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Abstract

Once considered as largely independent functional units, G protein-coupled receptors (GPCRs) are
now recognized as having a far more diverse molecular architecture. Receptor activity-modifying
proteins (RAMPSs) provide a major example of proteins that interact with GPCRs to modify their
function. RAMPs are able to act as pharmacological switches, chaperones, regulate signaling
and/or trafficking in a receptor-dependent manner. This review covers recent discoveries in the
RAMP field and summarizes the known GPCR partners and functions of RAMPs. We also discuss
the first peptide-bound structures of RAMP-GPCR complexes, which give insight into the
molecular mechanisms as to how RAMPs can alter the pharmacology of GPCRs and their
signaling.
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1. INTRODUCTION

Receptor activity-modifying proteins (RAMPs) are an example of membrane-spanning
accessory proteins that can alter the function of G protein-coupled receptors (GPCRS).
RAMPs form a small family of 3 (in mammals) (sidebar “RAMPSs from other species” near
here) proteins that have substantial capacity for introducing functional diversity by
interacting with GPCRs (1). First identified as chaperones that enhanced the cell surface
expression of the calcitonin-like receptor (CLR) (2), RAMPs are now known to alter
trafficking, signaling and pharmacology in a receptor-dependent manner (Figure 1). GPCRs
are extremely important cell surface signaling proteins that are responsible for controlling
numerous physiological processes and are the targets for ~30% of all medications (3). The
interactions of RAMPs with GPCRs is important because they provide an elegant means for
controlling their function and may provide further opportunities for drug development.
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Sidebar
RAMPs from other species

This review focuses on mammalian RAMPSs but it is important to note that RAMP genes
exist in a wide variety of species (98). Some very nice work has been conducted to
characterize fish (including pufferfish) RAMPs. These studies include efforts to
understand pharmacology and receptor trafficking, and can provide valuable insight into
evolutionary mechanisms (99-101). Furthermore, a receptor activity—-modifying protein
(RAMP)-like triterpene glycoside receptor has been identified from a zebrafish cDNA
library (102). Its functional relationship to RAMPs is not known.

The interactions of RAMPs with the class B GPCR, CLR are the most extensively studied.
In this case, RAMPs are required to chaperone CLR to the cell surface, where the
RAMP/CLR complexes can act as receptors for the peptide hormones calcitonin gene-
related peptide (CGRP) or adrenomedullin (AM), depending on RAMP co-expression (2).
CLR/RAMP1 forms the CGRP receptor and CLR/RAMP2 or CLR/RAMP3 form the AM;
and AM, receptors, respectively (4). RAMPs are essential for specifying CLR
pharmacology, as described in section 4 of this review. There is also quite comprehensive
information on interactions between the closest relative to CLR, another class B GPCR, the
calcitonin receptor (CTR) and RAMPs. In this case, CTR can reach the cell surface in the
absence of RAMP but CTR can drive RAMP translocation to the cell surface. The inability
of RAMPs to reach the cell surface without an interacting partner has become a useful
screening tool for identifying novel GPCR partners for RAMPs. It is relatively
straightforward to monitor RAMP cell surface expression when co-transfected with a GPCR,
compared to when transfected alone (5; 6). CTR pharmacology is altered in the presence of
RAMP, such that affinity for the endocrine hormone amylin (and variably also CGRP) at this
receptor is increased with each RAMP, and three amylin receptor subtypes (AMY1_3) are
formed from the resulting RAMP/CTR complexes (4). This early literature on CLR, CTR
and RAMP interactions has been reviewed (1). As summarized in Table 1, RAMPs are
reported to interact with 9 other GPCRs. Many properties of RAMPs have only been
extensively studied with CLR or CTR, and many findings still require validation and
mechanistic insight (see Future Issues below).

Structurally, RAMPs comprise a single transmembrane spanning domain with an
extracellular N-terminal domain of ~90-100 (RAMP?2 is the longer sequence) amino acids
and a short intracellular C-terminal domain of ~9 amino acids (Figure 2A). Mammalian
RAMP1s appear not to be glycosylated, although potential glycosylation sites are present in
chick and zebrafish RAMP1. RAMP2 and RAMP3 have multiple glycosylation sites and this
may be important for receptor function. For a discussion of these studies refer to (1).
Although the C-termini of RAMPs are short, these regions interact with other proteins. Two
basic residues in the C-terminus of RAMPs 1 and 3 appear to act as an endoplasmic retrieval
signal (2). In RAMP1, these are part of a 5 residue motif (QSKRT) immediately adjacent to
the plasma membrane (7). The C-terminal four amino acids of human RAMP3 (DTLL),
form a type-1 PDZ1 recognition site. This motif leads to interaction with the Na+/H+
exchange regulatory factor (NHERF) or N-ethylmaleimide-sensitive factor (NSF), leading to
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altered receptor internalization and recycling, compared to non-PDZ motif containing
RAMP1 and 2 (8; 9). Such matifs help explain the variety of contributions that RAMPs have
to GPCR function (Table 1). The RAMP C-termini can also influence G protein coupling
(10; 11).

