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G protein-coupled receptors (GPCRs) are successfully exploited as drug targets. As our understanding of

how distinct GPCR subtypes can be generated expands, so do possibilities for therapeutic intervention

via these receptors. Receptor activity-modifying proteins (RAMPs) are excellent examples of proteins

that enhance diversity in GPCR function. They facilitate the creation of binding pockets, controlling the

pharmacology of some GPCRs. Moreover, they have the ability to regulate cell-surface trafficking,

internalisation and signalling of GPCRs, creating novel opportunities for drug discovery. RAMPs could

be directly targeted by drugs, or advantage could be taken of unique RAMP/GPCR interfaces for

generating highly selective ligands.
Introduction
It is generally well accepted that the largest group of ‘druggable’

proteins is represented by a handful of cell-surface receptor super-

families. Of these, G protein-coupled receptors (GPCRs) constitute

the largest single grouping, yet the number of actively targeted

GPCRs still represents only a small fraction of the total number of

GPCRs that could be effectively exploited therapeutically. These

receptors, which signal predominantly through heterotrimeric G

proteins, comprise �2% of the human genome and represent the

major signalling system in cells. Mammalian GPCRs are further

subdivided into three groups: Family A, the largest family, which

contains receptors for prototypical neurotransmitters and hor-

mones such as the biogenic amines; Family B, incorporating

peptide hormone receptors such as calcitonin (CT), glucagon

and secretin receptors; and Family C, including receptors for small

molecules such as glutamate, GABA and calcium. GPCR-based

signalling complexes engender enormous diversity and amplifica-

tion in cell signalling processes and this is likely to account for the

ubiquitous distribution of GPCRs across all cell types. Moreover, it

is not surprising that many major disease states, such as CNS
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disorders, metabolic disorders and cardiovascular disease, often

involve aberrations in GPCRs or their signalling pathways [1].

Increasing evidence indicates that GPCRs, like many other

signalling proteins, can form oligomeric protein arrays and that

these are crucial to many aspects of GPCR function, including

cellular trafficking, compartmentalisation and signalling, regula-

tion and even ligand recognition. It is thought that, for many

GPCRs, constitutive dimers or oligomers act as the core functional

unit, but the GPCR, either as a monomer, or oligomeric complex,

may also interact with a diverse range of other proteins that

regulate their function. These interactions create novel opportu-

nities for drug discovery and development. An exemplar model for

protein–protein modulation of GPCR function is the receptor

activity-modifying protein (RAMP) family.

RAMPs are a family of three type I transmembrane proteins

initially shown to regulate the glycosylation, transport and phar-

macological phenotype of the, then orphan, CT receptor-like (CL,

Box 1) receptor (CLR) [2]. In the absence of RAMPs, the CLR is

principally retained intracellularly, however, RAMP interaction

with the receptor leads to terminal glycosylation of the receptor

and transit of the complex from the ER/Golgi to the cell surface.

Similarly RAMPs, in the absence of an interacting receptor

partner, are relatively poorly expressed at the cell surface and are
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BOX 1

Glossary, including receptor abbreviations

AM—adrenomedullin

AM2—adrenomedullin 2; intermedin
CT—calcitonin

CGRP—calcitonin gene-related peptide

CaS—calcium-sensing receptor

CLR—calcitonin receptor-like receptor
CT(a)—calcitonin receptor; insert negative splice variant (lacking a 16 amino

acid insert in the first intracellular loop)

CT(b)—calcitonin receptor; insert positive (containing a 16 amino acid insert

in the first intracellular loop)
GHRH—growth hormone-releasing hormone receptor

GLP-1—glucagon-like peptide 1 receptor

GPCR—G protein-coupled receptor
NSF—N-ethylmaleimide-sensitive factor

PTH1—parathyroid hormone 1 receptor

PTH2—parathyroid hormone 2 receptor

RAMP—receptor activity-modifying protein
RCP—receptor component protein

VPAC1—vasoactive intestinal peptide/pituitary adenylate cyclase-activating

polypeptide type 1 receptor
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translocated in complex with the receptor to the cell surface [2,3].

