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ABSTRACT: The calcitonin gene-related peptide (CGRP) receptor is a heterodimer of two membrane proteins:
calcitonin receptor-like receptor (CLR) and receptor activity-modifying protein 1 (RAMP1). CLR is a class B
G-protein-coupled receptor (GPCR), possessing a characteristic large amino-terminal extracellular domain
(ECD) important for ligand recognition and binding. Dimerization of CLR with RAMPI provides specificity
for CGRP versus related agonists. Here we report the expression, purification, and refolding of a soluble form
of the CGRP receptor comprising a heterodimer of the CLR and RAMP1 ECDs. The extracellular protein
domains corresponding to residues 23—133 of CLR and residues 26—117 of RAMP1 were shown to be
sufficient for formation of a stable, monodisperse complex. The binding affinity of the purified ECD complex
for the CGRP peptide was significantly lower than that of the native receptor (ICsy of 12 uM for the purified
ECD complex vs 233 pM for membrane-bound CGRP receptor), indicating that other regions of CLR and/or
RAMPI are important for peptide agonist binding. However, high-affinity binding to known potent and
specific nonpeptide antagonists of the CGRP receptor, including olcegepant and telcagepant (Kp < 0.02 uM),
as well as N-terminally truncated peptides and peptide analogues (140 nM to 1.62 uM) was observed.

The 37-amino acid calcitonin gene-related peptide (CGRP)' is
the most potent endogenous vasodilator known (/). In the brain,
it is released from cell bodies in the trigeminal ganglia, where it
functions locally with its receptors to cause dilation of cerebral
blood vessels. Enhanced release of CGRP exacerbates cranial
vasodilation and is thought to be a primary determinant in the
pathogenesis of migraine headaches (2, 3). Several key observa-
tions support the role of CGRP in migraine. For example, early
studies detected CGRP at elevated levels in jugular venous blood,
but not in peripheral blood (4), and intravenous administration
of CGRP rapidly induced headache and other migraine-like
disorders in migraine-susceptible patients (5). The strongest
evidence, however, comes from recent clinical trials in which
the potent and selective CGRP receptor antagonists olcegepant
(BIBN4096BS) (6) and telcagepant (MK-0974) (7) were effica-
cious in treatment of acute migraine.
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The receptor for CGRP is a heterodimer of the calcitonin
receptor-like receptor (CLR) and receptor activity-modifying
protein | (RAMP1). CLR is a member of the class B (type II)
G-protein-coupled receptor (GPCR) family that includes recep-
tors for parathyroid hormone, glucagon, secretin, gastric inhibi-
tory peptide, and corticotropin releasing factor. RAMPs
are accessory membrane proteins required for the proper sub-
cellular localization, function, and selectivity of certain class B
GPCRs (8). When expressed alone, CLR is not known to bind
any ligand (9). However, when coexpressed with RAMPI, it
functions as a cell surface receptor for CGRP and has moderate
affinity for adrenomedullin (8). CLR is also capable of hetero-
dimerizing with two other RAMP proteins (RAMP2 and
RAMP3), which generates receptors with selectivity for adreno-
medullin (reviewed in ref /0).

Several classes of CGRP receptor antagonists have been
identified. The first peptide antagonists were simply N-terminal
truncations of the CGRP peptide (//—14). Later, more potent
peptide antagonists included non-natural C-terminal fragments
of CGRP (15, 16). The prototype nonpeptide antagonist, olce-
gepant (Figure 1, compound 1), was discovered through cellular-
based screens and subsequent chemical optimization. Olcegepant
is a selective antagonist of the human CGRP receptor (K; =
0.014 nM) (17). Although the compound displays poor oral
bioavailability, early clinical trials provided proof of concept
linking CGRP receptor antagonism with successful treatment of
migraine (/8). More recently, the first orally bioavailable CGRP
receptor antagonist, telcagepant (also known as MK-0974), has
shown efficacy in migraine treatment (7).
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F1GURE 1: Chemical structures of olcegepant (compound 1) and telcagepant (compound 2).

The extracellular domains (ECDs) of CLR and RAMP1 have
been shown to play essential roles in heterodimerization and
membrane trafficking, agonist binding and selectivity, and
antagonist recognition. For example, using deletion mutants
and chimeric constructs of CLR (19) and RAMP1 (20), regions
were identified in the ECDs of both proteins that are essential for
receptor dimerization and trafficking. Similar mutational ap-
proaches implicate the N-terminal sequences of RAMP1 (21, 22)
and CLR (23) in conferring agonist binding specificity.

Several studies have also identified the N-terminal domains as
being important determinants for antagonist binding. For ex-
ample, key residues in CLR (localized to amino acids 37—63)
were shown to confer high-affinity antagonist binding for an
iodinated analogue of olcegepant (24). More importantly, selec-
tivity of olcegepant for the CGRP receptor versus related
receptors appears to be due to a specific interaction with the
extracellular region of RAMPI1. Moreover, ['*IJCGRP cross-
linking studies indicate that the CLR and RAMP1 ECDs are
situated close to the CGRP binding site, suggesting that
both protein domains together define the antagonist binding
pocket (22).

As with most GPCRs, biochemical, biophysical, and structural
studies of the CGRP receptor have been hindered by its
membrane localization and the lack of an abundant natural
source for purification. Furthermore, the dimeric nature of the
receptor and the presence of several disulfide bonds in both CLR
and RAMPI exacerbate the challenges of recombinant produc-
tion beyond those of the monomeric class B GPCR ectodo-
mains (23, 26). In this study, we present a reductionist approach
for the production of the CGRP receptor that focuses on the
soluble ECDs of CLR and RAMP1. We have identified, purified,
and characterized a soluble core complex that serves as a valid
surrogate for studying binding of a small-molecule antagonist to
the CGRP receptor. To the best of our knowledge, this study also
represents the first isolation of any class B GPCR—RAMP
complex that is amenable to high-resolution structural studies
(E. ter Haar, C. K. Koth, N. Abdul-Manan, L. Swenson,
J. Coll, J. A. Lippke, C. A. Lepre, M. Garcia-Guzman, and
J. M. Moore, unpublished observations). Our results contribute
further insight into the structure and function of the CGRP
receptor and identify a complex suitable for structural analysis by
nuclear magnetic resonance (NMR) spectroscopy and X-ray
crystallography.

