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ABSTRACT: The CGRP1 receptor exists as a heterodimeric complex between a single-pass transmembrane
accessory protein (RAMP1) and a family B G-protein-coupled receptor (GPCR) called the calcitonin
receptor-like receptor (CLR). This study investigated the structural motifs found in the intracellular loops
(ICLs) of this receptor. Molecular modeling was used to predict active and inactive conformations of
each ICL. Conserved residues were altered to alanine by site-directed mutagenesis. cAMP accumulation,
cell-surface expression, agonist affinity, and CGRP-stimulated receptor internalization were characterized.
Within ICL1, L147 and particularly R151 were important for coupling to Gs. R151 may interact directly
with the G-protein, accessing it following conformational changes involving ICL2 and ICL3. At the
proximal end of ICL3, I290 and L294, probably lying on the same face of anR helix, formed a G-protein
coupling motif. The largest effects on coupling were observed with I290A; additionally, it reduced CGRP
affinity and impaired internalization. I290 may interact with TM6 to stabilize the conformation of ICL3,
but it could also interact directly with Gs. R314, at the distal end of ICL3, impaired G-protein coupling
and to a lesser extent reduced CGRP affinity; it may stabilize the TM6-ICL3 junction by interacting
with the polar headgroups of membrane phospholipids. Y215 and L214 in ICL2 are required for cell-
surface expression; they form a microdomain with H216 which has the same function. This study reveals
similarities between the activation of CLR and other GPCRs in the role of TM6 and ICL3 but shows that
other conserved motifs differ in their function.

Calcitonin receptor-like receptor (CLR)1 is a family B
G-protein-coupled receptor (GPCR) from the calcitonin
receptor subfamily which can form a heterodimer with a
single-pass transmembrane protein (RAMP1) to form a
functional receptor for the potent vasodilatory neuropeptide,
calcitonin gene-related peptide (CGRP). CL/RAMP1 (i.e.,
the CGRP1 receptor) mediates the actions of CGRP through
Gs-stimulated adenylate cyclase activation. We have previ-
ously shown the sixth transmembrane domain (TM6) of CLR
requires a kink formed by the central proline residue of the
helix for a functional CGRP response (1). We have also
identified two nonconserved polar residues within the second

intracellular loop of CLR required for membrane localization
(H216) and adenylate cyclase signal transduction (K227) (2).
No additional information is available concerning the
identification of G-protein coupling domains, plasma mem-
brane localization, or agonist-induced internalization for the
CGRP receptor; however, several other family B GPCR
studies have proposed a crucial role for charged, conserved
residues within all three intracellular loops (ICL1, -2, and
-3). These include a strictly conserved KL motif vital for
G-protein coupling in the human secretin receptor (3), the
glucagon-like polypetide-1 (GLP-1) receptor (4), and the
VPAC2 receptor (5). There is also a unique basic-X-X-basic
motif found in the TM6-ICL3 loop junction which is one
of the few functionally relevant and structurally conserved
regions shared between the two major families (A and B) of
GPCRs (3, 6). Although the basic residues of this motif are
the key determinants of function, there is controversy
concerning their fundamental role and whether just one or
both basic residues together are crucial for receptor function.
Within the secretin-like family (B) of GPCRs, the motif often
involves both basic residues and is linked with receptor
maturation and expression (3) as well as signal transduction
(5). However, the distal basic residue within this region is
known to be required directly for signal transduction and/or
G-protein interaction of several family A GPCRs (7, 8).

CLR is unusual among GPCRs in requiring accessory
proteins for ligand interaction (members of the RAMP
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family) and G-protein coupling (receptor component protein,
RCP), and therefore, studies on it are particularly interesting
(9). The investigation presented here uses molecular mu-
tagenesis techniques in combination with in silico homology
modeling to locate and explore the role of proposed structural
and functional motifs within the human CGRP1 receptor. We
have used molecular modeling to determine the likely spatial
arrangement of the intracellular loops in both their active
and inactive conformations. We have also constructed a
comprehensive series of alanine substitution mutants of all
conserved residues within ICL1, -2, and -3. The mutants were
analyzed following transient transfection to compare relative
cAMP signaling, plasma membrane localization, CGRP
affinity, and agonist-mediated internalization. These data
highlight two crucial arginyl residues within the first and
third intracellular loops (R151 and R314, respectively) and
a strictly conserved hydrophobic isoleucine-leucine-leucine
face at the TM5-ICL3 junction required for efficient
G-protein coupling. The data illustrate that while some
elements of GPCR activation are conserved, other motifs can
serve a variety of functions.