There are some very useful recent reviews on RAMPs. Volume 14 of Current Protein and
Peptide Science in 2013 and a book on RAMPs both contain excellent collections of
specialist reviews on the topic (12). Therefore, in this review, we will focus on the major
findings on RAMP/GPCR interactions that have been discovered since the last major general
review on RAMPs (1). We will provide some critical insight and will cover the identification
of new GPCR partners for RAMPSs, their in vivo roles and new structural information which
shows how these proteins can alter receptor pharmacology.

2. NEW INSIGHTS FROM EXPRESSION STUDIES

There are two types of studies of RAMP expression that are pertinent to discuss. The first
relates to reports of mMRNA and protein expression and the correlation or co-localization of
this expression with GPCR partners. The second relates to transfection or knockdown
studies in cell models that try to identify or characterize receptor partners for RAMPs.

MRNA and protein expression

Expression analysis can be a valuable tool. PCR, RT-PCR or gene arrays, for example, can
give broad oversight regarding whether RAMPs are expressed. In most cases, these studies
are conducted in samples of a whole organ, rather than an individual cell type. The common
result from these studies is that all three RAMPs are expressed. For example, mouse and
human heart are reported to express all three RAMPs (13). Given, the spectrum of possible
GPCR partners for each RAMP, this tells us nothing more than that the RAMP is expressed.
Alterations in mMRNA expression in disease models can be more informative. For example,
decreased RAMP2 expression in parallel with an increase in RAMP3 s can potentially be
informative about the relative roles of AM; and AM, receptors (14; 15). However, it is
important to consider CLR expression at the same time in this context. What are the
consequences of such changes on other GPCR partners for these RAMPs? In most
examples, all RAMPs are regulated in the same direction, which does not give clues as to
specific mechanisms (15). Furthermore, knowledge of mRNA expression will not
necessarily translate to the expression levels of the functional unit: a specific RAMP/GPCR
complex at the cell surface. A further issue, which has not been pursued since initial studies,
is that RAMPs can apparently compete with one-another in cells, potentially biasing towards
one functional complex over another (16).

To address deficiencies in measuring only mRNA, many groups have attempted to use
commercially-available RAMP antibodies or raise their own, including one of the authors
(D.L.H.). There are many more failures than successes, as is common with GPCR antibodies
(17). Initiatives are in place to educate researchers about the controls required for antibody
use (18) and a database in 7he Journal of Comparative Neurology (http://
onlinelibrary.wiley.com/journal/10.1002/(1SSN)1096-9861/homepage/

jen_antibody database.htm) provides information related to this issue. Researchers in the
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RAMP field should pay very careful attention to such recommendations because they are
essential for generating (and publishing) reproducible results.

Very few RAMP antibodies have undergone rigorous analysis and thus, at this time we
cannot recommend any commercial source. The size of a band on a western blot does not
guarantee specificity, nor does pre-incubation of the antibody with the antigen. The latter
only implies specificity for the antigen, which is usually a peptide sequence derived from the
protein, but is not a reliable indicator that the antibody will detect the fully-folded protein,
including in its native environment. Controls such as knockout tissues and cells that do not
express the RAMP are necessary to be more confident regarding the validity of conclusions
drawn from the use of an antibody. Many standard cell lines express endogenous RAMPs,
and this should be taken in to account when designing experiments (Table 2). Most
commercial suppliers do not conduct adequate validation of their antibodies. As an example
of the issues, in one study, at least two bands of higher molecular weight than RAMPs
themselves were detected in a western blot of samples from sham-transfected cells using a
common commercial source of RAMP antibodies (19). This result clearly demonstrates that
the antibodies can detect proteins other than RAMPs. The authors reported attempts to
characterize the additional bands and concluded that they were artifacts and not RAMP/
GPCR complexes or RAMP “homodimers”, as has been proposed to explain such
observations (20). Therefore immunohistochemical experiments using these or other
uncharacterized antibodies could be detecting proteins other than the RAMP itself. Such
studies are impossible to interpret, without extremely rigorous controls.

Because of these problems, clear demonstration of RAMP/GPCR oligomerization in tissues
has not been provided. Importantly, only a few examples show the association of a GPCR
with a RAMP at the protein level through co-expression analysis in tissues with antibodies
characterized by at least one of these controls. These examples are the CGRP receptor
(CLR/RAMP1) and AMY; receptor (CTR/RAMP1) (21-23). Where a RAMP is known to
alter GPCR pharmacology, such as is the case of CLR and CTR/RAMP complexes,
researchers should also consider the value of using different ligands to help them distinguish
receptors (side bar Pharmacological Approaches for Identifying CLR/RAMP or CTR/RAMP
Complexes near here).

