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Calcitonin (CT), calcitonin gene-related peptide
CGRP), amylin, and adrenomedullin constitute a fam-
ly of structurally related peptides that signal via ei-
her the calcitonin receptor-like receptor or the CT
eceptor, with receptor phenotype determined by co-
xpression of one of the three receptor activity-
odifying proteins (RAMPs). The nature of the inter-

ction between the receptor and RAMP was
nvestigated using chimeras between RAMP1 and
AMP2 where the amino-terminal domain of RAMP1
as attached to the transmembrane domain and car-
oxy terminus of RAMP2 and called RAMP1/2, and
ice versa for RAMP2/1. Cotransfection of wild-type or
himeric RAMPs with the insert-negative isoform of
he human CT receptor (hCTRI12) into COS-7 cells re-
ulted in the expression of 125I-rat amylin binding sites.
ighest specific binding was observed when either
AMP1 or RAMP2/1 were cotransfected, indicating

he importance of the RAMP transmembrane domain
nd/or carboxy terminus for the degree to which amy-
in receptors are expressed. In contrast, the phenotype
enerated was primarily determined by the amino ter-
inus, with similar RAMP1- and RAMP1/2-induced re-

eptor phenotypes that had higher affinity for human
GRPa and lower affinity for human calcitonin than

he RAMP2- and RAMP2/1-induced receptors. © 2000

cademic Press

Calcitonin (CT), calcitonin gene related peptide
CGRP), amylin and adrenomedullin constitute a fam-
ly of structurally related peptides with distinct biolog-
cal actions. They share a region of predicted a-helical
econdary structure from amino acid residues 8–18, an
nvariant carboxy terminal aromatic residue and a di-

1 To whom correspondence should be addressed. Fax: 61 3 9344
241. E-mail: p.sexton@pharmacology.unimelb.edu.au.
368006-291X/00 $35.00
opyright © 2000 by Academic Press
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mino acids that are important for agonist activity
1–3). Each of these peptides has distinct high-affinity
eceptors distinguished by unique profiles of peptide-
eceptor interaction (1–5).
Accumulating evidence indicates that two Class II,

even transmembrane domain G-protein coupled re-
eptors, the CT receptor-like receptor (CRLR) and the
T receptor form the basis of all the receptors for the
T/CGRP/amylin/adrenomedullin family of peptides

4, 5). Calcitonin receptors have been cloned from a
umber of different species and classified according to
heir high affinity and specificity for CT peptides (1, 4).
he CRLR, named as such because of its significant
mino acid sequence homology with the CT receptor
as isolated by molecular cloning strategies (6, 7).
owever, in early analysis, this receptor failed to re-

pond to any of the CT family of peptides (6) and
herefore was deemed an orphan receptor. It is now
lear that CRLR indeed plays a part in forming the
eceptor for CGRP or adrenomedullin, but only when
ssociated with one of three recently discovered pro-
eins termed receptor activity modifying proteins
RAMPs). RAMP1 trafficked CRLR forms a CGRP re-
eptor, while RAMP2 or RAMP3 trafficked receptor
orms an adrenomedullin receptor (8–10). Similarly,
AMPs can interact with the CT receptor gene product

o induce expression of distinct amylin receptor pheno-
ypes (11, 12). Co-transfection of RAMP1 with the most
ommon variant of the human CT receptor (termed
CTRI12 or hCTR2) induced amylin receptors that have
oderate to high affinity for salmon CT, amylin and
GRP but poor affinity for human CT, while RAMP3

nduced receptors have poor affinity for CGRP. In con-
rast, RAMP2 caused only weak induction of amylin
inding and the induced phenotype has yet to be char-
cterized (11, 12).



In this study we have analyzed the RAMP2 induced
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henotype and used the differences between RAMP1
nd RAMP2 induced amylin receptors to explore the
echanistic basis for RAMP-CT receptor interaction.
sing chimeras of RAMP1 and RAMP2, where the
mino terminal extracellular domains were exchanged,
e have demonstrated the amino terminus and the

ransmembrane domain/intracellular C-terminus both
lay important and distinct roles in the induction of
mylin receptor phenotypes.

