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Abstract: The calcitonin receptor-like receptor (CRLR), a class B GPCR, forms a heterodimer with
receptor activity-modifying protein 2 (RAMP2), and serves as the adrenomedullin (AM) receptor to
control neovascularization, while CRLR and RAMP1 form the calcitonin gene-related peptide
(CGRP) receptor. Here, we report the crystal structures of the RAMP2 extracellular domain alone
and in the complex with the CRLR extracellular domain. The CRLR-RAMP2 complex exhibits
several intermolecular interactions that were not observed in the previously reported
CRLR-RAMP1 complex, and thus the shape of the putative ligand-binding pocket of CRLR-RAMP2
is distinct from that of CRLR-RAMP1. The CRLR-RAMP2 interactions were confirmed for the
full-length proteins on the cell surface by site-specific photo-crosslinking. Mutagenesis revealed
that AM binding requires RAMP2 residues that are not conserved in RAMP1. Therefore, the
differences in both the shapes and the key residues of the binding pocket are essential for the

ligand specificity.
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Introduction

Adrenomedullin (AM), consisting of 52 amino acid
residues, belongs to the calcitonin family of peptides,
including calcitonin (CT), calcitonin gene-related
peptide (CGRP), and amylin (AMY). AM was iso-
lated from a human adrenal pheochromocytoma, as
a novel hypotensive peptide with strong vasodilata-
tion activity.! AM is produced by vascular smooth
muscle cells and endothelial cells. By analyzing AM
knockout mice, we demonstrated that AM is neces-
sary for the stabilization of vascular integrity.? AM
appears to have a variety of functions, including
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Figure 1. Overall complex structure of the human CRLR-RAMP2 ECDs. A: Domain organizations of CRLR and RAMP2. B:
Cartoon representation of the crystal structure of the human CRLR-RAMP2 complex. CRLR and RAMP2 are colored orange
and blue, respectively. For each protein, o helices and B strands are numbered sequentially. Disulfide bonds are represented
as yellow stick models. C: Side views of the CRLR-RAMP2 complex structure, showing the loop positions of each protein.
The two views are related by a 180° rotation about the vertical axis. D: Molecular surface representation of the CRLR-RAMP2
complex, viewed from the top and bottom. The glycosylation sites of each protein are colored green.

neovascularization,  bronchodilatation, = hormone
secretion regulation, neurotransmission, cell growth
regulation, apoptosis inhibition, antimicrobial activ-
ity, and others, in broad areas of the human body.>™
Therefore, AM is generally recognized as a potential
therapeutic agent for the treatment of chronic
diseases.®”

The AM receptor consists of calcitonin receptor-
like receptor (CRLR) and receptor activity-modifying
protein 2 (RAMP2), with 1:1 stoichiometry [Fig.
1(A)1.2 CRLR belongs to the class B family of seven
transmembrane-spanning G-protein coupled recep-
tors (GPCRs), while RAMP2 is an accessory protein
with a single transmembrane-spanning region. The
class B GPCR family comprises 15 members, includ-
ing calcitonin receptor (CTR) and CRLR, which are
characterized by their relatively large and unique
100-160 residue N-terminal extracellular domains
(ECDs, also known as ectodomains), containing
three conserved disulfide bonds and the canonical
seven transmembrane helix (7TM) motif.® These
GPCRs utilize their ECDs to recognize polypeptide
hormones,° including parathyroid hormone (PTH),!
glucagon-like peptide (GLP),'2 gastric inhibitory
peptide (GIP),'* CT, CGRP, and AM.

RAMP2 facilitates the trafficking of CRLR from
an intracellular compartment to the cell surface,
and therefore is required for functional receptor for-
mation.® The three RAMP isoforms (RAMP1-3)
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share less than 30% sequence identity with one
another, and exhibit different tissue distributions.®*
All of them bind CRLR, and confer different specific-
ities for peptide ligands on CRLR.}® For example,
the heterodimer consisting of CRLR and RAMP1 is
specific for CGRP, while the CRLR-RAMP2 and
CRLR-RAMP3 heterodimers are specific for AM. All
three human RAMPs share a common domain orga-
nization: the N-terminal ECD (about 91 residues for
RAMP1 and RAMP3, and about 102 residues for
human RAMP?2), the single transmembrane (TM) do-
main (about 22 residues), and the C-terminal short
intracellular region (about 9 residues). We previ-
ously reported the first structure of the RAMP1
extracellular domain by an X-ray crystallographic
analysis.’® Recently, the crystal structures of the
CRLR-RAMP1 heterodimer (the CGRP receptor)
with clinical receptor antagonists were deter-
mined.'” However, the structural basis of the AM re-
ceptor activity remains elusive.