EXPERIMENTAL PROCEDURES

Materials. cDNA clones for human CLR (AY389506) and
human RAMP1 (AY265457) were purchased from the Missouri
S&T cDNA Resource Center. Pfu DNA polymerase was from

Stratagene (La Jolla, CA), and KlenTaq was purchased from Ab
Peptides (St. Louis, MO). The pET28b vector and BL21(DE3)
Rosetta 2 cells were purchased from Novagen (Milwaukee, WI).
SNH,Cl, [13C]gluc0se, D,0, and additional isotopes for gener-
ating methyl-protonated samples (27) were purchased from
Cambridge Isotope Laboratories (Andover, MA). The MONO
Q HR 10/10 and S200 26/60 gel filtration columns and Vivaspin
concentrators were purchased from GE Healthcare (Piscataway,
NJ), as were ['*’IJCGRP and Biacore reagents and chips. An
UNO Q-6 column was purchased from Bio-Rad (Hercules, CA).
SK-N-MC membranes were from Perkin-Elmer (Waltham,
MA). The CGRP peptide and truncated variants were obtained
from American Peptide (Sunnyvale, CA). Olcegepant and telca-
gepant were synthesized in house using previously published
methods (28, 29). Amine-PEG2-biotin was from Pierce
(Rockford, IL). Five millimeter microcell NMR tubes were from
Shigemi, Inc. (Alison Park, PA).

Construct Cloning and Expression. Truncations of CLR
were PCR amplified from the parent cDNA using cloned Pfu
DNA Polymerase and KlenTaq, with the Ncol and Xhol
restriction sites incorporated into the PCR primers for subse-
quent subcloning into pET28b. A stop codon was incorporated
at the 3’ end of CLR constructs, for expression without a fusion
tag. Truncations of RAMP1 were PCR amplified as described
above, using the Ndel and Xhol restriction sites for subcloning
into pET28b, downstream of the coding sequence for a hexahis-
tidine tag and thrombin cleavage site.

Escherichia coli BL21(DE3) Rosetta 2 cells were transformed
with the plasmids described above and were grown at 37 °C and
225 rpm to an ODggg of 0.4—0.6 and then induced with 0.5 mM
isopropyl 6-D-thiogalactopyranoside (IPTG). The cells were
grown for an additional 3 h at 37 °C before being harvested.
For isotopically labeled proteins, M9 minimal medium contain-
ing ""NH,CI, [*C]glucose, and/or D,O was used. Methyl-pro-
tonated {Ile(d1 only),Leu('*CHj,'*CD3),Val('*CH3,'*CD3)}
samples were prepared as described previously (27). For CLR, a
shorter construct lacking seven amino-terminal residues
(CLR30-133) had a higher level of expression in minimal medium
(data not shown) and was used for all perdeuterated samples.

Luria broth was used for unlabeled proteins. Cell pellets
(typically 0.7 g/L from M9 medium and 1.2 g/L from Luria
broth) were flash-frozen in liquid nitrogen and stored at —70 °C.

Inclusion Body Preparation of CLR and RAMP1. Inclu-
sion body and refolding procedures are based on those previously
reported by Chauhan et al. for the isolated CLR ECD (25).
Several modifications were made to yield a CLR;_ ;33— RAM-
Plyg— 117 ECD complex, as detailed below. Briefly, 12—15 g of frozen
cells (for either CLRy3—133 or RAMPI15¢_117) was resuspended in
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100 mL of buffer A [100 mM Tris-HCl and 1 mM EDTA (pH 7.0)]
and lysed with a microfluidizer using one pass at 15000 psi. Lysed
cells were mixed with 50 mL of buffer B {100 mM Tris-HCI, 150 mM
NaCl, and 1.5% Triton X-100 (pH 7.0)] and pelleted by centrifuga-
tion at 50000¢ for 30 min. The inclusion body pellet was washed
twice in 35 mL of buffer C [100 mM Tris-HCI, 150 mM NaCl (pH
7.0), and 0.5% Triton X-100] followed by two additional 35 mL
buffer washes without Triton X-100. Each wash cycle was followed
by centrifugation at 30000g for 15 min and resuspension of the pellet
in wash buffer. The washed inclusion body pellet was then solubi-
lized in 35 mL of buffer D [6 M guanidine hydrochloride, 100 mM
DTT, 100 mM Tris (pH 8.0), and 5 mM EDTA] by being stirred at
room temperature for 1—2 h, followed by centrifugation at 50000g
for 30 min. Removal of DTT was achieved by dialysis with 2 L of
buffer E [4 M guanidine hydrochloride and 100 mM sodium
phosphate (pH 6.0)] for 12—16 h, followed by two additional fresh
buffer changes. The dialyzed, denatured protein was centrifuged at
50000¢ for 30 min, quantitated (using absorbance at 280 nm), and
frozen at —70 °C until it was needed.

Protein Refolding and Purification. The ECD CLRy;_133—
RAMP1 417 complex was prepared by co-refolding of the ECD
proteins from inclusion bodies generated using the procedure
described above. Equimolar amounts of CLRy_j33 and
RAMPI,4_117 inclusion body preparations were mixed and
diluted to 100 mL in buffer E to a final protein concentration
of 0.1-0.2 mg/mL, followed by dialysis at 4 °C for 24 h against
2 L of refolding buffer F [1 M r-arginine, | mM EDTA, 0.05 M
sodium phosphate (pH 8.0), and 5 mM reduced glutathione and 1
mM oxidized glutathione, respectively]. The protein was then
further dialyzed against 2 L of buffer G [20 mM Tris-HCI, | mM
EDTA, 10% glycerol, and 50 mM NaCl (pH 7.3)] for 12 h at
4 °C, followed by a change to fresh buffer G and dialysis for an
additional 12 h, also at 4 °C. The precipitated protein was
removed by centrifugation at 30000g for 30 min. After filtration
through a0.2 um filter, the refolded CLR23_|33_RAMP126_|17
complex was applied to an anion-exchange MONO Q HR 10/10
or UNO Q-6 column at 1.5 mL/min and resolved using a linear
sodium chloride gradient from 50 to 600 mM in buffer
G. Fractions were analyzed by SDS—PAGE, and those containing
the co-eluted CLRy;_ 133~ RAMPIy4_;7 complex were pooled
and concentrated (Vivaspin molecular mass cutoff of 10 kDa) to
2 mg/mL followed by thrombin cleavage at 4 °C overnight to
remove the hexahistidine on RAMP15¢_1;7 (1 unit of thrombin/2
mg of purified CLR»3—133-RAMPI156_117 complex). Cleaved
protein was applied to an S200 26/60 gel filtration column at a
flow rate of 1.0 mL/min in buffer H [20 mM Tris-HCI, 150 mM
NaCl, | mM EDTA, and 10% glycerol (pH 7.3)]. Fractions
containing the co-eluted CLR;-133—RAMPI1,4_;17 ECD com-
plex were pooled and concentrated to 10—20 mg/mL. Purified
proteins were used immediately in functional or structural studies
or flash-frozen in liquid nitrogen and stored at —70 °C until they
were needed.

