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The heterodimeric CGRP receptor requires co-expres-
sion of ealcitonin receptor-like receptor (CRLR) and an
accessory protein called receptor activity-modifying
protein (RAMP) 1 (McLatchie, L. M., Fraser, N, J., Main,
M. J., Wise, A, Brown, J., Thompson, N., Solari, R., Lee,
M. G., and Foord, S. M. (1998) Nafure 393, 333-339). Sev-
eral non-peptide CGRP receptor antagonists have been
shown to exhibit marked species selectivity, with >100-
fold higher affinities for the human CGRP receptor than
for receptors from other species (Doods, H., Haller-
mayer, G., Wu, D., Entzeroth, M., Rudolf, K., Engel, W.,
and Eberlein, W. (2000) Br. J. Pharmacol. 129, 420-423;
Edvinsson, L., Sams, A., Jansen-Olesen, L., Tajti, J., Kane,
8. A, Rutledge, R. Z., Koblan, K. S., Hill, R. G., and Long-
more, J. (2001) Eur. J. Pharmmacol. 415, 39-44). This ob-
servation provided an opportunity to map the determi-
nants of receptor affinity exhibited by BIBN4096BS and
the truncated analegs, Compounds 1 and 2. All three
compounds exhibited higher affinity for the human re-
ceptor, human CRLR/humari RAMP1, than for the rat
receptor, rat CRLR/rat RAMP1, We have now demon-
strated that this species selectivity was directed exclu-
sively by RAMP1. By generating recombinant human/rat
CRLR/RAMP1 receptors, we demonstrated that co-ex-
pression of human CRLR with rat RAMPI1 produced rat
receptor pharmacology, and vice versa. Moreover, with
rat/human RAMP1 chimeras and site-directed mutants,
we have identified a single amino acid at position 74 of
RAMP1 that modulates the affinity of small molecule
antagonists for CRLR/RAMP1. Replacement of lysine 74
in rat RAMP1 with tryptophan (the homologous amino
acid in the human receptor) resulted in a 2100-fold in-
crease in antagonist affinities, similar to the K; values
for the human receptor. These observations suggest that
important determinants of small molecule antagonist
affinity for the CGRP receptor reside within the extra-
cellular region of RAMP1 and provide evidence that this
receptor accessory protein may participate in antago-
nist binding.

# The ensls of publication of this article were defraved in part by the
p'wmenl, nf page charges. This article must therefore be hereby marked
“advertisement” in aceordance with 18 11.5.C. Section 1734 solely 1o
indicate this faet.

{8] The an-line version of this article {available al hitp://www jbe.org)
eontaing Tables S1-8T1I and Fig. 81.

The nueleotide sequencels) reported in this paper has been submitted
to the GenBank™ | EBI Data Bank with accession number(s) AF424807.

170 whom correspondence should be addressed: Malecular Phar-
macology Depl., WP26A-2000, Merck Research Laboraiories, West
Point, PA 19486, Tel: 215-652-2553; Fax: 215-652-0800; E-mail:
stefanic_kane@merck.com.
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CGRP is a 37-amino acid neuropeptide that is expressed in a
variety of cell types in both the central and periphcral nervous
systems (5). In many tissues, CGRP-containing fibers arc
closely associated with blood vessels {68). Among the various
physiological functions reporied for CGRP, the most pro-
nounced is vasodilation, CGRP is the most powerful of the
vasndilator transmitters (7), and its vasocactive cffects have
heen demonstrated in a varicty of blond vessels (8), including
those in the cerebral, coronary, and mesenteric vasculature.

Mounting evidence suggests that CGRP is involved in ihe
pathophysiclogy of migraine headache (9). Migraine is thought
to be associated with dilation af cerebral blood vesscls and
activation of the trigeminovascular system (10). During the
headache phase of a migraine, CGRP levels are elevated in the
cranial eirculation {11, 12}). Successful (reatment. of the head-
ache with sumatriptan resulted in normalization of CGRP fov-
els {12}, thus implicating CGRP in the pathophysiology of this
disorder. Moreover, intravenous administration of CGRP to
migraineurs induced a delayed migrainous headache in some
paticnts (13). These observations suggest that inhibition of
CGRP-mediated vasodilation may have therapeutic utility in
the treatment of migraine.

Research in the area of CGRP has intensified in recent vears
due in large part to the identification of its receptor, CRLR!
(14), and the cloning of the receptor activity-modifying proteins
(RAMPs) (1) and receptor component protein (15). CGRP activ-
ity is mediated by the G,-coupled G-protein-coupled receptor
{GPCR), CRLR, which shares 55% homology with the caleitonin
receptor. In an elegant study, McLatchie ef al. (1) demon-
strated that functional CGRP and adrenomedullin receptors
are both derived from CRLR and that the phenotype is detor-
mined by co-expression with a particular RAMP, Co-expression
of CRLR with RAMP1 results in CGRP receptor pharmacology,
whereas RAMP2 or RAMP3 co-expression produces an ad-
renomedullin receptor. RAMPs are relatively small (148-175-
amino acid} proteins containing a single predicted membrane-
spanning domain, a large extracellular domain, and a short
cytoplasmic domain. CRLE and RAMP1 form a 1:1 heterodimer
thal was recently shown to undergo internalization as a stable
receptor complex in a B-arrestin- and dynamin-dependent fagh-
ion {16). The molecular functian of RAMPs includes cell surface
targeting (17) and may invoelve direct ligand hinding, indirect.
modulation of CRLR conformation, or both (18).

