmembrane domain, raised the EC50 of CGRP over 1000-fold.

Myc-hRAMPl -DPPGSILYPFIWPITVTLLVTALWWQSKRTEGIV

-A4 -DPPGSILYPFIWPITVTLLVTALWWQSKRT

-A8 -DPPGSILYPFIWPITVTLLVTALWWQ

-A9 -DPPGSILYPFIWPITVTLLVTALWW

-A10 -DPPGSILYPFIWPITVTLLVTALW

-A10RSR -DPPGSILYPFIWPITVTLLVTALWRSR

-A16 -DPPGSILYPFIWPITVTLL

-A29 -DPPGSIL

Figure 1: Myc-hRAMPl C-terminal truncation mutants. The amino acid sequence

of the C-terminal regions of intact (top line) and mutant myc-hRAMPl are aligned.
Bold letters indicate amino acids in the predicted transmembrane domain of myc-

hRAMPl. The grey box indicates the artificially introduced RXR ER retention/retrieval

motif.
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Interestingly, the cAMP response was comparable in cells expressing myc-

hRAMPlA8 or -A10RSR together with the hCLR, indicating that the native

sequence WQ could be replaced by an RSR endoplasmic reticulum (ER)

retention/retrieval signal while maintaining normal CGRP receptor function

of the associated V5-hCLR. cAMP remained at basal levels at up to 1 uM

CGRP in cells expressing the hCLR together with myc-hRAMPlA29 that

lacked the entire predicted transmembrane region except for I and L at its

N-terminal end. Myc-hRAMPlA31 lacking the entire transmembrane

region but extended at the C-terminus by RSR remained inactive (not

shown). Thus, C-terminal truncation of myc-hRAMPl up to the presumed

transmembrane domain, leaving at least one hydrophilic amino acid or an

ER trafficking signal at the C-terminus, is tolerated by the hCLR for

normal CGRP receptor function.

maximal

(% myc-hRAMPl) EC50 (nM)

myc-hRAMPl 100* 0.54+0.09

-A4 93 ±6 0.28 ± 0.02

-A8 88 + 8 0.70 ±0.11

-A9 64 + 7 6.30 ± 2.2

-A10 n.d. >1000

-A10RSR 80 ±7 0.35 ± 0.09

-A16 n.d. >1000

-A29 n.s. n.s.

Table 1: Stimulation of cAMP formation by CGRP in COS-7 cells. "Cells were

cotransfected with cDNA encoding intact or C-terminally truncated myc-hRAMPl and

the hCLR. Results are means ± SEM of 3 to 5 independent experiments. ftBasal cAMP
levels were 1.4 + 0.1 pmol/well and maximal cAMP accumulation amounted to 40 ± 2

pmol/well; n.d., not determinable at up to 1 jj,M haCGRP; n.s., no cAMP stimulation at

up to 1 (iM haCGRP.
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Total and cell surface expression of C-terminally truncated myc-

hRAMPl

Impaired expression and cell surface delivery of myc-hRAMPlA10, -A16

and -A29 were considered as mechanisms for defective CGRP receptor

function of the coexpressed hCLR. Intact and truncated myc-hRAMPl

were transiently expressed in TSA cells in the absence and presence of the

hCLR with an N-terminal V5 epitope tag (V5-hCLR). Western blot

analysis of total cell extracts revealed comparable levels of V5-hCLR

expression in the absence and presence of intact and the different mutant

myc-hRAMPl (Figure 2). The relative expression levels of intact and the

different myc-hRAMPl mutants in the presence of V5-hCLR varied less

than 2-fold.

Cell surface delivery of intact and C-terminally truncated myc-

hRAMPl was studied in the absence and presence of the hCLR by myc

immunofluorescent staining of intact COS-7 cells (Figure 3). Myc-

hRAMPl and -A4 required the coexpression of the hCLR for their delivery

to the cell surface. Interestingly, all the other mutants, except for myc-

hRAMPlA29, exhibited hCLR-independent cell surface expression. Myc-

hRAMPlA29 was not expressed at the cell surface even in the presence of

the hCLR, but was readily recognized in saponin-permeabilized cells (not

shown). It was also detected in trace amounts in tissue culture medium (not

shown). A quantitative analysis of the cell surface delivery of intact and

truncated myc-hRAMPl is summarized in Table 2.
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V5

H ** ft B

kDa

100

75

50

B My« 15

Actin

75

50

37

V5-hCRLR - + + + + + + + + +

Myc-hRAMPl + _ + ----___

-A4 ___ + ______

-A8 ____ + _____

-A9 _____ + ____

-A10 - _---- + ---

-A10RSR - ------ + --

-A16 - ------- + -

„A29 - _---___- +

Figure 2: Expression levels of V5-hCLR and of coexpressed intact and mutant

myc-hRAMPl. TSA cells were grown in six-well plates to 80% confluency and

transfected by incubation for 4 h at 37 °C in 2 ml OptiMEM medium containing 4.8 (J.L
of LipofectAMINE and indicated combinations of 800 ng intact or mutant myc-

hRAMPl and 800 ng V5-hCLR expression constructs per well. The total amounts of

DNA in transfections with intact myc-hRAMPl or V5-hCLR alone were adjusted with

the expression vector pcDNA3 to those of the double-transfections. Two days later,

aliquots of cell extracts were treated with 4 units of N-glycosidase F and subjected to

15% SDS-PAGE. V5-hCLR (A) and intact and mutant myc-hRAMPl (B) were

visualized on Western blots with HRP-conjugated V5 and myc antibodies. Actin was

detected with mouse monoclonal antibodies to actin and secondary HRP-conjugated
sheep antibodies to mouse immunoglobulins (C). Representative experiment carried out

three times.
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myc-hRAMPl <5a

-A4 <5a

-A8 113 + 13

-A9 135 ±12

-AlO 127 ±17

-A10RSR 40 ±6

-A16 90± 11

-A29 <5Ö

hCLR + hCLR

100b

69 ±8

138 ±19

144 ±11

138 ±4

78 ±5

108 ±22

<5a

Table 2: Cell surface expression of myc-hRAMPl in COS-7 cells in the absence

and presence of the hCLR. fluorescence indistinguishable from background at up to

400 sec exposure time. ^Surface expression ofmyc-hRAMPl with the hCLR was set to

100%. Results are means ± SEM of three to four independent experiments; exposure

times ranged from 10 to 30 sec.