In the present study, we determined the crystal
structures of the RAMP2 ECD alone at 2.0 A, and
complexed with the CRLR ECD at 2.6 A. We con-
firmed that the ECD complex retains the AM-bind-
ing activity in vitro, and that the two full-length pro-
teins interact with each other in the same manner
in vivo. The putative ligand-binding pocket of the
CRLR-RAMP2 complex adopts a different shape
from that of the CRLR-RAMP1 complex, which may
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Table I. X-Ray Data Collection, Phasing and Refinement Statistics of CRLR-RAMP2

Complex Peak

Complex Edge Complex Remote

Data collection .
Wavelength (A)
Resolution (A)

0.9790

Unique reflections 6157
Redundancy 11.2
Completeness (%) 99.1 (91.8)
I/s () 20.3 (5.9)
Ry (%) 11.5 (25.2)
MAD analysis
Resolution (A) 2.8
No. of sites 5
FOMpap® 0.56
FOMggsorve” 0.76
Refinement
Resolution (A) 40.6-2.6
No. of reflections 6075
No. of protein atoms 1463
No. of water molecules 30
R york (%) 22.2
Riyee (%)° 28.2
R.m.s.d. bond length (A) 0.019
R.m.s.d. bond angles (°) 1.7
Ramachandran plot
Most favored regions (%) 96.5
Additional allowed regions (%) 3.5
Generously allowed regions (%) 0.0
Disallowed regions (%) 0.0

50-2.6 (2.69-2.60)

0.9793 0.9640
50-2.6 (2.69-2.60) 50-2.6 (2.69-2.60)
6100 5956
10.9 10.3
97.7 (84.7) 95.6 (75.8)
21.1 (4.78) 18.3 (4.15)
11.0 (26.0) 11.5 (27.1)

All numbers in parentheses represent last outer shell statistics.

* Ryym=y_ Iy — Iil/3"Ii, where Ii is the observed intensity and I, is the average intensity.

b Figure of merit after SOLVE phasing.
¢ Figure of merit after RESOLVE.

4 Riree is calculated for 10 % of randomly selected reflections excluded from refinement.

underlie the distinct ligand-binding specificities
between the AM and CGRP receptors.

Results and Discussion

Structure determination

We prepared the ECDs of human CRLR (Glu23-
Lys136) and RAMP2 (Gly56—Ser139) by refolding
them separately and mixing them together, but
these proteins were separated by size-exclusion chro-
matography (SEC). In contrast, when the CRLR and
RAMP2 ECDs were co-refolded, the two proteins
formed a stable complex at an equimolar ratio. The
resulting complex between the CRLR and RAMP2
ECDs (referred to hereafter as the CRLR-RAMP2
complex) behaved as the CRLR-RAMP2 heterodimer
at 0.5 mg/mL, whereas it further dimerized to the
heterotetramer (CRLR-RAMP2), at 5 mg/mL, as
revealed by the SEC analysis (Supporting Informa-
tion Fig. S1).

We determined the crystal structure of the
CRLR-RAMP2 complex at 2.6 A resolution by the
multi-wavelength anomalous dispersion (MAD)
method, using the crystal of the selenomethionine-
labeled proteins. The crystallographic data are sum-
marized in Table I. The crystal of the CRLR-RAMP2
complex belongs to the primitive tetragonal space
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group P4;2;2, with unit cell constants of a = b =
55.4 A, c = 1194 A, and contains one heterodimer
per asymmetric unit. The final model includes 79
amino acid residues of RAMP2, 97 amino acid resi-
dues of CRLR, and 30 water molecules in the asym-
metric unit. The five residues (GIn135-Ser139) at the
C-terminus of the RAMP2 construct were not
included in the final model, due to their very weak
electron densities. Similarly, the thirteen residues
(Glu23-Gly35) at the N-terminus and the four resi-
dues (Glul33-Lys136) at the C-terminus of the CRLR
construct were not included in the final model.

In parallel, we determined the crystal structure of
the RAMP2 ECD alone, at 2.0 A resolution, by the
MAD method. The crystallographic data are summar-
ized in Supporting Information Table S1. The RAMP2
crystal belongs to the primitive orthorhombic space
group P2;2,2;, with unit cell constants of a = 59.6 A,
b = 89.7 A, c=92.0 A, and contains six RAMP2 mole-
cules in the asymmetric unit. The final model includes
76 amino acid residues (GIn56—Ser134) of six RAMP2
chains, and 172 water molecules.