[*I|CGRP Binding Displacement Assay. The SK-N-MC
neuroblastoma cell line expresses well-characterized CGRP
receptor activity (30). SK-N-MC membranes (12 ug) were
incubated with a competing ligand (CGRP, olcegepant, or
purified CLR»3-133-RAMP154_117 ECD complex) for 10 min
prior to addition of 46 pM ['**TIJCGRP. After incubation for 2 h
at room temperature, the reaction was stopped by rapid filtration
through a GF/C filter plate (Perkin-Elmer, Waltham, MA)
pretreated with 0.5% PEI and 0.5% BSA. The filter plate was
washed with ice-cold wash buffer [SO mM Tris-HCI (pH 7.4),
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5 mM MgCl,, and 0.1% BSA] using a cell harvester (Tomtec,
Hamden, CT). The radioactivity of the filter plates, correspond-
ing to bound ['*IJCGRP, was read on a Topcount plate reader
(Packard Instrument Co., Meriden, CT). Nonspecific binding
was assessed in the presence of 1 uM olcegepant. ICs, values were
calculated by nonlinear regression using Prism 5 (GraphPad
Software, La Jolla, CA).

CLR>;—133— RAMPI 55— ;;7, Competition Assay. Increasing
concentrations of CGRP or the small-molecule antagonist olce-
gepant were incubated with 1 uM CLR;-133~ RAMPl_ ;7
complex for 15—20 min at room temperature. After this incuba-
tion, 12 ug of SK-N-MC membranes was added, followed by 46
pM ['*IJCGRP. These mixtures were then incubated for 2 h, and
the amount of ['*’IJCGRP remaining bound to wild-type CGRP
receptors in the SK-N-MC membranes was measured, as de-
scribed above.

Steady State Fluorescence Spectroscopy. Fluorescence
measurements were performed in a Perkin-Elmer LS50B lumi-
nescent spectrometer. One milliliter of a 4 uM solution of the
CLR23_133_RAMP126_117 complex in 10 mM Tris, 125 mM
NaCl, and | mM EDTA (pH 7.3) was kept in the cuvette
compartment with stirring at room temperature. Fluorescence
emission spectra exhibiting trytophan quenching were recorded
at 0, 1, 2, 3, and 4 uM olcegepant. This was accomplished via
addition of successive 1 uL aliquots of a 10 mM olcegepant stock
solution in DMSO to the cuvette. A 1., of 290 nm was used, and
an emission range from 300 to 400 nm. The final absorbance of a
4 uM solution of olcegepant at 290 nm is less than 0.1 absorbance
unit; hence, there was no need to correct for inner filter effects.

Surface Plasmon Resonance. SPR data were collected on a
Biacore 3000 instrument (GE Healthcare) at 25 °C. We con-
ducted competition binding experiments by monitoring the
response from immobilized CGRP upon titration of the
CLR»3-133-RAMPI 54117 ECD complex premixed with differ-
ent concentrations of compounds or peptides. The assay buffer
was HBS-P [10 mM HEPES, 150 mM NaCl, and 0.005% P20
(pH 7.5)] with or without 2% DMSO, as indicated. N-Terminally
biotinylated, 37-residue CGRP was dialyzed against HBS-P
buffer prior to immobilization on a Biacore streptavidin sensor
chip (SA chip) following standard protocols provided by the
manufacturer (Biacore 3000 Instrument Handbook, January
2001 Edition). Biotinylated CGRP was immobilized on flow cell
2, yielding 1500—2000 response units. Flow cell 1 was used as a
reference cell. Both flow cell surfaces were blocked with two
6 min injections of 0.5 mM amine-PEG2-biotin at a flow rate of
10 pL/min.

The protein concentration was determined using an extinction
coefficient of 62170 M~ cm™" at 280 nm. A competition ligand
binding assay was conducted with the compounds telcagepant
and olcegepant and full-length and truncated CGRP peptides
(Table 2). The ECD CLR3-133—RAMPI1 47 complex (0.2 or
0.8 uM) was mixed with different amounts of compounds and
peptides and incubated for 30 min at room temperature before
being injected onto the SA chip containing immobilized 37-
residue CGRP. For titrations of mixtures containing com-
pounds, all buffers were supplemented with 2% DMSO. Each
protein/compound mixture was injected to the surface for 90 s at
a flow rate of 50 uL/min followed by a 5 min delay to allow for
protein dissociation. Surfaces were regenerated with 20 s injec-
tions of 10 mM glycine at pH 3.0.

The SPR data were evaluated using BIAevaluation version 3.1
(GE Healthcare) and Prism 5 (GraphPad Software). The surface
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Table I: Summary of Deletion Constructs for CLR and RAMPI Used To
Prepare 1:1 Complexes for Crystal Trials”

CLR RAMPI
E23—-EI133 A26—S117
E23—-E133 A26—DI113
E23—E133 A26—R109
E23—-E133 A26—-P105
D30—E133 A26—S117
D30—E133 A26—DI113
D30—E133 A26—R109
D30—-EI133 A26—P105
G35-TI3l A26—S117
G35-T131 A26—D113
G35-TI131 A26—R109
G35-T131 A26—P105
K40—-E133 A26—S117
K40—-E133 A26—DI113
K40—E133 A26—P109
K40—E133 A26—P105

“The complex of CLR,3133 and RAMPl,4.qy; formed diffracting
crystals.

responses at each compound or peptide concentration were
obtained from BIAevaluation, and the data were fit by Prism
using the equation

Y = Pi(Ay=0.5{[40+ X + Kq]
—[(Ao+ X +Kq)(Ao+ X + Kq) —4A0X]1/2})

where A, is the protein concentration, Ky is the constant for
dissociation of the compound from the protein, P; is a constant,
which is dependent on the active ligand concentration on the
surface and its dissociation constant for dissociation from the
ectodomain protein, X is the compound concentration, and Y is
the resonance response.

