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Abstract

The receptor for calcitonin gene-related peptide (CGRP) and adrenomedullin (AM) requires an
intracellular peripheral membrane protein named CGRP-receptor component protein (RCP) for
signaling. RCP is required for CGRP and AM receptor signaling, and it has recently been
discovered that RCP enables signaling by binding directly to the receptor. RCP is present in most
immortalized cell lines, but /n vivo RCP expression is limited to specific subsets of cells, usually
co-localizing with CGRP-containing neurons. RCP protein expression correlates with CGRP
efficacy /n vivo, suggesting that RCP regulates CGRP signaling /n vivo as it does in cell culture.
RCP is usually identified in cytoplasm or membranes of cells, but recently has been observed in
nucleus of neurons, suggesting an additional transcriptional role for RCP in cell function.
Together, these data support an essential role for RCP in CGRP and AM receptor function, in
which RCP expression enhances signaling of the CGRP or AM receptor, and therefore increases
the efficacy of CGRP and AM in vivo.

Keywords

Calcitonin gene-related peptide; adrenomedullin; calcitonin-like receptor; receptor activity
modifying protein; CGRP-receptor component protein; signal transduction; trafficking

INTRODUCTION

The receptor for CGRP is unique for G protein-coupled receptors (GPCR) in that it is a
complex of three proteins: the ligand-binding GPCR named calcitonin-like receptor (CLR)
which is in a complex with two accessory proteins, receptor activity modulating protein
(RAMP1) and CGRP-receptor component protein (RCP). RAMP1 is a single
transmembrane protein that aids trafficking of CLR to the cell surface, and confers
pharmacologic specificity to CLR [1]. CLR can also interact with the RAMP homologs
RAMP2 or RAMP3 to form a high affinity receptor for adrenomedullin (AM). The role for
RCP in CGRP function has been less clear. RCP is a soluble protein found in the cytoplasm
and in the membrane associated with CLR. In cell culture RCP is required for CLR
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signaling, and it has recently been discovered that RCP enables signaling by binding directly
to CLR. RCP is present in most immortalized cell lines, but /7 vivo RCP expression is
limited to specific subsets of cells, usually co-localizing with CGRP-containing neurons.
RCP protein expression correlates with CGRP efficacy /in vivo, suggesting that RCP
regulates CLR signaling /in vivoas it does in cell culture. RCP is usually identified in
cytoplasm or membranes of cells, but recently has been observed in nucleus of neurons,
suggesting an additional transcriptional role for RCP in cell function. Together, these data
support an essential role for RCP in CGRP and AM receptor function, in which RCP
expression enhances signaling at CLR, and therefore increases the efficacy of CGRP and
AM Jn vivo. The focus of this review is on the recent data that support an interaction
between RCP and CLR, and the physiologic implications of this regulatory role for RCP in
CGRP and AM biology.

1. RCP CELLULAR BIOCHEMISTRY

RCP is a 16 kDa intracellular protein that was expression-cloned in a Xenopus oocyte-based
assay targeting the CGRP receptor. In this assay, activation of a GPCR was detected by
chloride currents from a reporter gene, the cystic fibrosis transmembrane conductance
regulator (CFTR). The CFTR is a Protein Kinase A (PKA)-activated chloride channel, and
activation of a Gas-coupled GPCR results in increased PKA phosphorylation of CFTR,
resulting in ligand-dependent chloride currents (Fig. 1A) [2-4]. The cDNA for RCP was
identified by dividing a cochlear hair cell cDNA library [5] into pools, which were then /n
vitro transcribed into cRNA, and pools of library cRNA were co-injected with /n vitro-
transcribed CFTR cRNA into oocytes. Oocytes were screened for receptor activity by
voltage-clamp upon incubation with ligand, and activation was detected by increased
chloride current [6]. By repeated subdivision of positive pools of cDNA, a final cDNA was
identified that conferred CGRP-responsiveness in the oocyte/CFTR assay (Fig. 1B).
Contrary to what was predicted, this cDNA did not encode a GPCR; instead it encoded a
small hydrophilic 148 aa protein, which contained no obvious protein motifs that would
explain how it mediated CGRP signaling. This protein was hypothesized to enhance an
endogenous Xenopus CGRP receptor, and was named the CGRP-receptor component
protein (RCP). In support of this hypothesis, endogenous CGRP receptor function has been
described in oocytes, and CLR, RAMP and RCP have subsequently been identified in
Xenopus, and endogenous CGRP activity has also been reported in frog [7-10]. RCP did not
act as a transcription factor in this oocyte/CFTR assay, as incubation with CGRP elicited a
similar response in enucleated oocytes, or in oocytes pre-treated with the RNA polymerase
Il inhibitor a.-amanitin, when injected with RCP cRNA.