In the pursuit of small molecule antagonists of the CGRP
receptor, CRLR/RAMP1, Donds et af, {2} identified a potent and
highly specific compeund, BIBN4096BS (Fig. 1). BIBN4096BS

! The abbreviations used are: CRLR, caleitonin receptor-like roceplor:
hCRLR, human CRLR; rCRLR, rat CRLR; RAMP, roceplor acliviiy-
modifying protein; hRAMP, human RAMP; yRAMP, rat RAMT; GPCRR,
G-profetn-coupled receptor; hCGRP, human CGRP.

This paper is available on line at http:/fwww.jhe.org
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Compound 1
Fic. 1. Chemieal structures of BIBN4096BS, Compound 1, and Compound 2.

demaonstrated high affinity for the human CGRP receptor, with
a K; of 14 pm. Of particular interest was the ohservation that
BIBN4096BS exhibited =>100-fold lower affinity for CGRP re-
ceptors from rat, rabbit, dog, and guinea pig, although the
aflinity for the marmoset receptor was reported to be similar to
that for human. These authors utilized marmoset for in vive
studies to evaluate the utility of BIBN4096BS as a potential
anti-migraine agent. A related compound, Compound 1 (Fig. 1),
was likewise shown to be a significantly more potent antage-
nist on human cerebral arteries than on guinea pig cerebral
and porcine coronary arteries (3, 4).

To probe the species selectivity obsbrved with the non-pep-
tide antagonists BIBN4096BS and Compound 1, we chose to
focus on the affinity differences seen for the human and rat
CGRP receptors. In this report, we demonstrate that the small
molecule antagonists, BIBN40968S, Compeund 1, and an an-
alog, Compound 2, have different affinities for the human and
rat receptors, and these differences are determined by the
species origin of RAMP1 that i3 co-expressed with CRLR. Fur-
thermore, through the use of chimeric RAMP1 proteins and
site-direcled mutagenesis, the exact residues responsible for
the species sclectivity have been identified. The results of this
study may provide additional ingight into the molecular basis
of the CRLR-RAMP interaction and facilitate the future dis-
covery of high affinity non-peptide antagonists.

MATERIALS AND METHODS

Marmoset RAMP! ¢cDNA Cloning—A partial marmoset RAMPI
¢DNA was isolated from frontza] brain cDNA using ithe PCR. The PCR
primers were based upen human RAMP1 (6'-CTGCCAGGAGGCTAAC-
TACG and 5'-CACGATGAAGGGGTACGAGGA). Amplifiealion reactions
congisted of 40 cycles of 45 5 at 94 °C, 45 5 at 38 °C, and 1 min a1 72 °C
and were carried oul according to the manulacturer’s recammended
pratoeo]l for PLATINUM Tag PCR DNA polymerase (Inviirogen). Mul-
tiple subclones werc sequenced to rule out potential ervors.

Expression Constructs, Chimeras, and Muiagenesis—Human and rat
cDNAs for CRLR were provided by Dr. Douglas MacNeil (Merek Re-
search Laboratories, Rahway, NJ) and subeloned as 5° Nhel and 3' Notl
fragments  into peDNAB.1/Zeo(+) (Invitrogen). Human RAMP1
(hRAMP1} wes provided by Dr. Bruce Daugherty (Merck Research
Lahoratories, Rahway. NJ) in the expression vector peDNA3.1(+) {In-
vitrogen). Rat RAMPT (rRAMP1) cloning was deseribed previously {19);
the ¢cDNA was subcloned as & 5 Notl and 3' BamHI fragmeni into
peDNA3. M/ Hygrol—} {Invitrogen).

Two human/rat chimeric RAMP1 ¢DNAs werc constructed by using
restriction fragments of the corresponding native ¢DNAs. Chimera 1
was created by replacing the nucleotides coding for the first 66 amino
acids of rRAMP1 with the corresponding nuclentides of hRAMP1 by
using the Bsgl resiriction sile along with a Nkel site located in the

e
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BIBN4096BS ’

Compound 2

cloning vector. Chimera 2 was erealed by replacing the nucleotides
coding for the first 112 amine acids of rRAMI’1 with the corresponding
nucleotides of hRAMP1 by using the SanDI restriction site along with
a Nhel sile localed in ihe cloning vector.

Rat RAMP] site-divected mulagenesis wnas performed by using Lhe
QuikChange site-directed mutagenesis kit (Stratagene} hecording Lo
the manufacturer's instructions. Lysine at position 74 of TRAMDP1 was
replaced with the corresponding human/marmoset amino acid trypto-
phan utilizing two complementary mutant olignnucleotide primers (5°-
CTCACTCACTGCACCTGGCTCGTGGCAAACAAG and 5'-C'TTGTTT-
GCCACGAGCCAGGTGCAGTGAGTGAG) and the YRAMPI expression
veclor canstruel as template. This mutation was accomplished by sub-
stituting the codon TGG corresponding 1o tryptophan (rK74W RAMPL).
All constructs were sequenced bidirectionally with 100% coverage in
each direetion.

Cell Culture and DNA Transfection—293 EBNA (Invitrogen) celis
were cultured in Dulbecco™s modified Eagle’s medium with 4.5 gliter
glucose, 1 mMm sodium pyruvate, and 2 mn glutamine supplemented
with 10% fetal bovine serum, 100 units/m] penicillin, and 100 pg/ml
sireplomycin and maintained at 37 °C, 5% CO,, and 95% humidity.
Cells were subcultured by treatment with 0.25% (rypsin/0.1% EDTA in
Hanks' balanced salt solution.

Twenty-four h beforc transfection, the cells were seeded al 2.0 X 107
cells/dish in 500-cm? dishes. The following day, the eclls weve reled with
[resh growth medium 1 h hefore iransfection. Transfectinns were pri-
formed by combining 60 pg/dish DNA with 180 uy/dish LipofectAMINE
2000 (Invitrogen). cDNAs for CRLR and RAMP1 in the mammalian
expression vector peDNA3.1 were co-transfected in equal amounis.
Control transfections included peDNA3.1 vector alone, hCRLR/MeDNAZ.1,
rCRLI/pcDNAS 1, and peDNA3. VhWRAMPL. The transfection mixture
was added directly to the medium, and this mixture was replaced with
fresh medium 24 h later. The cells were harvested for membranes 48 h
alter transfection.