Taken together, the results indicate that the cell surface expression of myc-

hRAMPl with 8, 9, 10 and 16 amino acids removed from the C-terminus is

no longer hCLR-dependent. Moreover, impaired expression and cell

surface delivery of myc-hRAMPlA10 and -A16 were ruled out as

mechanisms for defective CGRP function of the hCLR. Interestingly,

substitution of the intracellular C-terminal tail of myc-hRAMPl by the ER

retention/retrieval signal RSR restored in part intracellular retention in the

absence of the hCLR.
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[ I]haCGRP binding and cell surface complex formation of C-

terminally truncated myc-hRAMPl with V5-hCLR

TSA cells transiently expressing intact myc-hRAMPl or the V5-hCLR

alone, or the intact myc-hRAMPl or the indicated myc-hRAMPl mutants

together with the V5-hCLR were incubated with [125I]hctCGRP and

subsequently treated with the membrane impermeable cross-linker BS3.

Protein components carrying V5 epitope tags were immunoprecipitated

from cell homogenates with the corresponding antibodies and

deglycosylated with N-glycosidase F. The amounts of coprecipitated

[125I]haCGRP were measured in a y-counter and reflected [125I]haCGRP

binding. Immunoextracted proteins were size-separated on SDS-PAGE and

further analyzed on Western blots. [ I]haCGRP binding protein

components were recognized by autoradiography and V5 and myc

immunoreactive proteins were visualized with the corresponding

antibodies. [125I]haCGRP immunopreciptated from cell extracts expressing

the myc-hRAMPl or the V5-hCLR alone was less than 1% of added ligand

and considered to reflect nonspecific binding (Figure 4A). Comparable
ITC

amounts of [ IjhaCGRP immunoextracted from cells expressing intact

myc-hRAMPl or myc-hRAMPlA4 or -A8 together with the V5-hCLR

reflected maximal binding. Further C-terminal truncation of myc-

hRAMPlA8 by Q and W (myc-hRAMPlA9 and -AlO) and coexpression

with V5-hCLR progressively decreased [125I]haCGRP binding. The

amounts of immunoprecipitated [125I]hotCGRP in myc-hRAMPlA10/V5-

hCLR coexpressing cells were 37 ± 4% (P < 0.05) of those observed in

cells coexpressing intact myc-hRAMPl together with the V5-hCLR.

[125I]haCGRP binding was fully restored when myc-hRAMPlAlO was

extended at the C-terminus by the ER retention/retrieval sequence RSR.
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[10I]haCGRP binding of myc-hRAMPlA10 in the presence of V5-hCLR

was associated with stimulation of cAMP at over 10"8 M CGRP (Table 1).

Thus, in the absence of the C-terminal intracellular region of hRAMPl

[125I]haCGRP binding was largely maintained, but Gs-coupling was

reduced. [125I]haCGRP binding and cAMP stimulation by CGRP were both

abolished when the myc-hRAMPlA16 or -A29, lacking one third or most of

the transmembrane domain, were coexpressed with the V5-hCLR.

The autoradiography of the Western blot indicated that the

immunoprecipitated [125I]haCGRP was cross-linked to 50 kDa and 64 kDa

protein components (Figure 4B). The 14 kDa size difference corresponds to

the molecular weight calculated for myc-hRAMPl. The [125I]haCGRP

cross-linking products had the size of major protein components detected

with HRP-conjugated antibodies to the V5-hCLR (Figure 4C). Moreover,

the 64 kDa [ IjhaCGRP binding components contained also intact or

mutant myc-hRAMPl, detected with antibodies to myc and secondary

HRP-conjugated antibodies to mouse immunoglobulins (Figure 4D). Myc-

immunoreactive 64 kDa proteins were undetectable in immunoextracts of

cells transfected with myc-hRAMPl or V5-hCLR expression constructs

alone. They were barely detected in the samples derived from cells that

expressed myc-hRAMPlA16 or -A29 together with the V5-hCLR. A 50

kDa protein band, recognized in all samples of Figure 4D, represents the

heavy chain of the V5 mouse monoclonal antibodies used for

immunoprecipitation of the V5-hCLR. It was visualized by the secondary

HRP-conjugated sheep antibodies to mouse immunoglobulins.
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Taken together, the results indicate that sequential C-terminal truncation of

myc-hRAMPl by up to 10 amino acids, including the presumed C-terminal

tryptophan of the transmembrane domain, maintains [125I]hotCGRP binding

to the myc-hRAMPl/V5-hCLR complexes at the cell surface. Further

truncation by one third or most of the transmembrane domain of myc-

hRAMPl greatly impaired cell surface association with the V5-hCLR and

as a consequence [125I]hotCGRP binding.

N-glycosylation of the V5-hCLR and heterodimer formation with myc-

hRAMPl and its truncation mutants

V5 epitope-carrying protein components were immunoextracted from TSA

cell homogenates and characterized on Western blots with V5 and myc

antibodies (Figure 5). In extracts of mock-transfected cells (not shown) or

of cells expressing myc-RAMPl alone, myc and V5 immunoreactive

proteins remained undetectable. The V5-hCLR expressed alone was a 50

kDa protein doublet. A 100 kDa band was considered as a V5-hCLR

homodimer. In cells coexpressing the V5-hCLR together with intact or myc-

hRAMPlA4, the 50 kDa and 100 kDa bands disappeared in favor of a

predominant, previously described 73 kDa N-glycosylated form of the V5-

hCLR and a minor nonidentified V5 58 kDa immunoreactive component.

Both V5-hCLR components were also observed in cells coexpressing myc-

hRAMPlA8, -A9, -A10, -AlORSR, -A16 or -A29, and variable amounts of

the 50 kDa V5-hCLR doublet and the presumed 100 kDa V5-hCLR

homodimer were still observed. This indicated varying efficiency of V5-

hCLR N-glycosylation in the presence of the different C-terminally

shortened myc-hRAMP 1.
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VS

B Myc

kDa

100

75

50

15

V5-hCRLR _ + + + + + + + + +

Myc-hRAMPl + _ + _______

-A4 ___ + ______

-A8 ____ + _____

_A9 _____ + ____

-AlO ______ + ___

-AlORSR _______ + __

-A16 ________ + _

-A29 _________ +

Figure 5: Coimmunoprecipitation of intact and the indicated mutant myc-hRAMPl
with V5-hCLR. TSA cells were grown and transfected as described in the legend to

Figure 4. Proteins immunoprecipitated with V5 antibodies from cell lysates were

subjected to 15% SDS-PAGE, and Western blots were analyzed with HRP-conjugated
V5 (A) and myc antibodies (B). Representative experiment carried out three times.