CGRP produced a biphasic chloride current in the oocyte/CFTR assay (Fig. 1B). This is in
contrast to what might be expected for activation of a GPCR, which would be predicted to
result in a single peak of chloride conductance in the oocyte/CFTR assay, followed by a
decrease in chloride conductance as the GPCR was inactivated, as observed for activation of
the p-opioid and adrenergic receptors [11, 12]. Interestingly, the p-opioid receptor activated
CFTR even in the presence of PKA inhibitors, suggesting the potential for an alternate
pathway for CFTR activation by GPCR signaling in the oocyte. The biphasic response to
CGRP in oocytes may thus be due to a combination of PKA-dependent and PKA-
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independent signaling pathways. In contrast, a monophasic response to forskolin was
observed in oocytes injected with CFTR cRNA alone. Forskolin activates adenylate cyclase
directly, bypassing the requirement for a GPCR, suggesting that the biphasic response was
not a characteristic of CFTR activation in general. Interestingly, activation of the CGRP
receptor in hair cells of the Xengpus lateral line organ showed a similar biphasic response
(Fig. 1C), suggesting that the biphasic response observed in the oocyte/CFTR assay was a
characteristic of the CGRP receptor, and not of the oocyte/CFTR assay. This biphasic
response to CGRP might also be due unique mechanisms of receptor desensitization or
CGRP washout, such that the kinetics of CGRP receptor activation would be significantly
different from opioid receptor kinetics. However, it should be noted that this biphasic
response was not observed in oocytes injected with RAMP2 and CLR when incubated with
adrenomedullin [1], even though this study also detected a biphasic response to CGRP with
RAMP1 and CLR. Therefore, activation of CLR/RAMP1 by CGRP appears to have different
kinetics or incorporate additional signaling pathways than when CLR/RAMP?2 is activated
by AM, at least in Xenopus.

CLR and RAMP1 were initially thought to be sufficient to generate a high-affinity receptor
for CGRP [1]. However, it was subsequently shown that RCP was endogenously expressed
in the cell lines used for the initial characterization of CLR and RAMP [13, 14]. Indeed,
most stable cell lines now appear to express RCP, making gain-of-function experiments
difficult to interpret. Instead, the role of RCP in CLR/RAMP function was first defined in
antisense cell lines where RCP expression was inhibited [13, 14]. In these studies, loss of
RCP resulted in a loss of CGRP-mediated cAMP signaling, without a loss of apparent cell
surface receptors, determined by 1251-CGRP binding. Similarly, loss of RCP decreased AM-
mediated signaling in these antisense cells, suggesting that RCP was mediating the effects of
ligand binding to CLR, the core GPCR for both CGRP and AM. These affects were specific
to CLR, as signaling at two other endogenous GPCRs (p2-adrenergic and A2b adenosine)
were not inhibited in the RCP-antisense cells.