NMR Spectroscopy. NMR resonance assignment and li-
gand binding studies of the wunlabeled CLRy-j33—
[N,3C,’HIRAMPl_ 17 complex were conducted in a 5 mm
microcell NMR tube containing 300 4L of 300 uM protein in 50
mM Tris (pH 7.3), 50 mM NaCl, and 5% D,0. Ligands were
added in small aliquots of a concentrated ["HIDMSO stock
solution to a final molar excess of 1.2-fold. The final "HDMSO
concentration in the samples was < 5%, and a ["H]DMSO-only
control was run to account for solvent-induced perturbations. All
NMR experiments were conducted at 303 K on a Bruker Avance
800 MHz spectrometer equipped with an inverse triple-resonance
(TXI), Z-axis gradient cryprobe. ""’N—'H TROSY spectra were
recorded using published methods (37). Three-dimensional tri-
ple-resonance data were acquired using methods similar to those
described previously (32, 33). Data were processed using either
TopSpin 1.3 (Bruker-Spectrospin) or nmrPipe (34). Analysis of
the spectral data was aided by CARA [R. Keller and K.
Wauthrich, Computer-aided resonance assignment (CARA),
available from http://www.nmr.ch] and AutoLink (35).

RESULTS

Expression of the CLR and RAMP1 ECDs. To facilitate
biochemical and biophysical studies of the CGRP receptor and to
provide a structural model for ligand binding, we sought to
generate a soluble recombinant heterodimer comprising the first
ECDs of human CLR and RAMPI. Efforts were focused on
expression in E. coli, as this would allow isotopic labeling for
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NMR structural studies. The first 22 residues of CLR and the
first 25 residues of RAMPI encode signal peptides for
membrane targeting (36) and were excluded from all constructs
(Figure 2). An untagged, CLR construct corresponding
to residues 23—133 (CLR»3—133) and an amino-terminal
hexahistidine-tagged RAMP1 construct corresponding to resi-
dues 26—117 (RAMPly4_117) yielded more than 20 mg of
expressed protein per gram of cell paste and were present almost
exclusively in the insoluble inclusion body fraction (Figure 3A).
Inclusion bodies from both constructs could be effectively
solubilized with 6 M guanidine hydrochloride and excess redu-
cing agent and co-refolded to form a functional heterodimeric
complex, as outlined in the following sections.

Refolding and Purification of a Soluble CLR>3— ;33—
RAMPI55_;;7, Complex. Like all family B GPCRs, the ECD
of CLR contains six cysteine residues that are predicted to form
three intramolecular disulfide bonds. The RAMP1 ECD is also
predicted to contain three disulfide bonds. We first attempted to
refold the expressed constructs individually in a refolding buffer
containing a high concentration of arginine, in an attempt to limit
aggregation. Refolding buffer also contained a reduced/oxidized
glutathione shuffling system to promote correct disulfide bond
formation. Successful refolding of CLR (25) and RAMPI1 (37)
ECDs has been achieved; however, a functional complex of the
two ECDs had not been reported. While we were able to refold
CLRy;_133 to yield a product containing the correct number of
disulfide bonds [as determined by mass spectrometry (data not
shown)], our refolding attempt for RAMPls—1y; resulted
in low yields, which form heterogeneous soluble aggregates at
concentrations of > 1 mg/mL (data not shown). Reasoning that
CLR»-133 and RAMPl—1;7 might form a complex, we
attempted to refold the two ECD constructs together. The co-
refolding yielded a stable, monodisperse, heterodimeric complex
as evidenced by the co-elution of CLRy;—133 and RAMP1 7
ECDs throughout all steps of purification. The resolution of the
co-refolded ECDs by anion-exchange chromatography resulted
in two prominent peaks that were well separated over the linear
ionic gradient. Mass spectrometry, N-terminal sequencing and
SDS—PAGE analysis (Figure 3B) confirmed the presence of both
CLR»3-133 and RAMP1,4_7 in the first peak and only excess
CLRy;-13; in the second (mass spectrometry and sequencing
data not shown). Fractions corresponding to the first peak were
pooled, concentrated, and resolved by gel filtration chromato-
graphy. As shown in Figure 4A, a single symmetric peak was
observed, as expected if the two ECDs formed a complex. This
peak had a retention volume between those for 44 and 17 kDa
molecular mass standards, in agreement with a predicted molec-
ular mass of 23839 Da for the monodisperse CLRy3_j33—
RAMPIly4_117 complex. SDS—PAGE analysis from the gel
filtration fractions revealed the comigration of CLR»3_133 and
RAMP1 4117 (Figure 3C). The retention volume (15.2 mL) and
shape of the peak for the CLR 53133~ RAMP154_;,7 heterodimer
remained relatively unchanged over the protein concentration
range of 0.5—20 mg/mL (data not shown). By comparison,
isolated CLRy;_133 (0.5 mg/mL; expected molecular mass of
13139 Da) resolved under identical conditions gave rise to a peak
with a retention volume of 15.6 mL (Figure 4C). This indicates a
smaller Stokes radius for the isolated CLR»3_ 33 compared to the
CLR23_133_RAMP126_117 Complex, as eXpeCted if the latter
comigrated as a complex. However, at higher concentrations
(=5 mg/mL), isolated CLR,3_;33 gave rise to additional peaks
(Figure 4B) with decreased retention volumes, indicating a
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AEGVYCNRTWDGWLCWNDVAAGTESMOLCPDYFODFDPSEKVTKICDODGNWFRHPASN
RTWINYTQCNVNTHEKVKTALNLFYLTIIGHGLSIASLLISLGIFFYFKSLSCQRITLH
KNLFFSFVCNSVVTIIHLTAVANNQALVATNPVSCKVSQF IHLYLMGCNYFWMLCEGIY
LHTLIVVAVFAEKQHLMWYYFLGWGFPLIPACIHAIARSLYYNDNCWISSDTHLLYIIH
GPICAALLVNLFFLLNIVRVLITKLKVTHQAESNLYMKAVRATLILVPLLGIEFVLIPW
RPEGKIAEEVYDYIMHILMHFQGLLVSTIFCFFNGEVQAILRRNWNOYKIQFGNSFSNS
EALRSASYTVSTISDGPGYSHDCPSEHLNGKSIHDIENVLLKPENLYN