Sidebar

Pharmacological Approaches for Identifying CLR/RAMP or CTR/RAMP
Complexes

The authors encourage readers to refer to www.guidetopharmacology.org to identify
pharmacological tools that may help in distinguishing which complex mediates a
particular effect. Some ligands are reasonably selective between receptors but this
selectivity is usually lost at high concentrations (micromolar or higher), which is
unfortunately often found in published studies. Other ligands, such as CGRPg_37 or
AMy,_5, alone are very poor discriminators between receptors at any concentration. We
thus recommend the use of a combination of ligands wherever possible.
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Identifying interactions between RAMPs and GPCRs in cell models

Experiments to identify partnerships between RAMPs and GPCRs and understand
mechanisms thereof tend to rely on the use of tagged proteins. In some respects, this
approach avoids the issues related to antibody specificity but it can have its own problems.
For example, the addition of tags can lead to aberrant trafficking or the presence of a large
protein tag (e.g., intracellular GFP C terminal tag) could impede interactions with signaling
proteins (5). Therefore researchers should also conduct appropriate controls in using tagged
receptors to study RAMPs. Such co-expression studies have been very valuable and have
advanced the field, through the identification of new RAMP/GPCR partnerships. A few
examples will be briefly described.

A range of interactions between RAMPs and class B GPCRs, other than the classic
examples of CLR and CTR have been described There is no evidence for interactions
between RAMPs and the GLP-1 receptor, GLP-2 receptor or GHRH receptor (5; 6) but
several other interactions are summarized in Table 1. With respect to the CRF; receptor and
RAMP2, co-expression in cells increases the cell surface expression of both proteins. CRFq
receptor signaling is also affected: RAMP2 reportedly enhances G;, Gq and G, interactions,
as well as Ca2* responses to both CRF and urocortin (6). It is assumed that these effects are
due to a direct interaction but this has not been shown.

The literature describes variable VPAC, receptor-RAMP interactions. Christopoulos and
colleagues reported that the VPAC, receptor could not translocate any RAMP to the cell
surface in the classic assay used to screen for RAMP/GPCR interactions (5). On the other
hand, Wootten and colleagues detected enhanced expression of all three RAMPs with this
receptor (6). This could relate to differences in the cells in which these experiments were
performed. RAMP co-expression with the VPAC, receptor produced subtle effects on basal
receptor signaling; this was most clearly evident as an increase in basal signaling with
RAMPL. Results of this study support others that report differential effects of RAMPs on G
protein-coupling (5; 24). Another report of VPAC, receptor/RAMP2 co-expression
suggested that RAMP2 may influence peptide histidine methionine (PHM) affinity and
GTP-sensitivity at this receptor (25). Although PHM and peptide histidine isoleucine (PHI)
were also studied in the context of VPAC, and VPAC, receptor/RAMP co-expression in the
other two studies (5; 6), only limited experiments were performed. It will certainly be
interesting to explore these interactions further and to consider how RAMPs might influence
PHM/I pharmacology and signaling.

Two reports have studied the interactions between the class C GPCR, the calcium-sensing
receptor (CaSR) and RAMPs (26; 27). In both cases RAMP1 and RAMP3, but not RAMP2,
appeared to enable CaSR cell surface expression. Further, Desai and colleagues used siRNA
to reduce RAMP1 expression in medullary thyroid carcinoma TT cells, which naturally
express mMRNA for both CaSR and RAMP1. RAMP1 knockdown reduced agonist
(Cinacalcet)-mediated CaSR Ca2* signaling, showing that RAMP1 is important for CaSR
receptor function in these cells (26). It will be important to determine the importance of
these interactions in vivo and their relevance to the clinical use of CaSR-targeted drugs.
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GPR30, an estradiol receptor, has been reported to interact with RAMP3 using BRET,
immunoprecipitation and siRNA (28). The precise details of this interaction and the
properties of GPR30 that are altered by this interaction are not yet clear. In vivo implications
are discussed in the next section. This study is very interesting because it is the first detailed
report of a class A GPCR/RAMP-interaction.

Together the studies noted above lead to the important possibility that RAMPSs may interact
and potentially influence not only Class B GPCRs but also GPCRs in Class A and Class C.