In addition to this chaperone role, RAMPs in stable complex with

the CLR are required for the expression of phenotype, whereby

RAMP1/CLR is a CT gene-related peptide (CGRP) receptor, while

RAMP2/CLR and RAMP3/CLR exhibit distinct adrenomedullin

(AM) receptor phenotypes (see below) [4–7]. Thus, the discovery

of RAMPs revealed a novel mechanism for producing pheno-

typic diversity in receptor response. Subsequently, RAMPs were

shown to interact with the related CT receptor, and each RAMP/
FIGURE 1

Themultiple functions of RAMPs. Single transmembrane RAMPs interact with 7 trans

owing to the interaction of proteins with their intracellular C termini. RAMPs also m

CLR), the RAMP is also key for high affinity binding of small molecule antagonists suc
positions of amino acids Tyr66, Phe93, His97, Phe101 (stick representation) that have

position of Trp74 (space-filling representation) that is crucial for the binding of sm
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CT receptor complex displayed a distinct amylin receptor pheno-

type [8,9].

For the CT receptor and CLR, strong interaction occurs for all

three RAMPs. These receptors are family B peptide hormone recep-

tors, and subsequent analysis of other members of this receptor

family for RAMP interaction, utilizing an assay of translocation of

RAMPs to the cell surface, revealed additional RAMP-receptor part-

ners with different degrees of specificity in the RAMP-receptor

interaction. Like the CT receptor and CLR, the VPAC1 receptor

interacted with all three RAMPs, whereas the PTH1 and glucagon

receptors interactedspecifically with RAMP2,andthe PTH2 receptor

specifically with RAMP3 [3]. No measurable translocation of RAMPs

was seen, however, with the VPAC2, GHRH, GLP-1 or GLP-2 recep-

tors, although this does not exclude the potential for weak or non-

trafficking interactions between the receptors and RAMPs. With the

exception of the VPAC1/RAMP2 interaction (see below), little is

known of the potential role of RAMPs in the function for these

receptors. More recently, a chaperone role for RAMPs 1 and 3, but

not RAMP2, in the trafficking of the Family C, calcium sensing

receptor (CaS receptor) has been reported [10], illustrating potential

for RAMP modulation of receptors outside of Family B GPCRs.

Although individual RAMPs are differentially expressed, the protein

family is very broadly distributed throughout cells and organs of the

body, beyond the localisation of known receptor partners (reviewed

in [6,11,12]), providing significant scope for additional RAMP-inter-

acting GPCRs to be discovered. The full extent of RAMP interaction

with other GPCRs, however, is yet to be elucidated.

Thus, RAMPs have the potential to interact with, and mod-

ulate the function of many GPCRs (Figure 1). This offers access to

novel strategies for drug development at these highly tractable

drug targets.
membrane domain GPCRs to modify trafficking, both in a chaperone role and

odulate GPCR pharmacology and signalling. For the CGRP receptor (RAMP1/

h as BIBN4096 (BIBN). Inset is the N-terminal domain of RAMP1 illustrating the
been implicated in the interface between RAMP1 and the CLR and also the

all molecule CGRP receptor antagonists such as BIBN.
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RAMP-regulated GPCR pharmacology
The most well-studied consequence of RAMP interaction with

GPCRs is their ability to alter pharmacology; they function as

pharmacological switches for the CT peptide family [7]. This

family comprises CT, amylin, CGRP, AM and AM2 (intermedin).

These peptides have many biological activities and some of their

receptors are validated pharmaceutical targets for diseases includ-

ing diabetes, migraine (see below) and osteoporosis. As indicated

above, the receptors for these peptides are two Family B GPCRs, the

CT receptor and the CLR. CLR by itself will bind no known

endogenous ligand and is only poorly expressed at the cell surface.

When paired with RAMP1, this complex is the CGRP receptor. On

the contrary, two pharmacologically distinct subtypes of AM

receptor are formed from complexes of RAMP2/CLR (AM1 recep-

tor) or RAMP3/CLR (AM2 receptor). The AM2 receptor may also

recognise CGRP with reasonable affinity, depending on the species

from which the receptor components have been derived [5].