Membrane Preparation and Radioligand Binding Studies—Tran-
siently transfected 293 EBNA cells were washed once with phosphate-
huffered saline and harvested in harvest buffer comtaining 50 ma
HEPES, 1 mas EDTA, and Complele protease inhibitors {Roche Molec-
ular Biochemicals). The cell suspension was disrupted with a lahoratory
homogenizer and centrifuged al 48,000 X g 10 isolite membranes. The
pellets were resuspended in harvest buffor plus 250 mu sucrose. Mem-
branes were stored at —70 °C as aliquots, Membranes {rom ral brains
stripped of the meninpgeal layer (Pel-Freez) were preparved in a similar
manner. SK-N-MC membranes wore purchased from Receptor Biology,

For binding assays, 1.5-25 gg of membranes from Lransiently trans-
fecied cells (dependent upon receptor expression levels), 25 ug of SK-
N-MC, or 100 pg of rat brain membranes were incubated for 3 h at room
temperatlure in hinding buffer {10 mm HEPES, 5 my MgClL,, and 0.2%
bovine serum albumin) confaining 10 pu ***I-hCGRP (Amersham Bio-
sciences) in a total volume of 1 ml. Similar resulls werc obtained by
using '*"Llabeled rat CGRP (Amersham Biesciences; data not shown).
Incubalions were terminated by filtration through GF/B 96-well ilier
plates that had been blocked with 0.5% polyethvlenimine. Nonspecific
binding was determined by using a final concentration of 300 nm
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BIRN4096BS. Data were analyzed by using Sigma Dlot 5.0. Saturation
binding experimenis were carried out in duplicate, and the dissociation
constanl (K,) and the receptor density (B, ) were determined from the
two-site binding model ¥ = (e * xAb + ) + o *xfid + 1)), where y =
bound radioligand, x = concentration of radioligand,a = B, 6 = K,
c = .z and ¢ = K,.. K, and B, values for each membrane
preparalion are summarized in Supplemeniary Material Tables
S1-8IIL. K, values Lypically ranged from 10 to 20 pM. Dose-response
curves were plotted, and K; values were determined for the high aflinity

hinding site by using the equation K, = 1Cg/1 + {|ligand)/K,,) by using-

Excel, Daia reported in Tables I-TTI are expressed as the mean = S.E.
of three independent experiments. Compound 1, Compound 2, and
BIBN4096BS were synthesized by the Medicinal Chemisivy Depart-
ment at Merck Rescarch Laboratories.

Total binding and nonspecific binding were determined for mem-
brancs from eells transfected with ¢DNAs coding hCRLRMARAMPI,
hCRLR/pecDNA3.1, rCRLR/pcDNA3.1, pcDNA3 1/hRAMP1, and
peDNAS ] alone. Membranes (25 pg) were incubated with 10 pu '#51-
hCGRP in binding buffer and incubated and processed as described
above. Specific binding of ***1-hCGRP was observed only afier co-trans-
feclion of CRLR with RAMPI, as expected {1) (Supplementary Mate-
rial). Transfeclion of CRLR or RAMP1 alone resulted in little or no
binding of radisligand.

Western Blotting—Membranes expressing rCRLR were treated sep-
arately with either endoglycosidase F1 or peptide-N-glycosidase F (Cal-
binchem) overnight al 37 °C. After the addition of protein gel loading
bufler, the samples were heated at. 70 °C for 10 min and then loaded
onlo o 4-12% gradient NuPAGE bis-Tris polyacrvlamide gel (Invitro-
gen). Aller electrophoresis, the separated proteins were transferred to 2
0.45 pm nitroceltulose membrane. Rat CRLR was detected by using the
WesternBreeze Immunodeteciion kil {(Invitrogen) with affinity-purified
rabbit anti-rat CRLR (Alpha Diagnostie International).

RESULTS

Small molecule antagonists of the CGRP receptor such as
Compound 1 and BIBN4096BS exhibit species-selective phar-
macology (2—-4). For example, BIBN4096BS was reported to
exhibit > 100-fold higher affinity for the human CGRP receptor
than for the rat receptor (2). This observation led us to examine
the sequences of CRLR and RAMP1 from different species.
Protein sequence alignment revealed that whereas human and
rat CRLR are 91% homologous, human and rat RAMP1 share
only 71% homology. This chservation suggested that the phar-
macological differcnces could be a result of the sequence dis-
similarity of cither protein or may result from a combined effect
of differences in both CRLR and RAMP1 sequences. To deter-
mine whether the species selectivity is derived from either
CRLR itself or its accessory protein, RAMP1, hybrid human/rat
CGRP recepiors were created by transiently transfecting
cDNAs coding for human CRLR with rat RAMPL and vice versa
in 293 EBNA cells. The cells were harvested, and cell mem-
branes were prepared for subsequent competitive ligand bind-
ing experiments. As expected, the small molecule antagonists
Compound 1 and BIBN4096BS had lower affinity for rCRLR/
rRAMP1 than for the transfected human CGRP receptor,
hCRLR/hRAMP]1 (Tablz I). To confirm that these transiently
transfected receptors exhibited physiologically relevant phar-
macology, comparisons were made to native human and rat
CGRP receptors found in SK-N-MC eells (20) and rat brain,
respectively. As seen in Table I, similar K; values were ob-
tained for both Compound 1 and BIBN4096BS on native and
transiently expressed receptors. In 293 EBNA membranes ex-
pressing rCRLR/rRAMP1, ""PLhCGRP binding was inhibited
by Compound 1 and BIBN4096BS with K; values of 8670 and
2.1 nar, respectively. In contrast, co-expression of rCRLR with
hRAMPI resulted in a dramatic increase in antagonist affini-
ties, essentially yielding human-like pharmacology with K val-
ues for Compound 1 and BIBN4096BS of 123 and 0.032 nn,
respeetively. Likewise, co-expression of hCRLR with rRAMP1
resulted in K values that were similar to those ohserved for the
pure rat receplor. These results demonstrated that RAMP1

