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BACKGROUND AND PURPOSE
The extracellular loops (ECLs) in Family A GPCRs are important for ligand binding and receptor activation, but little is known
about the function of Family B GPCR ECLs, especially ECL3. Calcitonin receptor-like receptor (CLR), a Family B GPCR,
functions as a calcitonin gene-related peptide (CGRP) and an adrenomedullin (AM) receptor in association with three receptor
activity-modifying proteins (RAMPs). Here, we examined the function of the ECL3 of human CLR within the CGRP and AM
receptors.

EXPERIMENTAL APPROACH
A CLR ECL3 chimera, in which the ECL3 of CLR was substituted with that of VPAC2 (a Family B GPCR that is unable to
interact with RAMPs), and CLR ECL3 point mutants were constructed and transiently transfected into HEK-293 cells along with
each RAMP. Cell-surface expression of each receptor complex was then measured by flow cytometry; [125I]-CGRP and [125I]-AM
binding and intracellular cAMP accumulation were also measured.

KEY RESULTS
Co-expression of the CLR ECL3 chimera with RAMP2 or RAMP3 led to significant reductions in the induction of cAMP
signalling by AM, but CGRP signalling was barely affected, despite normal cell-surface expression of the receptors and normal
[125I]-AM binding. The chimera had significantly decreased AM, but not CGRP, responses in the presence of RAMP1. Not all
CLR ECL3 mutants supported these findings.

CONCLUSIONS AND IMPLICATIONS
The human CLR ECL3 is crucial for AM-induced cAMP responses via three CLR/RAMP heterodimers, and activation of these
heterodimers probably relies on AM-induced conformational changes. This study provides a clue to the molecular basis of the
activation of RAMP-based Family B GPCRs.

LINKED ARTICLES
This article is part of a themed section on Secretin Family (Class B) G Protein-Coupled Receptors. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2012.166.issue-1
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AM, adrenomedullin; CGRP, calcitonin gene-related peptide; CLR, calcitonin receptor-like receptor; ECL, extracellular
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BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2011.01803.x
www.brjpharmacol.org

British Journal of Pharmacology (2012) 166 137–150 137© 2011 The Authors
British Journal of Pharmacology © 2011 The British Pharmacological Society



Introduction
Among the Family B GPCRs, calcitonin receptor-like receptor
(CLR) is the first known partner of all three receptor activity-
modifying proteins (RAMPs) (McLatchie et al., 1998). When
acting as chaperones, RAMPs transport CLR to the cell
surface, where CLR/RAMP1 forms the functional calcitonin
gene-related peptide (CGRP) receptor. CLR/RAMP2 and -3
both form adrenomedullin (AM) receptors, although CLR/
RAMP2 (AM1 receptor) is more specific for AM than CLR/
RAMP3 (AM2 receptor) (Poyner et al., 2002; Hay et al., 2003;
Muff et al., 2003). CLR/RAMP1 can also induce a similarly
strong response to higher concentrations of AM (Kuwasako
et al., 2004a). AM, like CGRP, is a potent vasodilator that also
exerts strong protective effects against multi-organ damage
(Gibbons et al., 2007; Kuwasako et al., 2011b).

Recent crystal structural analysis revealed that activation
of Family A GPCRs is accompanied by movements among the
seven transmembrane domains (TMs) (Wess et al., 2008;
Topiol and Sabio, 2009; Simpson et al., 2011; Standfuss et al.,
2011). A similar phenomenon is believed to also occur in
Family B GPCRs (Conner et al., 2007a; Chugunov et al.,
2010), but no crystal structure of a whole receptor is currently
available. It is known from the crystal structures of Family A
GPCRs that their extracellular loops (ECLs) are orientated to
interact with each other and with the TMs. In addition to
serving as linkers between TMs, the ECLs of Family A GPCRs
are known to be important determinants of ligand binding
and receptor activation (Lawson and Wheatley, 2004; Hawtin
et al., 2006; Peeters et al., 2011). The orientation of ECL2 in
the majority of Family A GPCRs is restricted by a conserved
disulfide bond between ECL2 and the top of TM3 (Conner
et al., 2007b). Similarly, ECLs 1 and 2 in Family B GPCRs form
a conserved disulfide bond for receptor stabilization
(Kuwasako et al., 2003). The Family B GPCR ECLs are impor-
tant for peptide ligand binding and receptor activation, but
little is known about the function of ECL3, and there have
been no reports on the function of TMs 1, 2, 4, 5 and 7 of CLR
(Walker et al., 2010; Wheatley et al., 2012).

As with Family A GPCRs, the functions of the various
regions of Family B GPCRs have been investigated using a
chimeric receptor strategy, in which the target sequence of
one GPCR was replaced with the corresponding sequence
from a different GPCR (Nielsen et al., 2000; Van Rampelbergh
et al., 2000; Unson et al., 2002; Runge et al., 2003; Koller et al.,
2004; Salvatore et al., 2006; Kuwasako et al., 2009). To deter-
mine which structural regions of human (h)CLR govern CLR/
RAMP trafficking and function, we recently generated a set of
nine chimeras (CH-1 to CH-9) in which regions of CLR were
replaced with corresponding sequences from vasoactive intes-
tinal peptide (VIP)/pituitary adenylate cyclase-activating
polypeptide type 2 receptor (VPAC2; another Family B
GPCR), which does not interact with RAMPs (Christopoulos
et al., 2003). Using these chimeras, we first determined the
CLR regions (between TM1 and TM5) responsible for the
trafficking interactions with each RAMP (Kuwasako et al.,
2009). Our preliminary experiments showed that CH-7,
which contained ECL3 and TM7 from VPAC2, impaired the
production of cAMP by AM via the AM1 and AM2 receptors
but affected CGRP responses via the CGRP receptor to a lesser
extent.