Heterodimer formation of intact and mutant myc-hRAMPl with V5-hCLR

occurred at comparable efficiency when at least the hRAMPl

transmembrane domain remained intact. The variable expression levels of

intact and mutant myc-hRAMPl in the face of comparable amounts of

coexpressed V5-hCLR (Figure 2) did not affect hRAMPl/receptor

heterodimer formation. N-glycosylation of the V5-hCLR and its
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coimmunoprecipitation with myc-hRAMPlAl 6 lacking the C-terminal

intracellular region and one third of the transmembrane domain were

impaired. Interestingly, further truncation of myc-hRAMPl, removing most

of the transmembrane domain restored N-glycosylation of the V5-hCLR,

but coimmunoprecipitation, indicating heterodimer formation, was no

longer observed. Thus an intact transmembrane domain in myc-hRAMPl

lacking the intracellular region is essential for its noncovalent association

with the V5-hCLR. Coexpression of the hRAMPl extracellular domain

alone is sufficient for the normal N-glycosylation of the hCLR.
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DISCUSSION

Heterodimer formation between the individual RAMPl, -2 and -3, and the

CLR or a 60% homologous CTR define G protein-coupled receptors for the

related CGRP, AM and amylin. But, structural elements in RAMP and

receptors, essential for their functional interactions, remain largely to be

identified.

Here, myc-hRAMPl was sequentially truncated from the C-terminus

and the effects of the mutations on myc cell surface expression and on

CGRP receptor function of the coexpressed V5-hCLR have been analyzed.

Myc-hRAMPl lacking at the C-terminus 8 of 9 predicted intracellular

amino acids maintained the association with the V5-hCLR and close to

normal CGRP receptor function. With the removal of the next two amino

acids Q and W at the presumed boundary between the transmembrane

domain and the intracellular region, cell surface association with the V5-

hCLR was still maintained, but [125I]haCGRP binding was reduced as

compared to intact myc-hRAMPl/V5-hCLR, and cyclase activation by

CGRP was impaired. Interestingly, readdition of RSR, an ER trafficking

signal, in place of WQ restored CGRP receptor function of the V5-hCLR.

Presumably, the transmembrane domain of hRAMPl and the presence of at

least one hydrophilic residue reaching into the cytoplasm are essential for

the association with the hCLR to a functional CGRP receptor. This was

confirmed by more extensive C-terminal truncation of myc-hRAMPl

through removal of the intracellular C-terminal region together with 7 (myc-

hRAMPlA16) or 20 (myc-hRAMPlA29) of the predicted 22

transmembrane domain amino acids. In cells coexpressing myc-

hRAMPlA16 or -A29 with the V5-hCLR [125I]hctCGRP binding and

adenylyl cyclase activation by CGRP were abolished. Reduced or
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undetectable coimmunoprecipitation of myc-hRAMPlA16 and -A29,

respectively, with the V5-hCLR from total cell extracts indicated defective

complex formation. As a consequence, negligible amounts of myc-

hRAMPlAl 6 or -A29 as compared to myc-hRAMPl were cross-linked to

the V5-hCLR at the cell surface. Importantly, reduced and undetectable

association of myc-hRAMPlA16 and -A29 with the V5-hCLR and low

amounts of corresponding cell surface complexes were observed at

comparable expression levels of myc-hRAMPl, -A16 and -A29 detected in

total cell extracts. Taken together, defective myc-hRAMPlA16- and -

A29/V5-hCLR complex formation abolished CGRP receptor function. Our

results are in agreement with those obtained with Influenza hemagglutinin

where the length of the transmembrane domain and a single hydrophilic

amino acid at the C-terminus were crucial for proper insertion into the

plasma membrane and as result normal Influenza virus fusion (18).

Interestingly, myc-hRAMPl dependent N-glycosylation of the V5-

hCLR was suppressed by myc-hRAMPlA16 lacking the C-terminal

intracellular domain and 7 of the 22 amino acids of the transmembrane

domain. But N-glycosylation was nearly restored in the presence of myc-

hRAMPlA29 consisting of the intact N-terminal extracellular domain and I

and L of the predicted transmembrane region. This implies that the N-

terminal extracellular domain of hRAMPl alone is a predominant

determinant and sufficient for normal N-glycosylation of the hCLR in

mammalian cells. The association with the hCLR into an

immunoprecipitable stable complex is not required.

N-glycosylated hRAMP2 and -3 are transported to the plasma

membrane in the absence of the coexpressed hCLR (9). The non-

glycosylated hRAMPl, on the other hand, requires the hCLR for cell

surface expression. The introduction of N-glycosylation sites into the
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extracellular region of hRAMPl revealed hCLR-independent cell surface

delivery comparable to that of nonglycosylated hRAMPl in the presence of

the hCLR (9). Here, the transport of nonglycosylated hRAMPl to the

plasma membrane occurred in the absence of the hCLR when 8, 9, 10 or 16

amino acids were removed from the C-terminus. Consensus KDEL, di-

lysine or RXR ER retention/retrieval motives within the sequence of the

nine intracellular C-terminal amino acids of hRAMPl have not been

recognized (14, 19). Along these lines, myc-hRAMPl was shown to traffic

from the ER to the Golgi but not to the cell surface in the absence of the

hCLR (5). A hemagglutinin-tagged hCLR, on the other hand, was retained

in the ER in the absence of hRAMPl. Thus, the QSKRT sequence in the

intracellular C-terminal tail next to the transmembrane domain of intact

myc-hRAMPl apparently functions as a signal for retention in the Golgi

that is overridden upon association with the hCLR. Similarly,

heterodimerization of GABABR1 and GABABR2 through their C-terminal

coiled-coil a helices masks an RXR ER retention signal in the GABABR1

C-terminal intracellular region to reveal fully functional GABABRl/-2

complexes at the cell surface (20). Importantly, the present findings with

myc-hRAMPlA8 or those with intact N-glycosylated hRAMPl (9) indicate

that hRAMPl/hCLR complex formation, a prerequisite for CGRP

recognition, did not depend on hRAMPl retention in an intracellular

compartment. On the other hand, QSKRT sequence dependent intracellular

retention in the absence of the hCLR may be required for the regulation of

the transport ofhRAMPl to the cell surface.