RAMP! and Species-selective CGRP Receptor Pharmacology

TasLe 1
Summary of competitive binding experinments on membranes
expressing mixed species CRLR{RAMPI receptor complexes
hCRLR and rCRLR were transiently transfected into 293 EBNA ceils
along with either human or ral RAMP1. Membranes were prepared
48 h after transfection. SK-N-MC and rat brain membranes were used
as controls for endogenous sourees of human and rat CGRP receplors.
respectively, Data represent the mean = S.E. from three independent
experiments.

K

f

Compound 1 BIBN40YE IS

nM Ry

hCRLR/hRAMP1 569 %53 0.018 = 0.0048

rCRLR/rRAMP1 8,670 + 570 21030

rCRLR/ARAMPI 123 £ 87 0.032 x0.0014

hCRLRARAMP1 6,870 * 290 1.8 +0.12

SK-N-MC 46.1+ 4.6 0.004 =00

Rat brain 8,018 + 867 1.5 %0.09
Tamre 11

Summary of competitive binding experiments on membranes
expressing rCRLR with the RAMP}I Chimeras

hCRLR was transiently transfocled into 293 EBNA cells wilh
hRAMP1: rCRLR was similarly iransfecled with either rTRAMPI or a
human/rat RAMP] chimera. Mcmbranes were prepared 48 h afler
iransfection. Dala represent the mean = S.E. firom three independent
expertments. Chimera 1 was created by replacing the first 66 amino
acids of rat RAMP1 with the corresponding human sequence; Chimera
2 was likewise created by replacing the first 112 amino acids of rat
RAMPI1 with the human sequence.

Ky
Compound 1 BIBN400GBS
na ny
hCRLR/ARAMP1 32 =36 0.065 = 0.022
rCRLRARAMP1 6,500 = 408 17024
rCRLR/Chimera 1 4,704 + 239 2.0 041
rCRLR/Chimera 2 76+ 11 0.021 =+ 0.0055

determined ‘the affinity of BIBN4096BS and Compound 1 for
human and.rat CGRP receptors. By contrast, the peptide an-
tagonist CGRP;_;; was not species-selective, resulting in K,
values of 1.3 and 1.2 nu for the human and rat recepiors,
respectively (data not shown), consistent with previous reports
{2, 21). The K, of the radioligand '*I-hCGRP also was similar
for both human and rat receptors, as well as for the mixed-
species receptors (Supplementary Material Table S1). The spe-
cies origin of CRLR in these hybrid receptors had little or no
effect on the small molecule antagonist affinitics.

Once of the demonstrated functions of RAMPs is to ensure
proper cell surface targeting of CRLR. 1In doing sn, it was
ariginally proposed that RAMPs also serve to influence the
glycosylation state of the receptor (1). In nur studies, the func-
ttonal significance of glycosylation was therefore addressed
because the glycosylation state of the rat CGRP receplor had
not been characterized previcusly; furthermore, the possibility
cxisted thatl co-expression of CRLR with either human or rat
RAMP1 resulted in differential glycosylation of CRLR and that
this effeet determined the observed differences in antagonist
affinities. Using an antibody to rCRLR and deglycosylation
enzymes, the glycosylation state of rCRLR associated with rat
or human RAMP1 was determined. The membranes from the
competitive- binding experiments (rCRLR/rRAMP1, rCRLR/
hRAMPI, and control rCRLR/pcDNA3.1) were treated with
peptide-N-glycosidase F and endoglyensidase F1. Peptide-N-
glycosidase F catalyzes the hydrolysis of mature glyeoproteins,
whereas endoglycosidase F1 cleaves N-linked high mannnse
and hybrid oligosaccharides, but not complex oligosaceharides.
Thus, the molecular mass of a glycosylated receptor will de-
crease after trealment with peptide-N-glycosidase F, and a
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Fic. 2. Western blot analysis of rCRLR co-expressed with
rRAMP1 and hRAMP1. The membranes from the compelitive binding
experiments, including rCRLR Uronsfected with empty vector
(pcDNA3.1), were treated with peptide-N-glycosidase F (F), endoglyco-
sidase Il (F'1}, or no enzyme. Samples were scparated by SDS-PAGE,
followed by Western blol analysis with anti-rat CRLR anlibodies. The
molecular masses (in kDa) ave listed on' the right.

receptor with complex glycosylation will resist endoglycosidase
F1 cleavage. Co-expression of rCRLR with either human or rat
RAMP1 produced species with malecular masses of 55 and 68
kDa, which were reduced to a single 42-kDa species after
peptide-N-glycosidase F treatment (Fig. 2). Furthermore, the
68-kDa specics represented a mature glycoprotein, as demon-
strated by its resistance to endoglycosidase F1 cleavage. The
negative control rCRLR alone resulted in background levels of
the 55-kDa species, possibly resulting from interaction of trans-
fected CRLR with low levels of endogenous RAMPs. The 55-
kDa species likely represents a core glycosylated form of the
receptor (18). These results indicated that the co-expression of
either human or rat RAMP1 with rat CRLR resulted in similar
levels of complex glycosylation.