MARALCRLPRRGLWLLLAHHLFMTTACQEANYGALLRELCLTQFQVDMEAVGETLWCDW

GRTIRSYRELADCTWHMAEKLGCFWPNAEVDRFFLAVHGRYFRSCPISGRAVRDPPGSI

LYPFIVVPITVTLLVTALVVWQSKRTEGIV

FIGURE 2: Schematic presentation of the full-length primary sequence of human CLR (A) and RAMPI (B). For both CLR and RAMPI, the
cleavable signal peptide is underlined. The ECDs for (A) CLR and (B) RAMP1 are colored yellow. Highlighted in gray for both sequences are the
transmembrane region and cytoplasmic sequences.

A

CLR RAMP1

Inclusion Body Preparation

|

Mix & Refold
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Anion Exchange"'

|

Gel Filtration

115

B

«—CLR
+—RAMP1

—— «—CLR
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Ficure 3: SDS—PAGE analysis from refolding and purification of inclusion bodies to generate a functional CLR 3133~ RAMP 56117 complex
for biophysical and structural studies. (A) Solubilization of inclusion bodies from the extracellular domains of CLR ;33 and RAMP;_;17in 6
M guanidine hydrochloride in the presence of excess DTT. (B) Fractions from anion-exchange chromatography following refolding containing
the co-eluted CLR53- 133~ RAMP 54— 17 complex (underlined). These fractions were pooled and applied on a gel filtration column. (C) Elutions

from gel filtration showing comigration of CLR»3—133 and RAMP1y5_117.

Arbitrary Absorbance Units

N O N & O DO = N WA

670 158 44 1.35
. - - -
A CLR/RAMP1 ECD Complex
3.2 mg/ml (and higher, >20 mg/ml)
B CLR ECD 5 mg/iml
A
C CLR ECD 0.5 mg/ml
6 8 10 12 14 18 20 22 24

Retention Volume

F1GURE 4: Comparison of S200 gel filtration chromatograms of the refolded CLR 3133~ RAMP ;55117 ECD complex at 3.2 mg/mL (A) with
those for the refolded CLR3-133 ECD (in the absence of RAMP1) at 5 mg/mL (B) or 0.5 mg/mL (C), indicating the CLR»;_33 ECD when
refolded without RAMP1,4_ 1,7 forms higher-order aggregates at high concentrations. For the sake of simplification, arbitrary absorbance units
(at 280 nm) are reported. The migration of molecular mass standards is shown (gray box).
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Table 2: Sequences of ha-CGRP, Peptide Truncations, and Analogues®

peptide sequence

ACDTATCVTHRLA-
GLLSRSGGVVKNNF-
VPTNVGSKAF-NH,

FVPTDVGPFAF-NH,

FVPTDVazaGPFAF-NH,

FVPTDVGAFAF-NH,

TDVGPFAF-NH,

ho-CGRP

11-mery;_37 (D!, P, F¥)
11-mery;_3; (D', azaG**, P*, F%)
11-mery;_37 (D!, A¥, F?)
8-merso_37 (D', P34 F*)

“Residues shown in bold for shorter peptide sequences represent sub-
stitutions versus the native ha-CGRP sequence.

concentration-dependent aggregation and/or multimerization of
this protein in the absence of RAMPI54_117.

To identify the optimal pair of CLR and RAMP1 ECDs for
X-ray crystallographic studies, a total of 16 combinations using
four CLR and four RAMPI constructs (Table 1) were refolded
and purification of the soluble fraction monitored with the same
procedures used for the CLRy;—133—~RAMPIly6_117 complex
described above. All construct pairs in Table 1 formed 1:1
complexes with elution profiles similar to that shown for the
CLR»3-133—RAMPI54_;7 complex in Figure 4A; however,
only the CLR,3_ 133~ RAMP1 ;7 complex yielded diffract-
ing crystals. As implied by the elution profiles, a 94-amino acid
region of CLR (CLRy4y—;33) was sufficient for interaction
with an 80-amino acid region of RAMPI (RAMPI1,4_1¢s).
Smaller N-terminal truncations of RAMP1 were not found in
the soluble fraction after refolding and/or did not copurify
with CLR.

Characterization of Ligand Binding to the CLR3— ;33—
RAMPI54—;;7 ECD Complex. We then measured the ability
of the purified CLR»3—133- RAMPI1,4_;17 complex to compete
directly with ['*I]CGRP for binding to native CGRP receptors
in SK-N-MC membranes. In this assay, the calculated 1Cs
for the CLR237133_RAMP1267117 Complex was 12 + 12 ILLM
(Figure SA).