In conclusion, anchoring of hRAMPl in the plasma membrane,

brought about by the transmembrane region and a single hydrophilic amino

acid in place of the C-terminal intracellular tail, is required for CGRP

recognition by the hRAMPl/hCLR complex.
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ABSTRACT

The receptor-activity-modifying protein (RAMP) 1 is a single-

transmembrane domain protein. The extracellular region of approximately

90 amino acids with six conserved cysteines is required for its association

with the calcitonin-like receptor (CLR) to reveal a calcitonin gene-related

peptide (CGRP) receptor. Here, myc epitope-tagged human(h) RAMPl was

deleted at Cys27 and between Cys27 and Asn31 (myc-hRAMPlA5), Arg37 (-

All) and Asp47 (-A21). Moreover, Cys40, Cys57, Cys72, Cys82 and Cys104

were each replaced by Ala. In COS-7 cells, transfected with cDNA

encoding hCLR/myc-hRAMPlAl, -A5 or -(C82A), 125I-haCGRP binding

and cAMP formation in response to h«CGRP were those of hCLR/myc-

hRAMPl. The expression at the cell surface of myc-hRAMPlAll and of-

(C72A) was 18 ± 1 % and 24 ± 7 % (n = 3) of myc-hRAMPl, respectively,

and that of myc-hRAMPlA21, -(C40A), -(C57A) and -(C104A) was below

10 %. Specific 125I-haCGRP binding of the hCLR/myc-hRAMPlAll and -

(C72A) was 15 ± 1 % (n = 4) and 13 ± 3 % (n = 5) of hCLR/myc-hRAMPl

(P < 0.001) and it was undetectable in hCLR/myc-hRAMPlA21, -(C40A),

and -(C57A) and -(CI04A) expressing cells. The stimulation of cAMP

formation by 10-6 M haCGRP in hCLR/myc-hRAMPl(C40A) and -(C72A)

expressing cells was 14 ± 1 % (n = 3) and 33 ± 2 % (n = 3) ofthat of the

hCLR/myc-hRAMPl with comparable EC50. But cAMP stimulation by

haCGRP was abolished in cells expressing hCLR/myc-hRAMPlA21, -

(C57) and -(CI04).

In conclusion, CGRP receptor function was not affected by the

deletion of Cys27 or the substitution of Cys82 by Ala in hRAMPl, but it was

impaired by the substitution of Cys40, Cys57, Cys72 and Cys104 by Ala. Cys40,
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Cys , Cys and Cys are required for the transport of hRAMPl with the

CLR to the cell surface.



-61 -

INTRODUCTION

Receptor-activity-modifying proteins (RAMP)l, -2 and -3 of man, rat,

mouse and pig are single-transmembrane domain proteins required for the

functional expression of the calcitonin-like receptors (CLR) [1-4].

CLR/RAMP1 and -2 heterodimers are receptors for calcitonin gene-related

peptide (CGRP) and adrenomedullin (AM), respectively, and the

CLR/RAMP3 complex is an AM/CGRP receptor [5]. RAMPl, -2 and -3

exhibit 30 % amino acid sequence similarity. The extracellular domains of

between 90 and 100 amino acids define in part CGRP and AM selectivity of

the CLR/RAMP heterodimers [6].

RAMP2 and -3, unlike RAMPl, are N-glycosylated. RAMPl,

therefore different from RAMP2 and -3, requires the CLR for its transport

to the cell surface. Intracellular retention of human RAMPl in the absence

of the CLR was overcome when the nine amino acids intracellular tail was

shortened by eight amino acids, including a putative SKRT retention signal

conserved in RAMPl [7]. Moreover, the transport of mouse RAMPl to the

cell surface was revealed in the absence of the CLR when N-glycosylation

sites were introduced into its extracellular domain [8].

Six cysteine residues in the N-terminal extracellular domains of

RAMPl and -3 are conserved of which four are present in RAMP2. In

human(h) RAMP2 all four cysteines are required for its expression at the

cell surface [9]. In human embryonic kidney (HEK) cells expressing

hRAMPl alone, hRAMPl dimers sensitive to dithiothreitol (DTT)

treatment were recognised [10]. This suggested that intermolecular disulfide

bridges between cysteine residues were formed in the absence of the CLR.

Interestingly, the RAMPl dimer/monomer ratio decreased in the presence

of the CLR. Intermolecular disulfide bridges in CLR/RAMP 1 heterodimers
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have so far not been identified [11]. Substitution of the sequence Cys to

Ala50, including the second cysteine in position 40 of hRAMPl, by the

corresponding Asn36 to Pro78 sequence of hRAMP2 abolished cell surface

expression and function of the chimeric hRAMP2/l coexpressed with the

CLR [12]. The N-terminus of hRAMPl is therefore required for its delivery

to the cell surface together with the CLR.

In the present study, the functional role of the extreme N-terminus of

hRAMPl and of the six cysteine residues was investigated. One, five,

eleven and twenty-one N-terminal amino acids adjacent to the presumed

signal sequence in hRAMPl were removed and the six cysteines either

deleted or individually replaced by alanines. Cys40, Cys57, Cys72 and Cys104

are required for the cotransport with the CLR to the cell surface, as well as

for 125I-hoCGRP binding and CGRP-evoked stimulation of cAMP

formation in CLR/hRAMPl expressing cells.
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EXPERIMENTAL

Materials

Human aCGRP(l-37) was purchased from Bachern (Bubendorf,

Switzerland). Restriction enzymes were obtained from Promega (Madison,

WI, U.S.A.). 125I, ECL Western blot detection reagents and Hybond ECL

nitrocellulose membranes were from Amersham Pharmacia Biotech (Little

Chalfont, Buckinghamshire, U.K.). Cell culture products were supplied by

Invitrogen (Carlsbad, CA, U.S.A.) and linear polyethylenimine (PEI) (25

kDa) by Polysciences (Warrington, PA, U.S.A.). Mouse antibodies to myc

and to V5 epitopes were from Invitrogen and Cy3-labelled sheep anti-

mouse antibodies from Sigma (St. Louis, MI, U.S.A.). Other chemicals and

reagents were purchased from Sigma and Merck at the highest grade

available.