RCP is present in a complex with CLR and RAMP1 and RAMP2, as determined by co-
immunoprecipitation [14]. RCP co-immunoprecipitates with both RAMP1 and RAMP2,
indicating the involvement of RCP in both CGRP and AM receptor function. However, it
was not known if RCP interacted directly with CLR, or via an intermediate docking protein.
Recently, it has been determined that RCP binds directly to the second intracellular
cytoplasmic loop of CLR (ICL2CLR) [15]. Interaction between RCP and ICL2CLR was first
identified by yeast two-hybrid assay, where RCP was tested against each of the three
intracellular cytoplasmic loops and the carboxyl-tail (C-tail) of CLR. Only ICL2CLR
produced a positive result in the yeast two-hybrid assay, and this interaction was
recapitulated by co-immunoprecipitation in cell culture when ICL2CLR was transfected as a
fusion protein with enhanced green fluorescent protein (EGFP). RCP co-
immunoprecipitated with ICL2CLR but not with the other cytoplasmic domains of CLR, or
with the ICL2 from the B2-adrenergic receptor (B2AR), a GPCR that does not require RCP
for signaling [13]. Furthermore, expression of soluble ICL2CLR acted as a dominant-
negative on CLR signaling, sequestering RCP in the cytoplasm, away from membrane-
bound CLR. In contrast, expression of soluble ICL2CLR had no effect on B2AR signaling,
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further indicating the specificity of RCP for CLR. The inhibitory effect of ICL2CLR on CLR
signaling was not a general characteristic of expression of soluble GPCR ICL2, as
expression of ICL2P2AR had no effect on signaling at either CLR or B2AR. Interestingly,
Family B GPCRs can form dimers, and loss of dimerization can lead to lower-affinity
monomers. This has been demonstrated for the secretin receptor, where the site of receptor
dimerization has been localized to TM4 [16, 17]. The dominant-negative ICL2CLR construct
used in the studies identifying interaction between CLR and RCP [15] contained 10 aa of
TM4, which does have regions of homology between the secretin receptor and CLR,
particularly the “GWG” motif, of which the carboxyl glycine was shown to participate in
dimerization of the secretin receptor (Fig. 2). Thus, some of the effect of ICL2CLR
expression could be due to inhibition of a conserved dimerization domain, resulting in CLR
monomers. However, the inhibitory effect of ICL2CLR expression on CLR signaling was
more severe than loss of dimerization was on secretin receptor signaling, suggesting that
dimerization alone may not account for the inhibitory effect of ICL2CLR expression.

Interestingly, loss of RCP interaction with CLR did not significantly change the efficacy of
CGREP for activating the CLR/RAMP1 dimer. Instead, the maximal signaling response was
severely depressed in cells expressing ICL2CLR, but the half-maximal concentration of
CGRP remained largely unchanged. These data suggested that in the presence of soluble
ICL2CLR there was either a decrease in cell-surface CLR, or a decrease in signaling from a
constant number of cell-surface CLR. Trafficking of CLR and RAMPL to the cell surface
appears to be unaffected by loss of interaction with RCP, determined by 1251-CGRP binding
to cells with depleted RCP or by cell surface ELISA for CLR and RAMPL1 in cells with
CLR-RCP interaction disrupted [13, 15]. This is in contrast to RAMPL, which is required for
trafficking of CLR to the cell surface [1]. These data also suggest that RCP is not required
for CLR/RAMP interaction, as 12°I-CGRP binding to CLR requires RAMP1, and this
binding was not disrupted in the absence of RCP [13, 14]. Thus, it appears that RCP exerts
its effect on CLR by either coupling the CLR/RAMP complex to the cellular signaling
proteins, or by sorting the CLR/RAMP complex into membrane sub-domains that can
enhance signaling such as lipid rafts [18, 19].

RAMP1 was cloned using an oocyte/CFTR expression-cloning strategy similar to what was
first used to identify RCP [1, 6]. Knowing the mechanisms deduced for RCP and RAMPL1 in
CLR function (signaling and trafficking/pharmacology, respectively), it is now possible to
postulate how their isolation was possible using the oocyte/CFTR expression-cloning assay.
For RAMP1, increased trafficking of endogenous CLR to peripheral membrane of the
oocyte could provide more receptor at the surface and provide pharmacologic specificity for
CGRP to endogenous CLR, resulting in increased response in the oocyte/CFTR assay to
CGRP. RCP would also result in increased responsiveness to CGRP in the oocyte/CFTR
assay, but would instead enhance signaling at a relatively constant number of endogenous
CLR/RAMP1 heterodimers already present in the oocyte membrane.