We also developed a second, indirect, assay that would further
permit us to measure the potency with which the CLRy;_133—
RAMPI,4_117 complex could compete with wild-type CGRP
receptors for binding to the CGRP peptide and olcegepant. In
this experiment, binding of the CGRP peptide or olcegepant to
the CLR»3- 133~ RAMPI1 5417 complex was expected to yield a
concomitant increase in the level of ['*’IJCGRP bound to the
SK-N-MC membranes versus control reactions with BSA, but
lacking the soluble ECD complex. This was because the
CLR»;-133~RAMPI,4_117 complex would function as a “ligand
sink”, reducing the amount of unlabeled ligand available to
compete with ['*’[JCGRP binding to native receptors. As ex-
pected, both CGRP (IC5y = 233 £ 67 pM) and olcegepant
(ICsy = 54 4 25 pM) were able to compete with [*’IJCGRP
binding to native CGRP receptors in the SK-N-MC membranes
(Figure 5B). However, when the CGRP peptide was incubated
with the CLR»;_133~RAMP15¢_17 complex, only slight shifts in
the competition curves were generated (ICsy = 101 £ 21 pM)
(Figure 5C), consistent with lower-affinity binding of CGRP to
the soluble ECD complex. Addition of 1 uM CLRy;_33—
RAMPI1,4_17 complex to olcegepant titrations (1072 to 10°°
M) almost completely eliminated the compound’s ability to
displace ['*IJCGRP from SK-N-MC membranes (Figure 5C).
Moreover, the CLRy;—j33~RAMPIy_;17 complex bound
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FIGURE 5: ['**IJCGRP radioligand binding studies. ['*’I]JCGRP
binding to the native CGRP receptor in SK-N-MC membranes was
assessed in the presence of increasing concentrations of (A) purified
CLR237133_RAMP12671 17 ECD Complex and (B) unlabeled CGRP
(blue circles) and olcegepant (red diamonds). (C) Indirect competi-
tion assay to measure the ability of the CLRy3- 133~ RAMPIl 17
ECD complex to compete for binding to CGRP (blue circles) or
olcegepant (red diamonds) in the presence of the native CGRP
receptors in SK-N-MC membranes. In this experiment, increasing
concentrations of CGRP or olcegepant were incubated with 1 uM
CLR237133_RAMP]267117 Complex followed by additions of SK-
N-MC membranes containing the native receptors and ['*IJCGRP
(see Experimental Procedures). All experiments producing data
depicted in this figure were performed in triplicate.
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FIGURE 6: Stoichiometric quenching of the CLR53— 33— RAMP 517
ECD complex tryptophan fluorescence by titration with olcegepant.
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FIGURE 7: Steady state binding analysis of the refolded CLR ;33—
RAMP,¢_ 117 ECD complex with telcagepant and olcegepant (A) and
CGRP peptide variants (B) by SPR. Sensogram responses of the
CRLR3;3-133—RAMPy_; 17 ECD complex to immobilized biotiny-
lated CGRP at various concentrations of ligands. The dissociation
constants were calculated from the binding isotherms by nonlinear
regression analysis using PRISM version 5.0a. (C) Representative
reference-corrected sensorgrams of the refolded CLRy3_133—
RAMP,¢_ 117 ECD complex preincubated with the indicated concen-
trations of telcagepant and monitored on a surface immobilized with
biotinylated CGRP.

directly to olcegepant, as evidenced by a stoichiometric quench-
ing of the ECD complex’s intrinsic tryptophan fluorescence by
olcegepant (Figure 6).

Surface Plasmon Resonance Competition Binding Stu-
dies. Having observed the weaker binding of the longer peptides
and the more potent binding of olcegepant using the ['*’[JCGRP
competition binding methods, we sought to measure the affinities
of the CLRy;-133-RAMP15_;;7 ECD complex directly using
surface plasmon resonance methods. Shorter peptide analogues
of CGRP,;_37 and CGRP3_37 have been shown previously to
bind with high nanomolar affinity to the full-length receptor
(15, 38). We tested these peptide analogues (Table 2) along with
full-length CGRP, olcegepant, and telcagepant by assessing
binding of the CLRy;_133-RAMPIly_;;7 ECD complex to
biotinylated CGRP in the presence of increasing concentrations
of ligand. Under all tested conditions, a steady state plateau was
reached within the first few seconds of injections (for example,

Koth et al.

Table 3: SPR-Derived Equilibrium Binding Constants of Telcagepant,
Olcegepant, and CGRP to the CLR,3_133-RAMPIy_;;7 Ectodomain
Complex

Kp (uM) by SPR

ha-CGRP 23.6+12.0
11-mery;_3; (D!, P**, F¥) 0.14£0.02
11-mera;_37 (D', azaG*», P¥* F?) 1.16 £0.17
11-mers;_37 (D!, A% F?) 1.62 £0.24
8-merso_s7 (D!, P F?%) 0.56+ 0.14
olcegepant <0.02
telcagepant <0.02
. BN
&
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FIGURE 8: "N—'H TROSY spectra of the unliganded unlabeled
CLR,;_133—[°N,*C’HIRAMP1,¢_1,7 complex (green peaks) and
the olcegepant—unlabeled CLR,; ;33— [°N,'*C,’HIRAMPI5¢_1,7
ternary complex (red peaks). The oval denotes a new Thr amide
resonance. The box shows the tryptophan indole NH region of the
spectrum.

Figure 7C), making it possible to use the steady state R, values to
accurately calculate equilibrium constants for each ligand (Table 3
and Figure 7A,B). Full-length CGRP was determined to bind
Weakly to the CLR23_133_RAMP126_117 ECD complex, with a
Kp of 23.6 £ 12.0 uM, which is in the same affinity range as
determined by the ['*IJCGRP binding assay (Figure 5A). Con-
versely, telcagepant and olcegepant both exhibited tight binding,
each displaying a Kp value below the limit of detection for
these measurements (Kp < 0.02 uM). In comparison to full-length
CGRP, the shorter peptide analogues (Table 2) bound more tightly
in the range of 140 nM to 1.62 uM (Table 3 and Figure 7).

NMR Structural Analysis of the CLR—RAMPI1 ECD
Complex. (i) Antagonist-Induced Conformational Changes
in RAMPI155_;;7. NMR methods can provide additional in-
sight into the physicochemical properties, structure, and dy-
namics of proteins in solution. Chemical shift perturbation
studies are particularly useful for identifying residues involved
in and the conformational effects arising from ligand binding.
Because of the heterodimeric nature of the CLRy;_j33—
RAMPI1,4-117 ECD complex, a partial isotope labeling strategy
was used to reduce spectral complexity: either the CLR ECD or
the RAMP1 ECD was labeled with isotopes and refolded with
the unlabeled counterpart. For CLR, a shorter construct lacking
seven amino-terminal residues (CLR3,—33) had a higher level of
expression in minimal medium (data not shown) and was used for
all perdeuterated samples.