3. NEW INSIGHTS FROM ANIMAL MODELS

These cellular and expression studies are the first steps in demonstrating RAMP/GPCR
partnerships. Such findings require validation using more complex models to define their
functional relevance in physiology and pharmacology. However, as with other receptor
systems that involve more than one receptor subunit, such studies are not trivial. RAMP
biology is difficult to interpret because genetic intervention with a RAMP could have effects
in various receptor systems (29). Nevertheless the studies that have been performed are
important for documenting and validating different partnerships between RAMPs and
GPCRs and to advance understanding of their roles in physiology and disease.

For example, RAMP deletion studies or transgenic models have given valuable insight into
the functional roles of the receptors for the calcitonin family of peptides, including the two
AM receptor subtypes and the CGRP receptor (30-33). The AM; and AM>, receptors are
derived from the interaction of CLR with RAMP2 or RAMP3, respectively. In
pharmacological studies, both receptors bind the 52 amino acid peptide AM with high
affinity. Although the fate of internalized AM; and AM receptors differs by virtue of these
different RAMPs, the roles of these receptors in vivo has been difficult to establish due to a
lack of pharmacological tools or antibodies that can distinguish the effects of these
receptors. AM is an important cardiovascular peptide and two groups have developed
RAMP2- or RAMP3-knockout mouse models in an attempt to learn more about the receptor
biology of this peptide.. Ramp3~~ mice are viable, whereas Ramp2~~ mice die in utero,
implying that the two AM receptor subtypes probably have quite different functions (34;
35). Even partial loss of RAMP2 (e.g. Ramp2*") is deleterious, whereas a phenotype has
been harder to establish even for complete loss of RAMP3. In the first reported study,
Dackor and colleagues did not observe any obvious phenotypic differences in their
Ramp3~~ mice up to 18 months of age, aside from a modest decrease in body weight at 9—
10 months, compared to wild-type (WT) animals (34). Only when challenged by crossing
Ramp3~~ with RenTgMK mice, a genetic model of Angll-mediated cardiovascular disease,
did sex-dependent cardiovascular phenotypic differences emerge: renal failure and cardiac
hypertrophy only in male mice (36). In contrast, lymphatic defects were evident in a separate
Ramp3~~model (35). AM has important effects in the cardiovascular and lymphatic
systems, consistent with these observations in the Ramp3~~ model. However, at present it is
difficult to draw firm conclusions as to the role of each AM receptor from these studies.

Several RAMP1 mouse models exist, including those with over-expression. The knockout
models display a range of phenotypic differences compared to WT mice. These include
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blood pressure and inflammatory phenotypes (31; 37; 38). Differences in wound healing,
angiogenesis and lymphangiogenesis have also been reported, each of which was suppressed
in the absence of RAMP1 (32). In studies thus far, there is a clear linkage between reported
actions of the peptide i.e. AM and CGRP, and the RAMP with which a cognate receptor for
each peptide is formed. Thus, cardiovascular phenotypes are expected for each RAMP, in
line with the activities of the peptides. However, each RAMP model might influence ligand-
receptor systems that may not yet have been studied but may also contribute to the
phenotypes of the mice. We will briefly describe three examples of this.

RAMPI TG mouse models (39-41) were initially described in the context of CGRP activity
in sensory nerves. However, RAMP1 forms a separate receptor for amylin with CTR,
creating the AMY receptor. The neuronal overexpression of human RAMP1 led to
sensitization to amylin. Human RAMPL1 transgenic mice were lighter, leaner and had
increased energy expenditure and body temperature, consistent with the classic role of
amylin as an endocrine hormone that controls blood glucose and body weight (Hay et al
accepted with minor revisions). Therefore, any alteration in RAMP1 expression could affect
CGRP or amylin activity. As more partners for RAMP1 are identified, such as the CaSR,
this becomes even more relevant (26; 27).

The second example of this is Ramp2*/~ female mice, which exhibit a range of phenotypes.
Many of these are recapitulated in AM and CLR-deficient animals, linking RAMP2 to AM;
receptor biology. Others are distinct, supporting a broader range of functions for RAMP2.
These include endocrine phenotypes such as hyperprolactinemia, enlarged pituitary glands,
accelerated mammary gland development and skeletal abnormalities (42). These types of
observations yield useful hypotheses and encourage the search for novel receptor partners
for RAMPs.

Finally, treatment of RenTgMK;:Ramp3™'* and RenTgMK:Ramp3~~ mice with G-1,
reportedly a specific GPR30 agonist, was used to determine the in vivo relevance of the
interaction between RAMP3 and GPR30 (43). Cardiovascular phenotyping revealed a
reduction in cardiac hypertrophy and perivascular fibrosis that was RAMP3- and sex-
dependent. Thus, cardioprotective effects of RAMP3 are linked to GPR30 as well as the AM
system (36; 43).