RCP is present in all mammalian species, and is present even in yeast, a single-cell
eukaryote. GPCRs that interact with RCP have not been yet identified in all species, but
recently a Drosophila GPCR that is dependent upon RCP for signaling has been reported.
CG17415 is a Drosophila GPCR with 30% homology to CLR that binds diuretic hormone
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31 (DH31), and exhibits enhanced signaling when expressed in the presence of RCP [20].
An approximately 2-fold increase in CAMP production was observed when Drosophila
CG17415 was transfected into NIH3T3 cells, which endogenously express RCP, RAMP1,
RAMP2, and CLR [13, 14]. In contrast, when transfected into HEK293 cells, which express
RCP but not detectable levels of CLR or RAMP1 and RAMP2, no increase in CAMP over
basal level was observed, suggesting that CG17415 may require either RAMP1 and RAMP2
or an additional protein expressed in NIH3T3 cells but not in HEK293 cells. A Drosophila
homolog of RCP (dRCP) was identified, and when CG17415 was cotransfected with dRCP
into HEK293 cells, an approximately 2-fold induction of cAMP signaling over basal levels
was observed, with an ECsq of approximately 5 uM. Interestingly, a more potent response
was observed when CG17415 was co-transfected with human RCP, resulting in an ECsg of
1.2 nM and a maximal stimulation 7-fold higher than that observed with dRCP. One
explanation for the increased signaling by Drosophila CG17415 when co-transfected with
human rather than Drosophila RCP in the human cell line HEK293, would be if the
interaction between RCP and the cellular signaling proteins had more stringent binding
requirements than the interaction between RCP and CLR. The primary role for RCP appears
to be coupling the CLR/RAMP heterodimer to the cellular signaling proteins, and dRCP
may not interface with human signaling proteins as efficiently as human RCP.

RCP interacts with CLR through ICL2, and ICL2 is highly conserved in CLR from
mammals to amphibians (Fig. 2). ICL2 of Drosophila CG17415 has much less homology
with the CLR sequence, but does contain several motifs that may be candidates for RCP-
interacting domains. This homology includes the “YLH” motif located near the junction of
transmembrane domain 3 (TM3), the “GWG” motif towards the junction with TM4, and the
“WMLCEG” motif within the flanking TM3 sequence (Fig. 2). Thus, there are at least three
conserved regions within CLR that could interact with RCP. Additionally, there is a lysine
residue (lysine-248 of mouse CLR) that is conserved between all of the CLR-like sequences.
This lysine residue is particularly interesting, because Conner et a/. [21] have carried out
alanine-scanning mutagenesis studies in ICL2CLR and have identified 5 amino acids in that
inhibit CLR signaling (Fig. 2). Of these residues, 4 also inhibit cell-surface expression of
CLR, and presumably inhibit CLR signaling by sequestering CLR from the cell surface,
thereby inhibiting the ability of CLR to bind ligand. However, when lysine-248 was changed
to alanine, CLR signaling was significantly inhibited while trafficking to the cell surface was
not affected. Since loss of RCP interaction also results in decreased signaling but not cell-
surface expression of CLR [13, 14], lysine-248 may promote CLR-RCP interaction, either
directly as part of an RCP-binding site, or indirectly by contributing to a conformation of
ICL2CLR required for RCP binding.