Overall structure of the CRLR-RAMP2
extracellular complex

The structure of the CRLR-RAMP2 complex is
shown in Figure 1(B). Overall, CRLR and RAMP2
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Figure 2. Sequence analysis and surface properties of RAMP2. A: Sequence alignment of human RAMPs, generated by
ESPript'® with CLUSTALW.'® Identical and similar residues among the three RAMPs are represented with white and red
characters, respectively, in blue boxes. The secondary structure of RAMP2 is shown above the sequences. Predicted signal
peptide sequences for RAMP1 (residues 1-26), RAMP2 (1-35), and RAMP3 (1-23) are omitted from the alignment. The
numbers below the sequences indicate the positions of cysteine residues involved in the formation of the first and second
disulfide bonds (Cys68-Cys99, and Cys84-Cys131, respectively). The putative transmembrane region is represented by a
violet bar. B: Superimposition of the Co. atoms of the RAMP2 and RAMP1 ECDs alone (green and purple, respectively) onto
those complexed with CRLR (blue and pink). C: Close-up views of the C-terminal region of the RAMP2 extracellular domain,
showing the structural differences observed upon CRLR binding. D: The electrostatic surface of RAMP2 at the CRLR-RAMP2
interface. Blue and red surfaces represent positive and negative potentials, respectively. The circle indicates the location of
the hydrophobic patch, which forms the interface with CRLR. E: Residue conservation mapping on the surface of human
RAMPs. Green and light green surfaces indicate the locations of identical and similar residues among human RAMPs,
respectively, according to the sequence alignment in (A). The two views are related by a 180° rotation about the vertical axis.

form a heterodimer in a “side-by-side” orientation.
The CRLR structure consists of an N-terminal o he-
lix (01), two anti-parallel B strands (1 and 2), and
five loop regions (loops 1-5), and is stabilized by
three intramolecular disulfide bonds (Cys48-Cys74,
Cys65-Cys105, and Cys88-Cys127) [Fig. 1(C)]. The
RAMP?2 structure adopts a three-helix bundle fold,
consisting of al-o3, which are connected by two
loops (loops 1 and 2) [Fig. 1(C)]. In the CRLR-
RAMP2 complex, the RAMP2 o2 and o3 helices
interact with the CRLR ol helix. The interface
between CRLR and RAMP2 buries 924 Az, corre-
sponding to 13.9% and 17.0% of the total surface
areas of CRLR and RAMP2, respectively.

The overall architecture of the CRLR-RAMP2
complex is similar to that of the recently reported
crystal structure of the CRLR-RAMP1 complex, or
the CGRP receptor.!” However, RAMP1 and RAMP2
share less than 30% sequence identity [Fig. 2(A)],
and this difference in the amino acid residues
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results in significant variations in the heterodimer
interface between the two structures, as described
below.

RAMP2 possesses an N-glycosylation site
(Asn130). The glycosylation of RAMP2 reportedly
facilitates the trafficking of CRLR from the intracel-
lular milieu to the cell surface.?’ In the present
structure, the Asn130 residue in RAMP2 is located
on one side of the heterodimer [Fig. 1(D)]. In con-
trast, CRLR has three N-glycosylation sites, which
are all located on the upper side (i.e., the opposite
side of the membrane surface). Among these three
CRLR residues, the glycosylation of Asnl123 is
reportedly required for the trafficking of CRLR-
RAMP2 to the cell surface.?!

The CRLR-RAMP2 heterodimer closely
packed with the dyad symmetry-related heterodimer
in the crystal [Supporting Information Fig. S2(A,B)].
This heterotetrameric structure is likely to corre-
spond to the heterotetramer observed at high

is
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Hydrophobic interaction
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Figure 3. Interactions between CRLR and RAMP2. Two views of the interface, showing (A) hydrophobic interactions and (B)
hydrogen bonds between RAMP2 (22 and o3) and CRLR (a1). The two views are related by a 170° rotation about the
horizontal axis. Interacting residues are displayed as stick models. Hydrogen bonds are indicated as dashed lines. Coloring

schemes are the same as in Figure 1(B).

concentrations in solution [Supporting Information
Fig. S1(A,C)]. The two CRLR-RAMP2 heterodimers
interact in a “side-by-side” manner. The CRLR C-ter-
minal tail and loop 5 interact with the RAMP2 N-
terminal tail and loop 2, respectively [Supporting In-
formation Fig. S2(C,D)]. These interactions bury
2111 A? of surface area (10.3% of the total surface
area). This interface does not involve any of the gly-
cosylation sites of CRLR and RAMP2, but it buries
the ligand-binding pocket of the CRLR-RAMP2 het-
erodimer (see subsequent sections).

Structure of RAMP2

In the three-helix bundle of RAMP2, o2 is aligned in
an anti-parallel manner relative to ol and «3. There
are two disulfide bonds, Cys68—Cys99 and Cys84—
Cys131, which connect ol with o2 and loop 1 with
the C-terminal tail, respectively. The mutations of
C68A, C84A, C99A, and C131A in RAMP2 report-
edly reduced the binding of AM with the AM recep-
tor.?? Therefore, the two disulfide bonds contribute
to the stability of the RAMP2 structure.

A comparison of the present structure of
RAMP2 alone with that of RAMP1, which we solved
previously,'® reveals that these folds are well con-
served [Fig. 2(B)]. However, al is straight in the
RAMP2 structure, whereas the corresponding helix
of RAMP1 is kinked in the middle. In addition, the
Cys27-Cys82 disulfide bond, which connects the
RAMP1 N-terminus to loop 2, is absent in RAMP2.