To investigate the function of the CLR ECL3 within the
CGRP and AM receptors, we generated CH-I and CH-II, in
which the ECL3 and TM7 of CLR were each substituted with
the corresponding sequences from VPAC2. Our findings
suggest that the CLR ECL3 plays a key role in AM-induced
cAMP signalling via the three CLR/RAMP heterodimers, and
the activation of these heterodimers probably relies on
AM-induced conformational changes.

Methods

Expression constructs
Double V5 epitope-tagged human CLR (V5-CLR) and all three
V5-RAMPs were prepared as described previously (Kuwasako
et al., 2009) and cloned into the mammalian expression
vector pCAGGS/Neo (Kuwasako et al., 2000). Corresponding
untagged constructs served as controls.

Chimera construction
We previously used seven restriction sites to construct nine
human CLR chimeras (CH-1 to CH-9), in which CLR domains
were sequentially substituted with corresponding sequences
from the human VPAC2 receptor (Kuwasako et al., 2009). Of
those chimeras, CH-7, in which the ECL3 and TM7 of CLR
were exchanged with those of VPAC2, was used in the present
study (Figure 1). As shown in Figure 1B, we also constructed
two new CLR/VPAC2 chimeras, CH-I and CH-II, in which
either CLR ECL3 or TM7 was replaced with the corresponding
sequence from VPAC2 using three restriction sites EcoT14 I
(Sty I), EcoT22 I (Ava III) and Avi II (Mst I). Human CLR
naturally possesses an EcoT14 I site, and the other two sites
were introduced without altering the amino acid sequence of
the receptor. Human VPAC2 shares only 30% amino acid
sequence identity with human CLR and contains none of the
three restriction sites. Therefore, corresponding VPAC2 frag-
ments containing the necessary restriction sites were pre-
pared by PCR using a primer set containing the sites
5′-EcoT14 I-VPAC2 ECL3-EcoT22 I-3′ and 5′-EcoT22 I-VPAC2
TM7-Avi II-3′. The separate CLR and VPAC2 fragments were
then ligated into the same pCAGGS/Neo expression vector.
The resulting chimeric constructs were all sequenced using an
Applied Biosystems 310 Genetic Analyzer (Foster City, CA,
USA).

Site-directed mutagenesis
Single and triple amino acid substitutions were carried out
using a QuikChange kit (Stratagene Corporation, La Jolla, CA,
USA) according to the manufacturer’s instructions, with
pIRES1-V5-CLR serving as the template. pIRES1-V5-CLR was
constructed by subcloning the coding sequence of human
V5-CLR into pIRES/Neo (Clontech, Palo Alto, CA). For each
mutation, two complementary 30- to 40-mer oligonucle-
otides (sense and antisense) were designed with the mutation
in the middle. The resulting mutants were all sequenced
using an Applied Biosystems 310 Genetic Analyzer.

Cell culture and DNA transfection
HEK-293 cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% heat-inactivated
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fetal bovine serum (FBS), 100 U·mL-1 penicillin G,
100 mg·mL-1 streptomycin and 0.25 mg·mL-1 amphotericin B
at 37°C under a humidified atmosphere of 95% air/5% CO2.
Transient transfection of the cells was accomplished using
Lipofectamine™ with Plus™ reagent (Invitrogen Corpora-
tion, Carlsbad, CA, USA) as previously described (Kuwasako
et al., 2011a). Briefly, the cells were seeded into 12-well plates
(for flow cytometric analysis) or 24-well plates (for binding
and cAMP assays) and, upon reaching 70–80% confluence,
were transfected with empty vector (pCAGGS/Neo or pIRES/
Neo) (Mock) or V5-tagged wild-type (WT), pCAGGS-chimeric
or pIRES-mutant constructs; V5-CLR was included in each
transfection set. DNA complex with transfection reagents was
formed by incubating the cells for 4 h in OptiMEM 1 medium
containing plasmid DNAs (0.2 mg per well for 24-well plates;
0.4 mg per well for 12-well plates), Plus reagent (2 mL per well
for 24-well plates; 2.5 mL per well for 12-well plates) and
Lipofectamine reagent (2 mL per well for 24-well plates; 2.5 mL
per well for 12-well plates). All experiments were performed
36–48 h after transfection.

Flow cytometry
Flow cytometry was used to assess the cell-surface expression
levels of V5-tagged receptor proteins. Following transient
co-transfection of the indicated cDNAs for WT or mutant
V5-CLR and RAMP or those for WT or mutant CLR and
V5-RAMP into HEK-293 cells in 12-well plates, the cells were
washed once with ice-cold PBS and then non-enzymatically
harvested with ice-cold FACS buffer (Kuwasako et al., 2000).
After centrifugation at 200¥ g for 4 min at 4°C, the cells were
resuspended in FACS buffer and labelled with fluorescein
isothiocyanate (FITC) conjugated mouse anti-V5 monoclonal
antibody (anti-V5-FITC antibody) (Invitrogen, diluted 1:1000

in FACS buffer) for 2 h at 4°C in the dark. The cells were then
washed twice with ice-cold FACS buffer, resuspended to a
density of 2 ¥ 105 cells per tube in FACS buffer containing
5 mg·mL-1 propidium iodide and subjected to flow cytometry
in an EPICS XL flow cytometer (Beckman Coulter, Fullerton,
CA, USA). The cell-surface expression frequency of each
V5-tagged receptor (% of cells) was analysed using EXPO 2
software (Beckman Coulter) (Kuwasako et al., 2000). FITC
fluorescence was excited at 488 nm, and emission was moni-
tored at 530 nm. Viability was assessed on the basis of the
exclusion of propidium iodide.