RCP may thus enable signaling at CLR orthologs in species as diverse as Drosophila,
Xenopus, and mammals. The mechanism of RCP action is not yet known. It may enable
interaction with downstream effector molecules such as G-proteins that mediate or enhance
GPCR signaling. In this case, loss of RCP could result in loss of interaction with G-proteins,
effectively inhibiting signal transduction.
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2. RCP PHYSIOLOGY

Data from cell culture studies supports a role for RCP in CLR signaling, and RCP may thus
be an important regulator of CLR function /n vivo, and therefore a regulator of CGRP and
AM efficacy. To examine this potential role for RCP, several groups have investigated RCP
expression /n vivo. In general, RCP is expressed in tissue known to express receptors for
either AM or CGRP, and RCP is detected co-localized with CGRP in both central and
peripheral nervous system, including brain, eye, spinal cord, neuromuscular junction
[22-26]. RCP is not detected in all cell types, suggesting that the ubiquitous expression
observed in cell culture is probably a result of the immortalization process associated with
creating cell lines, and not a general characteristic of mammalian cells. In the brain, RCP is
not always co-localized with CGRP binding [22], and this may represent tissues or cells that
express AM receptors (CLR + RAMP2 or RAMP3) that also require RCP for signaling.

A regulatory role for RCP in CGRP efficacy was first observed in mouse uterus. CGRP
inhibits myometrial contraction [27], and it was found that CGRP inhibited acetylcholine-
induced contraction of myometrial tissue isolated during pregnancy in mouse [28]. In this
study expression of RCP correlated with CGRP efficacy during gestation, particularly at
parturition, where RCP expression was lowest, and contraction was minimally inhibited by
CGRP (Fig. 3A). This corresponds well with physiology, as myometrial contraction is
required for delivery. Importantly, expression of RCP protein was an accurate predictor of
CGREP receptor function, and therefore CGRP efficacy. In contrast, RCP mRNA did not vary
significantly during gestation, and more importantly did not correlate with receptor function,
especially not at parturition (Fig. 3B). These data suggest that RCP is primarily regulated at
the level of translation or protein degradation, and that mRNA levels, whether detected by
northern blot or RT-PCR, may not be an accurate predictor of RCP function.

RCP protein expression in myometrium also correlates with CGRP efficacy during the estrus
cycle. CGRP was most potent at inhibiting myometrial contraction during metestrus, then
diestrus, then proestrus, and weakest during estrus [29]. In these studies the ECsg of CGRP
did not significantly change between estrus (weakest effect) and metestrus (most potent
effect), suggesting that the affinity of CLR/RAMP1 for CGRP did not change during the
estrus cycle. In contrast, the maximal effect of CGRP was 3-fold higher during metestrus
compared to estrus. Since receptor affinity for CGRP did not change between metestrus and
estrus, these data suggest that there were either more CLR/RAMP1 heterodimers on the cell
surface during metestrus, or that a constant number of cell-surface CLR/RAMP1
heterodimers were more efficiently coupled to the cellular signaling pathway. These studies
in myometrium are similar to what was observed in cell culture when CLR/RAMP1 were
uncoupled from RCP: decreased maximal signal, with unchanged ECs [15].

CGRP had little inhibitory effect on myometrial contraction in overectomized mice, but this
inhibitory effect could be rescued by treatment of overectomized mice with progesterone,
which resulted in increased expression of RCP protein. Estrogen had little effect in this
experimental paradigm on either contraction or RCP protein expression, suggesting that
progesterone is one positive modulator of RCP expression, and that increased RCP
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expression will enhance CGRP receptor function independent of expression of CLR and
RAMPL.

RCP also regulates CGRP receptor function in the vasculature. CGRP was first recognized
for its potent vasodilatory effect in the central and peripheral vasculature [30-34]. CGRP-
immunoreactive neurons innervate blood vessels, and CLR, RAMP1 and RAMP2 and RCP
are detected in the vascular endothelial cells [24, 35]. Furthermore, elevated blood pressure
has been reported in CGRP knockout mice [36]. Several animal models for hypertension
have established a role for CGRP in anti-hypertensive responses; spontaneously
hypertensive rat (SHR) show decreased CGRP expression in neurons that innervate the
vasculature [37, 38], and in mineralocorticoid-salt induced hypertension there is an increase
in CGRP biosynthesis, suggesting a counter-regulatory role for CGRP in hypertension [39,
40].