The structures of RAMP2 alone and in complex
with CRLR are almost identical, except that, in the
CRLR-RAMP2 complex, the C-terminal tail of
RAMP2, following Cys131, significantly bends to-
ward CRLR [Fig. 2(C)]. This conformational change
is likely to be important for the stable complex for-
mation, because the RAMP2 C-terminal tail, with
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the bend toward CRLR, exhibits three intermolecu-
lar hydrogen bonds and effectively interacts with
CRLR (as described in the next section). We noticed
a similar conformational change between the struc-
tures of RAMP1 alone and in complex with CRLR
[Fig. 2(B)1.Y"

RAMP2 possesses a hydrophobic patch on o2
and o3, including Tyr93, His124, and Phel28 [Fig.
2(D,E)], and utilizes this patch to interact with
CRLR. A similar hydrophobic patch exists in
RAMP1,'® and as we predicted, it contributes to
CRLR binding.}” On the other hand, CRLR pos-
sesses a hydrophobic patch on ol [Supporting Infor-
mation Fig. S3(A)], for the interaction with RAMP2
as well as RAMP1.

CRLR-RAMP?2 interface

RAMP2 o2 and o3 form both hydrophobic and hydro-
philic interactions with CRLR ol. As viewed from
the N-terminus of CRLR a1l [Fig. 3(A)], a number of
hydrophobic interactions are formed by the side
chains of RAMP2 Tyr93, Arg97, and Ser94 with
CRLR Met42 (a1), RAMP2 Trp86, Phel28, Tyr93,
and His124 with CRLR Tyr46 (a1), RAMP2 Ile120,
Phel21, and His124 with CRLR Tyr49 (al), and
RAMP2 Phel21, GIn125, and Alal29 with CRLR
Met53 (al). In addition, the main chain of RAMP2
Gly110 forms a hydrophobic interaction with CRLR
Argl119 (loop 5). As viewed from the C-terminus of
CRLR ol [Fig. 3(B)], many hydrogen bonds are
formed by the side chains of Gly71-Arg97 (loopl—
02), GIn45-Tyr93 (al-o02), Tyr49-Glull7 (al-o3),
GIn50-His124 (al-a3), GIn50-Phel28 (al—a3),
GIn50-Ser132 (a1-C-tail), GIn54—Cys131 (a1-C-tail),
and GInb54-Alal29 (01-C-tail), corresponding to
CRLR-RAMP2.
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Figure 4. Protein photo-crosslinking of CRLR-RAMP2 in mammalian cells. The FLAG-tagged RAMP2 variants, with the
photoreactive amino acid pBpa at the indicated positions, were co-expressed with c-myc-tagged CRLR in HEK293 c-18 cells.
After the cells were exposed to light (A), RAMP2 and its photo-crosslinked products were purified by immunoprecipitation
with FLAG-M2 agarose. The precipitates were subjected to SDS-PAGE and analyzed by Western blotting with anti-myc (B)
and anti-FLAG (C) antibodies. A: Schematic representation of the photo-crosslinking method. B: The uncrosslinked and the
crosslinked CRLRs are indicated by the arrows and the arrowhead, respectively. C: The RAMP2 variants are indicated by the
arrow. WT: wild type RAMP2; IP: immunoprecipitation; WB: western blotting. D: Structural model for the full-length CRLR-
RAMP2 complex, based on the photo-crosslinking results, with close-up views of the interface with the crosslinked amino
acid residues. The residues are represented as sticks and are colored pink. E, F: Close-up views of the putative crosslinked

locations between pBpa and CRLR.?’

The deletion of the Trp86—Pro92 region of
RAMP?2 significantly reduced its cell surface expres-
sion.?? This region corresponds to the N-terminal
half of RAMP2 o2, which is involved in the hydro-

gen-bonding and hydrophobic interactions with
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CRLR ol. Therefore, the deletion of this region prob-
ably disrupts the assembly between CRLR and
RAMP2. In addition, the double mutation H124A/
H127A of RAMP2 reduced the efficiency of transport
to the cell surface and the AM-binding ability of the

Structural Basis of the Human AM-Receptor
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Figure 5. AM-binding affinity and ligand-binding pocket
formation of the CRLR-RAMP2 complex. A: Sensorgrams
obtained from SPR measurements with the human CRLR-
RAMP2 complex and CRLR immobilized on the sensor chip
with injections of 1 M AM. B: The models of hPTH (green
ribbon, PDB ID: 3C4M), hGIP (purple ribbon, 2QKH),
hExendin-4 (gray ribbon, 3C5T), hCorticoliberin (blue ribbon,
3EHU), and hPACAP (brown ribbon, 2JOD) from their
receptor-bound structures were placed on the molecular
surface of the CRLR-RAMP2 complex, by superpositioning
their receptor structures onto the CRLR structure. The two
views are related by a —75° rotation about the horizontal axis.
C,D: Molecular surface and cartoon representations of the
putative ligand-binding interface of the human CRLR-RAMP2
complex. The dotted area indicates the location of the
putative AM-binding region. The cyan surface indicates the
locations of identical residues for RAMP2, based on sequence
comparisons of RAMP2 and RAMP1 among various species,
including human, mouse, bos taurus, and sus scrofa. E:
Sensorgrams obtained from SPR measurements with the
mutants of the CRLR-RAMP2 complex immobilized on the
sensor chip, with injections of 1 M AM.