Radioligand binding
[125I]-[His10]-aCGRP (specific activity 2.2 mCi·pmol-1) was pur-
chased from PerkinElmer (Yokohama, Japan), and [125I]-AM
(specific activity 2 mCi·pmol-1) was produced in our labora-
tory as previously described (Kitamura et al., 1994). To assess
whole-cell radioligand binding, transfected HEK-293 cells in
24-well plates were washed once with pre-warmed PBS and
incubated for 20 min at 37°C with 0.1% BSA/PBS to reduce
non-specific binding of aCGRP and AM, after which, the
remaining adherent cells were washed with ice-cold PBS. The
cells were then incubated with 40 000 c.p.m. of [125I]-aCGRP
or 100 000 c.p.m. of [125I]-AM for 4 h at 4°C in the absence
(for total binding) or presence of different concentrations of
unlabelled aCGRP or AM as appropriate (1 mM was used to
define non-specific binding) in modified Krebs-Ringers-
HEPES medium (Kuwasako et al., 2000). After washing once
with ice-cold PBS, the cells were solubilized with 0.5 mL of
0.5 M NaOH, and the associated cellular radioactivity was
measured in a g-counter. Specific binding was defined as the
difference between the total binding and non-specific
binding.

Figure 1
(A) Amino acid sequence alignment of ECL3 and TM7 of human CLR with the corresponding domains of the human VPAC2 receptor. Alignment
of CLR ECL3 and TM7 is based on a previous report (Bailey and Hay, 2007). A homology search for both receptors was performed using DNASIS
(Hitachi Solutions, Ltd, Tokyo, Japan). Vertical dashes indicate conserved amino acids. (B) Alignment of the three CLR/VPAC2 chimeras. Chimeras
were constructed using three restriction sites: EcoT14 I, EcoT22 I and Avi II (see Methods section). CH-7 was generated by replacing CLR ECL3 and
TM7 with the corresponding sequence from VPAC2 using 5′ EcoT14I and 3′ Avi II sites (Kuwasako et al., 2009). Likewise, CH-I and CH-II were
constructed by substituting CLR ECL3 (using 5′ EcoT14 I and 3′ EcoT22 I sites) or CLR TM7 (using 5′ EcoT22 I and 3′ Avi II sites), respectively.
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Measurement of intracellular cAMP
cAMP assays were carried out as described previously
(Kuwasako et al., 2011a). Transfectants in 24-well plates were
incubated for 15 min at 37°C in Hanks’ buffer contain-
ing 20 mM HEPES, 0.2% BSA, 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX) and the indicated concentrations of
AM. The reactions were terminated by the addition of lysis
buffer (GE Healthcare, Tokyo, Japan), after which, the cAMP
content was determined using a commercial enzyme immu-
noassay kit according to the manufacturer’s instructions (GE
Healthcare) for a non-acetylation protocol.

Data analysis and statistics
At least five independent replicates were performed for each
of the aforementioned experiments, and the results are
expressed as mean � SEM. Data were analysed using Prism
5.02 (GraphPad Software Inc., San Diego, CA, USA). The
binding and cAMP data were fitted to obtain pIC50 and pEC50

values, respectively. A four-parameter logistic equation was
used for curve fitting. For each fit, the Hill slope was com-
pared to unity by F-test. When the Hill slope was not different
from one, the data were re-fitted to a three-parameter logistic
equation (Hill slope of one). In cases where the Hill slope
differed from one, further analysis was performed to ascertain
whether Hill slopes differed within a particular data set by
F-test. Hill slopes that deviate from unity are reported within
the results narrative. Differences among multiple groups were
evaluated using one-way ANOVA as appropriate, where
P < 0.05 was considered significant. Post hoc testing was via
Dunnett’s test for comparison with control.

Reagents and other materials
All 125I-labelled and unlabelled ligands used were of human
origin. aCGRP was purchased from the Peptide Institute
(Osaka, Japan), and AM was kindly donated by Shionogi &
Co. (Osaka, Japan). Peptides were dissolved in sterile, distilled
H2O to a concentration of 1 mM and stored as aliquots at
-80°C in siliconized microcentrifuge tubes. IBMX and BSA
were from Sigma-Aldrich Corporation (St Louis, MO, USA).
DMEM and FBS were from Invitrogen. All other reagents were
of analytical grade and obtained from various commercial
suppliers.

Results

Cell-surface expression of CLR/VPAC2
chimeras co-expressed with RAMPs
We initially evaluated the effects of transient co-transfection
of WT-RAMPs on the cell-surface expression of V5-CH-7,
V5-CH-I and V5-CH-II in HEK-293 cells (Figure 2A), which do
not endogenously express any functional CGRP or AM recep-
tors (Kuwasako et al., 2004b; 2008). In cells transfected with
the empty vector (Mock), surface binding of an anti-V5-FITC
antibody was within the 2% limit of resolution characteristic
of flow cytometry. When expressed alone, FITC-labelled
V5-CLR was detected in ~30% of cells. This phenomenon has
also been seen in COS-7 cells, which are frequently used in
transfection studies and also express no functional RAMPs

(Ittner et al., 2004; Koller et al., 2004; Kuwasako et al., 2009).
In the present study, the frequency of surface WT V5-CLR and
chimeric V5-CLR expression was significantly increased by
the co-transfection of each RAMP. In the absence of exog-
enous RAMPs, two chimeras, CH-7 and CH-I, appeared at the
cell surface at levels nearly the same as that seen with Mock.
We compared the expression of each chimera to WT, when
expressed with each RAMP. With RAMP1, each chimera
caused a small but significant decrease in cell-surface delivery,
compared to WT. For RAMP2 and RAMP3, only CH-I delivery
was slightly reduced.