The ""N—"H TROSY spectrum of the unlabeled CLR,;_ ;33—
[ISN,BC,ZH]RAMPI%_I 17 complex is shown in Figure 8.
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FIGURE 9: RAMPl5¢_ ;7 "N—"H TROSY chemical shift perturbations observed upon addition of olcegepant to the ECD complex. Boxes
containing residues are shaded according to the magnitude of the chemical shift perturbation observed upon ligand addition: no shading, no
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FiGuRrE 10: Perturbations observed by NMR when olcegepant
(purple) binds to CLR,3—33 (green) and RAMPI,4_117 (cyan).
RAMP1 4117 residues exhibiting amide chemical shift changes upon
addition of ligand are colored according to small (yellow), moderate
(orange), and large (red) magnitude effects. Unassigned gap residues
are colored gray, and the side chains of W74 and W84 are shown. This
figure was rendered using Pymol Molecular Graphics System (De
Lano Scientific, Palo Alto, CA).

Approximately 90% (78 of 87) of the backbone amide resonances
of RAMPI1 ;7 were assigned. The chemical shift dispersion
and line widths are consistent with those of a folded, globular
protein. Chemical shift indices and intrahelical amide—amide
NOEs confirmed that the secondary structure of the protein
was primarily o-helical. There are two gaps in the resonance
assignments of RAMPI1y¢_;7: the first occurs in the region
near W74, a residue known to contribute to olcegepant bind-
ing (39, 40), and the second at W84, located in the loop connect-
ing helices aR2 and aR3 (37) (E. ter Haar et al., unpublished
observations).

The effect of antagonist binding to RAMP1,4_,7 was exam-
ined by measuring perturbations of amide chemical shifts in the
"N—'H TROSY spectrum induced by addition of olcegepant.
Major changes to the spectrum occur upon addition of olcege-
pant, including the appearance of a new threonine spin system
(oval, Figure 8), which can be assigned to T73 (the only
remaining unassigned threonine residue). In the spectral region
associated with tryptophan indole NH protons (unassigned), one
new resonance appears and another shifts dramatically (box,
Figure 8). Thus, it appears that residues in the T73-W74-H75 and
W84-P85-N86 regions exhibit broad resonances due to backbone
motions, but these motions are attenuated upon binding of
olcegepant. Globally, olcegepant-induced chemical shift pertur-
bations are observed for approximately half of the assigned
amide resonances (Figure 9). The largest perturbations are
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FiGure 11: "N—'H TROSY spectra of the unliganded
[°N,"*C]CLRy;_ 33— unlabeled RAMP complex (green peaks) and
the olcegepant—["°N,'>CJCLRy;_3;—unlabeled RAMP ternary
complex (red peaks).

clustered in the region from G60 to C82, which spans helix
aR?2 in the X-ray structures of RAMP1 (37) (E. ter Haar et al.,
unpublished observations). When the olcegepant-induced che-
mical shift perturbations are mapped onto the X-ray structure of
the complex (Figure 10), it is found that 31 of the 39 affected
amides are more than 10 A from the ligand (including most of the
shifted amides in helix aR2 and all of those in helices aR1 and
aR3), indicating that the perturbations arise due to conforma-
tional changes rather than direct effects (such as ring current
effects from aromatic rings on the ligand).

(it) CLR,;3 30— 133 Mobility and Conformational Hetero-
geneity in the Unliganded and Olcegepant-Bound States.
The '"N—"H TROSY spectrum of a complex of '°N- and '*C-
labeled CLR,;_33 and unlabeled RAMPI1,4_;7 is shown in
Figure 11. The chemical shift dispersion and line widths are
consistent with those of a folded, globular protein. However,
multiple spectral features indicate that CLR ;33 contains even
more regions of dynamic flexibility than RAMPI1,4_;,7. For
example, only 77 of 107 of the expected spin systems were
observed in the "N—"H TROSY and HNCO spectra for an
unliganded sample, suggesting that a subset of residues in
CLRy;_133 have dynamic properties that broaden and obscure
their NH resonances. In addition, the resonances that could be
observed were of variable intensity and line width, a further
indication that these resonances are undergoing broadening due
to motions that are slow to intermediate on the NMR time scale.

Upon addition of olcegepant to the sample, significant changes
were observed in the spectrum. These differences included shifts
in a number of existing resonances as well as the appearance of
numerous new resonances (Figure 11). In all, we identified
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102 0f 107 expected resonances in the '"N—"H TROSY spectrum.
However, because of the absence of predicted correlations
in the HNCACB and HN(CO)CACB spectra for a [*C,'"N,'H]-
CLR»;-133 labeled sample, we were not able to determine the
sequential assignments. In an attempt to address these difficul-
ties, data were collected for a sample of methyl-protonated
{Tle(d1 only),Leu(*CHs,"*CDs),Val(**CH;,"*CD5)} [°N,"*C*H]-
CLR3-133—RAMPI complex. Although we observe nearly all
expected resonances in the "N—'H TROSY spectrum (100 of
102), 90% of the expected C, and C,-1 correlations in the HNCA
spectrum, and approximately 70% of the expected Cg and Cg-1
correlations in the HNCACB spectrum, unambiguous assignment
of the spectra was still not possible. For example, there were three
independent sets of amino acid NMR spin systems observed for
which resonances could be assigned only to the unique CLR3— 33
primary sequence element from Ser 98 to Thr 102. In addition, more
methyl resonances in the 'H—"3C correlation spectrum arising
from leucine, isoleucine, and valine residues were detected than
would be expected on the basis of the primary sequence and our
labeling pattern (23 observed, 13 predicted) (data not shown). These
results are consistent with the presence of multiple conformers in
the sample that are stable or interconvert on a very slow NMR
time scale.

DISCUSSION

The CGRP receptor is a heterodimer of CLR, a class B GPCR,
and the accessory protein RAMP1. Small-molecule antagonists
of the CGRP receptor have been shown to be efficacious for the
treatment of migraine in the clinical setting (6, 7). Unfortunately,
like most GPCRs, structural studies of the CGRP receptor have
been hampered by the lack of an abundant natural source for
purification as well as the many difficulties that are inherent in the
recombinant expression, solubilization, purification, and crystal-
lization of membrane proteins. In this report, we have shown that
the extracellular domains of CLR and RAMP1 can be expressed
in milligram quantities in E. coli and then refolded to form a
complex that is competent to bind known CGRP receptor
antagonists. Further, we identified the subcomplex comprising
residues 40—133 of CLR and residues 26—105 of RAMPI as a
minimal region of the receptor that forms a stable, monodisperse
heterodimer. The ECD CLR23_133_RAMP126_1 17 COl’l’lplCX
forms a stable heterodimer with 1:1 stoichiometry. Studies with
the full-length receptor have shown that when CLR and RAMP1
are expressed together, the complex is targeted to the cell surface
as a 1:1 heterodimer (47). In a later study using bioluminescence
resonance energy transfer (BRET) methods (42), the same group
reported that the CGRP receptor exists as a heterotrimer with 2:1
stoichiometry, i.e., a CLR homodimer associated with a RAMP1
monomer. While this latter study (42) suggests that functional
heterotrimers do exist, it cannot rule out the possibility that most
of receptors in the plasma membrane result from heterodimers of
CLR and RAMPI. Our results for the extracellular domain
complex of CLR and RAMPI indicate a heterodimer with 1:1
stoichiometry, in agreement with the previous study of Hilairet
et al. (41).