Similarly, the CGRP receptor has moderately high affinity for

AM [7]. The CT receptor without RAMP is a conventional Family

B GPCR and is sufficient for CT binding. RAMPs are not required

for cell surface expression of this receptor, allowing for the co-

existence of RAMP/CT complexes with the well-characterised CT

receptor phenotype, which has low affinity for amylin when

expressed alone [7]. The CT receptor expressed with RAMP1, 2

or 3 respectively, gives three subtypes of high-affinity amylin

(AMY1–3) receptor. Several CT receptor splice variants have been

reported; these include the insert negative (CT(a)) and positive

(CT(b); 16 additional amino acids in the first intracellular loop)

isoforms of the receptor. In essence, their interaction with RAMPs

generates a large number of possible amylin receptor subtypes. The

discovery of AM2 and its interaction with these receptors [13–15] is

a relatively recent discovery, as is the identification of pro-CT as

another potential endogenous ligand of the CGRP receptor [16].

Thus, the complexity of this system is considerable with RAMPs

enabling substantial pharmacological diversity from only two

GPCR genes. It is unclear whether this phenomenon is unique

to this peptide family; no other RAMP pairings with GPCRs have

been shown to cause changes in pharmacological phenotype.

There may be novel combinations, however, which may yet reveal

that this is more widespread than the current literature suggests.

There are two chief mechanisms by which RAMPs may influence

GPCR pharmacology; they might directly contribute binding epi-

topes to the relevant ligands or could act indirectly by altering the

conformation of the GPCR. In practice, it is challenging to differ-

entiate between these. Nevertheless, there is strong experimental

support for interactions between the long N-termini of the RAMP

and the CT receptor or CLR determining the specific pharmacol-

ogy of each receptor complex [4,6,17–22]. It is conceivable that the

interface between these proteins generates the unique structures

required for the binding of selective ligands. Amino acid 74 in

RAMP1 and RAMP3 appears particularly influential in determining

AM and small molecule antagonist affinity (see below and

Figure 1).

RAMP-regulated receptor signalling
There is increasing evidence that RAMPs can play a role in the

signalling profile of receptors. This has been most extensively

studied for RAMP/CT receptor-derived AMY receptors, where early
data identified receptor isoform-dependent and cell background-

dependent differences in the ability of RAMP2 to create a high

affinity AMY phenotype. In COS-7, and rabbit aortic endothelial

cells, RAMP2 only weakly engenders amylin binding from the

CT(a) receptor isoform, but strongly induces an AMY phenotype

when co-expressed with the CT(b) receptor isoform [8,9,23]. The

presence of the 16 amino acid insert in the first intracellular

domain of the CT receptor leads to loss of Gq-mediated signalling

and impaired receptor internalisation [24]. By contrast, co-expres-

sion of either receptor isoform with RAMP2 in CHO-P cells led to

strong induction of AMY phenotype [23]. These data suggested

that a component of the cellular background, potentially G pro-

teins, could modulate RAMP/CT receptor interaction. Chimeras of

RAMP1 and RAMP2 where the intracellular C-terminus was

exchanged demonstrated that CGRP potency for cAMP formation

tracked with the C-terminal RAMP region, despite the binding

affinity tracking with the RAMP N-terminal domain, indicating

that the RAMP C-terminus played a direct role in signalling [20].

Consistent with this, RAMP C-terminal truncation decreased amy-

lin binding, an effect that could be reversed, at least partially, by

overexpression of Gas [25], suggesting that the RAMP C-terminus

played a direct role in G protein coupling. Further work revealed a

preferential coupling of AMY1 and AMY3 receptors to Gs vs. Gq,

relative to CT(a) receptors expressed alone (Figure 2). Furthermore,

Ga subtypes differentially modulated 125I-amylin binding to

RAMP/CT(a) complexes where Gs overexpression increased bind-

ing of RAMP2/CT(a) complexes and RAMP3/CT(a) complexes and

Gq selectively increased binding at RAMP3/CT(a) complexes [26].