We also assessed the changes in the frequency of cell-
surface expression of V5-RAMPs that occurred after
co-transfection of untagged WT and chimeric CLR
(Figure 2B). In contrast to V5-RAMP1 and V5-RAMP2,
V5-RAMP3 appeared at the surface of ~28% of cells when the
protein was expressed alone, probably because of its self-
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Figure 2
(A) Flow cytometric analysis of the cell-surface expression of WT or
chimeric V5-CLR (CH-7, CH-I and CH-II) following transfection into
HEK-293 cells, with or without WT-RAMP1, -2 or -3. Cell-surface
expression of each FITC-labelled receptor protein was estimated by
flow cytometry. Data are shown as the means � SEM of five separate
experiments. *P < 0.05 vs. corresponding Vector/V5-CLR or -CH,
#P < 0.05 vs. corresponding V5-CLR/WT-RAMP. (B) Flow cytometric
analysis of the cell-surface expression of V5-RAMP1, -2 or -3 follow-
ing transfection into HEK-293 cells, with WT or chimeric CLR (CH-7,
CH-I and CH-II). Cell-surface expression of each construct was analy-
sed by flow cytometry. Data are shown as the means � SEM of six
separate experiments. *P < 0.05 vs. corresponding Vector/V5-RAMP,
#P < 0.05 vs. corresponding WT-CLR/V5-RAMP.
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transport to the cell surface (Flahaut et al., 2002) or its inter-
action with other endogenous GPCRs (Hay et al., 2006;
Sexton et al., 2009). CH-7, CH-I and CH-II all markedly
increased the frequency of the surface expression of
V5-RAMP1 and V5-RAMP2 to a level comparable to that seen
with CLR. Significant increases in V5-RAMP3 translocation
were also observed when it was co-expressed with the WT or
chimeric CLR constructs, but the magnitude of the changes
was much smaller than was seen with V5-RAMP1 and
V5-RAMP2. The expression frequency of RAMP1 was

unchanged in the presence of each chimera when compared
to WT. A significant decrease in RAMP2 and RAMP3 expres-
sion was observed in the presence of CH-I. CH-II only
reduced the expression of RAMP3.
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Figure 3
Specific binding of [125I]-CGRP (A) and [125I]-AM (B) to heterodimeric
receptors composed of WT-RAMP and WT or chimeric CLR (CH-7,
CH-I and CH-II). HEK-293 cells were transiently transfected with a
WT-RAMP and WT-CLR or one of its three chimeras. Data are shown
as the means � SEM of five to eight experiments in (A) and five to
nine experiments in (B) and are expressed as percentages of CLR/
RAMP1 (A) or CLR/RAMP2 (B). *P < 0.05 vs. corresponding WT-CLR/
RAMP (A, B).
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[125I]-CGRP and [125I]-AM binding to
cell-surface CLR/VPAC2 chimeras
We next evaluated the binding of [125I]-CGRP and [125I]-AM to
cells expressing each of the WT and chimeric receptors (Fig-
ures 3 and 4). Cells transfected with Mock showed only low
levels of specific radioligand binding (Figure 3), but marked
increases in [125I]-CGRP binding were observed in cells
expressing RAMP1 with WT-CLR, CH-I or CH-II (Figure 3A).
The specific binding of [125I]-CGRP to CH-7/RAMP1 was also
increased but was much lower than the binding to CH-I/
RAMP1 and CH-II/RAMP1. Cells co-expressing RAMP2 or
RAMP3 with WT-CLR or one of the chimeras bound little
[125I]-CGRP. In contrast, marked increases in specific [125I]-AM
binding were seen with all four CLR proteins co-expressed
with RAMP2 or RAMP3 (Figure 3B). There was no significant
difference between the specific [125I]-AM binding to CH-I/
RAMP2 and CLR/RAMP2. However, the specific binding of
[125I]-AM to CH-7/RAMP2 was significantly lower than to
CLR/RAMP2, while the specific binding of [125I]-AM to CH-II/
RAMP2 was significantly higher than to CLR/RAMP2. CLR/
RAMP3 exhibited a lower level of specific [125I]-AM binding
than CLR/RAMP2, which is consistent with earlier observa-
tions (Kuwasako et al., 2006). Interestingly, the specific
binding of [125I]-AM to CH-II/RAMP3 was about twofold
higher than was seen with the other three RAMP3/CLR pro-
teins. Figure 4 shows [125I]-CGRP and [125I]-AM competition
curves for the WT and chimeric receptors. The pIC50 values
derived from the curves are given in Table 1. CH-7/RAMP1
(Hill slope = 0.68) and CH-II/RAMP1 exhibited significantly
higher CGRP affinity than CLR/RAMP1 (Hill slope = 0.64),
whereas the affinity of CGRP for CH-I/RAMP1 (Hill

slope = 0.69) was significantly lower than that for CLR/
RAMP1. Although some of the Hill slopes for these curves
deviated from unity, they were not different from each other.
CH-7/RAMP2 (Hill slope = 0.70) exhibited significantly
higher AM affinity than CLR/RAMP2, but the affinity of AM
for CH-I/RAMP2 and CH-II/RAMP2 (Hill slope = 1.29) was
similar to that for CLR/RAMP2. In the case of this RAMP2
data set, the Hill slopes were different between chimeras
and WT. The affinity of AM was significantly increased at
CH-7/RAMP3, CH-I/RAMP3 (Hill slope = 0.81) and CH-II/
RAMP3 relative to CLR/RAMP3.

CGRP- and AM-induced cAMP production via
CLR/VPAC2 chimeras
The three chimeric receptors were further characterized by
measuring agonist-induced cAMP accumulation (Figure 5).
Their pEC50 and Emax values are given in Table 2. As previously
reported (Kuwasako et al., 2009), neither CGRP nor AM elic-
ited cAMP production in HEK-293 cells transfected with
Mock (data not shown).

When co-expressed with RAMP1, there were no signifi-
cant decreases in the pEC50 and Emax values for CGRP with
CH-I or CH-II compared with WT-CLR (Figure 5A, C and D).
That is, CGRP was able to activate all three RAMP1-associated
receptors with similar potency and efficacy. In contrast, CGRP
acting via CH-7/RAMP1 showed an approximately 60-fold
reduction in potency with no significant reduction in efficacy
(Figure 5B). Recombinant CLR/RAMP1 can also respond fully
to higher concentrations of AM (Kuwasako et al., 2004a). In
cells expressing CLR/RAMP1, the potency of AM was about
60-fold lower than that of CGRP (Figure 5A). Although the
potency of CGRP and AM for CH-II/RAMP1 was not signifi-
cantly different from that for CLR/RAMP1 (Table 2,
Figure 5D), CH-7/RAMP1 significantly reduced the potency
of each agonist (Figure 5B). Surprisingly, in cells expressing
CH-I/RAMP1, the potency of AM was about 460-fold lower
than that of CGRP, despite the fact that CH-I/RAMP1 medi-
ated CGRP-induced cAMP responses normally (Figure 5C).
For AM potency, only the Hill slope (0.63) of CH-II/RAMP1
differed from 1.