Hyper-responsiveness of the vasculature to CGRP has been reported in conjunction with
decreased CGRP production in spontaneously hypertensive rats [41]. In these experiments,
pial arteries from hypertensive rats dilated significantly greater than control in response to
CGRP, suggesting that the efficacy of CGRP was increased, possibly as a mechanism to
counter decreased circulating CGRP. An increase in CGRP efficacy has also been reported
for a third animal model for hypertension, the subtotal nephrectomy-salt hypertensive rat
(SN-salt) [42]. In this animal model, mean arterial pressure was elevated in the SN-salt
animals, and isolated mesenteric arteries dilated significantly more in response to CGRP in
SN-salt rats than in control rats, suggesting that the vasculature was hyper-responsive to
CGRP. This was not a general increase in vascular responsiveness, as incubation with a
broad spectrum vasodilator such as sodium nitroprusside did not show a change in efficacy
between SN-salt and control animals. This increased responsiveness to CGRP was
accompanied by increased RCP expression. Western blots of mesenteric arteries showed that
protein levels of RCP increased by 40% in the SN-salt animals, while no significant change
was observed for CLR or for RAMP1, RAMP2, or RAMP3.

The increased efficacy of CGRP in the vasculature of the SN-salt rats, combined with the
elevated levels of RCP protein and the unchanged protein levels of CLR and RAMP1,
suggest that the same number of CGRP receptors were present in the vasculature of control
and SN-salt animals, but the receptors were more efficiently coupled to the cellular signaling
pathway that in the SN-salt condition, resulting in increased responsiveness to CGRP.
Importantly, the ECsy for CGRP was not significantly different between control and SN-salt
rats, but instead the maximal stimulation by CGRP was increased in the SN-salt rats. This
increased maximal stimulation is in agreement with the previous cell culture data, where loss
of RCP interaction had little effect on ECsp but decreased maximal stimulation [15].
Interestingly, a similar increase in AM efficacy was not observed in the SN-salt rats. Since
AM binds to the same core GPCR (CLR), but in combination with RAMP2 or RAMP3
instead of RAMP1, and since RAMP2 and RAMP3 were detected in the mesenteric arteries
tested, these results suggest that the enhanced vasodilatory effect of CGRP was due either to
CGRP receptor (CLR/RAMP1) signaling through different or additional pathways compared
to the AM receptor (CLR/RAMP2 or RAMP3), or that the CGRP receptors were in a
membrane environment more conducive to signal transduction, such as has been proposed
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for lipid rafts [18, 19]. A caveat to these observations is that immunohistochemistry for RCP
and the RAMPs was not carried out in the SN-salt experiments. If RAMP1 was expressed in
cells distinct from those expressing RAMP2 and RAMP3, and if elevated expression of RCP
occurred only in cells expressing RAMPL1, then enhanced efficacy of CGRP over AM could

be explained by increased RCP expression alone.

3. ALTERNATE SIGNALING PATHWAYS MEDIATED BY RCP

One role for RCP in CLR function could be to enable or regulate the ability of CLR to
utilize multiple signaling pathways. Binding of CGRP to its receptor is most commonly
associated with enhanced cAMP production via the Ga S-mediated pathway [43-45].
However, CGRP binding has also been associated with production of nitrous oxide (NO)
[46], activation of K-ATP channels [8, 47], increased intracellular calcium [48-50], and
activation of the MAP Kinase pathway [51, 52]. One role for RCP could be to couple the
CLR/RAMP1 heterodimer to distinct signaling effector molecules. For example, RCP is
known to be required for cAMP-mediated signaling at CLR in cell culture [13-15]. One role
for RCP in this signaling pathway could be to increase CLR interaction with GaS resulting
in increased activation of adenylate cyclase upon activation of CLR/RAMP1 by CGRP. In
this case, removal of RCP may unmask alternate signaling pathways, such as MAPK. CGRP
can activate MAPK signaling [52, 53] and this was tested in NIH3T3 cells. However, no
change in MAPK signaling was observed upon disruption of CLR-RCP interaction,
monitored using ERK phosphorylation as a readout [15]. This has only been tested in one
cell line to date, and will likely depend upon the cellular environment for expression of
downstream effectors.