AM receptor.2* This is probably because the muta-
tion of His124 (Fig. 3) to Ala disrupted the CRLR~-
RAMP?2 interface.

Kusano et al.

Site-specific photo-crosslinking between CRLR
and RAMP2 in mammalian cells

We performed experiments with the full-length CRLR
and RAMP2 molecules in mammalian cells, to gather
evidence to support the determined complex structure
of the ECDs. A photo-reactive amino acid, p-benzoyl-L-
phenylalanine (pBpa), has been site-specifically incor-
porated into proteins in living cells with an expanded
genetic code [Fig. 4(A)].2>?% This non-natural amino
acid is activated by exposure to 365-nm light, and co-
valently links the pBpa-containing protein and an
interacting protein, when the pBpa is incorporated at
a site adjacent to the binding interface.2® To probe the
binding mode between the full-length RAMP2 and
CRLR molecules, both expressed in human embryonic
kidney 293 cells, the crosslinkable amino acid was
incorporated into the 2 and o3 helices of RAMP2 at
eight separate sites, which interact with CRLR in the
determined crystal structure. All eight of these var-
iants were expressed in similar amounts by the cells.
Crosslinking detection was performed by Western-blot
experiments. RAMP2 and CRLR were C-terminally
tagged with FLAG and Myc sequences, respectively,
and after exposure of the cells to 365-nm light, the
crosslinked products were immunoprecipitated with
an anti-FLAG antibody and then detected with an
anti-Myc antibody. The molecular masses of the
detected complexes were approximately 80 kDa, which
is almost equal to the sum of the molecular masses of
the two proteins [Fig. 4(B,C)].

The crosslinking patterns of the eight residues of
RAMP correspond quite well to the present crystal
structure of the extracellular complex. First of all,
Ser94 from o2 and Phel21 from a3 are located adjacent
to the binding interface, but their side chains are not
directly involved in the interaction with CRLR. In fact,
the two RAMP2 variants with pBpa at positions 94
and 121 were efficiently crosslinked with CRLR [Fig.
4(D)]. Figure 4(E,F) show possible models of the cross-
linking modes®’ in the pBpa94 and pBpal2l variants.
On the other hand, Arg97 and Glull7 are close to
Ser94 and Phel21, respectively, but are separated by
one o helical turn. Thus, Arg97 and Glull7 are located
on the edge of the interface, and their side chains
hydrogen bond with CRLR. Actually, the pBpa97 and
pBpall7 variants also generated the crosslinked prod-
ucts, but with much lower efficiencies than the pBpa94
and pBpal2l variants [Fig. 4(D)]. In contrast, the
remaining four residues, Tyr93, Ile120, His124, and
Phel28, are located at the center of the interface, and
the substitution of the bulky pBpa for these residues is
expected to disrupt the CRLR-RAMP2 association.
Correspondingly, their pBpa variants failed to generate
a crosslinked product. Therefore, the efficient and spe-
cific crosslinking of the pBpa94 and pBpal21 variants
strongly indicates that the o2 and a3 helices interact
with each other on the cell membrane, in the same
manner as in the present crystal structure.
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Table II. Summary of SPR Measurements for CRLR
and RAMP2/1 Binding to AM and «CGRP

Surface Plasmon Resonance (SPR)

Kp (M)

Immobilized For AM
CRLR/RAMP2 (WT/WT) 6.96 x 1078
CRLR (WT) 1.20 x 107°
CRLR/RAMP2 (WT/E101A) 8.77 x 107
CRLR/RAMP2 (WT/F111A) 3.36 x 1077
CRLR/RAMP2 (W72A/WT) 1.21 x 107*

CRLR/RAMP2 (F92A/WT) 1.30 x 107*
CRLR/RAMP2 (W121A/WT)  2.04 x 10~*

Immobilized For AM For aCGRP
CRLR/RAMP2 (WT/WT) 6.96 x 107  1.34 x 10°*
CRLR/RAMP2 (WT/S94R, 357 x 1072  1.05 x 1074

R97A, E101W, F111W)
CRLR/RAMP1 (WT/WT) 148 x 107 9.11 x 107°

Each Ky value represents the average of at least two inde-
pendent measurements.