In cells expressing CLR/RAMP2 (AM1 receptor), the
potency of AM was about 210-fold higher than that of CGRP
(Figure 5E), while in cells expressing CLR/RAMP3 (AM2 recep-
tor), the potency of AM was about 100-fold higher
(Figure 5I). Cells expressing RAMP2 with CH-7 or CH-I
showed marked reductions in AM potency and efficacy
(Figure 5F and G). The potency of AM with CH-7/RAMP2 and
CH-I/RAMP2 was reduced by about 60-fold and 100-fold,
respectively, and the efficacy was reduced by about 80% and
50% compared with the WT AM1 receptor (Figure 5F and G).
Most notably, CH-I/RAMP2 exhibited normal [125I]-AM
binding (Figure 3B and Table 1). On the other hand, the
potency of AM for CH-7/RAMP3 and CH-I/RAMP3 was
decreased by about 15-fold and 20-fold, respectively, and the
efficacy was decreased by about 40% and 30% compared
with the WT AM2 receptor (Figure 5J and K). In contrast, the
efficacy of AM with CH-II/RAMP2 and CH-II/RAMP3 was not
significantly different from that for WT AM1 and AM2 recep-
tors, respectively (Figure 5H and L), although the AM
potency for CH-II/RAMP2 and the CGRP potency for CH-II/
RAMP3 were significantly reduced relative to each WT AM

Table 1
pIC50 values for CGRP in competition with [125I]-CGRP binding to
RAMP1/WT or chimeric CLR and for AM in competition with
[125I]-AM binding to RAMP2/WT or chimeric CLR and RAMP3/WT or
chimeric CLR

Receptor complex pIC50 � SEM n

RAMP1/WT-CLR 8.43 � 0.07 5

RAMP1/CH-7 8.91 � 0.10* 5

RAMP1/CH-I 8.01 � 0.06* 5

RAMP1/CH-II 8.76 � 0.08* 5

RAMP2/WT-CLR 7.72 � 0.04 6

RAMP2/CH-7 8.09 � 0.05* 6

RAMP2/CH-I 7.64 � 0.04 6

RAMP2/CH-II 7.68 � 0.02 6

RAMP3/WT-CLR 7.56 � 0.06 5

RAMP3/CH-7 8.13 � 0.04* 5

RAMP3/CH-I 7.80 � 0.05* 5

RAMP3/CH-II 7.81 � 0.04* 5

*P < 0.05 vs. the corresponding RAMP/WT-CLR one-way ANOVA

followed by Dunnett’s multiple comparison test.
RAMP, receptor activity-modifying protein; WT, wild-type; CLR,
calcitonin receptor-like receptor; CGRP, calcitonin gene-related
peptide; AM, adrenomedullin; CH, chimera.
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receptor. Among these RAMP2- and RAMP3-based receptors,
only the Hill slopes of CH-I/RAMP2 (0.49 for AM) and CH-I/
RAMP3 (0.62 for CGRP) were different from 1.

Further investigation of the function of CLR
ECL3 in AM receptors
The data summarized earlier indicate that among the three
CLR/VPAC2 chimeras tested, co-transfection of CH-7 with
RAMP1, RAMP2 or RAMP3 leads to marked decreases in
CGRP and AM responses. CH-I had marked effects on
responses to AM in the presence of each RAMP, despite
appropriate [125I]-AM binding and surface delivery. In con-
trast, CH-I had little effect on CGRP potency or efficacy.
CH-II/RAMP1 maintained full CGRP receptor function,

whereas CH-II/RAMP2 and CH-II/RAMP3 exhibited small
but significant reductions in CGRP/AM potency. These find-
ings indicate that the CLR ECL3 is crucial for AM signalling
via the CGRP, AM1 and AM2 receptors, but it is less critical
for CGRP signalling via these three receptors. We therefore
constructed four mutants (Mut-A, Mut-B, Mut-C and Mut-D)
in which CLR ECL3 residues with no homology to VPAC2
were sequentially replaced with alanine (Ala) (Figure 6); the
effects of these mutants were characterized following tran-
sient transfection.

As with WT-CLR, all four CLR mutants were increased at
the cell surface, even when expressed alone (Figure 7A). The
cell-surface expression of these four mutants was significantly
increased by co-transfection with WT-RAMP1, WT-RAMP2 or
WT-RAMP3 to such an extent that their expression frequen-
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Figure 5
Agonist-induced cAMP production elicited via heterodimeric receptors comprised of WT-RAMP and WT or chimeric CLR (CH-7, CH-I and CH-II).
HEK-293 cells were co-transfected with WT-RAMP1 plus WT-CLR (A), CH-7 (B), CH-I (C) or CH-II (D); WT-RAMP2 plus WT-CLR (E), CH-7 (F), CH-I
(G) or CH-II (H); or WT-RAMP3 plus WT-CLR (I), CH-7 (J), CH-I (K) or CH-II (L). All transfected cells (A–L) were simultaneously exposed to the
indicated concentrations of aCGRP (open symbols) or AM (solid symbols) 48 h after transfection. Data are shown as the means � SEM of five
separate experiments. pEC50 values are given in Table 2.
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cies were not significantly different from those of the corre-
sponding V5-CLR/RAMP (Figure 7A). All four untagged
mutants markedly increased the translocation of V5-RAMP1,
V5-RAMP2 or V5-RAMP3 to a level comparable to that seen
with WT-CLR (Figure 7B).