One alternate cellular function that may be affected by RCP is transcription in the nucleus.
RCP has been identified in nuclei of motor neurons in the anterior horn of the spinal cord
and hypoglossal nucleus of the medulla [22]. Interestingly, RCP was present in all of the
motor neurons in these regions, but in non-neuronal cells RCP was present only in the
cytoplasm. This data suggests that there may be a cell- or tissue-specific subcellular
distribution of RCP, and one potential effect could be transcriptional regulation in cells
where RCP is observed in the nucleus. This would be similar to what has recently been
described for B-arrestin, a protein that was initially characterized for its ability to be
recruited to activated GPCR and its role in GPCR inactivation [54, 55]. However, it has
recently been shown that upon GPCR activation p-arrestin can also translocate to the
nucleus [56, 57]. For the 8-opioid receptor, activation of the GPCR results in translocation of
B-arrestin-1 to the nucleus where it results in histone acetylation and recruitment of
transcription factors to the promoter for c-fos, inducing expression of this immediate early
gene transcription factor [56]. Translocation of a GPCR-associated protein to the nucleus
thus represents an additional layer of transcriptional regulation that can be coupled to GPCR
activation.

In support of this nuclear role for RCP, RCP has been identified as a component of a
transcription complex in yeast [58, 59]. The yeast homolog of RCP was first identified as
clone named YJL011C, which encodes a protein named C17. RNA polymerases are
holoenzymes, composed of multiple proteins that together form a functional complex. C17
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is a component of yeast RNA Polymerase I11 complex, and is required for transcription
initiation. Yeast RCP (C17) is found primarily in the nucleus, in contrast to mammalian
cells, where RCP is found primarily in the cytoplasm or peripheral membrane. Yeast with
C17 deleted were not viable, but could be rescued by introduction of human RCP [59],
suggesting that human RCP can assume the nuclear role C17 in the yeast. When RNA
Polymerase 111 was immunoprecipitated from yeast lacking endogenous C17 but expressing
exogenous human RCP, human RCP was detected in the pellet, indicating that human RCP
could efficiently integrate into the yeast RNA Polymerase holoenzyme. Furthermore, RCP
was identified by mass-spectroscopy from purified human RNA Polymerase I11.
Interestingly, RCP has been described in the human RNA Polymerase 111 holoenzyme, as a
protein named RPC9 [60]. While a role for RCP in GPCR function has not been identified
yet in yeast, RCP may have dual roles in mammalian cells involving both GPCR signaling at
the peripheral membrane and transcriptional regulation in the nucleus.

CONCLUSION

RCP is an important regulator of CLR signaling. Direct interaction between RCP and CLR
is required for signaling at CLR, the core receptor for CGRP and AM. The mechanism of
RCP function is still being elucidated, but RCP is required for either coupling CLR to the
cellular signaling proteins or for sorting CLR/RAMP into membrane compartments that
facilitate signaling. RCP is thus in a unique position to coordinate cellular processes with
CLR, potentially increasing the readout from CGRP binding CLR. At the organismal level,
RCP regulation of CLR signaling directly influences CGRP and AM efficacy, and RCP
protein is an indicator of CGRP-responsiveness of cells and tissue. Additionally, work from
in vitro studies in Xenopus oocytes and from /n vivo studies in hypertensive rats suggests
that the CLR/RAMP1 complex may signal through additional pathways than CLR/RAMP2,
and that RCP may preferentially enable CLR/RAMPL. There is emerging evidence for
additional roles for RCP in both transcription and for activation of additional receptors.
Thus, RCP may have pleiotropic influences on cellular physiology, and may coordinate
multiple cellular responses to activation of neuropeptide hormone receptors. The /n vivorole
for RCP in whole animal physiology is predicted to be complex, involving at least the CGRP
and AM receptors, which has regulatory implications for a diverse array of physiologic
systems, including regulation of vascular tone [42, 61-63], migraine [64-67], inflammation
[68, 69] and obesity [70, 71]. The interaction between these physiologic systems is predicted
to be complex, and a more complete analysis for the /n vivorole of RCP will require
production of knockout or conditional knockout mice for RCP. Future animal studies
inhibiting expression of RCP should provide valuable information on the correlation
between CGRP and AM receptor signaling and the physiologic response to CGRP and AM.
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LIST OF ABBREVIATIONS