Ligand binding pocket of the AM receptor

We examined the AM-binding ability of the prepared
CRLR-RAMP2 complex and CRLR, by surface plas-
mon resonance (SPR) methods. For this purpose, a
synthetic AM peptide was used at five different con-
centrations, while either CRLR-RAMP2 or CRLR was
immobilized on the sensor chip. Under the measure-
ment conditions, the CRLR-RAMP2 and CRLR pro-
teins are expected to be a heterodimer and a monomer,
respectively (Supporting Information Fig. S1). The
two proteins show clear differences in their ligand-
binding affinities [Fig. 5(A)] (Table II). The CRLR
extracellular domain itself weakly binds AM, with a
dissociation constant (Kp) value of 12.0 uM. In con-
trast, the AM-binding affinity of the CRLR-RAMP2
complex is 172-fold higher, as compared to that of the
CRLR extracellular domain alone, with a Kp value of
69.6 nM. These results provide direct evidence that
the RAMP2 and CRLR ECDs coordinately bind AM.

The overall fold of the CRLR extracellular do-
main resembles those recently determined for other
class-B GPCRs, such as GIPR,'® PACIR,*® PTHIR,"
CRFR1,%® and GLP1R,'? in their ligand peptide-
bound structures (PDB codes 2QKH, 2JOD, 3C4M,
3EHU, and 3C5T, respectively) [Supporting Informa-
tion Fig. S3(B,C)]. When these peptide-bound GPCR
structures are superposed onto CRLR in the CRLR~
RAMP2 complex, the PTH, GIP, and GLP peptides
are located close to RAMP2, whereas the CRF and
PACAP peptides are far from RAMP2 [Fig. 5(B)].
Therefore, AM is likely to bind to CRLR in a manner
similar to those of the PTH/GIP/GLP peptides.

On CRLR, the side chains of three residues,
Trp72, Phe92, and Trpl21, from loops 2, 3, and 5,
respectively, are located on a concave surface, and
face RAMP2 [Fig. 5(B,C)]. On the other hand, a com-
parison of the human, mouse, bovine, and porcine
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RAMP2 and RAMP1 sequences identified the
RAMP2-specific residues [Fig. 5(C)]. Among them,
Glul01, Leul09, and Phelll are located on 2. The
side chain of Leul09 is involved in the hydrophobic
core, while those of Glul01 and Phelll are exposed
and extended toward CRLR [Fig. 5(D)]. Thus, these
exposed CRLR and RAMP2 residues are arrayed
within a pocket jointly formed by CRLR and RAMP2
[enclosed by a dashed line in Fig. 5(C)], and are
likely to be involved in ligand binding.

To test this hypothesis, we generated mutant
RAMP2 and CRLR proteins. Two and three putative
ligand-binding residues in RAMP2 (Glul01 and
Phelll) and CRLR (Trp72, Phe92, and Trp121), respec-
tively [Fig. 5(D)], were replaced with Ala, and the effect
of each mutation on the AM-binding ability of the
CRLR-RAMP2 complex was examined by the SPR
analysis, as described above [Fig. 5(E)]l. The W72A,
F92A, and W121A mutations of CRLR caused drastic
reductions in the AM-binding affinity (1,740-, 1,870-,
and 2,940-fold increases in Ky, respectively) (Table II).
On the other hand, the E101A mutation of RAMP2 sig-
nificantly decreased the AM-binding affinity (1260-fold
increase in Kp), while the F111A mutation decreased it
modestly (4.83-fold increase in Kp) (Table II). The
results indicated the unambiguous roles of these CRLR
and RAMP2 residues in AM binding.

Transplanting RAMP1-specific residues

into RAMP2

Thus, we showed that the RAMP2-specific residues
Glul01 and Phelll are involved in the AM-binding
pocket [Fig. 5(C)]. On the other hand, a comparison
of the RAMP1 and RAMP2 sequences from four
mammals revealed that the RAMP1-specific resi-
dues, Cys82 and Trp84, are located on the RAMP1
02 helix [Fig. 6(A)]. In the amino acid sequences, the
RAMP1-specific Cys82 and Trp84 correspond to the
RAMP2-specific Leul09 and Phelll, where Cys82
forms a RAMP1-specific disulfide bond with Cys27.
By contrast, human RAMP1 Trp74, corresponding to
the RAMP2-specific Glul01, is not conserved in the
other three RAMP1 proteins. Like RAMP2, RAMP1
forms a putative ligand-binding pocket along with
CRLR, and the RAMP1-specific Trp84 is located at
its center. Thus, these RAMP2- and RAMP1-specific
residues seem to be responsible for the different
ligand-binding specificities between the CGRP and
AM receptors. The RAMP2 proteins have the con-
served Ser94 and Arg97 residues near the putative
ligand-binding pocket, whereas Arg67 and Ala70 are
not conserved in the RAMP1 proteins. Thus, we
mutated four RAMP2 residues (Ser94, Arg97,
Glul01, and Phelll) to the corresponding residues
of RAMP1 (Arg, Ala, Trp and Trp, respectively) [Fig.
6(B)], and examined the effects of the mutations on
AM and aCGRP binding. The quadruple mutation of
RAMP2 (S94R/R97A/E101W/F111W) remarkably