Figure 7C and D shows the specific binding of [125I]-
CGRP and [125I]-AM to the WT and mutant receptors for
CGRP or AM. The specific [125I]-CGRP binding to Mut-A/
RAMP1 was significantly greater than to the WT CGRP
receptor, whereas the remaining three mutant receptors

exhibited specific [125I]-CGRP binding comparable to the WT
CGRP receptor (Figure 7C). Likewise, the specific binding of
[125I]-AM to Mut-A/RAMP2 was significantly greater than to
the WT AM1 receptor. The specific binding of [125I]-AM to
the remaining three mutant receptors was similar to the
binding to the WT AM1 receptor (Figure 7D). There were
also no significant differences in specific [125I]-AM binding
to the WT and mutant AM2 receptors (Figure 7D). [125I]-
CGRP and [125I]-AM competition curves for WT and mutant
receptors are shown in Figure 8A–C. The pIC50 values

Table 2
Agonist-induced cAMP response in cells co-expressing RAMP with WT or chimeric CLR

Receptor complex
CGRP AM
pEC50 Emax (pmol) pEC50 Emax (pmol)

RAMP1/WT-CLR 9.70 � 0.13 361.5 � 11.1 7.92 � 0.13 400.7 � 16.8

RAMP1/CH-7 7.93 � 0.18* 325.7 � 18.7 6.29 � 0.23* 154.3 � 17.0*

RAMP1/CH-I 9.50 � 0.22 345.7 � 18.2 6.84 � 0.13* 308.3 � 16.3*

RAMP1/CH-II 9.47 � 0.13 450.3 � 14.0* 7.52 � 0.16 526.6 � 32.3*

RAMP2/WT-CLR 6.63 � 0.16 244.9 � 16.0 8.95 � 0.22 274.7 � 18.2

RAMP2/CH-7 5.85 � 0.13* 57.7 � 4.4* 7.19 � 0.26* 51.6 � 4.9*

RAMP2/CH-I 6.57 � 0.10 174.6 � 7.7* 6.93 � 0.24* 129.5 � 13.7*

RAMP2/CH-II 6.18 � 0.16 128.9 � 11.1* 8.03 � 0.26* 253.7 � 21.1

RAMP3/WT-CLR 7.13 � 0.08 305.5 � 9.4 9.12 � 0.10 306.3 � 8.8

RAMP3/CH-7 5.62 � 0.10* 281.5 � 18.5 7.94 � 0.18* 187.9 � 10.7*

RAMP3/CH-I 6.46 � 0.21* 338.7 � 36.0 7.78 � 0.16* 218.9 � 11.0*

RAMP3/CH-II 6.46 � 0.15* 283.2 � 18.7 8.56 � 0.16* 346.6 � 14.4

*P < 0.05 vs. the corresponding RAMP/WT-CLR, one-way ANOVA followed by Dunnett’s multiple comparison test.
Data are displayed as the means � SEM of five independent experiments.
Emax values are the maximum asymptote of concentration-effect curves and correspond to the amount of cAMP.
RAMP, receptor activity-modifying protein; WT, wild-type; CLR, calcitonin receptor-like receptor; CGRP, calcitonin gene-related peptide; AM,
adrenomedullin; CH, chimera.

Figure 6
Amino acid sequence alignment of the human CLR chimera CH-7 and alanine substitutions in the region spanning amino acids 395–408. Note
that the region contains CLR ECL3 (amino acids 395–406). Bold letters indicate amino acid residues (Pro, Ile and Tyr) conserved between CLR and
VPAC2. Residues that are not conserved were sequentially replaced with alanine (A): mutant (Mut)-A (R395A), Mut-B (E397A + G398A + K399A),
Mut-C (E402A + E403A + V404A) and Mut-D (D406A + Y407A + I408A).
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derived from the curves are given in Table 3. When
co-expressed with RAMP1, Mut-A (Hill slope = 0.65), Mut-C
(Hill slope = 0.69) and Mut-D (Hill slope = 0.57) significantly
reduced CGRP affinity, although Mut-B (Hill slope = 0.73)
behaved much like WT-CLR (Hill slope = 0.73). These Hill
slopes were not different from each other. There were no

significant differences in the affinity of AM for the WT and
mutant AM1 receptors. Their Hill slopes were not different
from each other, although the four Hill slopes (0.75 for
CLR/RAMP2; 0.85 for Mut-A/RAMP2; 0.80 for Mut-B/
RAMP2; 0.77 for Mut-C/RAMP2) differed from 1. On the
other hand, Mut-A/RAMP3 significantly increased AM affin-
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Figure 7
Effect of CLR ECL3 point mutations on cell-surface expression and specific binding of agonists. (A) Cell-surface expression of V5-tagged WT or
mutant CLR. WT-CLR or one of four CLR mutants (Mut-A, -B, -C and -D) was transiently transfected into HEK-293 cells, with or without WT-RAMP.
The cell-surface expression of each FITC-labelled protein was estimated by flow cytometry. Data are means � SEM of five to eight separate
experiments. *P < 0.05 vs. corresponding Vector/V5-CLR or –Mut,#P < 0.05 vs. corresponding V5-CLR/WT-RAMP. (B) Changes in the cell-surface
expression of V5-RAMP induced by co-transfection with WT or mutant CLR (Mut-A, -B, -C and -D). The indicated constructs were transfected into
HEK-293 cells, after which the cell-surface expression of each V5-tagged protein was analysed by flow cytometry. Data are shown as the
means � SEM of five to nine separate experiments. *P < 0.05 vs. corresponding Vector/V5-RAMP, #P < 0.05 vs. corresponding WT-CLR/V5-RAMP.
(C and D) Specific binding of [125I]-CGRP (C) and [125I]-AM (D) to heterodimeric receptors composed of WT RAMP and WT or mutant CLR (Mut-A,
-B, -C, and -D). HEK-293 cells were transfected with WT-RAMP2 or -3 plus WT-CLR or one of the indicated mutants. Data are shown as the
means � SEM of five experiments in (C) and five to seven experiments in (D) and are expressed as percentages of CLR/RAMP1 (C) or CLR/RAMP2
(D). *P < 0.05 vs. corresponding CLR/RAMP.
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ity, but Mut-D/RAMP3 significantly reduced AM affinity.
The remaining two mutant receptors exhibited AM affinity
comparable to WT AM2 receptors. Their Hill slopes were dif-
ferent from each other (0.63 for CLR/RAMP3; 0.65 for Mut-
A/RAMP3; 0.64 for Mut-B/RAMP3; 0.68 for Mut-C/RAMP3)
because Mut-D/RAMP3 had a steeper slope of 1.04, com-
pared to the others.