RAMPs are accessory proteins predicted io contain a large
extracellular amino-terminal domain and a single transmem-
brane-spanning domain (1). Te elucidate the region of RAMP1
that is directly involved in determining the affinities of
BIBN4096BS and Compound 1, human/rat RAMP1 chimeras
were constructed, Chimera 1 was created by replacing the first
66 amino acids of rRAMP1 with the corresponding hRAMP1
sequence. Conversely, replacement of the first 112 amino acids
of YRAMP] with the human sequence produced Chimera 2.
These constructs were then used for transient transfections in
similar experiments as described above. In membranes ex-
pressing rCRLR with Chimern 1, *1-hCGRP binding was in-
hibited by Compound 1 and BIBN4096BS with K values of 4704
and 2.0 nay, respectively (Table 11). These results were similar to
those obtained for rCRLR/YRAMP1. By contrast, when rCRLR
was co-expressed with Chimera 2, the resulting K, values were
similar to those obtained for hCRLR/hRAMPI. These studies
demonstrated that amino acids 66-112 in the extracellular do-
main of RAMP1 were responsible for modulating the affinity of
BIBN4096BS and Compound 1 for CRLR/RAMP1.

The identification of amino acids 66-112 of RAMP? as the
critical region determining CGRP receptor pharmacology led
us to examine the possibility that the species selectivity might
be governed by speeific amino acid residues. BIBN4096BS and
Compound 1 were reported to have lower affinity for rat (2) and
porcine {4} receptors, respectively, than for the human recep-
tor. However, high affinify binding of BIBN4096BS was re-
ported for both human and marmeset CGRP receptors (2).
Accordingly, a partial marmoset RAMP1 ¢DNA was cloned, and
the sequence was compared with human and other available
RAMP1 sequences. Protein sequence alignment revealed nu-
merous residues that were identical in human and marmoset
but different from that found in rat, mouse, and pig (Fig. 3).
However, amino acid 74 was ghown to be the least-conserved
residue_among these specieg; the human and marmoset se-
quences contained trvptophan at this position, but a hasic
residue was found in the three other species. Subseguently,
lysine at position 74 of rRAMP1 was replaced with the corre-
sponding human/marmoset amino acid, tryptophan. This con-
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A} Human YRILADCTWHMAREKLGCFWPNAEVDRFFLAVHGRYFRSCPISGRAVE
Marmosel YROLADCTHOVTEXLGCFWPHNAEVDREFLAVHGEYFRSCPVSGRAVR

Rat YGILTRCTKLYANKIGUFWPNPEVDKEFIAVHERY FSKCPVSGRALR

Mouse YGEILTYCTKAVAHTIGLFPWPMPEVDRFFIAVHHRYFSKCPISGRALR

Pig YHOLSDCTRLVAQRLDCFAENARVDKFFLGVHGOY FRNCEVEGRELD

? sl el L
74

Fic. 3. A. alignment of amine acids 66-112 of RAMP1 fromn human,
marmoset, rat, mouse, and pig. A partial marmesel RAMPI1 clone was
gencrated as described under "Materials and Methods™ and deposited in
GenBank™ with accession number AT424807. B, species conscrvalion,
ClustalX version 1.81 alignment quality score, demonsztrating that
amino acid 74 is the least-conserved residue among these specics.

TaBLE 111

Surmmary of competitive binding experiments on membrones

expressing rCRLR and mutant rK74W RAMP}

hCRLR was iransiently iransfected into 293 EBNA cells with
hRAMP1; rCRLR was similarly transfected with either rfRAMPI or
rK74W RAMP1, Membranes were prepared 48 h alter transfection.
Dala represent the mean * S.B. from three independent experimonts.
K;

i

RBIBN409613S Compound 2 Compound 1

LR hu ny

hCRLR/hRAMP1 0.013 = 6.0015 48 + 4 108 = 12
rCRLR/rRAMP1 29014 >10,000 12,033 = 824
rCRLRAK74W RAMP1 0,036 * 0.0013 52 27 10 = 0.46

struct was then co-transfected with rCRLR in 293 EBNA cells,
‘Competitive binding experiments demonstrated that human-.
like receptor pharmacology could be achieved by co-expression
of rCRLR with rK74W RAMP1 (Tahle III). The affinity of
BIBEN4096BS increased from 2.9 num for the rat receptor to
0.036 nu for r*CRLR/TK74W RAMPI, similar to that secn for
hCRLR/hRAMP1, 0.013 nm, A similar trend was observed for
Compound 2. Interestingly, Compound 1 exhibited >10-fold
higher affinity for the r*CRLR/rI{7T4W RAMP1 receptor than for
the native human receptor, perhaps duc to favorable interac-
tions between the dibromotyrosyl meicty and the tryptophan in
the RAMPI1 mutant. These results suggested that the affinitics
of these small moleeule antagonists for the CGRP receplor
were heavily influenced by the nature of amino acid 74 of
RAMP1.

DISCUSSION

The CGRP receptor is an atypical GPCR in that it requires
heterodimerization of CRLR, a classical seven transmembrane
receptar, with the accessory protein RAMP1. RAMPs confer
agonist specificity to beth CRLR and the calcitonin receptor.
CRLR in combination with RAMPI bhinds CGRP with high
affinity, whereas co-cxpression of CRLR with RAMP2 or
RAMP3 results in high affinity adrenomedullin binding (1).
RAMPs also regulate the interaction of the calcitonin receptor
with caleitonin and amylin, such that co-expression of ealcito-
nin receptor with RAMP1 or RAMPS3 results in amylin recoptor
pharmacology (22). It was recently demonstrated that the pep-
tide agonists CGRP and adrenomedullin could be cross-linked
to both CRLR and the respective RAMP, an ohservation that
suggests that RAMPs may participate directly in the agonisi
binding site (18). An alternative explanation would be that
RAMPs indireetly influence agonist binding sites by allering
the conformation of CRLR.