MATERIALS AND METHODS

Materials.HumanRCGRP was from Calbiochem (Beeston,
Nottingham, U.K.). Peptides were dissolved in distilled water
and stored as aliquots at-20 °C in nonstick microcentrifuge
tubes (Thermo Life Sciences, Basingstoke, U.K.). Unless
otherwise specified, chemicals were from Sigma or Fisher
(Loughborough, U.K.). Cell culture reagents were from
Gibco BRL (Paisley, Renfrewshire, U.K.) or Sigma. [125I]Iodo-
histidyl8-humanRCGRP (2000 Ci/mmol) was from Amer-
sham Biosciences (Chalfont, U.K.).

Expression Constructs and Mutagenesis.Human CL with
an N-terminal hemagglutinin (HA) epitope tag (YPYDVP-
DYA) and human RAMP1 were provided by S. M. Foord
(GlaxoWellcome, Stevenage, U.K.) and were subcloned into
pcDNA3- (Invitrogen, Renfrew, U.K.) prior to mutagenesis.
Introduction of the epitope makes essentially no difference
to the pharmacology of the receptor (10).

Mutagenesis was carried out using the Quick Change site-
directed mutagensis kit (Stratagene, Cambridge, U.K.),
following the manufacturer’s instructions. Forward and
reverse oligonucleotide primers were designed with single-
base changes to incorporate amino acid point mutations to
alanine in the final CL protein and to engineer restriction
sites to aid screening of mutants. The primers were synthe-
sized by Invitrogen. The numbering of the residues assumes
a 22-amino acid signal protein prior to the start of the mature
transcript (11).

Plasmid DNA was extracted from the cultures using a
Wizard-Prep DNA extraction kit according to the manufac-
turer’s instructions (Promega, Southampton, U.K.). The
plasmid DNA was eluted in 100µL of sterile distilled water
and stored at-20 °C. Sequences were confirmed by
sequencing (Functional Genomics, Birmingham, U.K.).

Cell Culture and Transfection.Cos-7 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) foetal bovine serum and 5% (v/v)
penicillin/streptomycin in a humidified 95% air/5% CO2

atmosphere. For transfection, the cells were plated onto either
12- and 48-well plates or 100 mm dishes. Cells were

transfected using a mixture (per 1µg DNA) of 6 µL of 10
mM polyethyleneimine and 45µL of a 5% glucose solution
incubated for 30 min at room temperature and added to an
appropriate final volume of full media; 12- and 48-well plates
were treated with 1µg of DNA per well, and 100 mm dishes
were treated with 10µg of DNA per dish. Characterization
of expressed receptors was performed 48-72 h after trans-
fection. A 1:1 RAMP1:CLR DNA ratio was used for
transfections.

Membrane Preparation.The cells from each 100 mm plate
were washed briefly with 1 mL of cold phosphate-buffered
saline and scraped into a small volume of buffer [20 mM
HEPES, 2 mM MgCl2, and 1% (w/v) bovine serum albumin
(BSA) (pH 7.5)]. The cells were homogenized using an Ultra
Turrax homogenizer (full speed for 20 s). The cells were
then centrifuged at 20000g for 30 min at 4 °C. The
supernatant was removed, and the pellets were resuspended
in 14 mL of buffer (as before) and used immediately for
binding studies or stored at-70 °C.

Radioligand Binding.Membranes were homogenized
briefly before being used, and 500µL was incubated with
100 pM [125I]iodohistidyl8-humanRCGRP and appropriate
dilutions of humanRCGRP for 60 min at room temperature.
Nonspecific binding was assessed in the presence of 1µM
CGRP. The samples were then centrifuged at 12000g in a
benchtop microcentrifuge for 5 min at room temperature.
The pellets were washed twice with water, and the radio-
activity was counted in aγ counter.

Assay of cAMP Production.Growth medium was removed
from the cells and replaced with DMEM containing 500µM
isobutylmethylxanthine for 30 min.RCGRP in the range 1
pM to 1 µM was added for a further 15 min. All dilutions
were carried out in buffer containing 0.1% bovine serum
albumin using “NoStick” microcentrifuge tubes (Scientific
Specialities Inc., Lodi, CA). Ice-cold ethanol (95-100%, v/v)
was used to extract cAMP which was subsequently measured
with a radioreceptor assay as previously described (12).