DNA constructs

The cDNA encoding myc-hRAMPl, cloned into pcDNA3 (Invitrogen), was

provided by S. Foord (GlaxoSmithKline, Stevenage, Herts., U.K.). Myc-

hRAMPl had the amino acids 1-26 of the predicted signal sequence of

hRAMPl replaced by the CD33 signal sequence [13] and fused to the myc-

epitope tag [Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu-Leu] for cell

surface detection. Gly-Ser were encoded by a BamHI restriction site that

was used for construction. Thus, the hRAMPl amino acid sequence in myc-

hRAMPl starts at Cys27 of wild-type hRAMPl. Along these lines, the

Neural Network and the Hidden-Markow model, using the SignalP V2.0

software (www.cbs.dtu.dk/services/SignalP-2.0), predicted signal sequence

cleavage in wild-type hRAMPl between Cys27 and Glu28. For further
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truncation of the N-terminus of hRAMPl deletions of Cys (myc-

hRAMPlAl) and of Cys27 to Asn31 (myc-hRAMPlA5), Cys27 to Arg37

(myc-hRAMPlAll) and Cys27 to Asp47 (myc-hRAMPlA21) were

introduced into myc-hRAMPl with a PCR-based approach. Briefly, 5'-

primers with a BamHI restriction site at the 5'-end were designed to anneal

at the desired positions in the hRAMPl coding sequence. The 3'-primer

with a Xhol restriction site at the 5'-end was complementary to the DNA

sequence encoding the 6 amino acids of the C-terminus of hRAMPl and the

stop codon. The PCR products amplified with cloned Pfu DNA polymerase

(Promega) in 25 cycles were digested with BamHI and Xhol restriction

enzymes, gel-purified and cloned into BamHl/XhoI digested pcDNA3 in

frame with the coding sequence for the CD33 signal peptide (CD33) and the

myc-epitope tag encoded upstream of the BamHI restriction site. All the

DNA fragments encoding CD33-myc fused to mutated hRAMPl were

sequenced in both directions.

Mutagenesis with the QuikChange® Site-Directed Mutagenesis Kit

(Stratagene, La Jolla, CA, U.S.A.), replacing cysteines 40, 57, 72, 82 and

104 in the hRAMPl extracellular domain by alanine revealed myc-

hRAMPl (C40A), -(C57A), -(C72A), -(C82A) and -(C104A). The

mutations were introduced into the CD33-myc-hRAMPl coding sequence

subcloned into EcoRV/XhoI digested pBluescript SK- vector (Stratagene).

PCR amplification with pairs of primers containing the nucleotide

substitutions was carried out with cloned Pfu DNA polymerase (Promega).

The products obtained after 30 cycles were gel-purified, digested with Dpnl

restriction enzyme and ligated. The CD33-myc-hRAMPl coding sequences

with the introduced mutations were verified by sequencing in both

directions, and subsequently excised from the SK- vector with EcoRV and

Xhol restriction enzymes and cloned into EcoRVIXhol digested pcDNA3.
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The DNA encoding the hCLR with an N-terminal V5-epitope tag [Gly-Lys-

Pro-Ile-Pro-Asn-Pro-Leu-Leu-Gly-Leu-Asp-Ser-Thr] (V5-hCLR) was

constructed as described [7].

Cell culture and transfection

COS-7 cells were grown at 37°C in a humidified atmosphere of 95 % air

and 5 % C02 in Dulbecco's modified Eagle's medium (DMEM) (4.5 g/1

glucose) and Ham's F12 (1:1) medium containing 2 mM glutamine and 10

% fetal calf serum (FCS). Simian virus 40 T-antigen-transformed human

embryonic kidney (TSA) cells were grown under the same conditions in cell

culture medium supplemented with 400 //g/ml geneticin. The cells were

grown to 40-60 % confluence and transfected with indicated concentrations

of myc-hRAMPl and V5-hCLR expression constructs and linear PEI [14].

Briefly, 0.2 //g/cm2 plasmid DNA was diluted with 6.25 //1/cm2 cell culture

medium. This solution was then combined with 0.5 //g/cm PEI in 6.25

//1/cm2 cell culture medium, and vortexed immediately. After incubation for

15 min at room temperature the volume of the DNA/PEI mixture was

adjusted to 125 //1/cm2 with cell culture medium and added to the cells. The

cells were incubated at 37°C for 16 to 24 h. The volume was then increased

to 250 //1/cm2 with cell culture medium, and the cells were incubated for

another 48 h.

125I-haCGRP binding and cAMP stimulation

125I-haCGRP was prepared by a modified chloramine T method and

subsequent purification by high performance liquid chromatography [15,

16]. Binding was carried out in 24 well plates at 15°C for 2 h. The cells
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were incubated with 1700 Bq/well 125I-haCGRP in 200 //1/well

DMEM/Ham's F12 supplemented with 0.1 % BSA and 2 mM glutamine

(binding medium) in the absence and presence of 1 //M non-labelled

hûCGRP. The cells were washed once with 500 //l binding medium, lysed

with 500 //l 0.5 % SDS, and the lysates were counted in a ^counter

(Kontron, Switzerland). Binding in the presence of 1 //M hcuCGRP, always

lower than 20 %, was considered as non-specific and subtracted from total

binding for the calculation of specific binding.

Cyclic AMP stimulation was performed in binding medium

supplemented with 1 mM isobutylmethylxanthine (IBMX) for 15 min at

37°C as described [15].

Immunocytochemistry

COS-7 cells were seeded on cover slides in 24-well plates and 48 h later

transfected with the V5-hCLR and the indicated wild-type and mutant myc-

hRAMPl expression constructs. Cell surface and total expression of wild-

type and mutant myc-hRAMPl was estimated 48 h after transfection by

myc-immunofluorescent staining of intact and saponin-permeabilised cells,

respectively. Briefly, the cells were fixed with 4 % formalin in PBS for 20

min at room temperature, washed with PBS and incubated with

immunostaining medium (DMEM/Ham's F12 (1:1), 0.1 % BSA) in the

absence (surface staining) or presence (total staining) of 0.1 % saponin for

30 min at room temperature. The cells were then incubated for 2 h at room

temperature with mouse antiserum to myc (diluted 1:300) in 200 ju\

immunostaining medium in the absence and presence of saponin. The cells

were washed three times with the immunostaining medium and then

incubated with Cy3-labelled sheep anti-mouse antiserum (1:200 final
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dilution) (Sigma) for 30 min. After three additional washes the slides were

mounted with Immu-Mount (Shandon Scientific, Pittsburgh, PA, U.S.A.).