Thus, these data support a direct role for RAMPs, via their C-

terminal domain, in the G-protein interaction profile of AMY

receptors, potentially in an individual RAMP-dependent manner.

In contrast to this action at AMY receptors, RAMPs do not appear

to be directly involved in G protein coupling of RAMP/CLR com-

plexes [25]. This may be owing to the important role of CGRP

receptor-component protein (RCP) in CGRP and AM receptor

signalling [27]. RCP is an intracellular peripheral membrane pro-

tein that is associated with RAMP/CLR complexes and is crucial for

Gs-mediated cAMP signalling of CLR-based CGRP and AM recep-

tors [27]. To date, there is no evidence for a role for RCP in the

signalling of other RAMP/GPCR complexes.

Modulation of receptor signalling by RAMPs has also been

observed for the VPAC1 receptor, where overexpression of RAMP2

caused a selective augmentation of phosphoinositide hydrolysis

(presumably downstream of Gq) without altering cAMP formation

[3]. It was speculated, however, that this effect may have been due

to changes in compartmentalisation of the RAMP2/VPAC1 com-

plex, rather than a direct effect on G protein coupling. The effect of

RAMPs on the signalling profile of other interacting receptors has

not been investigated. Nonetheless, these data identify the poten-

tial for selective modulation of receptor signalling through target-

ing of the RAMP/receptor interface.

RAMP-regulated receptor trafficking
One of the original proposed functions for RAMPs was to act as

chaperones, to promote cell-surface expression of the CLR [2]. All

three RAMPs can associate with this receptor in the endoplasmic

reticulum and promote terminal glycosylation in the Golgi. The

CaS receptor requires co-expression of RAMPs 1 or 3 (but not
www.drugdiscoverytoday.com 415
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FIGURE 2

The association of RAMPs with GPCRs may lead to alteration in trafficking and signalling properties of the receptors. In the case of CL/RAMP3, the PDZ domain

present in RAMP3 allows the association of this complex with accessory proteins that alter the trafficking of the receptor. Where NSF is present (A), the receptor
complex is recycled rapidly back to the cell surface following ligand-stimulated internalisation. When NHERF1 is present (B) this receptor complex is, however,

retained at the cell surface and does not undergo internalisation. In the absence of accessory proteins, or when associated with either RAMP1 or RAMP2, the

receptor complexes can be shuttled to lysosomal degradation (C) when high concentrations of ligand are present. RAMP association with GPCRs has also been

speculated to modify signalling of the receptors, either through a direct effect on G protein coupling (D), as has been suggested for CT/RAMP complexes or by
moving RAMP/receptor complexes into or out of signalling microdomains (E), as has been speculated for the VPAC1 receptor. These latter properties remain

speculative, however, as definitive evidence for these effects is not yet available.
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RAMP2) for trafficking to the cell surface [10]. The mechanism of

action seems similar to that for the CLR, in that the RAMPs deliver

the receptor from the endoplasmic reticulum to the Golgi, thereby

promoting glycosylation. The effect of RAMPs on the expression of

other receptors is little explored and it would not be surprising if

there were significant cell background-dependent differences.

There is now a significant body of evidence that suggests that

RAMPs can modulate receptor trafficking during downregulation,

where the RAMP/CLR complex is internalised with b-arrestin [28].

The RAMP is in a position to influence the extent and fate of the

internalised receptor (Figure 2). It has been reported that RAMP2-

containing AM1 receptors show greater internalisation than

RAMP3-containing AM2 receptors when expressed in HEK293

cells, although the mechanism behind this is unclear [29]. Indeed,
416 www.drugdiscoverytoday.com
although the C-termini of RAMPs contain potential phosphoryla-

tion and ubiquitinylation sites, there is no evidence so far of

covalent modification during desensitisation and internalisation

[30,31]. The C-terminus is, however, important in other respects.