The ligand binding properties of the ECD CLRy;—133—
RAMPI,4-_117 complex were analyzed by several methods, and
these revealed that the complex is a reasonable surrogate for
small-molecule binding studies and structural analyses. Using the
radioligand displacement binding assays, we first demonstrated
that the ECD complex could compete directly with ['*’I]CGRP
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for binding to native CGRP receptors, with an ICsy of 12 + 12
uM. This ICs value for the ECD complex was much higher than
the subnanomolar affinity with which o-CGRP binds to high-
affinity sites on native CGRP receptors reported here [233 +
67 pM (Figure 5B)] and in the literature (43—45). However,
additional competition binding studies designed to indirectly
monitor the potency of binding of the ECD CLRy;_j33—
RAMPI,4_117 complex to ligands revealed that although the
ECD complex has a lower affinity for CGRP than native CGRP
receptors, high-affinity binding to small-molecule antagonists
was preserved (Figure 5C). In these experiments, the ECD
complex effectively acted as a sink for olcegepant, binding the
small molecule with a significantly higher affinity than full-length
CGRP. The affinities of several ligands were then directly
measured in vitro using surface plasmon resonance. These
studies confirmed high-affinity (Kp < 0.02 uM) binding of the
CLR»3-133-RAMPI 54117 complex to the small-molecule an-
tagonists olcegepant and telcagepant, but comparatively weak
binding to full-length CGRP (Kp = 23.6 + 12.0 uM). Affinities
of C-terminal peptide variants were also measured (Table 3), and
these peptide antagonists bound the ECD complex with a much
higher affinity than the full-length CGRP peptide. The weakest
of these [11-mer»;_37 (D', P** F*)] (Kp = 1.62 «M) bound with
~15-fold higher affinity, while the 11-mer,;_5; (D*!, P*, F¥)
(Kp = 0.14 uM) bound with ~170-fold higher affinity than full-
length CGRP. These results are most consistent with a model in
which the ECD CLRy;-133~RAMPIy¢_;;7 complex largely
maintains the full-length receptor binding site(s) for small-
molecule ligands (i.e., antagonists) but additional regions of the
CGREP receptor, such as those contained in the juxtamembrane
domain, likely contribute significantly to binding of full-length
CGRP and related peptides. This is consistent with the two-
domain binding model of class B GPCR activation (46), as well as
with studies on other isolated class B GPCR ECDs, which
likewise have lower affinities for endogenous peptide ligands
than the full-length receptors (46—48).

For several reasons, the overall view of the ECD CLR~—
RAMPI1 complex described by our NMR studies is that of a
flexible, mobile receptor that undergoes significant changes in
both conformation and dynamics upon ligand binding. In the
case of RAMP154_1;7, binding of olcegepant perturbed approxi-
mately half of the amide resonances. The largest effects were
observed throughout helix aR2 and its C-terminal loop, as well as
the residues it contacts on helices aR1 and oR3. This pattern
suggests that helix aR2 moves significantly upon ligand binding.
Furthermore, new RAMPI resonances appeared for the olcege-
pant-liganded complex. The most plausible explanation is that
these correspond to T73, W74, and W84 (resonances unassigned
in the unliganded complex). Thus, ligand binding likely slows
backbone motions in this region. This hypothesis is consistent
with previous mutagenesis studies implicating W74 of RAMPI in
conferring species selectivity for small-molecule antagonists
(40, 49, 50), as well as the X-ray structure of the complex of
the ECD with olcegepant (Figure 10) (E. ter Haar et al.,
unpublished observations), which shows that the ligand contacts
the indole rings of both W74 and W84. The NMR results
for CLR3p—133 also showed that the addition of antagonist
yields significant spectral changes. Moreover, it is clear from
our analysis that, in solution, the CLR subunit does not have a
single defined tertiary, and perhaps in some regions, secondary
structure. Conformational heterogeneity in the free state is an
intrinsic property of GPCRs in general (51, 52). The observed
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conformational heterogeneity in the unliganded state for both
CLR and RAMP1 is not surprising for a GPCR ectodomain that
must bind ligand and transduce a signal through the membrane.
Even in the liganded state, conformational heterogeneity for
CLR isstill observed, but motions that resulted in the broadening
or disappearance of amide resonances in the unliganded state are
attenuated when olcegepant is bound. Similar dynamic
effects were observed with the homologous protein corticotropin
releasing factor type 2 (CRFR2) (53). CRFR2 contains two
loops that appear disordered in the unliganded state. Upon
addition of the antagonist peptide astressin, loop 2, near the
peptide binding site, becomes more ordered, while loop 1, distal
from the peptide binding site, remains flexible. It appears
that similar effects occur for CLR in the unliganded and
antagonist-bound states.

To summarize, we have taken a reductionist approach to
express and purify a stable, functional extracellular domain
of the CGRP receptor. Comprising a heterodimer of the extra-
cellular domains of CLR and RAMPI, this complex was
competent to bind both peptide and small-molecule antagonists
and suitable for structural analyses by NMR. Using this
production strategy, we have also recently obtained the X-ray
crystal structure of the CGRP receptor ectodomain in the
unliganded state and in complex with several small-molecule
antagonists (E. ter Haar et al., unpublished observations).
Since no full-length class B GPCR—RAMP complex has yet
been produced at levels sufficient for structural studies, this
complex serves as a valuable, structurally accessible surro-
gate for the design of new CGRP receptor-targeted migraine
therapeutics.
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