The cells were viewed with an Eclipse E600 Nikon microscope (Küsnacht,

Switzerland) equipped with a Plan Fluor 20x/0.5 DLL objective, a G-2A

filter and a Kappa DX20 CCD camera (Gleichen, Germany) connected to

the microscope with a Nikon 0.45x projection lens. Immunofluorescence of

intact and saponin-permeabilised cells was recorded with a Nikon U-III

multipoint sensor system and respective reciprocal exposure times were

taken as a measure for cell surface and total expression of wild-type and

mutant myc-hRAMP 1.

Western-blot analysis

TSA cells grown in 100 mm tissue culture dishes were transiently

transfected with indicated combinations of V5-hCLR and wild-type and

mutant myc-hRAMPl expression constructs. 48 h after transfection the cells

were detached with 0.05 % EDTA in PBS and washed with PBS. 2 x 107

cells were lysed in 200 //l 50 mM Hepes (pH 7.5), 140 mM NaCl, 0.5 %

Triton X-100, 1 mM phenylmethanesulfonyl fluoride, 3 //g/ml aprotinin, 3

//g/ml leupeptin. The cell lysates were cleared by centrifugation for 5 min at

20'000 x g and 70 //l 4x SDS-PAGE loading buffer were added. Proteins in

cell lysates were separated by SDS-PAGE (15 % gel) and electrotransferred

to nitrocellulose Hybond® ECL® membranes (Amersham) in a Trans-Blot

cell (Bio-Rad, Hercules, CA, U.S.A.) overnight at 10 V and 4 °C.

Immunoblots were blocked with 5 % low-fat milk and the epitope-tagged

proteins were visualised by enhanced chemiluminescence with horseradish

peroxidase (HRP)-labelled monoclonal myc- (1:2000) and V5-antibodies

(1:5000) (Invitrogen) using the VersaDoc® Imaging System (Bio-Rad).
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Actin as a reference protein for the amount of loaded cell lysates was

visualised with monoclonal antibodies to actin (1:3500) (Chemicon

International, Temecula, CA, U.S.A.) and secondary HRP-conjugated sheep

antibodies to mouse immunoglobulins (1:5000) (Amersham).

Data analysis

In binding inhibition and cAMP stimulation experiments half-maximal

inhibition concentrations (IC5o) and effective concentrations (EC50) of

haCGRP were calculated by non-linear regression analysis using the FigP

6.0 software (Biosoft, Cambridge, UK). Results are means ± S.E.M..

Comparison to controls was carried out using the Student's t-test. P values

of <0.05 were considered statistically significant.
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RESULTS

125I-hûCGRP binding and cAMP formation of the hCLR coexpressed
with hRAMPl deletion or cysteine/alanine substitution mutants

The deletions introduced into the extreme N-terminus of myc-hRAMPl

removed Cys27 (myc-hRAMPlA1) or the sequences Cys27 to Asn31 (myc-

hRAMPlA5), Cys27 to Arg37 (myc-hRAMPlAll) or Cys27 to Asp47 (myc-

hRAMPlA21). Substitution of individual cysteine residues in the

extracellular domain of hRAMPl revealed myc-hRAMPl(C40A), -(C58A),

-(C72A), -(C82A) and -(C104A). Myc-hRAMPl and the mutants were

transiently coexpressed with the hCLR in COS-7 cells.

Li
Figure 1: '"l-hoCGRP binding to intact and mutant myc-hRAMPl/hCLR in COS-

7 cells. COS-7 cells were co-transfected with hCLR and indicated myc-hRAMPl. The

cells were incubated for 2h at 15°C with 60 pM 125I-hoCGRP (1.5 x 1014 Bq/mmol) in

the absence (total binding) and presence (nonspecific binding) of 1 //M haCGRP.

Specific 125I-haCGRP binding (total minus nonspecific binding) in cells cotransfected

with the hCLR and myc-hRAMPl (wt) was 1.3 ± 0.1 fmol/200'000 cells (n = 13) and

was set to 100 %. The results are means ± S.E.M. of at least 4 independent experiments.
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Specific I-haCGRP binding in cells expressing the hCLR with intact

myc-hRAMPl was 10.4 ± 0.7 % of added radioligand, set to 100 % and

defined as maximal binding (Figure 1). 125I-haCGRP binding was

indistinguishable from maximal binding in cells expressing the hCLR

together with myc-hRAMPlAl or -A5, but it was reduced to 15 ± 1 % (n =

4; P < 0.001) of maximal 125I-haCGRP binding with myc-hRAMPlAll and

indistinguishable from nonspecific 125I-haCGRP binding with myc-

hRAMPlA21. Specific 125I-haCGRP binding was similarly suppressed with

individual Cys40, Cys57 or Cys104 to Ala substitutions in the extracellular

domain of myc-hRAMPl. Substitution of Cys72 or Cys82 to Ala decreased

125I-hoCGRP binding to 13 ± 3 % (n = 5, P < 0.001) and 64 ± 6 % (n = 6, P

< 0.005) of maximal binding. 125I-hoCGRP binding in hCLR/myc-

hRAMPl, -Al, -A5 and -(C82A) expressing cells was inhibited by haCGRP

at indistinguishable IC50 (Table 1).

In COS-7 cells coexpressing the hCLR with intact myc-hRAMPl

haCGRP stimulated cAMP formation with an EC50 of 0.19 ± 0.04 nM and

the 49 ± 7-fold increase over basal levels with 10"6 M haCGRP was

considered as maximal and set to 100 % (Figure 2, Table 1). The cAMP

response was the same in cells coexpressing the hCLR with myc-

hRAMPl(C82A) and with myc-hRAMPlAl and -A5. Interestingly, further

truncation by 11 amino acids in myc-hRAMPlAll maintained the maximal

stimulation of cAMP by haCGRP, but the EC50 was increased 9-fold.