The final four amino acids in human RAMP3, DTLL, form a type-1

PDZ1 recognition site. In rat and mouse, the final three amino

acids (RLL) form a PDZ-like domain. This has significant conse-

quences for the RAMP3-containing AM2 receptor. In some HEK293

cells, challenge with AM normally leads to receptor internalisation

followed by degradation. In cells expressing N-ethylmaleimide-

sensitive factor (NSF), however, the NSF can interact with the PDZ

domain and direct the receptor back to the cell surface for recy-

cling (Figure 2). NSF expression has no effect on CGRP or AM1

receptors, which contain RAMPs lacking the PDZ domain [32].
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Likewise, expression of the Na+/H+ exchanger regulatory factor-1,

which can also bind to the RAMP3 PDZ domain, blocks interna-

lisation of AM2 receptor but not that of the CGRP or AM1 receptors

[33]. It has also been noted that the C-terminus of RAMP3 contains

a dileucine motif, frequently involved in protein–protein recogni-

tion [29].

Consequences of changes in RAMP expression/activity
There is now abundant evidence for regulation of RAMP expres-

sion, be this in disease, in response to drugs/hormones or physio-

logically [34,35]. Many of these studies, including those reporting

RAMP regulation in heart failure, hypertension and renal failure

have been reviewed [11]. More recently, knockout mouse models

for each RAMP gene have been developed, allowing new insight

into the function of these proteins. For example, RAMP2 and

RAMP3 knockout mice have revealed distinct roles for these two

proteins, despite them both forming receptors for AM [36]. While

deletion of the RAMP2 gene results in a lethal phenotype, probably

resulting from abnormalities in the blood and lymphatic vascu-

lature, RAMP3 knockout mice are viable, with no obvious pheno-

type until old age when they are lighter than their wild-type

counterparts [36–38]. Mice in which RAMP1 expression is dis-

rupted have a distinct phenotype, exhibiting hypertension and

a dysregulated immune response [39].

From the perspective of drug discovery, there are two pertinent

studies for discussion in this review. A mouse model with over-

expression of human RAMP1 in the nervous system has estab-

lished that this protein might be functionally limiting for the

neuropeptide CGRP. Thus, mice with �2-fold increase in RAMP1

mRNA in the brain/trigeminal ganglia were sensitised to CGRP-

induced plasma extravasation, a measure of neurogenic inflam-

mation [40]. Similarly, a transgenic mouse model with overexpres-

sion of RAMP2, primarily in smooth muscle, was sensitised to the

vasodilatory actions of AM [41]. These mice displayed enhance-

ment of AM-induced decreases in blood pressure, indicating

increased sensitivity to AM. Both of these examples serve to

illustrate how alterations in the expression of RAMP could have

profound consequences on responsiveness to endogenous ligands

or drugs that act at RAMP-receptor complexes. In turn, this has

implications for the onset and progression of disease and also its

treatment.

Naturally, these phenotypes have so far been discussed in the

context of the best-characterised cognate ligands and receptors,

the CT family peptides and receptors. However, the potentially

broader roles of RAMPs, as previously discussed, should also be

considered when attempting to understand the consequences of

modulating the expression of these proteins. An important con-

sideration in interpreting RAMP protein expression data is the

poor quality of antibodies that are often used in these studies.

While several RAMP antibodies are commercially available, the

authors (unpublished observations) and others have noted issues

with the specificity of these antibodies [42].

The potential of RAMPs as drugs targets
In principle, RAMPs can be utilised as drug targets either directly

themselves, or the complex between the RAMP and its target

receptor could be targeted. A drug acting at a RAMP/receptor

complex could interact with both the RAMP and the receptor. If
the RAMP caused significant structural perturbation of the recep-

tor, yielding a conformation different from that of the receptor

expressed alone, then this novel structure by itself might be

sufficient for selective drug binding. While most interest is likely

to focus on agents targeted to the extracellular portions of the

RAMP/receptor complex, drugs that bound to the C-terminus of

the RAMP might alter receptor trafficking or signalling profiles (see

above). In addition, agents that prevented RAMP-receptor associa-

tion in the endoplasmic reticulum could prevent the appearance

of such complexes at the cell surface. Preventing protein–protein

interactions with low molecular weight drugs, as required for the

latter two options, is a challenging problem, but the potential

should be considered.