Certain small molecule CGRP receptor antagonists display
remarkable species selectivity, exhibiting up to 100-fold higher
affinity for the human receptor than for Lhe rat receptor. This
observation is intriguing. considering the fact that the se-
quence hoinology of CRLR hetween these species is =00%.
However, RAMPI homology is only 71%. Using this informa-
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tion, we sought to determine whether the observed differences
in pharmacology between the rat and human CGRP receptors
for small molecule antagonists resultted uniquely from either
CRLR or RAMPIL. The results of the present investigation
demonstraled that the pharmacology was directed exclusively
by RAMPI. Moreover, through the use of human/rat chimeric
RAMP1 constructs and site-directed mutagenesis, we have de-
termined that tryptophan 74 of RAMP] is responsible for the
high affinity binding of BIBN4096BS and Compounds 1 and 2
to the human receptor.

These observations have important 1mphcatmns for further-
ing our understanding of the heterodimeric CGRP receptor.
CRLR is a member of the class B family of GPCRs that includes
parathyroid hormone, corticotropin-releasing hormone, calcito-
nin, seeretin, and glucagon receptors (23). It.is well established
that the large amino terminus of class B GPCRs plays a key
role in agonist binding, although additional interactions with
extracellular loops are still required. In the case of the CGRP
receptor, RAMP1 also contains a large extracellular domain. A
recent report demenstrated that CRLR and RAMPI form a 1:1
heterodimer that is internalized as a stable receptor complex
(16). Furthermore, the peptides CGRP and adrenomedullin
could be cross-linked to bath CRLR and RAMP1 or RAMP2,
respectively (18}, suggesting that either the accessory proteins
are in close proximity to the agonist binding sites or the peptide
agonists interact directly with hoth CRLR and RAMP. The
present study has demonstrated that the K, of the radinligand
PALLhCGRP was unaffected by the species of RAMPL that was
co-expressed wilh CRLR, suggesting that any potential inter-
action with the RAMP likely occurs through residues that are
conscrved between these species. The fact that the affinity of
small molecule anlagonisis can be affected by a single amino
acid change suggests that these compounds may interact di-
rectly with RAMPI. From a mechanistic standpoini, both Com-
pound 1 and BIBN4096BS have been shown to be competitive
antagonists of the CGRP receptor (2, 3). Taken together, these
ohservations strongly suggest that the receptor binding sites of
both CGRP and these small molecule antagonists include
RAMP1. The observation that the affinity of the peptide antag-
onist CGRPg_,, is similar for hoth human and rat receptors
may suggest that this antagonist docs not interact with
RAMP1. It is tempting, therefore, to speculate that the amino-
terminal disulfide-linked ring structure of CGRP, which is
lacking in the truncated antagonist CGRP,_,,, makes unique
contacts with RAMP1 that trigger or facilitate signal transduc-
tion by CGRP. However, the possibility that CGRP_,, inter-
acts with a conserved region of RAMP] cannot be ruled out.

Several potential mechanisms could account for the ability of
Trp-74 of RAMP] to confer high affinity hinding to non-peptide
antagonists of the humman CGRP receptor. An indirect mecha-
nism eould involve modulation of the conformation of CRLR by
residues in the extracellular domain of RAMP1, An alternative
scenario could be envisioned whereby these antagonists inter-
act, at least in part, with RAMP1 direcily. Favorable hydro-
phobic interactions hetween Trp-74 and the antagonists could
potentially account for the additional binding encrgy relative to
that seen with Lys-74 of the rat receptor. Conversely, repulsive
interactions with the charged lysine in rat RAMP1 could result
in decreased antagonist affinity. An alternative model could
involve the formation of a binding pocket that.includes Trp-74
and other amino acids {ound within either CRLR or RAMPI.
ldentification of additional residues within the CRLR-RAMP1
heteradimer involved in binding of these small molecule antag-
onists remains to be determined. It should be pninted out that
a trvptophan residue {Trp-33) was recently shown to confer
high affinity binding to a small malecule antagonist of the class

RAMPY and Species-selective CGRP Receptor Pharmacology

B human glucagon-like peptide 1 (GLP-1) receptor (24), Trp-33
is located within the amino terminus, demonstrating further
that impertant determinants of small molecule ligand affinity
may reside within the extracellular domains of class B GPCRs.

Alignment of known RAMP1 sequences from ether species
revealed a lysine residue at position 74 of mouse RAMPI. A
novel application of the present discovery would be generation
of a humanized CGRP receptor monse, wherein lysine 74 is
replaced with tryptophan by homologous recombination. Such
a knock-in mouse would have significant utility for in vivo
pharmacological studies of CGRP receptor antagonists and
would complenient marmoset as a suitable animal mocel.

Elucidation of the role of RAMPs in modulating ligand selec-
tivity and antagonist recognition remains a eritical issue for
understanding the biochemistry of this unigue GPCR. The
heterodimeric nature of this receptor, as well as the requive-
ment for receptor component protein for coupling to the G-
protein signaling pathway, provides a tremendous epportunity
for dissecting the numerous and varied interactions in this
novel receptor complex. Although defining the precise nature of
the CRER-RAMP1 heterodimer will require clucidation of its
three-dimensional structure, the present investigation has pro-
vided considerable insight inte the mode of interaction of small
molecule antagonists with the CGRP receptor.
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Calcitonin gene-related peptide (CGRP) is one of the most potent endogenous vasodilators known.
This peptide is increased during migraine attacks and has been implicated in the pathogenesis of
migraine headache. Here we report on the first small molecule selective CGRP antagonist:
BIBN4036BS, /n virre, this compound is extremely potent at primate CGRP receptors exhibiting an
aftinity (K;) for human CGRP receptors of 14.446.3 {(1=4) pM. In an in vive model. BIBN4096BS
in doses between 1 and 30 g kg™' (i.v)) inhibited the effects of CGRP, released by stimulation of
the trigeminul ganglion, on facial blood flow in marmoset monkeys. It is concluded that
BIBN4096BS is a potent and selective CGRP antagonist.
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Keywords: BIBN4096BS; CGRP-antagonist; migraine