Decreased affinity for haCGRP explains the observed reduced 125I-

haCGRP binding in hCLR/myc-hRAMPlAl 1 expressing cells.
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ICso EC50

nM

myc-hRAMPl 19 ±4 (6) 0.19 ±0.04 (8)

-Al 16 + 3 (4) 0.26 + 0.07 (5)

-A5 16 + 4 (3) 0.20 ± 0.06 (4)

-All n.d. 1.53 ±0.24 (4)

-A21 n.d. n.s. (3)

-(C40A) n.d. 0.77 ±0.12 (3)

-(C57A) n.d. n.s. (3)

-(C72A) n.d. 0.27 ± 0.03 (3)

-(C82A) 18+1(3) 0.27 ± 0.03 (3)

-(CI 04A) n.d. n.s. (3)

Table 1: I-haCGRP binding inhibition and stimulation of cAMP formation by
haCGRP in COS-7 cells expressing the hCLR together with intact myc-hRAMPl
and the indicated mutants. Results are means ± S.E.M. with numbers of experiments in

parentheses; n.d., not determinable at up to 1 pM haCGRP; n.s., no cAMP stimulation at

up to 1 uM haCGRP.

Conversely, substitution of Cys and Cys to Ala minimally affected the

EC50 of haCGRP but the maximal cAMP response in hCLR/myc-

hRAMPl(C40A) or -(C72A) expressing cells decreased to 14 + 1 % and 33

± 2 %, respectively. Moreover, the stimulation of cAMP formation by

haCGRP was abolished in cells expressing the hCLR with the myc-

hRAMPl Cys27 to Asp47 deletion or the Cys57 or Cys104 to Ala substitution

mutants.
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Figure 2: Stimulation of cyclic AMP formation by haCGRP. COS-7 cells were

transfected with constructs for expression of the hCLR together with myc-hRAMPl (wt)
or the indicated deletion (left) or Cys to Ala substitution (right) mutants. The cells were

incubated for 15 min at 37°C with haCGRP in the presence of IBMX. In cells

expressing hCLR/myc-hRAMPl 10~6 M haCGRP stimulated cAMP formation 49 + 7-

fold (n = 9) and was set to 100 %. Basal cAMP levels ranged from 1-2 pmol/200'000
cells. The results are means of at least 3 independent experiments.

Taken together, the deletion of up to 5 amino acids in the extreme N-

terminus or the substitution of Cys82 in the extracellular domain of

hRAMPl did not affect the CGRP receptor function of the hCLR. More

extended deletions in the N-terminal region of up to 21 amino acids or the

substitution of Cys40, Cys57, Cys72 and Cys104 in the extracellular domain of

hRAMPl impaired or abolished the CGRP receptor function of the

coexpressed hCLR.
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Total and cell surface expression of hRAMPl deletion and

cysteine/alanine substitution mutants

Impaired expression and cell surface delivery of mutant myc-hRAMPl were

considered as mechanisms for defective receptor function of the

coexpressed hCLR. Expression of myc-hRAMPl and the mutants was

estimated by myc immunofluorescence staining of saponin permeabilised

COS-7 cells coexpressing the V5-hCLR (Figure 3) and by myc

immunochemiluminescence on Western blots of extracts of corresponding

cells (Figure 4). Myc immunofluorescence of permeabilised cells and

Western blot analysis of total cell extracts revealed comparable expression

levels of myc-hRAMPl and of all the mutants. The apparently faster

migration on SDS-PAGE of myc-hRAMPlA5 as compared to myc-

hRAMPlAll cannot be explained. Extensive DNA sequencing of the

corresponding constructs confirmed their predicted amino acid sequence.

The expression ofmyc-hRAMPl and of its mutants at the cell surface

was visualised and quantified by myc immunofluorescence staining of intact

cells (Figure 3). Indistinguishable cell surface expression was observed for

myc-hRAMPl and the -Al, -A5 and -(C82A) mutants, but the levels of

myc-hRAMPlAll and -(C72A) were only 18 ± 1 % and 24 + 7 % of myc-

hRAMPl and those of myc-hRAMPlA21, -(C40A), -(C57A) and -(C104A)

were below 10 %. Thus individual substitution by alanine of the second,

third, fourth and the sixth cysteine in the extracellular domain of hRAMPl

impaired or abolished its transport to the cell surface in the presence of the

hCLR. Deletions of 11 or 21 amino acids at the N-terminus ofhRAMPl had

similar effects.
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Figure 3: Cell surface and total expression of intact and mutant myc-hRAMPl. Cell

surface and total expression of intact and mutant myc-hRAMPl in COS-7 cells revealed

by myc immunofluorescent staining. Cells cotransfected with the hCLR and the

indicated myc-hRAMPl expression constructs were fixed with 4 % formalin. Intact

(surface) or saponin permeabilised (total) cells were stained with mouse anti-mye serum

and Cy3-labclled antibodies to mouse IgG. Cy3 fluorescence was recorded at a constant

exposure time of 550 msec. (A) Scale bar 100 fim. Representative experiment carried out

3 times. (B) Cell surface (open bars) and total (closed bars) Cy3 immunofluorescence in

panel A were quantified as described in Experimental. Inverse exposure times in control

pcDNA3 transfected cells, reflecting background fluorescence, ranged from 0.1 to 0.2

min" in nonpermeabilised and from 0.2 to 0.4 min"' in permeabilised cells and were

subtracted from individual measurements. The values obtained for wild-type (wt) myc-

hRAMPl in nonpermeabilised cells ranged from 1.9 to 3.5 min"1 and were set to 100 %.

The results are means ± S.E.M. of 3 independent experiments.
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Figure 4: Expression levels of V5-hCLR and myc-hRAMPl and its mutants. Lysates
of TSA cells cotransfected with V5-hCLR and myc-hRAMPl or mutant expression
constructs were separated by SDS-PAGE (15 %) and the proteins were electroblotted to

nitrocellulose. The V5-CLR and myc-hRAMPl (wt) and the indicated mutants were

visualised with HRP-labelled antibodies to V5 or myc. Actin as a reference to control for

protein loading was estimated with mouse antibodies to actin and secondary HRP-

conjugated antibodies to mouse IgG. Arrows indicate the position of protein size

markers. Representative experiment carried out three times.