Analysis of Cell-Surface Expression of Mutants with an
Enzyme-Linked Immunosorbant Assay (ELISA).Cells in 12-
well plates were transiently transfected with wild-type (WT)
or mutant HA epitope-tagged human CLR and/or RAMP1.
The transfected cells were treated with 3.7% formaldehyde
for 15 min after aspiration of the growth medium. The cells
were then washed three times with 0.5 mL of Tris-buffered
saline (TBS). Nonspecific binding of the antibody was
blocked with 1% BSA in TBS for 45 min. The cells were
treated with 250µL of primary antibody [mouse, anti-HA
antibody 12CA5 (Sigma) diluted 1:1000 in TBS with 1%
BSA] for 1 h, and the cells were washed again three times
with 0.5 mL of TBS. A further block step was performed
for 15 min before the cells were incubated with 250µL of
secondary antibody [anti-mouse, horseradish peroxidase-
conjugated antibody (Sigma) diluted 1:1000 in TBS] for 1
h. The cells were washed a further three times before
development with OPD tablets (Bio-Rad, Hemel Hempstead,
U.K.) according to the manufacturer’s instructions. Reactions
were terminated with 100µL of 2 N H2S04 per well. The
absorbance measured by the ELISA showed a linear depen-
dence on the DNA concentration used in the transfection.

Analysis of CGRP-Mediated Internalization.Cells in eight
wells of a 24-well plate were transiently transfected with
WT or mutant HA epitope-tagged human CLR and a RAMP1
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construct, as well as a RAMP1-alone control transfection.
Four wells for each transfection were treated with 100 nM
CGRP (final concentration) for 1 h. Cells were then treated
exactly as described above for the ELISA (using appropriate
volume reductions for well size). The absorbance (490 nm)
measured by the ELISA was normalized for each transfection
giving an agonist-mediated percentage decrease in cell-
surface expression (% internalization). Mutants with discrep-
ant internalization were examined further using a time course
assay under the same conditions that were described.

TM Prediction. Individual TM helix prediction of 58
diverse family B GPCR sequences was performed using the
web-based versions of TMHMM2 (13) and HMMTOP2 (14).
A consensus prediction for the boundaries of TMIII and
TMIV was generated by visual inspection, and from this
initial survey, a CLUSTALW (15) profile alignment (using
the Blosum matrix) was created against 58 peptide hormone
family A GPCRs. The resulting alignment was used to
generate an initial homology-based model using the high-
resolution X-ray crystal structure of bovine rhodopsin as a
template. Further refinement of the homology model was
achieved through molecular dynamics (MD) simulations of
the receptor embedded in a dipalmitoylphosphatidylcholine
bilayer. A series (n ) 5) of 5 ns MD simulations were carried
out using the GROMOS96 force field parameter set, with
minor modifications, as implemented in GROMACS (16).
The resulting trajectories were concatenated and used to
produce the final refined model of the CLR. The active state
of the CLR was achieved through the use of a modified
rhodopsin template which was consistent with experimentally
derived distance restraints obtained from the literature (17-
21). Homology models of the active CLR were refined
through the use of MD simulations as described above.

Ab Initio Prediction of the ICL Regions of the CLR.
RAPPER (22) was used to predict ab initio the conformations
of ICL1 and -3 from rhodopsin and the CLR. Briefly, 1000
loop backbone conformations were generated using RAPPER
assuming idealized stereochemistry for all heavy atoms (N,
CR, C, and O). The side chain orientations for the predicted
backbone conformations were modeled using SCWRL (22)
within the environment of the remaining, nonmodeled
protein. Generated fragments were initially scored using an
all-atom statistical potential (scop-e4-allatoms-xray-scores
scoring set) as described by Samudrala and Moult (23). The
ensemble of loop conformations was filtered on the basis of
a RADPF score such that no more than the top 50 models
were retained for energy minimization. Minimization was
performed using a l-BFGS minimization method which
utilized the AMBER all-atom force field (parm99) together
with the Still GB/SA solvation model, as implemented in
TINKER (24). Minimization was performed until either
convergence or a 0.1 kcal/mol cutoff point was reached. Only
atoms belonging to either the loop region or the N- or
C-terminal anchor residues were allowed to move during
minimization. Minimized fragments were subsequently ranked
according to the conformational free energy of the loop.