Structural Basis of the Human AM-Receptor
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Figure 6. Transplanting RAMP1-specific residues into RAMP2. A: Molecular surface of the putative ligand-binding interface
of the human CRLR-RAMP1 complex. The cyan surface indicates the locations of identical residues for RAMP1, and was
generated and represented in the same manner as in Figure 5(C). B: Comparison of the amino acid residues between RAMP2
and RAMP1. Close-up view of the putative ligand-binding pocket between CRLR and RAMP2, and CRLR and RAMP1 (right).
C,D: Sensorgrams obtained from SPR measurements with the CRLR-RAMP2 complex and the CRLR-RAMP1 complex
immobilized on the sensor chip with injections of AM (1 pM) (C), «CGRP (10 uM) (D), respectively.

decreased the binding affinity of the CRLR-RAMP2
complex for AM, as compared to the wild type, and
its AM-binding affinity was close to that of the wild-
type CRLR-RAMP1 complex [Fig. 6(C)] (Table II).
On the other hand, the binding affinity for «CGRP
of the CRLR-RAMP2 (S94R/R97A/E101W/F111W)
complex was nearly the same as that of the wild-
type CRLR-RAMP2 complex, and is therefore much
lower than that of the CRLR-RAMP1 complex [Fig.
6(D)] (Table II). Consequently, the transplantation of
the four residues of RAMP1 into RAMP2 failed to
convert the ligand specificity from AM to aCGRP.

Difference in the pocket shapes between the
AM and CGRP receptors

We compared the structures of the CRLR-RAMP2
complex (the AM receptor) and the CRLR-RAMP1
complex (the CGRP receptor), by superimposing the
CRLR region. The surface area buried in the CRLR~
RAMP1 interface (1010 A?) is similar to that in the
CRLR-RAMP2 interface (924 A2). Interestingly, the
putative ligand-binding pocket of the AM receptor is
shallower than that of the CGRP receptor; Arg97 (o2),
Glul01 (02), Leul09 (loop2), Phelll (loop2), and
Pro112 (loop2) of RAMP2 are closer to the surface
than the corresponding residues of RAMP1 [Fig. 7(A)].
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This difference arises because the position of RAMP2
relative to CRLR is rotated and shifted, as compared
to that of RAMP1 [Fig. 7(B)], although the RAMP2
and RAMP1 structures themselves are highly super-
imposable on each other [Fig. 7(C)]. Thus, o2 of
RAMP2 is closer to CRLR al, and conversely, a3 of
RAMP2 is farther away from CRLR o1, and thereby
alters the shape of the ligand-binding pocket.
Correspondingly, the CRLR-RAMP2 and CRLR-
RAMP1 interfaces differ from each other. First, in the
RAMP2 o2-CRLR al interactions, the RAMP2-specific
Arg97 side chain forms an intramolecular salt bridge
with Glu101, and hydrogen bonds with the main-chain
carbonyl group of CRLR Gly71 [Fig. 7(D)]. In contrast,
RAMP1 has Ala70 and Trp74 at the positions corre-
sponding to Arg97 and Glul0l in RAMP2. On the
other hand, the RAMP1 Trp59 side chain hydrogen
bonds with CRLR Thr43, but the -corresponding
RAMP2 Trp86 side chain forms hydrophobic interac-
tions [Fig. 7(D)]. The RAMP1 Asp71 side chain forms a
salt bridge with CRLR Arg38, whereas the correspond-
ing RAMP2 Asp98 side chain is rotated away. Due to
these differences, RAMP2 o2 and RAMP1 o2 are dis-
tinctly oriented relative to CRLR al. Second, in the
RAMP2/1 a3—-CRLR ¢ interactions, CRLR Tyr49 forms
hydrophobic interactions with RAMP2 Ile120 and
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Figure 7. Divergence in CRLR-RAMP heterodimer formation by the AM and CGRP receptors. A,B: Superimposition of the
AM and CGRP receptors, based on the CRLR molecule. The two views are related by a rotation about the vertical axis. C:
Superimposition of the Co atoms of the RAMP2 and RAMP1 molecules alone. The views are the same as those on right side
of (B). D-F: Close-up views of the CRLR-RAMPs interfaces in the AM and CGRP receptors. G: Superimposition of the Ca
atoms of the RAMP2 and RAMP1 molecules in the AM and CGRP receptors.

Phel21, and with RAMP1 Phe93 and Leu94 [Fig.
7(E)]. The main chain of RAMP2 Phel21 is farther
away from CRLR than that of RAMP1 Leu94. Never-
theless, the longer Phel21 side chain of RAMP2 and
the shorter Leu94 side chain of RAMP1 interact simi-
larly with the CRLR Tyr49 side chain. Correspond-
ingly, the CRLR Met53 side chain adopts distinct ori-
entations between the two complexes [Fig. 7(F)].