Abbreviations: BIBN409GBS, 1-Piperidinecarboxamide, N-[2-{ [5-amino-1- [4-(4-pyridinyl}-1-piperazinyljcarbonylpentyllami-

noj-1-[

(3.5-dibromo-4-hydroxyphenyl)methyl]-2-oxoethyl]-4-(1,4-dihvdro-2-0xo-3(2H)-quinazolinyl)-, [R-

(R*.S%)]; cAMP, adenosine 3'3-cyclic monophosphate; CGRP, calcitonin gene-related peptide: EDTA.,
ethylenediaminetetrancetic acid; LDF, laser doppler flow; SK-N-MC, neuroblastoma cell line of human origin:

5-HT. 5-hydroxytryptamine

Introduction CGRP, 2 37 umino acid neuropeptide first
identified in 1982 (Amara et al.. 1982) belongs to a family of
peptides including calcitonin, adrenomedullin and amylin.
Localization studies have shown.u wide distribution of CGRP-
like immuncreactive structures including receptors in the
periphery and central nervous system {Sexton, 1991; Brain &
Cuntbridge, 1996). In many tissues, CGRP contuining nerves
are closely associated with blood vessels. Although CGRP has
a number of effects, its most pronounced action is vasodila-
tion. It is one of the most potent endogenous vasodilators
krown und its vasodilatory effects have been shown in a
variety ol vessels. e.g. CGRP released from sensory fibres
originating in the trigeminal ganglia dilates cerebral vessels
{Goadsby & Edvinsson, 1993).

Migraine headuche is thought to be associated with dilatation
of cranizl vessels and activation of the trigemino-vascular
system {Moskowitz & Macfarlane, 1993; Moskowitz, 1984:
Goadsby er «f,, 1991). Tn man stimulation of the trigeminal
ganglion results in the release of CGRP (Goadshy er af., 1988).
Moreover, during a migraine attack levels of CGRP are
increased (Goadsby er al.. 1990; Gallai e of., 19935). Thus,
CGRP has been implicated in the pathogenesis of migraine
headache. Accordingly, inhibition of the CGRP-induced
vasodilatation could be expected to attenuate migraine
symptons. '

So far, only C-terminal fragments, example given CGRP(S -
37). have been described to actas antagonists (Chiba er f., 1989;
Rist et af., 1998), however 1hese compounds are not very potent
and their peptidic nature limit their use, especially for in vivo or
clinical investigations. Our goal was to identily small molecule
antagonists for the CGRP receptor and 1o use them to assess the
role of CGRP in migraine headache.

Our high throughput screening led to the identification aof
dipeptide-like compounds that showed weak but unequivocal

*Author for correspondence:
[E-mail: henri.doodsf@be.boehringer-ingelheim.com

inhibition of binding to the CGRP receptor. Lead optlimiza-
tion led to potent CGRP antagonists, the protolype heing
BIBN4096BS, [-Piperidinecurboxamide, N-[2-{ [S-amino-1-[
[4-{4-pyridinyD)-1-piperazinyl]carbonyl]pentyljamino]-1-[ (3.5-
dibromo - 4 - hydroxyphenylimethyl]- 2-oxcethyl]- 4- (1.4- dihy-
dro-2-oxo-3(2ZH)-quinazolinyl)-, [R-(R*,5%)]- (Figure 1). The
present study was undertaken to examine the pharmacologicu!
profile of BIBN4026BS and 1o investigate its potential as an
anti-migraine drug.

Methods In-vitro experimenss  Binding studies investigating
CGRP-receptors from human or rat origin were performed
using SK-N-MC {neuroblastoma cell line of human origin) cell
membranes (approximatety 0.175 Mio cells) and rat spleen
homogenates (approximately 30 pg of protein per ussay). %1-
hCGRP was used as the radioligand. The incubation buffer
contained {in mM): Tris 50, NaCl 150, MgCl, 3 and EDTA 1,
(ethylene diamine fetra-acetic acid) pH 7.4. Membrane
homogenates were incubated for 180 min at room temperature

with 50 pM '"SI-hCGRP and increasing concentritions of

displacing compound. The incubation was terminated by
filtration through GF/B glass fibre filters using a cell harvester.
The protein-bound radioactivity was determined in a gumma
counter. The nonspecilic binding was defined as radioactivity
bound in the presence of 1 v CGRP. The 1Cs, values were
obtained by non-linear regression analysis on the basis of u ane
binding site model. K; values were caleulated according to the

equation K;=1I1Cs,/1 + /K, uccording to Cheng & Prusoll

(1973), where L and K, represent the concentration and the
dissociation constant of the radioligand, The Ky wus 0.05 nm
and 0.12 oM for the human and rat CGRP receplor. as
determined by saturation binding experiments with 0.3-
500 pM "STI.CGRP.

Antagonism of BIBN4096BS was determined by measuring
the formation of cyclic AMP in SK-N-MC cells. For cyclic
AMP (adenosine 3'5'-cyclic monophosphate) meusurements
SK-N-MC cells were incubated with CGRP alone or in the

5
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Figure 2 (A) Concentration-dependent inhibition o BIBN4096BS
and CGRP of ihe specific binding of "*I-CGRP to membranes
obtuined from the human neuroblastoma cell line SK-N-MC or from
rat spleen. (B) Stimulation of cyclic AMP formation in SK-N-MC
celis by CGRP alone and in the presence of 10 ns BIBN4096BS.
Data are means4:s.c.mean. ) :

presence of 10 nm BIBN4096BS for 15 min at 37°C. Cyclic
AMP was extracted with 0.1 M HCl and determined by
radioimmunoassay.