Data Analysis.Curve fitting was done with PRISM
Graphpad 4 (Graphpad Software Inc., San Diego, CA). For
cAMP studies, the data from each concentration-response
curve were fitted to a sigmoidal concentration-response
curve to obtain the maximum response, the Hill coefficient,
and-log EC50 (pEC50). For radioligand binding experiments,

curves were fitted to obtain maximum and minimum amounts
of binding, the Hill coefficient, and-log IC50 (pIC50). As
the radioligand was present at concentrations well below its
Kd, the IC50 values were effectively identical to theKi values.
To estimateBmax values with [125I]CGRP, the data were fitted
to a sigmoidal curve, calculating the amount bound from
the specific activity of the radioligand (this was progressively
reduced by dilution with unlabeled CGRP). pEC50, pIC50,
andBmax values were compared with a paired Student’st-test.
Comparisons were made only between WT and mutant data
from concomitantly transfected cells. A control WT experi-
ment was always performed alongside a mutant experiment.

RESULTS

Identification of ConserVed Residues within the Boundaries
of the ICL Region.As with our previous TM boundary
calculations (2), the intracellular loop regions comprise
K145-R151 (ICL1), L215-M231 (ICL2), and R292-R314
(ICL3). Within these regions, the amino acids strongly
conserved within the entire secretin-like family of GPCRs
(family B) were identified using the pile-up data from
www.gpcrdb.org. Residues that exhibited∼70% conservation
or more were targeted: K145, L147, C149, and R151 from
ICL1; Y214 (TM3-ICL2 junction) and L215 from ICL2;
and I290A (TM5-ICL3 junction), L294, K297, L298, K311,
and R314 from ICL3 (Figure 1). They were clearly distinct
from the other residues that exhibited∼50% or less
conservation.

The conserved residues within ICL1, ICL2, and ICL3 of
the CLR were mutated individually (or in combination for
Y214/L215 and K311/R314) to alanine to identify the
contribution to receptor function. Each mutant receptor
construct was coexpressed with RAMP1 in Cos-7 cells.

ICL1. The two proximal mutants, K145A and L147A, both
resulted in small deleterious effects on CGRP-mediated
cAMP accumulation. Although this only reached significance
for L147A [3.1-fold reduction;P < 0.05 (Figure 2a)], the
pEC50 value for K145A/L147A was further reduced [9.5-
fold (Table 1)], suggesting a role, albeit minor, for K145 in

FIGURE 1: Amino acid sequence of the human CLR showing the
positions of the mutated residues. The first 22 amino acids of CLR
are predicted to form a signal sequence; following the system
described in ref11, the amino acids are numbered from the start
of the predicted mature transcript, E1. Residues with white letters
in black circles are highly (>70%) conserved within the three
predicted intracellular loops. These residues are listed and were
targeted for alanine substitution in this study.
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coupling to Gs. For L147, there was also a small but
significant decrease in the maximum level of cAMP produc-
tion. C149A had no deleterious effect on CGRP-mediated
cAMP accumulation. In contrast, R151A severely disrupted
signaling, resulting in a pEC50 value increased by more than
an order of magnitude compared with the WT value (Figure
2b and Table 1). To determine more precisely the side chain
requirements for the R151 position, this residue was substi-
tuted with glutamate. This substitution preserves both polarity
and approximate chain length while reversing the charge.
The pEC50 for R151E was reduced to an extent somewhat
greater than that seen with R151A (Figure 2c and Table 1).
There were no significant changes in CGRP affinity for any
mutant (Table 3).

As determined by an ELISA, the cell-surface expression
of R151A was similar to that of the wild type (Table 2).
K145 exhibited a slightly higher level of expression and L147
a lower level of expression than the wild type. However,

the double mutant showed normal expression, and there were
no significant differences in theBmax values for any of the
mutants (Table 3). It seems unlikely that any of the mutants
cause major perturbations in receptor expression. The mutants
all exhibited wild-type internalization (Table 4).

ICL2. Y214 and L215 were investigated by means of a
double mutant (Y214A/L215A). We previously reported that
it had no significant deleterious effects on the CGRP-
mediated signaling response (2; see also Table 1). However,
in this study when cell-surface expression was assessed, it
was reduced by∼70% (Table 2). Internalization was the
same as that of the wild type (Table 4).