Theoretically, interactions between RAMPs and receptors could

also be allosterically promoted to enhance cell-surface expression.

This could be important in the case of naturally occurring, disease-

causing mutations of GPCRs, where defective cell-surface expres-

sion contributes to the phenotype. The CaS receptor provides a

relevant example [43]. Since the effects of allosteric modulators

may depend on the nature of the specific protein–protein inter-

action that is being modified [44], there is scope for such drugs to

be specific for individual RAMP/GPCR complexes.

There may also be scope for targeting RAMPs with RNAi ther-

apeutics or antibodies. As RAMPs are present at the cell surface as

part of a receptor complex, however, it may be challenging to find

suitable epitopes that could be targeted with antibody-based

therapies. This may explain why it has been so difficult to generate

antibodies that are suitable as experimental tools (see above).

The ability to translate any such drugs into viable therapeutics,

however, may be limited if the principle epitope for binding is the

RAMP. Broad disruption of RAMP interactions may have unfore-

seen consequences owing to the widespread distribution of the

proteins and our limited understanding of the breadth of potential

RAMP function. Nonetheless, RAMP-targeted drugs, if they can be

developed, would provide great utility in understanding RAMP

function and could be empirically examined for therapeutic

potential.

Although the future of therapeutics that target the RAMP itself

is uncertain, there is no doubt that RAMP/receptor complexes can

be successfully targeted. This is illustrated by the development of

CGRP antagonists, in particular BIBN4096 (Olcegepant) and,

most recently, MK0974 (Telcagepant) [6,45–49]. These have been

developed for the treatment of migraine headache, the pathology

of which involves CGRP. The role of this peptide and the rationale

for the use of CGRP antagonists in migraine treatment have

recently been reviewed [48,50]; it is the mechanism behind the

selectivity of these compounds that is of relevance to this article.

BIBN4096 was the first of these to be developed, arising from a

high throughput screening campaign and subsequent lead opti-

misation. BIBN4096 has sub nanomolar affinity for primate CGRP

receptors; at rodent receptors the affinity is considerably lower

(�250-fold) [46,47]. The exchange of a single amino acid (lysine/

tryptophan) between rat and human RAMP1 is sufficient to switch

this affinity [17,46]. Interestingly, the properties of the amino

acid residue at this position also impart pharmacological speci-

ficity; BIBN4096 has virtually no affinity for RAMP2 and is a weak

antagonist at RAMP3-based AM receptors (these RAMPs have

glutamic acid at this position). Sensitivity to BIBN4096 can,
www.drugdiscoverytoday.com 417
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however, be enhanced at the RAMP3-based AM2 receptor by the

incorporation of the crucial tryptophan residue [5,17,51].

MK0974 appears to have a similar mechanism of interaction with

CGRP receptors; this compound also has RAMP1-dependence,

resulting in profound species and pharmacological selectivity

[45]. Nevertheless, the nature of the receptor is also important

to the affinity of RAMP1-dependent CGRP antagonists. Compar-

ison of RAMP1/CLR vs. RAMP1/CT(a) complexes (�55% amino

acid homology in the GPCR component) revealed that BIBN4096

was �300-fold more effective at the CLR-based CGRP receptors

[17]. Furthermore, studies with the BIBN4096-like Compounds 1

and 3 using CLR/CT(a) chimeras indicated that the extreme N-

terminus of the CLR (residues 37–63) is a crucial determinant of

BIBN4096 affinity [52]. Thus, the interface between these proteins

probably provides the binding pocket for these antagonists and is

responsible for their selectivity (Figure 1). By contrast, com-

pounds that interact predominantly with CLR are non-selective

[52].

It is interesting that both BIBN4096BS and MK0974 are rela-

tively large molecules in comparison with most drugs; this may

arise because they need to interact with epitopes on both the

RAMP and the receptor. Perhaps as a consequence of this,

BIBN4096 is an allosteric antagonist with slow kinetics [17,48].