4. NEW INSIGHTS FROM STRUCTURAL AND MOLECULAR STUDIES

Molecular understanding of GPCR pharmacology and activation mechanisms has
significantly expanded with recent advances in GPCR structural studies. Crystal structures
are available for nearly thirty distinct GPCRSs, most of these class A receptors (44). Class B
GPCR structure is less well understood, but this is beginning to change (45). Class B
receptors, including those that interact with RAMPs, use two domains to bind their peptide
ligands (46; 47). The C-terminal portion of the peptide ligand binds the receptor
extracellular domain (ECD) to impart affinity and specificity while the N-terminal portion of
the peptide binds and activates the 7 transmembrane (7-TM) domain of the receptor (Figure
2B). No structure of a full-length class B GPCR is yet available, but several structures of
ligand-free and peptide-bound class B receptor ECDs (48-58), and structures of two
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peptide-free class B receptor 7-TM domains, those of the CRF and glucagon receptors (59;
60), are available (Figure 2B). These studies indicated that the C-terminal portion of class B
GPCR peptide ligands forms an a-helix that occupies a groove in the receptor ECD. The
class B 7-TM bundle is similar to that of the class A receptors except that the extracellular-
facing half of the class B 7-TM bundle is more open than in a typical class A receptor,
presumably to accommodate the large peptide ligand (Figure 2B). How the peptides bind the
7-TM domain and the orientation of the ECD with respect to the 7-TM domain in the intact
receptors remain poorly understood.

Interactions between RAMPs and GPCRs

How RAMPs associate with class B GPCRs is best understood for CLR and CTR. Studies
with chimeric proteins indicated that the RAMP and CLR/CTR ECDs play a major role in
dictating ligand selectivity (61; 62). Heterologous expression and purification of a soluble
1:1 CLR:RAMP1 ECD complex (63) led to crystal structures of this complex in ligand-free
and small molecule antagonist-bound states (64). Similar approaches yielded a soluble
CLR:RAMP2 ECD complex and its structure in the ligand-free state (65; 66). The purified
CLR:RAMP2 ECD complex behaved as a 2:2 dimer of heterodimers, but the physiological
relevance of higher order oligomerization was unclear (65; 67; 68). These important
structural studies revealed how the ECDs of RAMP1 and RAMP?2 interact with the CLR
ECD and how the antagonist drugs olcegepant and telcagepant bind the CGRP receptor ECD
complex (69; 70). We recently determined the first peptide-bound crystal structures for both
the CGRP and AM; receptor ECD complexes that reveal how peptides bind and how
RAMPs determine peptide selectivity as discussed below (Booe et al, in press).

Although ECD-ECD interactions are critical for RAMP modulation of CLR and CTR, the
RAMP TM also interacts with the GPCR 7-TM and this interaction is likely to be most
important for RAMP interactions with other class B GPCRs and with class A and class C
GPCRs that lack class B GPCR-like ECDs. How the RAMP TM domain interacts with the
GPCR 7-TM is best understood for the class B Secretin receptor where elegant BRET and
fluorescence complementation methods were used to identify TM6 and TM7 of the Secretin
receptor 7-TM as the site of contact with the RAMP3 TM (71). It is unclear if this specific
interface is utilized in all RAMP-GPCR complexes.

Structural studies of peptide-bound CLR:RAMP ECD complexes

To simplify production of soluble CLR:RAMP ECD complexes for structural studies, we
developed a tethered RAMP ECD-CLR ECD fusion protein approach that ensures stability
of the complex and enforces 1:1 CLR:RAMP stoichiometry (68). The RAMP1 or RAMP2
ECD was covalently tethered to the CLR ECD via a flexible (Gly-Ser)y linker. The RAMP1
ECD-CLR ECD and RAMP2 ECD-CLR ECD tethered fusion proteins selectively bound
CGRP and AM, respectively, but the proteins differed in their oligomeric states; the RAMP1
tethered fusion was a monomer whereas the RAMP2 tethered fusion was a dimer (68).
Obtaining crystals of the peptide-bound tethered fusion proteins required refining the
sequence and length of the tethers as well as identifying an amino acid substitution in the
RAMP2 ECD that prevented dimerization of the RAMP2-CLR fusion, which may be an
artifact, because dimerization occludes the peptide-binding site (Booe et al, in press). The
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RAMP1-CLR ECD fusion was crystallized in the presence of a CGRP(27-37)NH, analog
with affinity-enhancing [D31, P34, F35] substitutions (72). The RAMP2-CLR ECD fusion
was crystallized in the presence of a WT C-terminal AM fragment (Figure 3). The CGRP
analog-bound and AM-bound structures were refined at resolutions of 2.5 and 1.8 A,
respectively, which allowed unambiguous determination of the peptide-binding modes.