ICL3. The largest of the three loop regions, ICL3, has
several clear areas of sequence conservation. I290 is proximal
to TM5, and the I290A mutation caused a profound
perturbation in cAMP accumulation [68-fold reduction in
pEC50 (Figure 2d and Table 1)]. The signaling of neither
K297A nor L298A was significantly different from wild-

FIGURE 2: CGRP-stimulated cAMP response of the ICL1, -2, and -3 alanine substitution mutants. Cos-7 cells were transfected with WT/
RAMP1 or mutant/RAMP1 and assayed for CGRP-stimulated cAMP production: WT receptors (9) and mutant receptors (2). Data are
representative of three to four similar experiments. Points are means( the standard error of the mean of triplicate points.
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type cAMP signaling, but L294A showed a slight but
significant reduction in its pEC50 value (Figure 2e,f and Table
1). I290A showed a 5-fold decrease in CGRP affinity
compared with that of the wild type (Figure 3b and Table
3). The decrease in the magnitude of cAMP signaling for
this mutant was significantly more pronounced than the small
reduction in CGRP affinity which is, itself, smaller than that
seen for the CGRP receptor uncoupled by GppNHp (1).

I290A exhibited a significantly reduced level of internal-
ization compared to that of the wild type (Table 4). Typically,
when treated with 100 nM CGRP,∼60% of the wild-type
receptors exhibit rapid internalization that reaches a plateau
within 1 h. In comparison, only some 30% of 1290A
receptors were internalized; this plateau was stable for at
least 4 h (Figure 4).

K311 and R314 are conserved residues at the distal end
of ICL3 and form a conserved basic-x-x-basic motif. Analysis
of the roles of these two amino acids by single and double
alanine mutations showed that K311A was identical to wild-
type receptors, while the R314A mutation caused a>10-
fold reduction in pEC50, an effect approaching that of the
double mutant [22.9-fold reduction (Figure 2g,h and Table
1)]. Interestingly, R314E and R314Q had pEC50 values that
were not significantly different from that of the wild type,
suggesting that polarity rather than a full charge is important.
R314A also had a small effect on CGRP binding, reducing
the affinity by ∼5-fold (Table 3); its effect was similar to
the reduction noted with K311A/R314A (Figure 3b).

All mutants examined from ICL3 had wild-type receptor
expression as judged by ELISA and radioligand binding
(Tables 2 and 3). Apart from I290A, all other mutants in
ICL3 also had wild-type internalization.

Computer Modeling of Intracellular Regions of CLR.We
previously used an ab initio approach to model the CLR, to
include the second intracellular loop of the CLR. This
successfully predicted the structure of the corresponding
structure of the loop as shown by the crystal structure of
rhodopsin. We also extended this to model the likely
conformation of the loop following receptor activation. For
this, we utilized a refined TM helical bundle based on
experimentally derived distance constraints which are con-
sistent with an active conformation of bovine rhodopsin (2).
We used this methodology to predict the structure of ICLs
in the inactive and active forms of the receptor. Figure 5a
shows the loops in the proposed active and inactive
conformations of the receptor. ICL1 appears to undergo very
little movement; by contrast, there is considerable movement
of ICL2 and -3. This “flowering” arrangement exposes a
potential G-protein binding pocket. In ICL1, the side chain
of R151 is oriented toward this pocket. By contrast, the side
chain of L147 points toward the probable cytoplasmic helix

Table 1: Functional Parameters of WT/RAMP1 and Mutant
Receptors

mutant WT pEC50
a pEC50

a fold reduction

K145A 9.62( 0.16 (3) 9.39( 0.12 (3) 1.70
L147A 9.61( 0.37 (6) 9.12( 0.45 (6)b 3.10b

C149A 9.82( 0.61 (3) 10.18( 0.61 (3) 0.44
R151A 9.47( 0.16 (6) 8.15( 0.42 (6)c 20.8c

K145A/L147A 9.52( 0.22 (6) 8.54( 0.27 (6)c 9.55c

R151E 9.80( 0.33 (6) 8.16( 0.38 (6)c 43.7c

Y214A/L215A 9.17( 0.26 (5) 8.71( 0.25 (6) 2.88
I290A 9.69( 0.18 (6) 7.86( 0.38 (6)c 67.6c

L294A 9.19( 0.33 (7) 8.86( 0.35 (7)b 2.13b

K297A 9.23( 0.50 (3) 8.95( 0.54 (3) 1.91
L298A 9.01( 0.18 (6) 8.80( 0.15 (6) 1.58
K311A/R314A 9.21( 0.25 (6) 7.85( 0.39 (6)b 22.9b

K311A 8.73( 0.13 (5) 8.58( 0.22 (5) 1.41
R314A 9.65( 0.22 (6) 8.43( 0.23 (6)b 16.6b

R314E 9.38( 0.42 (4) 9.05( 0.44 (4) 2.14
R314Q 9.54( 0.16 (6) 9.35( 0.22 (6) 1.54

a Values are means( the standard error of the mean; the number of
determinations is given in parentheses. The maximum responses (Emax)
were not significantly different from that for the concomitantly
expressed WT receptor for all of the mutants in this study except L147.
b Value significantly different from that of WT (p < 0.05), as assessed
by pairedt-test analyses.c Value significantly different from that of
WT (p < 0.01), as assessed by pairedt-test analyses.