It remains to be established if the large size is a common feature for

all agents directed against RAMPs. Of course, these RAMP/GPCR

complexes need not only be targeted with small molecules; the

native peptides themselves could be formulated as drugs and there

is considerable scope for using modified peptides. For example,

Symlin (Pramlintide) is a modified form of amylin and is marketed

for the treatment of diabetes.

What lessons for drug design can be learnt from the CGRP

receptor antagonists? Unfortunately, there is currently a lack of

solid information on the structure of RAMP/receptor complexes.

For family B GPCRs alone, a consistent pattern has developed for

how ligands bind to such receptors where (among other things)

the C-terminus of the ligand makes multiple contacts with the

extreme N-terminus of the extracellular domain of the receptor

[53]. The extreme N-terminus of the CLR (residues 23–60), sub-

stituted into the equivalent sequence in the PTH1 receptor, was

able to induce an association between the chimeric receptor and

RAMP1 [54], suggesting it is crucial for RAMP recognition. If this

portion of the CLR is also key to binding CGRP, then it becomes

easy to see how RAMP association might modify ligand binding.

Of course, this model is less compelling for those GPCRs where

RAMP association does not modify pharmacology and cannot be

applied to the interaction of RAMPs with the Family C CaS

receptor. Thus, there are likely to be multiple interaction sites

between GPCRs and RAMPs, depending on the nature of the

GPCR. A further complication is the receptor:RAMP stoichiome-
418 www.drugdiscoverytoday.com
try. Early cross-linking studies suggested that there was a 1:1

complex between RAMP1/CLR [55]. A recent study using biolu-

minescence resonance energy transfer elegantly illustrated that

the minimum stoichiometry was, however, 2 CLR:1 RAMP1 [56],

nonetheless, their data did not preclude 2 monomeric RAMPs

binding individually to the CLR dimer. This issue remains unre-

solved.

A recent publication has shed light on the structure of RAMP1

and possibly a common fold for the family as a whole [57]. The

structure revealed three a-helical domains and also confirmed the

presence of three disulphide bonds between cysteines 1–5, 2–4 and

3–6. Interestingly, the crystal structure validated a previously

predicted disulphide bonding pattern and ab initio model for

RAMP1 [58], such that the RMSD between the two structures is

2.2 Å for all Ca atoms including loop regions (1.86 Å Ca RSMD for

helical regions). The crystal structure has also revealed the location

of residues that have been shown to be important for CGRP or AM

binding (see [6] for review); however, it is often unclear if these are

required directly in formation of the peptide binding sites or

whether they act indirectly to promote receptor-RAMP interac-

tions. Further work to elucidate the structure of a RAMP in com-

plex with the N-terminus of a GPCR would be valued as it would be

anticipated that such a complex would have numerous crevices

that could be exploited for drug targeting.

The precedent for selective targeting of RAMP-receptor com-

plexes has been set with the CGRP receptor antagonists. An

interesting question is whether new drugs should be targeted at

individual RAMP-receptor complexes or RAMPs alone. The former

would clearly have the greatest specificity and the current agents

all belong to this category. Agents directed at RAMPs alone poten-

tially would have much broader actions. Whether this would bring

advantages or disadvantages is currently an open question as we do

not know the significance of most RAMP-receptor interactions.

Conclusion
While there is little solid information available as yet on how drugs

can be designed to target RAMP/receptor complexes or RAMPs by

themselves, there are grounds for optimism; the CGRP receptor

antagonists provide proof of principle. Such agents provide novel

therapeutic opportunities. New data indicate that, in addition to

receptors, RAMPs may also interact with other proteins such as

tubulin [59]. Although, the physiological significance of this

observation for RAMP1 is currently unknown, it may provide a

mechanism for compartmentalisation of RAMP-receptor com-

plexes or potentially novel receptor-independent functions.

Furthermore, the scope for RAMP splice and sequence variants

has been little explored. There appears to be considerable scope for

exploiting RAMPs as drugs targets, both in themselves and in

association with their receptor partners.
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