An apparent pKp vialue was calculated by the equation
pKu= —log[B}+log (CR-1) (Schild, 1949). where [B] is the
molar concentration of the antagonist and CR is the ratio of
the EC5, values in the presence and absence of the antagonist.
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Figure 3 (A) Representative recording 1o illustrate the changes in
blood pressure and LDF-Flux fotlewing electrical trigeminal ganglion
stimulation. (B) Dose-dependent inhibition of the [lacial skin
vasodilation induced by trigeminal ganglion stimulation in the
marmoset by BIBN4096BS. Data are means+s.e.mean.

In vivo experimemts Marmosets of either sex (300-400 g}
were anaesthetized with sodium pentobarbitone (induction
with 30 mg kg™, i.p. and maintained with an infusion of
6 mg kg~' h™', i.m). Body temperature was kept at 37°C by
automatic control of a heating pad. The animals were placed in
a stereotaxic frame and a longiludinal incision was made in the
scalp. A small hole was drilled in the skull and a bipolar
electrode (Rhodes SNEX 100) was lowered. using a micro-
manipulator, in the trigeminal ganglion.

We used a radiographic approach to identifv bony
landmarks as guide in placing probes in the ganglion. An X-
ray was taken using a Trophy CCX digital X-Ray apparatus
and the Pars petrosa was identified as guide for placing the
electrodes. The positions of the electrodes in the trigeminal
ganglion were checked visually at the end of each experiment
following removal of the brain. The trigeminal ganglion was
stimulated at 10 Hz, 2 mA, 2 ms for 30 s using a Hugo Sachs
Elektronik stimulator, Neuromuscular blockade, 15 min
before electrical stimulation, was achieved using pancuronium
bromide (initial 1 mg kg™', iv., followed by 0.5 mg kg™’
every hour).

Microvascular blood flow changes in the facial skin were
measured by Laser Doppler flowmetry with a PeriFlux kiser
doppler systemy {wave length 780 nm: Time Constant 3 s) as
flux in arbitrary units and expressed as area under the flux-
curve (mm?) according to Escott er af., 1995.

Animals were subjected to two or three periods of electrical
stimulations, separated by a 30 min interval. The first
stimulation was a control for the subsequent stimulations.
Test compounds were administered imtravenousty 5 min prior
to the second or third stimulation,

British Journal of Pharmacology, vol 129 {3)
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Results BIBN4096BS completely inhibited the specific bind-
ing of '*I-CGRP 10 SK-N-MC cells and displayed an affinity
(K:y of 14.4+63 pM (n=4) for the human CGRP receptor
(Figure 2A). The endogenous ligand CGRP itself and the
peptidic antagonist CGRP{8-37) displayed affinities (K} of
JL7+1.6pM (n=13) and 3.64+0.7 nM (n=4), respectively.
Emploving the same cell line it was shown that BIBN4096BS is
a pure antagonist. In the presence of antagonist the
concentration-response curve of CGRP 1o increase cyclic
AMP levels was shiflted to the right in 3 purallel fashion,
indicating competitive antagonism (Figure 2B). The pK, value
calculated at an antagonist concentration of 10 nM  was
11.040.3 (n=3). In addition, concentrations of BIBN4096BS
up to 100 pm did not show any agonistic eflects, The affinity
(K for CGRP binding sites in rat spleen was 3.4 +0.5 nM
(r=3) and 96+4 pM (n=9) for BIBN4096BS and CGRP,
respectively. Accordingly, BIBN4096BS possessed a 236 fold
higher affinity for buman (SK-N-MC cells) than for rat
(spleen) receptors,

Electrical stimulation of the trigeminal gangfion in
marmosets caused un ipsilateral increase in fucial skin blood
flow. Following stimulation there was a rupid increase in flow
which returned to base line values after approximately 10 min,
This response was obtained three times in -the same animal
with no significant difference between the first and third
stimulation. The area under the curve for the increase in flux
observed was used to determine the eflects of BIBN4096BS
and  amounted te 112411 mm®.  Administration of
BIBIN4096BS significantly and dose-dependently inhibited the
response evoked by trigeminal ganglion stimutation (Figure 3).
A 50% inhihition was achieved with a dose ol approximately
3ug kg™' (n=4) applied intravenously. An almost complete
blockade was observed with a dose of 30 pg kg™' (iv.).
BIBN4096BS in doses up to 1 mg kg~' (i.v.) had no intrinsic
cardiovascular effects. '

Discussion  In order to determine the affinity of BIBN4096BS
for human CGRP receptors we decided to use SK-N-MC cells
since the receptor expressed in this cell line is identical to the
cloned human CGRP receptor (Aiyar er af., 1996). The affinity
of BIBN4096BS for the human CGRP receptor is even higher
than that of the endogenous ligand CGRP itsell and 150 fold
higher compared to the peptidic antagonist CGRP(8-37).
Moreover, BIBN4096BS proved 1o be a competitive antagonist
without any intrinsic agonistic activity, BIBN4096BS had no
significant affinity for a set of 75 different receptor or enzyme
system {ICs > > 1000 nm) including caleitonin, amvlin or
adrenomedullin receptors (for complete list of assavs, see
Rudolf et al.. 1997). Therefore, it can be concluded that
BIBN4096BS is a selective CGRP untagonist with high affinity.
We also demonstrated that BIBN4096BS possesses 4 remark-
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vasodilution. Since several tines of evidence indicate that
CGRP might be a key factor in the initiaion of migraine
headache, we expect that CGRP antagonists will be effective
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