Table 2: Surface Expression Summary for Mutant Receptors

mutant Abmax
a mutant Abmax

a

K145A 152.1( 17.8%b I290A 125.4( 9.6%
L147A 69.26( 10.5%b L294A 98.43( 14.1%
C149A 94.71( 9.7% K297A 94.57( 17.4%
R151A 96.95( 3.8% L298A 84.11( 35.7%
K145A/L147A 126.6( 25.7% K311A/R314A 105.5( 32.5%
Y214A/L215A 34.64( 6.6%b

a Values are means( the standard error of the mean of at least three
determinations. Abmax is the relative cell-surface expression level of
receptors as measured by detection of HA tags in an ELISA. Data
normalized to WT as 100%.b Value significantly different from that
of WT (p < 0.05), determined via a one-way ANOVA followed by
Dunnett’s test.

Table 3: Displacement of [125I]CGRP by Unlabeled CGRP at the
Functionally Important Mutants Compared to WT

pIC50 (nM)a Bmax (pmol/mg)

WT 9.03( 0.10 (3) 0.33( 0.12
K145A 9.06( 0.12 (3) 0.17( 0.024
L147A 9.17( 0.13 (3) 0.18( 0.048
R151A 8.72( 0.27 (3) 0.63( 0.11
I290A 8.32( 0.12 (3)b 0.43( 0.100
L294A 8.87( 0.09 (3) 0.22( 0.07
K297A 9.08( 0.14 (3) 0.39( 0.11
L298A 8.91( 0.10 (3) 0.37( 0.14
K311A/R314A 8.22( 0.17 (3)b 0.51( 0.16
R314A 8.36( 0.15 (3)b 0.35( 0.04

a Values are means( the standard error of the mean; the number of
determinations is given in parentheses.b Value significantly different
from that of WT (p < 0.05), determined via a one-way ANOVA
followed by Dunnett’s test.

Table 4: CGRP-Stimulated Internalization Compared with
Nonstimulated Expression of Wt/RAMP1 and Mutant Receptors

construct no CGRPa 100 nM CGRP % internalization

WT 100( 2.41 38.83( 14.95 61.17
K145A 100( 5.58 35.67( 7.52 64.33
L147A 100( 4.89 42.87( 7.9 57.13
C149A 100( 3.54 37.94( 3.79 62.06
R151A 100( 2.17 28.81( 2.92 71.19
K145A/L147A 100( 2.43 45.72( 2.69 54.28
Y214A/L215A 100( 12.3 45.55( 6.93 54.45
I290A 100( 3.52 62.90( 6.56b 37.10b

L294A 100( 6.23 24.23( 3.77 75.77
K297A 100( 6.26 29.97( 5.24 70.03
L298A 100( 3.14 34.46( 4.17 65.54
K311A/R314A 100( 2.76 39.53( 2.62 60.47

a Values are means( the standard error of the mean; the number of
determinations is given in parentheses.b Value significantly different
from that of WT (p < 0.05), determined via a one-way ANOVA
followed by Dunnett’s test.
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8. TM3 is predicted to extend into ICL2 to include both Y215
and L214; they are oriented toward the other TM helices
and the ICLs (Figure 5b). In Figure 5c, the proximal end of
ICL3 is shown; it can be seen that this is predicted to be
helical, with I290 and L294 aligning on the same side. During
receptor activation, it is predicted that the fifth transmem-
brane helix rotates anticlockwise if viewed from the extra-
cellular surface, and there is also movement of the proximal
and distal ends of ICL3 toward each other. The distance
between theR-carbon atom of I290 and its nearest neighbor
on TM6 (V313) shrinks from 10.6 to 6.1 Å. These move-
ments orient I290 and L294 toward the corresponding helical
extension of TM6 where the residues could pack against
Y308 and M309. However, I290 is also oriented toward the
probable G-protein binding pocket (Figure 5d). R314 appears
to be located at the membrane interface of TM6 (Figure 5e).
During activation, the helix undergoes a lateral translation;
however, R314 retains its juxtamembrane location with little
vertical displacement.