In addition, RAMP2 Leul09 is involved in the
hydrophobic core, and the corresponding RAMP1
Cys82 forms a disulfide bond with RAMP1 Cys27,
corresponding to RAMP2 Gly56. Thus, RAMP2 ol
and RAMP1 ol are straight and kinked, respectively,
which causes significant shifts of the o2 and o3
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backbones [Fig. 7(G)]. In this manner, a2 and a3 of
RAMP2 are distinctly oriented relative to CRLR, as
compared to those of RAMP1, thus causing the dif-
ferent depths and shapes of the ligand-binding pock-
ets between the two receptors.

In conclusion, the distinct ligand specificities of
the AM and CGRP receptors are derived from the
differences in the side chains and the backbone posi-
tions of the ligand-binding pocket residues. There-
fore, our transplantation experiment failed to confer
RAMP1-like ligand specificity on the CRLR-RAMP2
complex because of the global difference in the rela-
tive positions of RAMP2 and RAMP1, in their re-
spective complexes with CRLR.

Structural Basis of the Human AM-Receptor



Materials and Methods

Sample preparation

The DNA fragments encoding the ECDs of human
RAMP2 (residues 56-139) and CRLR (residues 23—
136) were cloned into the TA vector pCR2.1TOPO
(Invitrogen). The RAMP2 and CRLR ECDs were pro-
duced as fusion proteins containing an N-terminal
histidine tag and a tobacco etch virus (TEV) prote-
ase cleavage site. The selenomethionine (SeMet)-la-
beled proteins were synthesized by the Escherichia
coli cell-free system, using the large-scale dialysis
mode.?>3! Both the RAMP2 and CRLR ECDs pre-
cipitated during synthesis. The precipitated proteins
were denatured, and were refolded together (co-
refolded) or separately by rapid dilution into 50 mM
Tris-HCI buffer (pH 8.3), containing 1 M arginine
hydrochloride, 5 mM reduced glutathione, and 0.5
mM oxidized glutathione. The co-refolded CRLR-
RAMP?2 extracellular domain complex and the sepa-
rately refolded RAMP2 and CRLR ECDs were each
purified using a His-Trap column, and then the his-
tidine tags were enzymatically removed with TEV
protease. The refolded proteins were further purified
to homogeneity by chromatography on anion
exchange (Resource Q) and gel filtration (Superdex
200 HR 10/30) columns. All columns were purchased
pre-packed from GE Healthcare.

Crystallization and data collection

The preliminary crystals of the SeMet-labeled
RAMP2 extracellular domain were obtained by ini-
tial crystallization screening, using the 96-well sit-
ting drop vapor diffusion method with 0.5% agarose
(Hampton Research). The crystals of RAMP2 used
for structure determination were obtained by mixing
the protein solution (22.7 mg/mL in 20 mM Tris-HCI
buffer, pH 7.0, containing 300 mM NaCl) with an
equal volume of reservoir solution (0.1 M sodium-
HEPES, pH 7.2, 25% (v/v) PEG400, and 0.2 M cal-
cium chloride di-hydrate) and incubating the mix-
ture at 293 K by the hanging drop vapor diffusion
method. Plate-like crystals grew to average dimen-
sions of 0.8 mm x 0.3 mm x 0.2 mm within a week.

Diffraction quality crystals of the SeMet-labeled
CRLR-RAMP2 complex were grown by mixing the
protein solution (8.6 mg/mL in 20 mM Tris-HCI
buffer, pH 7.0, containing 150 mM NaCl) with an
equal volume of reservoir solution (0.1 M bis-Tris,
pH 6.5, 30% (v/v) PEG MME550, 0.05 M calcium
chloride) and incubating the mixture at 293 K, using
the sitting drop vapor diffusion method. Large, sin-
gle crystals measuring 0.6 mm in the longest dimen-
sion appeared within seven to ten days.

Single crystals of RAMP2 and CRLR-RAMP2
were coated with their reservoir solutions, respec-
tively containing 22.5% PEG400 and 20% glycerol as
cryoprotectants, mounted using a nylon loop (Hamp-
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ton Research) and flash-cooled in the cold stream of
the goniometer. The diffraction data for the MAD
method were collected at 100 K at three different
wavelengths at BL26B2, SPring-8, Harima, Japan,
and were recorded on a Jupiter210 CCD detector
(Rigaku, Tokyo, Japan). All of the diffraction data
were processed with the HKL2000 program.>2

Structure determination and refinement

The program SOLVE®? was used to locate the SeMet
sites and to calculate the initial MAD phases for the
RAMP2 and CRLR-RAMP2 data. The program
RESOLVE?* was used for the phase expansion and
the density modification. Model building and correc-
tion were performed iteratively, using O and
COOT,¢ and the structure refinement was performed
using Crystallography & NMR system (CNS)*’ and
PHENIX.3® Refinement statistics are presented in Ta-
ble I and Supporting Information Table S1. The qual-
ity of the model was inspected by the program PRO-
CHECK.?® Most of the graphic figures were created
using the program PyMol (DeLano Scientific, Palo
Alto, CA). The atomic coordinates and the structure
factors have been deposited in the Protein Data
Bank, with the accession codes 3AQE and 3AQF.
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