The CGRP analog occupies a peptide-binding site that is almost entirely on CLR (Figure
3A). The peptide makes only a single critical contact to RAMP1, involving hydrophobic
interaction of CGRP F37 and RAMP1 W84, Strikingly, the CGRP analog is devoid of the a-
helical structure typical of class B GPCR peptide ligands. Instead, the peptide has a p-turn
structure near the C-terminus that helps position the C-terminal residue so that it occupies a
pocket composed of CLR W72 (known as the “Trp shelf” (64)), G71, and RAMP1 W84.
The peptide C-terminal amide group hydrogen bonds with the main chain of CLR T122 at
the base of loop4. The peptide C-terminal residue and amide group thus have an important
“anchoring” function. Another key interaction involves hydrogen bonds between the CGRP
analog T30 and CLR D94 on loop3. The structure explains antagonism of CGRP by the
drugs olcegepant and telcagepant, which block anchoring of the peptide C-terminus by
hydrogen bonding with the CLR T122 main chain and packing against the Trp shelf and
G71 (Figure 3B).

AM occupies the same peptide-binding site on CLR as the CGRP analog and also adopts a
conformation largely lacking secondary structure, other than one helical turn (Figure 3C).
Like the CGRP analog, AM has a B-turn near its C-terminus that allows the AM C-terminal
residue, Y52, to occupy the pocket packing against the Trp shelf and G71, and the AM C-
terminal amide group hydrogen bonds with the CLR T122 main chain. Only a single contact
of importance is made between AM and RAMP2, involving a hydrogen bond between the
AM Y52 side chain hydroxyl and the RAMP2 E101 side chain. Prior to the -turn, the
interaction of AM with CLR differs from that of the CGRP analog. The helical turn in AM
positions K46 to pack against the Trp shelf and AM Y52. AM A42 and P43 pack against a
hydrophobic patch on CLR comprised of the Trp shelf, F92, and F95.

Although the lack of a-helicity in the receptor bound CGRP analog and AM peptides may
seem surprising, previous NMR and mutagenesis studies of the CGRP and AM peptides
indicated a lack of helicity and propensity for turn formation in their C-terminal regions
(73-75). Moreover, the CT family peptide sequences are rich in helix-breaking Pro residues
in their C-terminal regions. CT family peptides thus appear to bind their class B GPCR
ECDs with bound conformations very different from other class B GPCR peptide ligands,
although the binding site position in the CLR ECD is similar to other receptors (Booe et al.,
in press) (76). The CGRP analog-bound and AM-bound structures thus significantly expand
our understanding of how peptides bind class B GPCRs.

Comparing the CGRP analog-bound and AM-bound structures reveals that RAMP1 and
RAMP2 are distinct in their augmentation of the peptide-binding site pocket with residues
that are in proximity to the peptide C-terminal residue (Figure 3D). RAMP1 W84 contacts
the CGRP analog F37 phenyl ring and the equivalent RAMP2 F111 cannot make this
contact. RAMP2 F111 thus “discourages” CGRP binding. RAMP2 E101 hydrogen bonds
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with AM Y52 and the equivalent RAMP1 W74 cannot make this contact. The lack of Glu at
RAMP1 position 74 thus discourages AM binding. RAMP3 has a Trp at position 84 and a
Glu at position 74; thus it is a RAMP1-2 hybrid with respect to the residues that augment
the peptide-binding site pocket. RAMP3 E74 would favor AM binding by hydrogen bonding
with AM Y52 and RAMP3 W84 likely explains the increased potency of CGRP at the AM,
receptor as compared to the AM; receptor (77). The binding sites in the two receptors are
further compared in Supplemental Movie S1.

Distinct RAMP binding site augmentation contributes to peptide selectivity, but there is
evidence that this is insufficient to entirely account for selectivity. Despite the shared CGRP
and AM binding site on CLR and only a single RAMP-mediated contact of importance
involving the CGRP and AM C-terminal residues, swapping the CGRP and AM peptide C-
terminal residues is insufficient to exchange their receptor binding preferences (Booe et al.,
in press). RAMP1 and RAMP?2 elicit subtly different CLR conformations, which may alter
the peptide-binding site to favor a particular peptide. The RAMP1/2 a2-a3 loop is close to
the CLR R119 side chain that adopts different conformations in the two structures, which
may accommodate subtle differences in the B-turn structures of CGRP and AM (Figure 3D).
Subtle shifts in the positions of other CLR residues that make up the pocket may also
contribute to selectivity. More work is needed to determine the extent to which such
allostery contributes to selectivity, but overall the data are consistent with RAMPs
determining peptide selectivity of CLR by a combination of distinct binding site
augmentation and subtle effects on CLR conformation. Allosteric effects could help explain
how RAMPs can influence a diverse range of GPCRs, with distinct functional consequences
(Table 1).