DISCUSSION

The lack of reliable structural data for any member of the
class II GPCRs and the poor sequence homology between
this family and rhodopsin [for which there is a crystal
structure available (25)] limit our ability to identify regions
that likely are functionally important. We have combined
the results of mutagenesis with molecular modeling in this
and previous studies (1) to circumvent these problems. The
active state model is built using distance constraints measured
from activated rhodopsin but also independently observed
in the â-adrenergic receptor (27, 28). These produce a

physically reasonable model of the CLR consistent with
experimental data. This approach has identified a number
of functionally important regions in the three ICLs and
suggested how they might operate. It is important to stress
that this modeling is necessarily speculative; there is discus-
sion in the literature about the most physiologically relevant
structure of the ICLs as seen in the various crystal structure
(26), and furthermore, the ICLs in the CLR are significantly
longer than in rhodopsin. Nevertheless, the modeling has
produced mechanistically plausible explanations for the data
which in principle could be tested by techniques such as
electron spin resonance.

In rhodopsin, there is evidence for a 2-3 Å movement of
the distal portion of TM2 upon light activation, with a
corresponding distortion of ICL1 (20). By contrast, modeling
ICL1 in the CLR suggests that it does not undergo any
significant change in conformation following receptor activa-
tion; TM2 in the CLR lacks the GG motif found in the
corresponding helix in rhodopsin which acts as a hinge.
However, L147 and R151 play clear roles in ensuring
efficient coupling to Gs. The modeling suggests that R151
is the most likely of these residues to interact directly with
Gs, perhaps via an ionic interaction as R151E failed to restore
activity. It has been suggested that within family B GPCRs,
the equivalent of R151 may represent the central arginine
residue in the family A DRY motif (26, 27). For it to be
strictly analogous, it would need to form an ionic interaction
with a negatively charged counterion in the inactive state of
the receptor; E211 in TM3 is a candidate, but further work
is needed to establish this. L147 may participate in a
hydrophobic interaction, with either the receptor (possibly
helix 8 or the bottom of TM7), Gs, or RCP. Loss of coupling
at either R151 or L147 was not accompanied by a reduction
in CGRP affinity. A similar observation has been noticed
for the equivalent arginine residue (R176) of the GLP-1
receptor (4). This is consistent with a lack of movement of
ICL1 and its corresponding helices; there would be no
conformational change to be transmitted to the CGRP binding
pocket on the extracellular face of the receptor. There is
strong evidence that ICL1 is a contact point for G-proteins
in the calcitonin and CRF receptors as splice variants of these
receptors with insertions in ICL1 exhibit impaired coupling
to Gs (28).

C149 has no apparent role in cAMP accumulation or
internalization in the CGRP receptor, which was surprising
considering the full conservation of this residue within the
family B GPCR. Its role, if any, in CLR remains to be
determined.

FIGURE 3: Displacement of [125I]CGRP by unlabeled CGRP at the functionally important mutants compared to WT. Cos-7 cells were
transfected with WT/RAMP1 or mutant/RAMP1, and membranes were assayed for [125I]CGRP binding. Data are means( the standard
error of the mean of three to four experiments: (a) mutants with no change in binding and (b) I290A, R314A, and K311A/R314A.

FIGURE 4: Time course internalization curve for I290A. Cos-7 cells
were transfected with WT/RAMP1 or I290A/RAMP1 and assayed
for cell-surface expression after being exposed to 100 nM CGRP.
Data are representative of three to four similar experiments. Points
are means( the standard error of the mean of triplicate points.
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In a previous study of ICL2, it was shown that H216 was
required for cell-surface expression (2). The study presented
here suggests that it is part of motif that includes Y215 and
L214. H216 is oriented away from the helical bundle, making
it a suitable candidate for interaction with a trafficking
protein. The modeling suggests that Y214 and L215 are
probably involved in helix packing, perhaps stabilizing the
conformation of H216.

ICL3 plays a key role in G-protein recognition in both the
A and B families of GPCRs (29, 30). In CLR, this loop has
a number of motifs implicated in G-protein interaction. How-
ever, there is no consensus about their exact roles (Table 5).