ATERIALS AND METHODS

Salmon CT (sCT), human CGRPa, rat amylin, and human CT
hCT) were obtained from Peninsula Laboratories (Belmont, CA).
ulbecco’s modified Eagle’s medium (DMEM), fetal bovine se-

um (FBS), N-[2-hydroxyethyl]piperazine-N9-[2-ethanesulfonic acid]
Hepes), gentamycin, Geneticin (G418), and Lipofectamine were
rom GibcoBRL, Life Technologies (Grand Island, NY), as were tis-
ue culture plates and flasks. Bovine serum albumin (BSA) was
btained from Commonwealth Serum Laboratories (Parkville, Aus-
ralia). N-succinimidyl 3-(4-hydroxy,5,-[125I] iodophenyl) propionate
Bolton–Hunter reagent; 2000 Ci/mmol) was from Amersham (Buck-
nghamshire, UK). 125I-rat amylin (specific activity 2000 Ci/mmol)
as iodinated by the Bolton–Hunter method and purified by reverse-
hase high-performance liquid chromatography as previously de-
cribed (13). All other chemicals were from Sigma chemical company
St. Louis, MO) and were reagent grade or better.

The chimeric RAMP constructs were those described by Fraser et
l. (9). The “splice” between RAMP1 and RAMP2 sequences coincides
ith the conserved Asp Pro Pro sequence at the “outside” of the

ransmembrane domain.

Cell culture. Green monkey kidney COS-7 cells were maintained
n 150-cm2 flasks at 37°C in a humidified atmosphere with 5%
O2:95% air, in DMEM supplemented with 5% FBS, 80 mg/liter
entamycin, 1 mg/liter minocycline, and 15 mM Hepes. Cells were
ubcultured weekly using 0.025% trypsin in phosphate-buffered sa-
ine (PBS) (140 mM NaCl, 2 mM KCl, 1 mM KH2PO4, 8 mM
a2HPO4, pH 7.3) with 5 mM EDTA to harvest the cells.

Cell transfections. The amount of RAMP DNA to use in transfec-
ions was determined from preliminary experiments cotransfecting
00 ng/well hCTRI12 and increasing concentrations of RAMPs.
AMP (100 ng/well) was chosen for further transfections as it pro-
ided the highest level of induced amylin phenotype (not shown). For
nalysis of RAMP chimeras, COS-7 cells were cotransfected with
ipofectamine as previously described (11) with 100 ng of hCTRI12

ubcloned into pZem228CC (14) and either pcDNA3 (Invitrogen, CA)
ector alone or RAMP1, RAMP2, RAMP1/2 or RAMP2/1 subcloned
nto the pcDNA3 mammalian expression vector (8, 9). Cells were
ubcultured into 24 well plates and incubated for 24 h to grow cells
o ;60% confluency. Complexes of hCTRI12 and RAMP DNA with
ipofectamine were formed by incubation of Lipofectamine and DNA

n serum and antibiotic-free DMEM for 45 min at 22°C. The media in
he wells was replaced with media containing DNA–Lipofectamine
omplexes and incubated for ;16 h prior to the addition of DMEM
upplemented with 10% FBS. Cells were incubated for a further 24 h
efore competition binding assays were performed.

Receptor binding assays. Growth media was aspirated and bind-
ng buffer (DMEM with 0.1% BSA) containing ;100 pM 125I-rat
mylin was added in the absence or presence (10211 to 1026 M pep-
ide) of competing unlabeled peptides rat amylin, human CGRPa,
CT or sCT. Non specific binding was defined as binding in the
resence of 1026 M unlabeled amylin. Cells were incubated at 37°C
or 60 min, then binding buffer aspirated and unbound radioactivity
369
ashed from the wells with 0.5 ml ice-cold PBS. Cells were solubi-
ized by the addition of 0.5 ml of 0.5 M NaOH and radioactivity was
etected by a Packard gamma-counter (;75% efficiency). At least
our experiments with triplicate repeats were performed for each
adioligand binding experiment.

Statistical analysis. Results of binding studies are shown as
eans 6 SEM. For competition binding studies, 95% confidence

imits and half maximal inhibitory concentrations (IC50) values were
alculated by non-linear regression using GraphPad PRISM (Version
) (Graphpad Software, CA). Binding data were analyzed simulta-
eously for one site and two site fits, with the best-fit equation
etermined by an F test. Differences in binding levels were compared
y a Wilcoxon signed ranks test (SigmaStat Version 2; SPSS Soft-
are, Inc., IL).

ESULTS

Both RAMP1 and RAMP2, co-transfected with
CTRI12 into COS-7 cells, increased the level of specific