CGRP Calcitonin gene-related peptide
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AM Adrenomedullin

GPCR G protein-coupled receptor
CLR Calcitonin-like receptor

ICL Intracellular cytoplasmic loop

RAMP Receptor activity modifying protein

RCP CGRP-receptor component protein

PKA Protein kinase A

CFTR Cystic fibrosis transmembrane conductance regulator
cAMP Cyclic adenosine monophosphate

MAPK Mitogen-activated protein kKinase

ERK Extracellular signal-regulated kinases
kDa Kilo Dalton
ELISA Enzyme-linked immunosorbent assay

CRH-R Corticotropin releasing hormone receptor
VPAC1-R Vasopressin receptor
PTH-R Parathyroid receptor

CTR Calcitonin receptor
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Fig. (1). RCP confers CGRP responsivenessin oocyte/CFTR assay
A) Oocyte/CFTR assay, showing GPCR, and PKA-dependent signaling pathways. B) CFTR

chloride conductance upon incubation with 100 nM CGRP (adapted with permission from
Luebke et al, 1996). Arrows indicate time of addition and washout of ligand C) Xenopus
lateral line organ hair cell neuron firing rate upon incubation with 100 nM CGRP (adapted
with permission from Adams ef al., 1987). Arrows indicate time of addition and washout of

ligand.
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Fig. (2). Conservation of RCP-interacting domain in GPCRs
RCP binds to ICL2CLR which is conserved between CLR from mammals, amphibian and

the Drosophila receptor CG17415. Results from alanine-scanning mutagenesis on human
CLR by Conner et al. [21] are shown on top, with effects on signaling or cell-surface
expression indicated as inhibiting (closed circles) or having no effect (open circle). Other
Family B GPCRs are aligned below, including receptors for calcitonin (CTR), secretin,
corticotropin releasing hormone (CRH-R), vasopressin (VPAC1-R), glucagon, and
parathyroid hormone (PTH-R). Numbering for each sequence begins with initiator
methionine.
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Fig. (3). RCP protein expression correlates with CGRP efficacy
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Myometrial strips were isolated from pregnant mice during the stages of gestation indicated,
and tested for contraction when incubated with 10 uM acetylcholine. Acetylcholine was then
washed out and strips were incubated with 100 nM CGRP, and then retested for contraction
with 10 pM acetylcholine in the presence of CGRP. Percent inhibition was calculated as

contraction observed with ACh + CGRP divided by contraction with ACh alone. A)

Inhibition of contraction plotted with RCP protein expression, detected by western blot and
normalized to RCP expressed at E6 B) Inhibition of contraction plotted with RCP mRNA
expression, detected by northern blot and normalized to mMRNA expressed at E6 (adapted

with permission from Naghashpour et al, 1997).

Curr Protein Pept Sci. Author manuscript; available in PMC 2016 September 12.



	Abstract
	INTRODUCTION
	1. RCP CELLULAR BIOCHEMISTRY
	2. RCP PHYSIOLOGY
	3. ALTERNATE SIGNALING PATHWAYS MEDIATED BY RCP

	CONCLUSION
	References
	Fig. (1)
	Fig. (2)
	Fig. (3)