It is well-established that the proximal portion of ICL3 in
many family A GPCRs forms an amphipathicR-helix and

that this is important in G-protein coupling (31). Similar
features have been noted in family B GPCRs; a study of the
GLP-1 receptor concluded that the hydrophobic face of this
helix was involved in G-protein contacts (4). With the CLR,
the modeling suggests that I290 and L294 participate in this
hydrophobic face. In the M5 muscarinic receptor, it has been
proposed that the helix stabilizes the wall of the G-protein
pocket by packing against the distal portion of ICL3 (6); a
similar mechanism may be important here for Gs or RCP.
In addition to disrupting coupling, I290A reduces CGRP
affinity and disrupts receptor internalization; to the best of
our knowledge, this residue or its equivalent has not
previously been implicated in internalization in other GPCRs.
The effects on CGRP binding may be secondary to the

FIGURE 5: Modeling of the CLR. In all figures, the active form of the receptor is colored blue and the inactive form orange. (a) View from
the cytoplasmic side showing all three ICL loops. (b) View looking at the cytplasmic surface of ICL1, showing R151 and L147. (c) View
of the proximal end of ICL3, showing how it forms a helix with I290, L294, and L298 on one surface. (d) View looking down TM5 from
the extracellular surface, showing rotation of I290 during receptor activation. (e) View looking down TM6 from the extracellular surface,
showing R314 and K311 (unlabeled residue).
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disruption of the G-protein interaction. It is not clear why
I290A impairs internalization. It cannot be simply a result
of poor coupling to Gs as mutants with a similar degree of
coupling impairment (R314 and R151) exhibit normal
internalization. An interaction, directly or indirectly with a
component of the internalization machinery or arrestin, may
be disrupted.

There are a number of other well-conserved motifs within
ICL3 that are frequently (but not invariably) involved in
G-protein coupling. The KL(K) motif (Table 5) is represented
by K297L298 in CLR but is unimportant for Gs coupling in
this receptor. The basic-X-X-basic motif can be seen in both
family A and B GPCRs, but effects of mutations are variable
(Table 5). In the CLR, the effects of the basic-X-X-basic
motif seem largely to be due to the influence of R314,
perhaps in promoting coupling to Gs. While a hydrophilic
substituent is required at this position, a charge is not
essential. It is possible that in R314E, the glutamic acid is
protonated due to its proximity to the lipid tails of the
membrane phospholipids. R314 may be directly involved in
G-protein coupling, but the model suggests that the side chain
in both the active and inactive states points away from the
G-protein binding pocket. It may be required for interaction
with another accessory protein such as RCP (32). However,
as a hydrophilic amino acid, it could help anchor the
N-terminal end of TM6 at the level of the plasma membrane,
by interacting with the polar headgroups of phospholipids
(33). The removal of this constraint could destabilize the
G-protein binding pocket formed by ICL3. The small effect
on CGRP binding affinity seen with this mutant can be
explained by assuming that changes in the cytoplasmic end
of TM6 are transmitted directly to the third extracellular loop,
which is likely to be involved in CGRP binding. We have
previously shown that mutation of P321 in the middle of
the helix substantially impairs agonist binding (1).

It is possible to draw some general conclusions from this
and other studies on the CLR (1). There are areas of
similarity between the activation of CLR and other GPCRs
from the A and B families. The movement of TM6 and hence

ICL3 is a crucial event in creating a G-protein binding pocket
in this and most other GPCRs. In particular, the junction
between TM5 and ICL3 seems particularly important for
G-protein interactions. By contrast, there is less conservation
of function at the distal ends of TM2 and -3. Even within
the B family of GPCRs, while motifs may be conserved they
can be adapted to distinct functions or become redundant.
In the CLR, this is illustrated by the roles (or lack thereof)
of the KL and the basic-X-X-basic motifs. To fully under-
stand this variation, it will be necessary to study structures
of individual GPCRs complexed with GR. However, the
model of the CLR gives some clues about why this might
happen. Only a few residues are likely to be essential for
direct interactions with Gs, probably forming charge-charge
interactions. The significance of the rest will be highly
sequence specific as other amino acids may be able to
compensate for removal of an interaction. The expression
of a particular phenotype may also be cell line specific;
factors such as G-protein concentration or the presence of
an accessory protein may either accentuate or mask a
difference. For the CLR, the KL motif may be unimportant
due to a particularly strong contribution from the preceding
hydrophobic face of the TM5-ICL3 interface. Equally, TM6
may be particularly dependent on R314 to anchor it; the role
of P321 in this helix shows that its dynamics are different
from those of TM6 in some other family B GPCRs such as
the VPAC1 receptor (1). The CLR also has interactions with
RCP and possibly the C-terminus of RAMP1 (34) which can
modulate the role of conserved motifs, making it a particu-
larly interesting receptor to study.
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