Suppression of hCLR glycosylation by hRAMPl mutations

RAMPl-dependent posttranslational modification of core- to mature N-

glycosylated hCLR in mammalian cells has been well documented. The

corresponding increase in size of the V5-hCLR from between 50-60 kDa in

the absence of myc-hRAMPl to 73 kDa in its presence was confirmed in

the present study (Figure 4). Maturation of the V5-hCLR was not affected

by the myc-hRAMPl-A1, -A5, -All and -(C82A) mutations, but mature N-
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glycosylation of the V5-hCLR was suppressed by the myc-hRAMPlA21, -

(C40A), -(C57A), -(C72A) and -(C104A) mutations. Interestingly, mature

N-glycosylation of the V5-hCLR correlated with the expression of the myc-

hRAMPl mutants at the cell surface. Thus, mature N-glycosylation of the

hCLR in mammalian cells appears to require its cotransport with hRAMPl

to the cell periphery.
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DISCUSSION

The extracellular domains of RAMPl and -3 consist of approximately 90

amino acids. They have in common six conserved cysteine residues.

RAMP2 lacks the first and the fifth cysteine of RAMPl and -3 and the

remaining four conserved cysteines are required for delivery to the cell

surface and for AM receptor function of hCLR/hRAMP2 heterodimers [9].

Substitution of the N-terminal 24 amino acids of hRAMPl by the

corresponding amino acids of hRAMP2 abolished CGRP stimulated cAMP

formation [12]. This suggests that the extreme N-terminus of hRAMPl

which includes the first and the second cysteine is required for CGRP

receptor function of the hCLR/hRAMPl complex.

Here, the extreme N-terminus of myc-hRAMPl including the first

and the second cysteine, Cys27 and Cys40, was progressively truncated.

Moreover, Cys40, Cys57, Cys72, Cys82 and Cys104 were each replaced by

alanine. The effects of the mutations on the expression of myc-hRAMPl at

the cell surface and on CGRP receptor function of the coexpressed hCLR

have been analysed. The deletion of Cys27 or of 5 amino acids from Cys27 to

Asn31 of hRAMPl maintained CGRP receptor function of the hCLR.

Additional deletion of up to 11 or 21 amino acids, with the latter removing

also the second conserved cysteine in position 40, impaired or abolished the

expression of myc-hRAMPl at the cell surface and as a result, CGRP

receptor function of the hCLR. This is in accordance with the functional

defect of a hRAMP2/l chimera with 24 N-terminal amino acids of

hRAMP2 replacing the corresponding sequence of hRAMPl [12].

Altogether, the results indicate that hRAMPl function tolerates only

minimal N-terminal truncation.
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The loss of function of myc-hRAMPlA21 suggested that the second

cysteine in position 40, unlike Cys27, may be important for myc-hRAMPl

function and form a disulfide bridge with one of the four more C-terminal

conserved cysteines. This was investigated by individual substitutions of

Cys40, Cys57, Cys72, Cys82 and Cys104 by Ala. The Cys82 to Ala substitution,

much like the Cys27 deletion, maintained the myc-hRAMPl function, but

the Cys40, Cys57, Cys72 and Cys104 to Ala substitution severely impaired or

suppressed delivery of myc-hRAMPl to the cell surface and as a

consequence CGRP receptor function of the coexpressed hCLR.

Interestingly, Cys40, Cys57, Cys72 and Cys104, unlike Cys27 and Cys82 of

hRAMPl, correspond to the four conserved cysteines in hRAMP2 shown to

be required for AM receptor function of the coexpressed hCLR. This

suggests that correct folding of the extracellular domain of hRAMPl and -2

in the functional complex with the hCLR includes the formation of ring

structures by disulfide bridges between pairs of cysteine residues. The

observed residual CGRP receptor activity of the hCLR/myc-

hRAMPl(C40A) and -(C72A) heterodimers compared to an inactive hCLR

in the presence of myc-hRAMPl(C57A) or -(CI04A) is consistent with the

formation of disulfide bonds between Cys and Cys and between Cys

and Cys104 in hRAMPl, respectively (Figure 5).

r—s-s—.

^27 ^4(* ^57 „72 „82 „104«
NH2-C C C C—C ("^-^-COOH

Ls-sJ

Figure 5: Proposed disulfide bridges between conserved cysteines in the

extracellular domain of human RAMPl
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Interestingly, the inhibited or suppressed transport of myc-hRAMPlA21, -

(C40A), -(C57A), -(C72A) and -(C104A) also impairs posttranslational

mature N-glycosylation of the initially core glycosylated hCLR. The hCLR

on its way to the cell surface appears to bypass the machinery for mature

glycosylation in the Golgi in the absence of wild-type hRAMPl or in the

presence of defective hRAMPl mutants.

In conclusion, the hRAMPl requires most of its extreme N-terminus

and four out of six cysteine residues also conserved in the extracellular

domain of hRAMP2 for its functional interaction with the hCLR in the

hCLR/hRAMPl CGRP receptor complex. The four conserved cysteine

residues are required for cell surface delivery of hRAMPl. The formation of

two ring structures in the extracellular domain of hRAMPl during

maturation of the hCLR/hRAMPl CGRP receptor is proposed.
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Outlook

Detailed knowledge of the three-dimensional structure of proteins and the

sites of protein-protein interactions are important for drug development.

Computer-based models can occasionally be used to develop non-peptidic

low-molecular-weight receptor agonists or antagonists. To this end, CGRP

and AM receptor agonists are potent vasodilators whereas a CGRP

antagonist is used in a phase III study of migraine treatment.

With regard to the wide tissue distribution of RAMP expression it

appears possible that RAMP are not only important for the functional

regulation of receptors of the CT family of peptides. For this analysis we

have used glutathione S-tranferase (GST) pull-down assays. Fusion proteins

between RAMP and GST expressed in E. coli and conjugated to

glutathione-Sepharose 4B are now used for affinity extraction of the CLR,

the CTR and other proteins from mammalian cell extracts. Subdomains of

the individual RAMP found to be important for their interaction with the

CLR and the CTR are produced in E. coli and purified from cell extracts as

His- or GST-tagged proteins. The tags are then removed and the topology of

the purified peptides is investigated by NMR and X-ray diffraction.

Transgenic mice overexpressing RAMPl and -2 and/or the CLR with

an cc-actin promoter are produced in our laboratory and used for the analysis

of smooth muscle relaxation.
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