Perhaps the most striking revelation from the new structures is that the profound effect of
RAMPs on CLR pharmacology arise not from extensive RAMP-peptide contacts or dramatic
RAMP-induced changes in CLR conformation, but rather from a single RAMP-peptide
contact and subtle alteration of CLR. Although additional selectivity determinants may exist
in portions of the receptors not addressed by the structures, the soluble ECD complexes
exhibit the same peptide selectivity profiles as the intact receptors. Thus, the apparently
minor effects of RAMPs can in fact greatly affect receptor function. Another important
finding is that CGRP and AM occupy a shared a binding site largely on CLR, which
highlights the difficulty of developing peptide analogs with selectivity for a specific
GPCR:RAMP pairing. Such analogs would be valuable pharmacological tools and could
also be of value as therapeutics. Despite the challenges, the new structures should help guide
drug development efforts targeting GPCR:RAMP complexes.

Mutagenesis studies of CT family peptides and RAMP:GPCR complexes

The CGRP analog and AM ECD complex-binding modes observed in the crystal structures
are consistent with mutagenesis studies of the peptides. Binding studies with the purified
tethered RAMP1 ECD-CLR ECD fusion indicated that CGRP T30, V32, F37, and the C-
terminal amide were important for receptor binding (68). Studies with intact CGRP receptor
in cells similarly indicated the importance of these CGRP residues (72; 74; 78). Peptide
binding studies with purified tethered RAMP2 ECD-CLR ECD (68), and binding and NMR
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chemical shift perturbation experiments with CLR ECD/RAMP2 ECD (66) were in
agreement that AM residues P43, K46, 147, G51, Y52 were most important for receptor
binding. Studies of mutant AM peptide binding to intact AM1 receptor in cells similarly
identified these residues (66).

Extensive mutagenesis studies of the RAMP ECDs (79) identified RAMP1 W84 as
important for CGRP function at the CGRP receptor (80) and RAMP2 F111 and E101 as
important for AM function at the AMq receptor (77). Several studies highlighted an
important role for RAMP3 E74 in AM function at the AM,, receptor (77; 81; 82). These data
are now explained by how these residues contact the peptide C-termini. Previous RAMP
“swap” mutants highlighted the importance of Glu at position 74/101 in favoring AM
binding (81; 82). RAMP1 W84 is also important for amylin and CGRP binding to the
AMY  receptor, which suggests that RAMP1 may augment a binding site on CTR that is
similar to that on CLR (83). Extensive mutagenesis of the CLR ECD in the context of the
CGRP and AM; receptors fully supported the new CGRP analog and AM-bound structures
(Booe et al., in press). The good agreement between the structures and mutagenesis data
suggests that the peptide-bound ECD complex structures are good models for full-length
agonist peptide binding to the intact receptor complexes.

Understanding of how CT family peptides bind and activate the GPCR 7-TM remains
rudimentary. Nonetheless, several recent studies provided insight into this area using
mutagenesis and/or chimeric approaches to explore how the CLR 7TM domain recognizes
peptides. Various residues in all three extracellular loops (ECL) of CLR were important for
response to CGRP in the CGRP receptor (84; 85) and ECL3 was important for responses to
AM in the AM; and AM,, receptors (86). Thr6 in the CGRP peptide, which is also conserved
in AM, was shown to be important for agonist activity (87). Ultimately, structural
information for the intact RAMP:CLR/CTR complexes will be required to enable
mechanistic explanation of this mutagenesis data.

Activation mechanisms in RAMP-complexed GPCRs

Molecular understanding of how RAMPs may influence GPCR activation mechanisms and
signaling is still in its infancy (88). Most information is available for CLR, in the AM4 and
CGRP receptors. Substantial mutagenesis within the 7-TM region, C-terminal tail and helix
8 region of CLR in the CGRP receptor has revealed valuable information into how this
particular receptor complex is activated (89-94). In the AM; receptor, there is some
information on the C-terminus and helix 8 regions (95; 96). At the present time, there are too
few parallel studies to enable conclusions to be drawn around the role of the different
RAMPs in influencing the 7-TM bundle and C-terminus. In the case of a key proline residue
in TM6 of CLR, this appears to have the same important functional role in receptor
activation with RAMP1, RAMP2 and RAMP3 (94). The equivalent proline in CTR is also
important but this has not been looked at with each RAMP (97). Much of this information
has been amassed to support a model of the 7-TM bundle of CLR with RAMP1, which is
important to help interpret this volume of data (90).
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5. CONCLUSIONS