125I-rat amylin binding compared to the pcDNA3 con-
rol (Fig. 1). However, the magnitude of the increase in
inding differed between the RAMP1 and RAMP2 in-
uced receptors with RAMP1 generating higher levels
f binding than RAMP2 (P , 0.05; n 5 7, Wilcoxon
igned ranks test) (Fig. 1).
Analysis of receptor phenotype by competition of 125I-

at amylin binding with unlabeled peptides revealed
hat the receptor phenotypes generated by the two
AMPs were different. Each receptor phenotype had
quivalent affinity for sCT and rat amylin, however the
AMP1 induced receptors had significantly higher af-
nity for CGRP and lower affinity for hCT than the
AMP2 phenotype (Table 1; Figs. 2A and 2B).
To further analyze the mechanism of RAMP-receptor

nteraction, chimeras between RAMP1 and RAMP2

FIG. 1. Specific 125I-rat amylin binding to COS-7 cells co-
ransfected with 100 ng hCTRI12 and 100 ng RAMPs or vector
pcDNA3) control. The level of RAMP induced binding was compared
sing Wilcoxon signed ranks tests where P , 0.05 was considered
ignificant. Data are means 6 SEM (n 5 7).
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ere studied. These chimeras were generated by splic-
ng the amino terminus of RAMP1 with the transmem-
rane and carboxy terminal domains of RAMP2
RAMP1/2), and vice versa (RAMP2/1) (9). Following
o-transfection into COS-7 cells with hCTRI12, the level
f 125I-rat amylin binding induced by the RAMP1/2
himera was equivalent to that of RAMP2, while the
AMP2/1 chimera induced similar binding levels to
AMP1 (Fig. 1). Thus the level of amylin binding in-
uced by the RAMPs appears to be principally influ-
nced by the transmembrane and carboxy terminal
omains of RAMP.
In contrast, the RAMP1/2 induced amylin receptor

henotype was similar to that induced by RAMP1 with
omparable affinities of the individual competing pep-
ides for these sites (Table 1, Figs. 2A and 2C). Peptide
inding at the RAMP2 and RAMP2/1 induced amylin
eceptors was also similar, except that human CGRPa
ad a slightly lower affinity at the RAMP2-derived
eceptor than at the RAMP2/1 induced receptor (Table
, Figs. 2B and 2D). Rat amylin and sCT had the same
ffinity for each RAMP induced receptor phenotype
Table 1, Fig. 2). These data confirm that the differ-
nces in binding levels produced by co-expression of
AMPs and their chimeras reflect changes in receptor
umbers and not their affinity for amylin.

ISCUSSION

RAMPs are integral membrane proteins with a large
xtracellular amino terminus, a single transmembrane
panning domain and a short (;10 amino acid)
-terminal intracellular tail. These proteins alter the
henotype of at least two G-protein coupled receptors;
he CT receptor and CRLR (8, 11, 12), although, their
echanism of action is only partially understood.
RLR plus native RAMP1 or RAMP2 produces similar

evels of two very different receptors, those for CGRP

pIC50 Values (M) for Peptides in Competition for 12

with hCTRI12 (100 ng) and Wild-Typ

Rat amylin Huma

AMP1 Site 1 8.27 6 0.11 7.87
AMP2 Site 1 7.82 6 0.15 5.86

Site 2
AMP1/2 Site 1 8.26 6 0.17 7.71
AMP2/1 Site 1 8.14 6 0.07 6.97

Site 2

Note. There is no significant difference in the receptor phenotyp
quivalent except for a lower affinity for CGRP at RAMP2-induced re
hen compared with RAMP1.

* Lower affinity than RAMP1, RAMP1/2, and RAMP2/1 (P , 0
** Lower affinity than RAMP1 and RAMP1/2 (P , 0.05).

*** RAMP2 and RAMP2/1 exhibit a two-site fit for hCT (F test, P
370
r adrenomedullin, respectively (8, 9). In contrast,
AMP1 and RAMP2, in this study, both induced 125I-
at amylin binding when co-transfected with hCTRI12

nto COS-7 cells, however, the level of induced binding
nd resultant receptor phenotypes differed signifi-
antly. These differences enabled the definition of func-
ionally important domains for RAMP function
hrough exchange of the amino terminal domains of
AMP1 and RAMP2.
The RAMP1-induced amylin receptor was equivalent

o previously described RAMP1/hCTRI12-induced re-
eptors (11, 12). In contrast, the RAMP2/hCTRI12-
nduced amylin receptor phenotype had not previously
een characterized, as the level of RAMP2 induced
inding in earlier studies too low to allow phenotypic
nalysis (11, 12). The RAMP2/hCTRI12 phenotype dif-
ered from the RAMP1/hCTRI12 phenotype in that it
ad higher affinity for hCT and lower affinity for
GRPa. Nonetheless, both receptors displayed equiv-
lent affinity for rat amylin and sCT, indicating that
he difference in the level of 125I-amylin binding is due
o differences in the capacity of RAMP1 and RAMP2 to
nteract with the CT receptor to alter phenotype.