The functionality of the four CLR mutants co-expressed
with RAMP1, RAMP2 or RAMP3 was evaluated by measuring
CGRP- or AM-induced cAMP accumulation (Table 3,
Figure 8D–F). The potency and efficacy of CGRP for the
four mutant CGRP receptors were not significantly diffe-
rent from those for the WT CGRP receptor. Likewise, all
four CLR mutants did not significantly change AM potency

and efficacy in the presence of RAMP2 or RAMP3. Among
all the WT and mutant receptors, only the Hill slope
(1.9 for AM) of the WT AM1 receptor was different
from 1.

Discussion and conclusions
In the present study, we found that exchanging the CLR ECL3
(amino acids 395–406, including the receptor signal peptide)
with the corresponding VPAC2 sequence markedly reduced
AM-induced cAMP production via the AM1 and AM2 recep-
tors, but CGRP-induced cAMP production via the CGRP
receptor was unaffected. A very recent study showed the
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Effect of CLR ECL3 point mutations on agonist binding affinity and induced cAMP production. (A–C) Competitive binding of [125I]-CGRP to WT
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BJP K Kuwasako et al.

146 British Journal of Pharmacology (2012) 166 137–150



effect of single point mutations in the CLR ECL3 on CGRP
receptor function in the presence of hRAMP1 (Barwell et al.,
2011). Among all the mutant receptors, only I400A/RAMP1
showed a significant reduction (~7-fold) in CGRP potency
(Barwell et al., 2011), although this contribution appears to
be minor. In addition to I400, P396 and Y405 in CLR are also
conserved in hVPAC2. All the remaining mutants, including
P396A and Y405A, maintained normal CGRP responses
(Barwell et al., 2011). Of our four mutants, only Mut-D
(D406A/Y407A/I408A) exhibited a small but significant
reduction in CGRP response. Taken together, these findings
suggest that the CLR ECL3 is required for appropriate activa-
tion of the two AM receptors but is less involved in CGRP
receptor activation. To our knowledge, this is the first report
showing the critical involvement of ECL3 in the activation of
a Family B GPCR, although there is substantial evidence of
the importance of ECL3 in Family A GPCR signalling (Lawson
and Wheatley, 2004; Claus et al., 2005; Klco et al., 2006;
Kleinau et al., 2008; Peeters et al., 2011). In these cases,
reduced signalling is due largely to a loss of agonist binding.
The general view is that agonist binding to GPCRs triggers a
conformational change within the TM receptor core, leading
to proper G-protein activation (Wess et al., 2008). Our results
showed that the two ECL3 chimeric receptors CH-I/RAMP2
and CH-I/RAMP3 behaved like WT receptors with respect to
their specific binding and the binding affinity of [125I]-AM.
Therefore, it is likely that the CLR ECL3 is mainly involved in
AM-induced conformational changes of the AM1 and AM2

receptors to induce signal activation.
Among the four mutants targeting residues within the

CLR ECL3, only Mut-D showed small but significant decreases

in AM potency, without affecting AM efficacy in the presence
of RAMP2 or RAMP3. These results suggest that the nine
amino acid residues tested, none of which are conserved in
hVPAC2, are not critically involved in the activation of the
two AM receptors. There is a small possibility that the remain-
ing three residues (P396, I400 and Y405) are crucially involved
in AM receptor activation because they are all conserved in
hVPAC2. The hVPAC2 ECL3 shares little sequence identity
with that of CLR and lacks two residues present in the CLR
ECL3 (Figure 1A). Therefore, it is likely that these two differ-
ences between the ECL3 structures lead to marked reductions
in AM responses via CH-I/RAMP2 or CH-I/RAMP3. Our results
suggest that the entire structure of the CLR ECL3 plays a key
role in AM-mediated maximal activation, which is also sup-
ported by the findings that the CLR ECL3 is highly conserved
among animals despite being a non-TM region (Figure 9A).

It is well known that the receptor/G-protein complex has a
higher affinity for agonists than does the free or uncoupled
receptor (Zhao et al., 1998). In this study, there were no sig-
nificant changes in AM affinity for CH-I/RAMP2 or CH-I/
RAMP3. In addition, neither of the chimeric receptors
decreased their specific [125I]-AM binding. These results suggest
that the primary role for the ECL3 of CLR may be to control Gs

activation, rather than Gs coupling, in the AM1 and AM2

receptors. For the AM1 receptor, the CLR helix 8 (Figure 1B) has
been suggested to be a key determinant of Gs-mediated signal-
ling (Kuwasako et al., 2010). Therefore, the entire ECL3 of CLR
seems to contribute indirectly to the agonist-induced receptor
conformational change for Gs activation.