RAMPs are fascinating proteins that diversify GPCR ligand binding preferences and
function. Given their range of potential functions and broad expression, including in
commonly used cell lines (Table 2), their influence on other GPCRs may still be
underappreciated. The “Future Issues/questions List” outlines key unanswered questions
in this field, and what we view are important issues that still need to be addressed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acronyms and Definitions List

7-TM 7 transmembrane

AM adrenomedullin

AMq RAMP2/CLR AM receptor subtype
AM, RAMP3/CLR AM receptor subtype
AM?2 AM2/intermedin peptide

CaSR calcium-sensing receptor

CGRP calcitonin gene-related peptide

CLR calcitonin receptor-like receptor
CTR calcitonin receptor
ECD extracellular domain

GPCR G protein-coupled receptor

RAMP receptor activity-modifying protein
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Future Issues/questions List

Antibodies need to be fully validated to enable characterization of RAMP/
GPCR complex expression in tissues.

More specific pharmacological tools need to be developed to assist in receptor
identification.

Do RAMPs compete with each other for expression in cells? More work is
needed to understand this.

Some reported GPCR-RAMP interactions are only single reports and require
validation and further characterizion to understand mechanisms.

Can RAMP/GPCR complexes be successfully targeted with drugs?

How do AM2, CT, and amylin selectively bind their respective RAMP/GPCR
complexes?

To what extent does allostery contribute to RAMP-altered GPCR ligand
selectivity?

Determination of the molecular architectures of full-length RAMP/GPCR
complexes and how full-length agonist peptides bind and activate these
complexes.

Are their more GPCR partners for RAMPs and other functions?

Do RAMPs partner with other classes of receptor, such as receptor tyrosine
kinases?
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2. Pharmacology
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Figure 1. Summary of reported roles for RAMPs
Four major roles that have been reported for RAMPs: 1. RAMPs enable the forward-

trafficking of some GPCRs to the cell surface. 2. RAMPs can alter GPCR pharmacology,
switching ligand selectivity for some GPCRs. 3. RAMPs can influence coupling to GPCR
signaling pathways. 4. RAMPs may alter the trafficking pathway of some GPCRs from the
cell surface, with different RAMPs controlling receptor fate through recycling or degradative
pathways.
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Figure 2. Domain structures of RAMPs and Class B GPCRs
(A) RAMP domain structure shown using the ECD crystal structure of RAMP1 (PDB:

3N7P) and a generic a-helix for the TM segment. (B) Class B GPCR domain structure
shown using the crystal structure of the PTH1R ECD with bound C-terminal PTH peptide
fragment (PDB: 3C4M) and the peptide-free CRFR1 7-TM domain (PDB: 4K5Y). The 7-
TM domain is colored ramped from blue to red for N-terminus to C-terminus. Disulfide
bonds are shown as sticks in both panels. The ECD orientations with respect to the TM
regions is arbitrary.
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RAMP2
AM(35-52)NH,

Figure 3. Structural basis for RAMP-dependent selective CGRP and AM binding to CLR
(A) Crystal structure of the CLR:RAMP1 ECD heterodimer with bound high-affinity CGRP

analog (PDB: 4RWG). The peptide is shown in cartoon representation with side chains as
sticks. For clarity the mainchain atoms of peptide residues F27 and V28 are shown in lines
representation. (B) Superposition of the CGRP analog-bound and small molecule antagonist-
bound (PDB: 3N7R) ECD heterodimers aligned based on the CLR positions. (C) Crystal
structure of the CLR:RAMP2 ECD heterodimer with bound AM (PDB: 4RWF). (D)
Superposition of the CGRP analog-bound and AM-bound structures aligned based on the
CLR positions.
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Table 2
Endogenous mRNA expression (by PCR or Northern blot) of RAMPSs in cell lines that are

commonly used for transfection studies

Any GPCR transfected into cells that naturally express RAMPs could potentially interact with RAMPs and
influence the behavior of the GPCR. Similarly, RAMPs transfected into cells that endogenously express
known partners could compete with the RAMP, influencing the outcome of the experiment. Please note that
properties of cell lines can differ with passage and culture conditions. Therefore each laboratory should test
their own cell stocks for RAMP expression.

Cell line | RAMP1 | RAMP2 | RAMP3 | References
Cos-7 - - - (104)
+* +* o (105)
- - - 27)
- + nd (16)
HEK293 | + | - | - | @7)
HEK?293S - - - (106)
+7 +7 +7 (6)
HEK293T | + | + | - | @
CHO-K1 | 7 | +* | +* | (6)
CHO-P | 7 | +* | +* | (105)

-no RAMP detected, + RAMP detected, nd, no data,

*
RAMP detected by PCR but corresponding assays with co-transfected CLR or CTR indicated that this was insufficient to create functional AM,
CGRP or amylin receptor complexes, indicating low-level endogenous RAMP expression.
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