Using the chimeric RAMPs to define the relative
ontribution of the amino terminal domain versus the
ransmembrane domain and carboxy terminus, we
emonstrated that RAMP2/1 induced equivalent levels
f amylin binding to that induced by RAMP1. Similarly
he level of binding following RAMP1/2 cotransfection
as equivalent to RAMP2 and was less than that in-
uced by RAMP1 or RAMP2/1. As the affinity of amylin
as equivalent for each RAMP-induced receptor the
ata indicates that the transmembrane domain and
arboxy terminus of RAMP are important in defining
he receptors’ expression. This was not the case when
he same chimeras were co-expressed with CRLR;
AMP1 and RAMP1/2 produced similar levels of CGRP
inding. RAMP2 and RAMP2/1 produced similar levels

at Amylin Binding to COS-7 Cells Cotransfected
r Chimeric RAMPs (100 ng) (n 5 4)

GRPa Human calcitonin Salmon calcitonin

.09 6.92 6 0.10 9.05 6 0.08

.23* 8.08 6 0.29 (73%)*** 8.89 6 0.15
4.4 6 10 (27%)

.14 7.41 6 0.15 9.12 6 0.15

.17** 8.59 6 0.24 (64%)*** 9.01 6 0.13
6.14 6 0.35 (36%)

or RAMP1 and RAMP1/2. RAMP2 and RAMP2/1 phenotypes are
tors. RAMP2 has higher affinity for hCT and lower affinity for CGRP

).

0.05).
5I-R
e o

n C

6 0
6 0

6 0
6 0

e f
cep

.05

,
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f adrenomedullin binding. The appearance of CGRP
r adrenomedullin binding correlated with the glyco-
ylation state of CRLR, where “terminal” glycosylation
as associated with the CGRP receptor phenotype (9).
hese data could be explained if the transmembrane
omain and carboxy terminus of RAMP1 were able to
orm a tighter interaction with the CT receptor than
ould the corresponding domains of RAMP2. A more
table complex could lead to a greater level of ex-
ressed amylin receptor phenotype (Fig. 3). That the
evel of CGRP binding seen following RAMP1 and
AMP1/2 co-transfection with CRLR is equivalent may

mply that the interaction between RAMP1 and
AMP2 with CRLR through the transmembrane do-
ain and carboxy terminus is similar. Alternatively it
ay be that interaction between CRLR and RAMPs

FIG. 2. Peptide competition for 125I-rat amylin binding to COS-7
chematic), (B) RAMP2 (unfilled schematic), (C) RAMP1/2 or (D) RAM
Œ) were used to compete for 125I-rat amylin binding. Data are means
epeats and are expressed as a percentage of specific amylin binding i
ound in the absence of competing peptide; N, nonspecific binding de
hese experiments are shown in Table 1.
371
ccurs principally through the amino terminal domain,
n contrast to the likely mechanism of RAMP/CT re-
eptor interaction.
The receptor phenotypes generated by co-

ransfection of RAMPs and hCTRI12 differed in their
pecificity of interaction for human calcitonin and
uman CGRPa. The RAMP1/2 induced phenotype
as equivalent to the RAMP1 induced phenotype
espite lower levels of expressed binding. The
AMP2 and RAMP2/1 binding sites also share a
imilar phenotype, with higher affinity for human
alcitonin and lower affinity for human CGRPa com-
ared with the RAMP1 and RAMP1/2 phenotypes.
hus, the receptor specificity for competing peptides
ppears to be primarily dictated by the amino termi-
us present, possibly a result of a direct contribution

ls cotransfected with 100 ng hCTRI12 and 100 ng (A) RAMP1 (filled
2/1. Unlabeled rat amylin (F), sCT (E), hCT (‚) and human CGRPa
SEM of four individual experiments each performed with triplicate
e absence of competing peptide. B, 125I-amylin bound; Bo, 125I-amylin
mined in the presence of 1026 M unlabeled amylin. pIC50 values for
cel
P
6

n th
ter
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y the RAMP amino terminus to peptide binding
ocket (Fig. 3).
This study provides insight into the molecular na-

ure of RAMP-CT receptor interaction with the carboxy
erminal and/or transmembrane domains of RAMP im-

FIG. 3. Schematic representation of probable key interactions of
AMP and CT receptors. (A) The principal site of high affinity

nteraction between RAMP and the receptor is the transmembrane
omain/C-terminus of RAMP and it is therefore the strength of this
nteraction that determines the level of expressed receptor pheno-
ype. Following this the amino terminal domain of RAMP is able to
odify the peptide-binding pocket of the receptor, either directly or

ndirectly (B), leading to induction of amylin receptor phenotypes. A
inor role for the transmembrane domain/C-terminus in defining

eceptor phenotype, through either allosteric modulation of the re-
eptor or effects on coupling proteins is also possible.
372
he amino-terminal domain being the principal deter-
inant of phenotype.
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