Notably, CH-I/RAMP1 showed a 12-fold reduction in AM
potency without affecting CGRP potency. In addition, CGRP

Table 3
pIC50, pEC50 and Emax data for WT and mutant receptors with CGRP or AM

Receptor complex pIC50 � SEM (n) pEC50 � SEM (n) Emax � SEM (pmol) (n)

RAMP1/WT-CLR 8.51 � 0.04 (5) 8.90 � 0.09 (6) 429.1 � 11.1 (6)

RAMP1/Mut-A 8.19 � 0.05 (5)* 8.95 � 0.12 (6) 410.4 � 15.0 (6)

RAMP1/Mut-B 8.34 � 0.06 (5) 8.92 � 0.09 (6) 409.9 � 10.8 (6)

RAMP1/Mut-C 8.07 � 0.06 (5)* 8.83 � 0.11 (6) 438.3 � 14.8 (6)

RAMP1/Mut-D 7.80 � 0.08 (5)* 8.54 � 0.11 (6) 409.0 � 15.0 (6)

RAMP2/WT-CLR 8.24 � 0.06 (5) 8.95 � 0.04 (7) 200.8 � 4.4(7)

RAMP2/Mut-A 8.55 � 0.04 (5) 8.96 � 0.15 (7) 193.7 � 8.3 (7)

RAMP2/Mut-B 8.30 � 0.04 (5) 8.87 � 0.12 (7) 210.5 � 7.4 (7)

RAMP2/Mut-C 8.23 � 0.05 (5) 8.66 � 0.14 (7) 228.0 � 10.0 (7)

RAMP2/Mut-D 8.08 � 0.03 (5) 8.55 � 0.12 (7) 250.5 � 9.9 (7)*

RAMP3/WT-CLR 8.13 � 0.07 (5) 8.85 � 0.14 (7) 256.2 � 10.6 (7)

RAMP3/Mut-A 8.58 � 0.07 (5)* 8.99 � 0.15 (7) 232.6 � 10.3 (7)

RAMP3/Mut-B 8.05 � 0.07 (5) 8.93 � 0.13 (7) 249.3 � 9.8 (7)

RAMP3/Mut-C 8.07 � 0.07 (5) 8.83 � 0.16 (7) 246.5 � 12.1 (7)

RAMP3/Mut-D 7.73 � 0.05 (5)* 8.59 � 0.11 (7) 274.6 � 9.2 (7)

*P < 0.05 vs. the corresponding RAMP/WT-CLR, one-way ANOVA followed by Dunnett’s multiple comparison test.
For RAMP1-based receptors: competition between CGRP and [125I]-CGRP and CGRP responses.
For RAMP2- or RAMP3-based receptors: competition between AM and [125I]-AM and AM responses.
AM, adrenomedullin; RAMP, receptor activity-modifying protein; WT, wild-type; CLR, calcitonin receptor-like receptor; Mut, mutant.
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potency for CH-I/RAMP2 and CH-I/RAMP3 was affected to a
much lesser extent. These results suggest that the CLR ECL3
participates in AM signalling, but not CGRP signalling, via all
three WT CLR/RAMP heterodimers. Previous studies showed
that the CLR ectodomain (ECD) contains a sequence that
contributes to AM binding in the presence of RAMP2; the
CLR sequence was not involved in CGRP binding in the
presence of RAMP1 (Koller et al., 2002; 2004). The interaction
between the CLR ECD and AM is supported by a ‘two-domain
model’, which predicts that in many Family B GPCRs, agonist
specificity is primarily associated with the ECD (for the
C-terminus of the agonist) and with secondary recognition
by a TM domain (for the N-terminus of the agonist) (Siu and
Stevens, 2010). So far, there have been few reports showing
that RAMPs possess critical sites for the binding of CGRP and
AM (Qi and Hay, 2010; Kuwasako et al., 2011b). Rather, the
three RAMPs may indirectly alter the binding affinity of
CGRP and AM to the ECD and TM of CLR. Taken together, it
is possible that CGRP and AM may change the conformation
of CLR differently within the same receptor complex. To
validate our hypothesis, further work to elucidate the entire
crystal structure of the three CLR/RAMP heterodimers in
the presence and absence of CGRP/AM binding would be
valuable.

In Family A GPCRs, ECL3 has been shown to interact with
other extracellular regions (e.g. ECD, ECL2) through hydro-

gen bonds, disulphide bonds, etc. (Peeters et al., 2011). Like
Family B GPCRs, RAMPs possess a large ECD. However, none
of the CLR ECL3 residues that are not conserved in VPAC2
were found to be significantly involved in interactions with
RAMPs because our four CLR ECL3 mutants only slightly
affected the surface delivery of RAMPs (Figure 7A and B).
Among the CLR ECL3 residues, only P396 is conserved, not
only in VPAC2 but also in calcitonin receptor and VPAC1
(Figure 9B). Although the three RAMPs can also interact
strongly with calcitonin receptor and VPAC1 (Hay et al.,
2006; Sexton et al., 2009), the cell-surface expression of
P396A/RAMP1 was not reduced compared with the WT CGRP
receptor (Barwell et al., 2011). Therefore, it seems unlikely
that P396A interacts with other RAMPs.

In contrast to ECL3, the replacement of CLR TM7 with
the corresponding VPAC2 sequence had less of an effect on
signalling via the CGRP, AM1 or AM2 receptor. The TM7
regions of CLR and VPAC2 are about 40% identical
(Figure 1A), which raises the possibility that the nine con-
served residues participate in TM7 functions shared by CLR
and VPAC2. It was previously reported that, in the human
VPAC1 receptor, the binding of Asp5 of VIP to Arg188 in TM2
alters the interaction network between Arg188 and Asn229 in
TM3 and Gln380 in TM7, leading to G-protein activation
(Chugunov et al., 2010). Notably, these three residues are
fully conserved among many Family B GPCRs, suggesting
that there may be a common mechanism underlying Family
B GPCR activation. Consistent with this idea, Glu380 in VPAC1
is strictly conserved in CLR and VPAC2. Additional experi-
ments are needed to confirm whether this activation mecha-
nism also applies to both CLR and VPAC2.

In summary, the human CLR ECL3 is crucial for
AM-induced cAMP responses via the three CLR/RAMP het-
erodimers but is less involved in their CGRP responses. This
CLR region probably participates in AM-induced conforma-
tional changes of these heterodimers and thereby induces
their activation. This study provides a clue to the molecular
basis of the activation of RAMP-based Family B GPCRs.
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